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CHAPTER 1

Basic definitions

Algebraic K3 surfaces can be defined over arbitrary fields. Over the field of complex
numbers a more general notion exists that includes non-algebraic K3 surfaces. In Section
1, the algebraic variant is introduced and some of the most important explicit examples
are discussed. Classical numerical invariants are computed in Section 2. In Section 3,
complex K3 surfaces are defined and Section 4 contains more examples which are used
for illustration in later chapters.

1. Algebraic K3 surfaces

Let k be an arbitrary field. A variety over k (usually) means a separated, geometrically
integral scheme of finite type over k.

Definition 1.1. A K3 surface over k is a complete non-singular variety X of dimension
two such that!
0%/, =~ Ox and H' (X, Ox) = 0.

Once the base field is fixed, we often simply write {2x instead of 2x ;. The canonical
bundle of a non-singular variety X, i.e. the determinant of Q2x, shall be denoted Kx or
wx, depending on whether we regard it as a divisor or as an invertible sheaf.

By definition, the cotangent sheaf Qx of a K3 surface X is locally free of rank two and
wx =~ Ox. Moreover, the natural alternating pairing

QX X QX%WX ~ Ox,

of which we think as an algebraic symplectic structure, induces a non-canonical isomor-
phism
Tx = Q% = Hom(Qx,0x) ~ Qx.

Remark 1.2. Any smooth complete surface is projective. So, with the above definition,
K3 surfaces are always projective.

There are various proofs for the general fact. For example, Goodman, see [233], shows
that the complement of any non-empty open affine subset is the support of an ample
divisor. The proof in [32], written for smooth compact complex surfaces, uses fibrations
of the surface associated with some rational functions. See [373, Ch. 9.3] for a proof over
an arbitrary field.

1By definition, a variety over a field k is complete if the given morphism X —s Spec(k) is proper and
X over k is non-singular if the cotangent sheaf Qx/;, is locally free of rank dim(X'), which is equivalent
to Xz := X xy, k being regular, see e.g. [ , Prop. 6.2.2].

7



8 1. BASIC DEFINITIONS

Example 1.3. i) A smooth quartic X C P? is a K3 surface. Indeed, from the short
exact sequence

0—0(-4)—0—-0x—0
on P? and the vanishings H'(P?,0) = H?(P3,O(—4)) = 0 one deduces H!(X,Ox) = 0.
Taking determinants of the conormal bundle sequence (see 234, II.Prop. 8.12])

0—0O(—4)|x —Qps|x —Qx—0

yields the adjunction formula wyx ~ wps ® O(4)|x ~ Ox. In local homogeneous coordi-
nates with X given as the zero set of a quartic polynomial f, a trivializing section of wx
can be written explicitly as the residue

(1 1) Res (Z(—l)il’idmo/\...Jx\i/\.../\dl’3>

f
which, for example, on the affine chart o = 1 with affine coordinates y1, yo, y3 is

d d d
Res( Y1 A ays A y;;)

(1:2) F(L 91,92, y3)

A particularly interesting special case is provided by the Fermat quartic X C P? defined
by the equation

xé+x%+x§+x§:0.
In order for it to be smooth one has to assume char(k) # 2.

ii) Similarly, a smooth complete intersection of type (dy, ..., d,) in P"*2 is a K3 surface
if and only if ) d; = n+3. Note that under the natural assumption that all d; > 1 there
are in fact only three cases (up to permutation): n = 1,d; = 4 (as in i)); n = 2,d; =
2,dy = 3; and n = 3,dy = dy = d3 = 2. This yields examples of K3 surfaces of degree
four, six, and eight.

iii) Let k be a field of char(k) # 2 and let A be an abelian surface over k.> The natural
involution ¢: A=A, x+ — x, has the 16 two-torsion points as fixed points. (They
are geometric points and not necessarily k-rational.) The minimal resolution X — A/t
of the quotient, which has only rational double point singularities (cf. Section 14.0.3),
defines a K3 surface. K3 surfaces of this type are called Kummer surfaces. For details in
the case of k = C see [42, Prop. VIII.11] and for a completely algebraic discussion [27,
Thm. 10.6].°

An alternative way of describing X starts with blowing-up the fixed points A— A.
Since the fixed points are t-invariant, the involution ¢ lifts to an involution 7 of A. The

2The standard reference for abelian varieties is Mumford’s [441], but the short introduction [405]
by Milne is also highly recommended.

3The same construction works in characteristic 2 under additional assumptions on A, see | , |
There are fewer fixed points (4, 2, or 1), but the singularities of the quotient A/ are worse and the minimal
resolution defines a K3 surface if and only if A is not supersingular. Recently the case of char(k) = 2 has
been revisited by Schréer, Shimada, and Zhang in [529, .



2. CLASSICAL INVARIANTS 9

quotient A—= X by ¢ is a ramified double covering of degree two. A local calculation
shows that smoothness of X and A are equivalent (in characteristic # 2).

i C A——= A
X —= A/
Moreover, the canonical bundle formulae for the blow-up A— A (cf. [234, V.Prop. 3.3|)
and for the branched covering m: A— X (cf. [32, 1.16] or [440, Ch. 6]) yield

Wi (’)(Z E;) and wi ~ mfwx ® O(Z E;).

This shows m*wx ~ Oj. Here, the E; are the exceptional divisors of A—=A. Their
images E; in X satisfy m*O(E;) ~ O(2E;). Note that 7,0; ~ Ox @ L*, where the
line bundle L is a square root of O(3" E;), and hence m*wy ~ O; implies wx ~ Ox.
Finally note that the image of the injection H(X,0x)“= H'(A,0;) = H'(A,0,) is
contained in the invariant part of the action induced by ¢. Hence, H*(X,Ox) = 0. See
Remark 14.3.16 for a converse describing which K3 surfaces are Kummer surfaces.

The Fermat surface in i) is in fact a Kummer surface, but this is not obvious to see, cf.
Example 14.3.18.

iv) Consider a double covering

7 X —P?
branched along a curve C' C P? of degree six. Then m,.Ox ~ Op2 ® O(—3) which in
particular shows H'(X,Ox) = 0. Note that for char(k) # 2 the surface X is non-
singular if C' is. The canonical bundle formula for branched coverings shows wx =~
™ (wpz ® O(3)) ~ Ox and, therefore, for C' non-singular X is a K3 surface (of degree
two), called a double plane.

If C is the union of six generic lines in P2, a local calculation reveals that the double
cover X has 15 rational double points. The 15 points correspond to the pairwise inter-
sections of the six lines. Blowing-up these 15 singular points produces a K3 surface X'.
The canonical bundle does not change under the blow-up, see [32, III.Prop. 3.5]|.

2. Classical invariants

We start by recalling basic facts on the intersection pairing of divisors on general smooth
surfaces before specializing to the case of K3 surfaces.

2.1. Let X be an arbitrary non-singular complete surface over k. For line bundles
Ly, Ly € Pic(X) the intersection form (L;.Ly) can be defined as the coefficient of ny - ngy

in the polynomial x(X, L} ® Ly?) (Kleiman’s definition, see [233, I. Sec. 5]) or, more
directly, as (see [435, Lect. 12])
(2.1) (L1-Lo) = x(X,0x) = x(X, L) = x(X, L3) + x(X, L1 ® L3).

Of course, both definitions define the same symmetric bilinear form with the following
properties:
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i) If L1 = O(C) for some (e.g. for simplicity integral) curve C' C X, then (Lj.L2) =
deg(Lz|c).

ii) If L; = O(C;) for two curves C; C X, i = 1,2, intersecting in only finitely many points
Z1,...,%y, then

n
(L1-Lo) =Y dimg(Ox 0,/ (1,005 fo,.))-
i=1
Here, f1 4;, f2,2; are the local equations for C and Cs, respectively, in ;.

iii) If L; is ample and Ly = O(C) for a curve C' C X, then
(2.2) (Ll.LQ) = (LlC) = deg(Lllc) > 0.

iv) The Riemann-Roch theorem for line bundles on surfaces asserts:*
(L.L ® wy)
2

We often write (L.C) and (C1.C2) instead of (L.O(C)) and (O(C4).O(C?)) for curves
or divisors C, C; on X. Instead of (L.L), we often use (L)? and similarly (C)? instead of
(C.0).

The Néron—Severi group of an algebraic surface X is the quotient

(2.3) X(X,L) = + x(X,O0x).

NS(X) := Pic(X)/Pic®(X)

by the connected component of the Picard variety Pic(X), i.e. by the subgroup of line
bundles that are algebraically equivalent to zero.

A line bundle L is numerically trivial if (L.L") = 0 for all line bundles L’. For example,
any L € Pic’(X ) is numerically trivial. The subgroup of all numerically trivial line
bundles is denoted Pic(X)™ C Pic(X) and yields a quotient of NS(X)

Num(X) := Pic(X)/Pic” (X).

Clearly, Num(X) is a free abelian group endowed with a non-degenerate, symmetric
pairing:
(.): Num(X) x Num(X)—Z.

Proposition 2.1. The Néron—Severi group NS(X) and its quotient Num(X) are finitely
generated. The rank of NS(X) is called the Picard number p(X) = rk NS(X).

40f course, this is a special case of the much more general Hirzebruch-Riemann-Roch theorem (or
of the even more general Grothendieck—Riemann—Roch theorem), but a direct much easier proof exists
in the present situation, see [435, Lect. 12| or [234, V.1].

5In [ | Lang and Néron gave a simplified proof of Néron’s original result. To prove that
Num(X) is finitely generated, one can use an appropriate cohomology theory. See page 15 for an ar-
gument in the complex setting. Numerically trivial line bundles form a bounded family and, therefore,
NS(X)—Num(X) has finite kernel and, in particular, NS(X) is finitely generated as well. Also,
p(X) =rkNS(X) = rk Num(X).
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2.2. The signature of the intersection form on Num(X) is (1, p(X) — 1). This is
called the Hodge index theorem, cf. e.g. 234, V.Thm. 1.9]. Thus, ( .)

NS(X)g = NS(X) ®z R

on

can be diagonalized with entries (1,—1,...,—1).

Remark 2.2. The Hodge index theorem has the following immediate consequences.

i) The cone of all classes L € NS(X)g with (L)? > 0 has two connected components.
The positive cone Cx C NS(X)gr is defined as the connected component that is distin-
guished by the property that it contains an ample line bundle. See Chapter 8 for more
on the positive cone of K3 surfaces.

ii) If L1 and Ly are line bundles such that (L;)? > 0, then

(2.4) (L1)?(Ly)? < (L1.Ly)?.

Just apply the Hodge index theorem to the linear combination (L;)?Ls — (L1.L2)Lq
(written additively) which is orthogonal to L;. Note that (2.4) is simply expressing the
fact that the determinant of the intersection matrix

<(L1)2 (Ll-L2)>
(L1.Ly)  (Ls)?

is non-positive.

2.3. For a K3 surface X one has by definition h%(X,0x) = 1 and h!(X,0x) =
0. Moreover, by Serre duality H*(X,Ox) ~ H%(X,wx)* and hence h?(X,0x) = 1.9
Therefore,
X(X,0x) = 2.

Remark 2.3. This can be used to prove that the (algebraic) fundamental group 7 (X)
of a K3 surface X over a separably closed field k is trivial. Indeed, if X — X is an
irreducible étale cover of finite degree d, then X is a smooth complete surface over k with
trivial canonical bundle such that

X(X,05) =dx(X,0x) =2d

and hO(X, Oz) = h?(X, Oy) = 1 (use Serre duality). Combined this yields 2—h! (X, 0Oz) =
2d and hence d = 1.

The Riemann—Roch formula (2.3) for a line bundle L on a K3 surface X reads

(2.5) X(X,L) = (LQ)Q +2.

Recall that a line bundle L is trivial if and only if H°(X, L) and H°(X, L*) are both
non-trivial. Thus, as Serre duality for a line bundle L shows H?(X, L) ~ H°(X, L*)*,

61 [ | Serre duality is proved over algebraically closed fields, but it holds true more generally.
The pairing is compatible with base change, so one can pass to algebraically closed fields once the trace
map is shown to exist over k. In fact, the trace map exists in much broader generality, see Hartshorne’s
[232]. For our purposes working with Serre duality over an algebraically closed field is enough: By flat
base change H*(X,0x) ® k = H?(X3, Ox, ) and X}, is again a K3 surface.
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the Riemann—Roch formula for non-trivial line bundles L expresses h(X, L) — h'(X, L)
or h%(X,L*) — h'(X,L).

Also note that for an ample line bundle L the first cohomology H!(X, L) vanishes (we
comment on this in Theorem 2.1.8 and Remark 2.1.9) and hence (2.5) computes directly
the number of global sections of an ample line bundle L:

2
h(X,L) = (L2) +2.

Proposition 2.4. For a K3 surface X the natural surjections are isomorphisms’

Pic(X) > NS(X) > Num(X).

Moreover, the intersection pairing ( . ) on Pic(X) is even, non-degenerate, and of signa-
ture (1, p(X) — 1).

PROOF. Suppose L is non-trivial, but (L.L") = 0 for an ample line bundle L’. Then
HO(X,L) = 0 and H*(X,L) ~ H°X,L*)* = 0 by (2.2). Therefore, (2.5) yields 0 >
x(X,L) = (1/2)(L)? + 2 and thus (L)? < 0. In particular, L cannot be numerically
trivial and, hence, Pic(X) —> NS(X) — Num(X). Moreover, the intersection form is
negative definite on the orthogonal complement of any ample line bundle, which proves the
claim on the signature. Finally, the Riemann-Roch formula (L)% = 2 x(X, L) —4=0(2)
shows that the pairing is even. O

For a K3 surface X the lattice (NS(X), (. )) is thus even and non-degenerate, but rarely
unimodular. For more information about lattices that can be realized as Néron—Severi
lattices of K3 surfaces see Section 14.3.1 and Chapter 17.

Remark 2.5. Even without using the existence of an ample line bundle, one can show
that there are no non-trivial torsion line bundles on K3 surfaces. Indeed, if L is torsion,
then by the Riemann-Roch formula x(L) = 2 and hence L (or its dual) is effective.
However, if 0 # s € HO(X, L), then 0 # s* € HO(X, L¥) for all k > 0 and, moreover, the
zero sets of both sections coincide. Thus, if L* is trivial, also L is trivial. The argument
also applies to (non-projective) complex K3 surfaces.

The non-existence of torsion line bundle can also be related to the triviality of the
(algebraic) fundamental group m1(X), see Remark 2.3. Indeed, the usual unbranched
covering construction, see e.g. [32, 1.17], would define for any line bundle L of order d
(not divisible by char(k)) a non-singular étale covering X — X.

2.4. We shall next explain how to use the general Hirzebruch—Riemann—Roch for-
mula to determine the Chern number co(X) and the Hodge numbers

hP4(X) = dim HY(X, Qg()
of a K3 surface X.

7Warm'ng: The second isomorphism does not hold for general complex K3 surfaces, see Section 3.2
and Example 3.3.2.
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For a locally free sheaf (or an arbitrary coherent) sheaf F' on a K3 surface X the
Hirzebruch-Riemann-Roch formula reads

(2.6) X(X,F) = /ch(F) td(X) = cha(F) + 21rk(F).
The general version of this formula can be found e.g. in [234, App. A]. For F' = Ox the

first equality is the Noether formula

C2 C C
X(X7OX): l(X)1+2 Q(X) _ 21(;()

which yields co(X) = 24.
Next, by definition one knows A?9(X) = 1 for (p,q) = (0,0),(0,2),(2,0),(2,2) and
h%1(X) = 0 for any K3 surface. For the remaining Hodge numbers (2.6), implies

2hO(X, Qx) - hl(X, Qx) = Chg(Qx) +4=4- CQ(QX) = —20.

It is also known that h%(X,Qx) = 0 and hence h'(X,Qx) = 20. Using Tx =~ Qx,
this vanishing can be rephrased, maybe more geometrically, as H(X, Tx) = 0, i.e. a K3
surface has no global vector fields. In positive characteristic this is a difficult theorem on
which we comment later, see Sections 9.4.1 and 9.5.% For char(k) = 0 it follows from the
complex case to be discussed below and the Lefschetz principle. In any event, the Hodge
diamond of any K3 surface looks like this:

ho0 1
R10 RO 0 0
(27) h20 pbl hO-2 1 20 1
h¥L pl? 0 0
h2? 1

This holds for K3 surfaces over arbitrary fields and also for non-projective complex
ones, see below.

3. Complex K3 surfaces

Even if interested solely in algebraic K3 surfaces (and maybe even only in those de-
fined over fields of positive characteristic), one needs to study non-projective complex K3
surfaces as well. For example, the twistor space construction, used in the proof of the
Global Torelli Theorem (see Chapter 7), which is one of the fundamental results in K3
surface theory, always involves non-projective K3 surfaces. For this reason, we try to deal
simultaneously with the algebraic and the non-algebraic theory throughout these notes.

8Note, however, that it can often easily be checked in concrete situations. For example, it is easy to
see that H°(X,Tx) = 0 for smooth quartics X C P, complete intersection K3 surfaces, and Kummer
surfaces (for the latter see [27, Rem. 10.7]). Thanks to Christian Liedtke for pointing this out.
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3.1. The parallel theory in the realm of complex manifolds starts with

Definition 3.1. A compler K8 surface is a compact connected complex manifold X
of dimension two such that Q% ~ Ox and H!(X,Ox) = 0.

Serre’s GAGA principle (see [543, |) allows one to associate with any scheme of
finite type over C a complex space X®" whose underlying set of points is just the set
of all closed points of X. Moreover, with any coherent sheaf F' on X there is naturally
associated a coherent sheaf F®" on X?®". These constructions are well behaved in the
sense that, for example, OF ~ Oxan and Q%?/(C ~ Qxan. Also, there exists a natural
morphism of ringed spaces X?" — X.

For X projective (proper is enough) the construction leads to an equivalence of abelian
categories

Coh(X) - Coh(X™).

In particular, H*(X, F) ~ H*(X?®", F*") for all coherent sheaves F' on X and smoothness
of X implies that X®" is a manifold.
These general facts immediately yield:

Proposition 3.2. If X is an algebraic K3 surface over k = C, then the associated
complex space X®" is a complex K3 surface.

It is important to note that all complex K3 surfaces obtained in this way are projective,
but that there are (many) complex K3 surfaces that are not. In this sense we obtain a
proper full embedding

{ algebraic K3 surfaces over C } ~ { complex K3 surfaces }.

The image consists of all complex K3 surfaces that are projective, i.e. that can be embed-
ded into a projective space. This is again a consequence of GAGA, because the ideal sheaf
of X C P" is a coherent analytic sheaf and hence associated with an algebraic ideal sheaf
defining an algebraic K3 surface. A natural question at this point is whether complex K3
surfaces are at least always Kéhler. This is in fact true and of great importance, but not
easy to prove. See Section 7.3.2.

Example 3.3. The constructions described in the algebraic setting in Example 1.3
work as well here. They define different incarnations of the same geometric objects. Only
for Kummer surfaces we gain some flexibility by working with complex manifolds. Indeed,
abelian surfaces A (over C) can be replaced by arbitrary complex tori of dimension two,
i.e. complex manifolds of the form A = C?/T" with T' C C? a lattice of rank four. The
surface X, obtained as the minimal resolution of A/¢ or, equivalently, as the quotient of
the blow-up of all two-torsion points A—= A by the lift 7 of the canonical involution, is a
complex K3 surface. Indeed all algebraic arguments explained in Example 1.3, iii) work
in the complex setting.

One can show that X is projective if and only if the torus A is projective, i.e. the
complex manifold associated with an abelian surface. It is known that many (in some
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sense most) complex tori C?/T" are not projective, cf. [63, |. Thus, we obtain many
K3 surfaces this way that really are not projective.

Describing other examples of non-projective K3 surfaces is very difficult, which reflects
a general construction problem in complex geometry.

3.2. Many but not all of the remarks and computations in Section 2 are valid for
arbitrary complex K3 surfaces. For complex K3 surfaces, however, we have in addition
at our disposal singular cohomology which sheds a new light on some of the results.

First, the long cohomology sequence of the exponential sequence

0—Z—0—0"—0
yields the exact sequence
0—HY(X,Z)—HYX,0)—HY(X,0*)—H?*(X,Z) —
— H?*(X,0)—H?*(X,0*)—H3(X,Z)—0
which for a complex K3 surface X (where H'(X,O) = 0) shows
HYX,7Z)=0

and by Poincaré duality also H3(X,Z) = 0 up to torsion. So, in addition to H°(X,Z) ~
H*(X,7) ~ 7, the only other non-trivial integral singular cohomology group of X is
H?(X,7). We come back to the computation of its rank presently.

From the above sequence and the usual isomorphism Pic(X) ~ H'(X,O*), one also
obtains the exact sequence

(3.1) 0—Pic(X)— H?*(X,Z)— H?*(X,0).

In other words, Pic(X) can be realized as the kernel of H?(X,Z)— H?(X,0). As
C ~ H%*(X,0) and by Remark 2.5 also Pic(X) are both torsion free, one finds that also
H?(X,7) is torsion free. A standard fact in topology says that the torsion of H*(X,Z)
can be identified with the torsion of H4meX—i+1(X 7) which in our case shows that
H3(X,7) is indeed trivial (and not only up to torsion).

The intersection form ( . ) on Pic(X) is defined as in the algebraic case. In the com-
plex setting it corresponds, under the above embedding Pic(X) <= H?(X,Z), to the
topological intersection form on H?(X,Z). The inclusion also shows that

Pic(X) = NS(X),
holds for complex K3 surfaces as well, cf. Proposition 2.4.

Remark 3.4. However, it can happen (but only for non-projective complex K3 sur-
faces) that the subgroup of numerically trivial line bundles Pic(X)” is not trivial and
hence Pic(X) % Num(X). Indeed, Pic(X) could be generated by a class of square zero
and hence Num(X) = 0, but Pic(X) ~ Z, see Example 3.3.2.

Hence, the Hodge index theorem does not necessarily hold any longer on Pic(X) ~
NS(X). In fact, this can happen even when NS(X) ~ Num(X), which could be generated
by a class of negative square. The Hodge index theorem for H!(X) of a complex

T
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surface X with b; = 0, however, still ensures that the intersection form on Pic(X) has
at most one positive eigenvalue. Of course, the Hodge index theorem holds whenever X
is projective, because then it underlies an algebraic K3 surface and the two intersection
pairings coincide.”

3.3. For an arbitrary compact complex surface the Hodge—Frolicher spectral se-
quence degenerates (see [32, IV]) and hence

HY(X,C) ~ HY(X,0x) ® H(X, Qx).

For a K3 surface we have seen already that H'(X,Z) = 0 and hence H'(X,C) = 0.
Thus, one gets H°(X,Qx) = 0 for free. In other words, a complex K3 surface has no
non-trivial global vector fields, cf. comments in Section 2.4.

These arguments conclude the computation of all the Hodge numbers of a complex K3
surface, confirming (2.7), and in particular show h''(X) = 20. This last Hodge number
tells us also something about the Picard number. Indeed, by the Lefschetz theorem on
(1,1)-classes, which follows from (3.1),

(3.2) Pic(X) ~ H*(X,Z) N HY(X).

Thus, Pic(X) C H?(X,Z) is (contained in) the intersection H?(X,Z) N H'(X, ), the
complexification of which is a subspace of the 20-dimensional H'(X, Q). Hence

(3.3) p(X) = rk(Pic(X)) < 20.

In fact every Picard number between 0 and 20 is realized by some complex K3 surface.'’
The Riemann—Roch computations in Section 2.4 remain valid for complex K3 surfaces.
So, we still have co(X) = 24 which for a complex surface can be read as an equality for
the topological Euler number
e(X) = ea(X) = 24,
i.e. Y (—=1)%;(X) = 24. Since by (X) = b3(X) = 0 and by(X) = bg(X) = 1, this shows
ba(X) = 22,

which can also be deduced from the Hodge—Frolicher spectral sequence and the compu-
tation of the Hodge numbers above.

Thus, H%(X,Z) is a free abelian group of rank 22. It is also generally known that the
intersection form (. ) on H?(X,Z) of a compact oriented real four-dimensional manifold
(modulo torsion, which is irrelevant for a K3 surface) defines a unimodular lattice. For
general facts on lattices and the relevant notation see Chapter 14.

9Mauybe this is a good point to recall the following general result on the algebraicity of complex
surfaces, see [32, IV.Thm. 6.2]: A smooth compact complex surface X is projective if and only if there
exists a line bundle L with (L)? > 0. See Remark 8.1.3.

107y the case of algebraic K3 surfaces over an arbitrary base field & (in which case clearly 1 < p(X))
one can replace singular cohomology by étale cohomology and finds the upper bound p(X) < 22, see
Remark 3.7. For more on the Picard group of K3 surfaces see Chapters 17 and 18, where it is explained
why p = 21 is impossible for algebraically closed fields, see [16, p. 544] or Remark 18.3.12, and that
p(X) is always even for K3 surfaces over F,, see Corollary 17.2.9.
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Proposition 3.5. The integral cohomology H*(X,Z) of a complex K3 surface X en-
dowed with the intersection form ( . ) is abstractly isomorphic to the lattice

(3.4) H*(X,Z)~ Eg(-1) @ Es(-1) e U U U.

PRrROOF. Here, U is the hyperbolic plane, i.e. the lattice of rank two that admits a basis
of isotropic vectors e, f with (e.f) = 1, and Eg(—1) is the standard Eg-lattice with the
quadratic form changed by a sign, see Section 14.0.3. Due to the general classification

of unimodular lattices (see e.g. [544] or Corollary 14.1.3) it is enough to prove that
H?(X,Z) is even of signature (3, 19).
According to Wu'’s formula (see [275, Ch. IX.9] or [410]), the intersection product of a

compact differentiable fourfold M is even if and only if its second Stiefel-Whitney class
wo (M) is trivial. Moreover, wo(M) = ¢1(X) (2) for any almost complex structure X on
M. Hence, its intersection form even.'!
The signature of the intersection pairing can be computed by the Thom-Hirzebruch
index theorem which in dimension two says that the index is
Pi(X)  H(X) = 2e2(X)

= = —16.
3 3

Since by(X) = 22, the signature is therefore (3,19). O

It would be interesting to exhibit a particular K3 surface for which the identification of
H?(X,7) as (3.4) can be seen easily, i.e. by writing down appropriate cycles, and without
using any abstract lattice theory. A good candidate is a Kummer surface, see Example
3.3 and Section 14.3.3.

Remark 3.6. i) Theorem 7.1.1 shows that all complex K3 surfaces are diffeomorphic
to a quartic X C P2, e.g. the Fermat quartic, and hence in particular simply connected.
The unbranched covering trick, mentioned in Remark 2.3, only shows that the profinite
completion of the topological fundamental group 71 (X) is trivial. If one is willing to
use the existence of a Kdhler-Einstein metric on a K3 surface (Calabi conjecture, see
Theorem 9.4.11), then 71(X) = {1} can be deduced from H(X,O) = 0, see e.g. [267,
App. A

ii) There are complex surfaces X with the homotopy type of a K3 surface, i.e. simply
connected complex surfaces with an intersection pairing on H?(X,Z) given by (3.4),
which, however, are not diffeomorphic to a K3 surface. As proved by Kodaira in [307],
these homotopy K3 surfaces are all obtained by logarithmic transforms of elliptic K3
surfaces. Note that any complex surface diffeomorphic to a K3 surface is in fact a K3
surface, see | , VII.Cor. 3.5, and that due to results of Freedman any homotopy K3
surface is homeomorphic to a K3 surface.

HNote that this confirms our earlier observation that the Riemann—Roch formula implies (L)? = 0 (2)
line bundles L on X, see Proposition 2.4. Unfortunately, line bundles do not span H?(X,Z) (at least
not if the complex structure stays fixed), so that this is not quite enough to conclude.
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Remark 3.7. Replacing singular cohomology by étale cohomology, similar considera-
tions hold true for arbitrary K3 surfaces. See Milne’s [403] for basics on étale cohomology.

Indeed, the Kummer sequence 0 — u,, —G,, — G,,, —0 for n prime to the charac-
teristic of k and the observation that Pic(X) ~ H'(X,G,,) is torsion free suffice to show
that H} (X, pu,) ~ k*/(k*)". For k separably closed and using duality, this yields for
¢ # char(k):

H}(X,Z) =0 and HZ,(X,7Z) = 0.
Then, from c2(X) = 24 one can deduce that HZ (X, Z) is a free Zy-module of rank 22.
However, it is more sensible to consider the Tate twist H2,(X,Z(1)), which comes with
the natural map c;: Pic(X)—=HZ%(X,Z,(1)) and a canonical perfect pairing that takes
values in Zy (and not in Z, as for singular cohomology of a complex K3 surface). In fact,
the induced inclusion
NS(X) ® 7 < HE(X, Zo(1))

respects the given pairings on both sides and, if X = X X, k, also the natural actions
of Gal(k/ko), see Section 17.2.2. Note that this proves, as the analogue of (3.3), that

p(X) <22

for all K3 surfaces over arbitrary fields.

4. More examples

We collect a number of classical construction methods for K3 surfaces. One should,
however, keep in mind that most K3 surfaces, especially of high degree, do not admit
explicit descriptions. Their existence is solely predicted by deformation theory

4.1. Smooth hypersurfaces X C P2 x P! and X C P! x P! x P! of type (3,2)
and (2,2,2), respectively, provide K3 surfaces. By choosing polarizations of the form
O(a,b)|x and O(a,b,c)|x one obtains polarized K3 surfaces of various degrees, 8, 10,
12, and many others. Note however that the very general polarized K3 surface of these
degrees is not isomorphic to such a hypersurface.

4.2. The following is an example of K3 surfaces of degree 14 that plays an important
role in the theory of Hilbert schemes of points on K3 surfaces and Fano varieties of lines on
cubic fourfolds, as e.g. in the paper [51] by Beauville and Donagi. Consider the Pliicker
embedding Gr := Gr(2,6)—— P!, It is of codimension six and degree 14. For the latter

one may use the general formula that gives the degree of Gr(r,n) C P() =1 as (see e.g.

[430])
(rin=r))t I G-97"

1<i<r<j<n
Then the intersection X := Gr N P® with a generic linear subspace P® C P4 is a smooth
surface with an ample line bundle L = O(1)|x of degree (L)? = 14. Similar to the
argument in Example 1.3, i) one shows that H(X, Ox) = 0. The normal bundle sequence

0—Tx —Tar|lx — L% —0
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and wgy ~ O(—6)|g; immediately show wy ~ Oy, i.e. X is indeed a K3 surface.

4.3. The more general observation behind the last example is that Fano manifolds
of coindex three give rise to K3 surfaces. More precisely, if Y is a Fano manifold such
that wy ~ L7 with L very ample and dim(Y’) — r + 1 = 3, then the generic complete
intersection X := Hy; N...N H,, H; € |L|, defines a K3 surface. For example, the double
cover 7: Y —= P2 x P2 ramified over a divisor of bidegree (2, 2) is a Fano fourfold of coindex
three. Intersecting with Hy, Hy € |7*O(1,1)|, one obtains a K3 surface X = Hy; N Hy of
degree 12.

Here is one more example of this type. Consider Gr(2,5) with its Pliicker embedding
Gr(2,5)<=PY and let 7: Y —=Gr(2,5) be a double cover branched along a generic
section with a quadric. Then wy ~ 7*(wg, ® O(1)) ~ 7*O(—4) and, therefore, Y is a
six-dimensional Fano variety of coindex three. The pre-image X = 7~ *(H;N...N Hy) of
the intersection of four generic hyperplane sections defines a K3 surface of degree 10.

For more examples see papers by Mukai, e.g. [429, |. In this way one indeed obtains
a description of the generic K3 surface of degree 2d = 2,4, ..., 18 or, equivalently, of genus
g=23,...,10.

4.4. Many interesting K3 surfaces can be described as elliptic surfaces m: X —P!,
i.e. m is a surjective morphism with generic fibre a smooth elliptic curve. Often such
surfaces are given in terms of their Weierstrass normal form. Consider sections gy €
HO(P',O(8)) and g3 € H°(P', O(12)) and let X C P(O(4)®O(6)®0O) be the hypersurface
defined by the equation 3%z = 43 — gaxz? — g323. Under certain genericity assumptions
on gs,g3, e.g. A = g3 — 27g§ # 0, the surface X has at most ordinary double points
and its minimal resolution defines indeed a K3 surface. See for example the books by
Friedman et al | , |. For more on elliptic K3 surfaces see Chapter 11.

4.5. Classically, a quartic Y C P3 with the maximal number of 16 singular points is
also called a Kummer surface. The singular points are all ordinary double points and the
minimal resolution X —Y defines a K3 surface. Moreover, such a surface has 16 tropes,
i.e. tangent planes that are tangent along a conic in Y. Each trope contains exactly six
of the singular points and each singular point is contained in exactly six tropes. The
configuration of the 16 points and 16 tropes is called a (16,6) configuration which in
fact determines the quartic uniquely. Due to work of Nikulin [446] (cf. Remark 14.3.19),
it is known that the minimal resolution X is in fact a Kummer surface in the sense of
Examples 1.3, iii). In fact, it is the Kummer surface associated with the Jacobian of the
genus two curve C given as the double cover C' —=C' of the intersection C' =Y NP? of a
trope P2 C P3 with the quartic Y ramified in the six singular points contained in C'. See

[149, 209, 246].

References and further reading:
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The standard reference for the theory of complex surfaces is the book [32] by Barth et al,
which in particular contains an extra chapter on complex K3 surfaces. Other standard texts on

the theory of algebraic surfaces in general are [27, 42, R y |. A very elegant treatment
of the Riemann—Roch formula for surfaces can be found in Mumford’s lectures [435]. For complex
K3 surfaces we strongly recommend the beautiful collection [53] by Beauville et al. We give more

specific references in later chapters.

Questions and open problems:

That H°(X,Qx) = 0 for a K3 surface in positive characteristic is a difficult theorem. It is
used in the deformation theory of K3 surfaces and, in particular, in the proof of the important
result that K3 surfaces in positive characteristic lift to characteristic zero, see Section 9.5. The
result is of course equivalent to h'(X,x) < 20 and one might wonder whether there is a way
to approach the problem from this side. Also, can one show that any K3 surface deforms to a
quartic without using this vanishing?



CHAPTER 2

Linear systems

There is a recurrent theme in the theory of algebraic K3 surfaces. The projective
geometry of K3 surfaces shows surprising analogies to the theory of linear systems on
curves and to a somewhat lesser extent to the theory of line bundles on abelian varieties.
This chapter explains the basic aspects of these analogies and in particular Saint-Donat’s
results on ample linear systems.

We start with a recap of some aspects of the classical theory for curves and state
the Kodaira-Ramanujam vanishing theorem in Section 1. The typical features of linear
systems on a K3 surface are directly accessible if the linear system is associated with a
smooth curve contained in the K3 surface. So, we treat this case first, see Section 2.
The general case is then studied in Section 3, where we also give a proof of the Kodaira—
Ramanujam vanishing theorem. The last section contains existence results for primitively
polarized K3 surfaces of arbitrary even degree.

As we shall not be interested in rationality questions in this section, we assume the
ground field k to be algebraically closed. If not mentioned otherwise, its characteristic is
arbitrary.

1. General results: linear systems, curves, vanishing

We collect standard results on linear systems on curves and explain first consequences
for the geometry of linear systems on K3 surfaces.

1.1. Recall that with any line bundle L on a variety X one associates the complete
linear system | L| which by definition is the projectivization of the space H°(X, L) of global
sections or, equivalently, the space of all effective divisors D C X linearly equivalent to
L. The base locus Bs|L| of |L| is the maximal closed subscheme of X contained in all
D € |L], ie. Bs|L| = Nyepocx,1) Z(5)-

If L has more than one section, i.e. h%(X, L) > 1, then it induces the rational map

or: X - —=P(H(X, L)*)

which is regular on the complement of Bs|L|.

For a surface X the base locus Bs|L| can have components of dimension zero and one.
The fized part of |L| is the one-dimensional part of Bs|L|, and we shall denote it by
F. Then h°(X,F) = 1 and the natural inclusion L(—F)"= L yields an isomorphism
H°(X,L(—F)) ~ H°(X, L). In this sense, o1, on X \ Bs|L| can be identified with ¢ )

Thanks to Chenyang Xu for many helpful comments on this chapter.
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and the latter can be extended to a morphism defined on X \ {x;}. Here, {x;} is the
finite set of base points of L(—F), which contains the zero-dimensional locus of Bs|L|.
The mobile part of L, i.e. M = L(—F), is nef and satisfies (M)? > 0. This observation
turns out to be very useful later on.

Decomposing L in its fixed and its mobile part, often written additively as L = M + F,
is a basic technique in the study of linear systems.

1.2. The case of the canonical linear system on a smooth irreducible curve is un-
derstood classically and many results about linear systems on K3 surfaces are, at least
morally, reduced to it. Recall that a smooth irreducible curve C' is called hyperelliptic if
there exists a morphism C'—=P! of degree two. Often, one restricts to the case g(C') > 2
such that wc is base point free and the canonical map ¢, is non-constant. Curves of
genus two are hyperelliptic. For genus g > 2 there exist both non-hyperelliptic and hy-
perelliptic curves and they are distinguished by the canonical linear system being very
ample or not. For the following see e.g. [234, IV.Prop. 5.2].

Proposition 1.1. Let C' be a smooth irreducible complete curve of genus g(C) > 2.
Then we is very ample if and only if C' is not hyperelliptic.

Recall also that the canonical embedding C & P9~1 of a non-hyperelliptic curve is
projectively normal, i.e. the restriction map

(1.1) HOPI1, O(k)) —= HO(C, b

is surjective for all k. This is the theorem of Max Noether, see |11, II1.2]. If C is an
arbitrary curve of genus g > 2 and k > 2 (or g = 2 and k > 3), then wé is very ample,
Le. g is a closed embedding, see [234, IV.Cor. 3.2].

1.3. Let us also recall a few standard notions concerning curves on surfaces. Con-
sider a curve C C X in a smooth surface X. A priori, C is allowed to be singular,
reducible, non-reduced, etc. The arithmetic genus of C' is by definition

pa(C) == 1-=x(C, Oc).
For a curve C' C X the exact sequence
(1.2) 0—0O(-C)—0x—0c—0,

shows p,(C) = 1+ x(X,0(-C)) — x(X,Ox) and the Riemann-Roch formula applied
twice turns this into

(1.3) 2pa(C) —2 = (Cwx @ O(C)).
If X is a K3 surface, this becomes
(1.4) 2a(C) — 2 = (C)2,

The arithmetic genus of a smooth and irreducible curve C' coincides with its geometric
genus g(C) == h%(C,w¢) and (1.3) confirms the standard adjunction formula

we ~ (wx @ O(C))]c.
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For an arbitrary reduced curve C the geometric genus is by definition the genus of the
normalization v: C—=C, i.e. g(C) == g(C). Thus, pa(C) = g(C) + h°(8), where § =
v.0z/Oc is concentrated in the singular points of C.

The arithmetic genus p,(C) of an integral curve C' is non-negative by definition. Thus,
for an integral curve C on a K3 surface X the formula (1.3) yields (C)? > —2.

Definition 1.2. A (—2)-curve on a K3 surface is an irreducible curve C' with (C)? =
—2.

Observe that a (—2)-curve C' is in fact integral. Moreover, it has arithmetic and geo-
metric genus zero and it is automatically smooth. For the latter use that g(C) < pa(C)
with equality if and only if C' is smooth. As we work over an algebraically closed field,
all this implies that

C ~ P
In the theory of K3 surfaces, (—2)-curves play a central role and they appear frequently
throughout these notes.

1.4. Let us state a few immediate consequences of the Riemann—Roch theorem for
line bundles on K3 surfaces, see Section 1.2.3 and also the lectures [42, | by Beauville
and Reid. Assume L is a line bundle on a K3 surface X.

o If (L)? > —2, then H°(X,L) # 0 or H°(X,L*) # 0. The converse does not hold.

e If (L)? > 0, then either L ~ Ox or h°(X, L) > 2 or h%(X, L*) > 2.

o If h(X,L) =1 and D C X is the effective divisor defined by the unique section of
L, then every curve C' C D satisfies (C)? < —2 and if C is integral, then C is a
(—2)-curve and so C ~ P!,

Corollary 1.3. The fized part F' of any line bundle L on a K3 surface is a linear
combination of smooth rational curves (with multiplicities), i.e. F =) a;C; with a; >0

and C; ~ P'. O

1.5. Recall that a line bundle L on a complete surface is ample if and only if
(L)? > 0 and (L.C) > 0 for all closed curves C C X. This is a special case of the
Nakai-Moishezon—Kleiman criterion (cf. Theorem 8.1.2), see [233, .Thm. 5.1] or [234,
V.Thm. 1.10|. Using the notion of the positive cone Cx C NS(X)g, see Remark 1.2.2
this criterion leads for K3 surfaces to the following result.

Proposition 1.4. Let L be a line bundle on a K8 surface X. Then L is ample if and
only if L is contained in the positive cone Cx C NS(X)r and (L.C) > 0 for every smooth
rational curve P! ~ C C X.

PROOF. Only the ‘if’ needs a proof. First note that any curve C' C X with (C)2 >0
is contained in the closure of Cx. For this use that (C.H) > 0 for any ample line bundle
H. Also, if L € Cx, then (L.M) > 0 for all M # 0 in the closure of Cx.

Therefore, the hypothesis L € Cx alone suffices to conclude that (L.C)) > 0 for any
curve C C X with (C)? > 0. However, an integral curve C with (C')? < 0 is automatically
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smooth and rational and for those we have (L.C) > 0 by assumption. Thus, (L)? > 0
and (L.C) > 0 for all curves, which by the Nakai-Moishezon-Kleiman criterion implies
that L is ample. O

A line bundle L on an arbitrary complete variety X is called nef if (L.C) > 0 for all
closed curves C C X.

Corollary 1.5. Consider a line bundle L on a K3 surface satisfying (L)?> > 0 and
(L.C) > 0 for all smooth rational curves C ~ PL. Then L is nef unless there exists no
such C' in which case L or L* is nef.

PRrROOF. Use that L is nef if and only if for a fixed ample line bundle H the line
bundles nL + H are ample for all n > 0. O

Definition 1.6. A line bundle L on a surface is called big and nef if (L)?> > 0 and L
is nef.!

Remark 1.7. Often, results proved for ample line bundles in fact also hold true for
line bundles which are only big and nef.

As an example of this and as an application of the Hodge index theorem, see Section
1.2.2, let us prove that big and nef curves are 1-connected. Suppose C' is a big and nef
curve, i.e. (C)%2 > 0 and (C.D) > 0 for any other curve D. Then C is 1-connected, i.e. for
any effective decomposition C' = C 4+ Cs one has (C;.Cy) > 1.

Note that C' = C] + (5 can be either read as a decomposition of an effective divisor or
as O(C) ~ O(C1) ® O(Cy). Indeed, ‘big and nef’ is a numerical property of C' and thus
only depends on the line bundle O(C'). Note that in the decomposition C' = C; + C5 the
curves 1 and (5 are allowed to have common components.

For the proof let A := (C1.C)/(C)?. Since C is nef and hence (C;.C) > 0, i = 1,2,
one knows 0 < A < 1. As (C)? > 0, we may assume strict inequality on one side, say
0< A< 1 If0= A ie (C;.C) =0, then by Hodge index theorem (C;)? < 0. But then
0 = (C1.C) = (C1)? + (C1.C) proves the assertion. So we can assume 0 < A < 1, i.e.
(C.C;) > 0 for i = 1,2. Then consider o := AC' — C; € NS(X)qg. Then (a.C’) = 0 and
hence, by the Hodge index theorem, either v = 0 or (a)? < 0. In the first case, (a.Cs) = 0
and hence (C1.Co) = M\(C.C3) > 0. If (a)? < 0, then (C1.03) = (AC —a.(1-AN)C +a) =
A1 = X)(C)? - (a)? > 0.

The next result, a generalization of the classical Kodaira vanishing theorem (valid in full
generality only in characteristic zero), is another example that an ampleness assumption
can often be weakened to just big and nef. It is at the heart of many geometric results. It
holds true for K3 surfaces in positive characteristic (see Section 3.1 for a proof) and for
smooth projective varieties in higher dimensions (and is there known as the Kawamata—
Viehweg vanishing theorem).

1Warning: This seems to suggest that one should call L big if (L)? > 0, but this would mean that
with L also its dual L* is big, which we do not want. So ‘big’ with this definition should only be used
together with ‘nef’.
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Theorem 1.8 (Kodaira-Ramanujam). Let X be a smooth projective surface over a
field k of characteristic zero. If L is a big and nef line bundle, then

H'(X,L®wx) =0
fori>0.

By Serre duality H'(X,L*) ~ H'(X,wx ® L)* and so the result can be read as a
vanishing for H'(X, L*) of a line bundle L satisfying a certain positivity condition.

Remark 1.9. i) The usual Kodaira vanishing theorem for ample line bundles fails
in positive characteristic and so does the stronger Kodaira-Ramanujam theorem above.
Pathologies in positive characteristic, i.e. the failure of standard classical facts in charac-
teristic zero, have been studied by Mumford in a series of papers, see [436] and references
therein. In particular he constructs a normal projective surface violating the Kodaira van-
ishing theorem. In [503] Raynaud produces for any algebraically closed field of positive
characteristic a smooth projective surface together with an ample line bundle L such that
HY (X, L ®wyx) #0.

ii) A priori there is no reason why the Kodaira vanishing theorem should hold for line
bundles L on K3 surfaces in positive characteristic. But it does and we will see that
rather straightforward geometric arguments suffice to prove it, see Proposition 3.1. What
is really used in the argument is the vanishing H'(X,©) = 0 and the fact that a big and
nef line bundle L on a K3 surface is effective (but not that wy is trivial).

iii) The deeper reason for the validity of the Kodaira vanishing theorem for K3 surfaces
in positive characteristic is revealed by the approach of Deligne and Illusie [142]. Their
arguments apply whenever the variety lifts to characteristic zero. And indeed, K3 surfaces
do lift to characteristic zero. This is a non-trivial result that relies on work of Rudakov
and Safarevi¢ and Deligne, see Section 9.5.

2. Smooth curves on K3 surfaces

We shall study the geometry of K3 surfaces X from the point of view of the smooth
curves they contain. The main result is a theorem of Saint-Donat which we prove in this
section assuming the existence of smooth curves, cf. [42, |.

2.1. The following results give a good first impression of the geometry of K3 surfaces
viewed from the curve perspective.

Lemma 2.1. Let C' C X be a smooth irreducible curve of genus g on a K8 surface X
and L == O(C). Then (L)*> =29 —2 and h°(X,L) = g + 1.

PROOF. For the first equality use the adjunction formula (1.4). Then by the Riemann—
Roch formula, x(X,L) = g + 1. Clearly, h*(X,L) = h°(X,L*) = 0 and, hence,
hY(X,L) > g+ 1. Using H°(C, L|c) ~ H°(C,wc) and the exact sequence

04>H0(X7 O)%HO(XvL)%HO(CZL‘C)
one deduces h?(X,L) = h°(C,we) +1 =g+ 1. O
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Remark 2.2. i) The proof shows that H(X, L)— H"(C, L|¢) is surjective. This
is an important observation which can also, and in fact more easily, be concluded from
HY(X,0)=0.

i) As h°(X,L) = g+ 1 = x(X,L) and H*(X,L) ~ H°(X,L*)* = 0, the lemma
immediately yields H'(X, L) = 0. Alternatively, one can use 0—= O — L — L|c —=0,
H'(X,0) = 0, and the observation that the boundary map H!(C, L|c)— H%*(X,Ox)
is Serre dual to the bijective restriction map H°(X,Ox)—= H°(C,O¢).

iii) A similar argument proves the surjectivity of
(2.1) HY(X, L") —=H°(C,L"|¢)
for all £ > 0. Indeed, on the one hand, the Riemann—Roch formula gives

(?/2)(L)* +2 = x(X, L") < h°(X, L)
and, on the other, the exact sequence 0—= H°(X, L*~1)— H°(X, L*)— H°(C, L*|¢)
shows by induction over ¢
RO(X, LY < hO(X, LY +ro(C, LY e)
< (0= 12/2)(D)* + 2+ Ldeg(Llc) +1— g(C) = (2/2)(L)? +2.

Hence, equality must hold everywhere, in particular h%(X, L*) = h9(X, L) +h°(C, L*|¢),
which implies (2.1).

Lemma 2.3. For a smooth and irreducible curve C C X of genus g > 1 the line

bundle L = O(C) is base point free and the induced morphism @ : X —P9 restricts to
the canonical map C —=P9~1,

PROOF. Indeed, the surjectivity of H°(X, L) —s= H%(C, L|¢) and the adjunction for-
mula we = O(C)|¢ yield an embedding P9~! = P(H°(C,we)*) € P(HY(X,L)*) = P9.
Moreover, L has clearly no base points outside C' and w¢ is base point free for g > 1.
Hence, also L is base point free and ¢y, restricts to the canonical map on C. g

Remark 2.4. i) If g = 2, then the curve C' is hyperelliptic and hence the morphism
¢r: X —P? restricts to a morphism C' —=P! of degree two. Since (L)? = 2 and L =
07 0(1), also ¢y, is of degree two. Thus, in this case X is generically a double cover of
P2 (ramified over a curve of degree six).

ii) For g > 3 the morphism ¢y, can be of degree two or of degree one. More precisely,
¢y, is birational, depending on whether the generic curve in |L| is hyperelliptic or not.
Accordingly, one calls L hyperelliptic or non-hyperelliptic.

Noether’s theorem on the projective normality of non-hyperelliptic curves has a direct
analogue for K3 surfaces.

Corollary 2.5. Suppose C' is an irreducible, smooth, non-hyperelliptic curve of genus
g >2 on a K3 surface X. Then the linear system L = O(C) is projectively normal, i.e.
the pull-back under ¢ defines for all k > 0 a surjective map

HO(PY, O(k))—= H°(X, L*).
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ProoOF. Consider the short exact sequence (1.2) tensored by L**+1:

0—LF —LF Wit .

By the Kodaira-Ramanujam vanishing theorem, see Proposition 3.1, or Remark 2.2 the
induced maps H°(X, L¥1)— H(C, wgﬂ) are surjective. Hence, the composition

HO(PY, Ok + 1)) ~ S*T HY(X, L) — H(X, L") — H(C, wE™)
is surjective by the classical Noether theorem (1.1) for non-hyperelliptic curves.
The kernel of H(X, LFt!)— HO(C, wéﬂ) is spanned by s - H%(X, L*), where s is

the section defining C. Now use the induction hypothesis S* H(X, L) —s H°(X, L*) to
conclude. O

Lemma 2.6. Let C C X be a smooth, irreducible curve and L = O(C). Then, for
k>2,9g>2o0rk>3, g=2, the morphism ¢ = @rx: X —=P* =D+ s birational onto
1ts 1mage.

PrROOF. As we have recalled earlier, wé for a smooth curve C' defines an embedding
under the above assumptions on k and g. Since this applies to the generic curve D € |L|

and o~ l¢(D) = D, we conclude that ¢ is generically an embedding. O

2.2. The following can be seen as the main result of Saint-Donat’s celebrated paper
[515, Thm. 8.3]. In characteristic zero it had been proved earlier by Mayer [399]. It is
very much in the spirit of the analogous classical result for abelian varieties (see [441])

that for an ample line bundle L on an abelian variety A (in arbitrary characteristic) the
line bundle L* is very ample for k& > 3 (independent of the dimension of A).

Theorem 2.7. Let L be an ample line bundle on a K38 surface over a field of charac-
teristic # 2. Then L* is globally generated for k > 2 and very ample for k > 3.

For a version of the result for big and nef line bundles see Remark 3.4.

PrOOF. We prove the theorem under the simplifying assumption that the linear
systems |L¥| for k = 1 and k = 3 contain smooth irreducible curves. Then in fact L* is
globally generated for all £ > 1. In Section 3 we discuss some of the crucial arguments
that are needed to prove the assertion in general. A posteriori, it turns out that the
existence of smooth irreducible curves is equivalent to the existence of just irreducible
ones, cf. Remark 3.7.

Suppose there exists a smooth curve C' € |L|. By Remark 1.7 it is automatically
irreducible. Since L is ample and hence (L)? > 0, we have g¢(C) > 1 and thus Lemma
2.3 applies. Hence, L is globally generated and so are all powers of it.

In order to prove the second assertion, it suffices to argue that L* is very ample for
k = 3. By Lemma 2.6 the line bundles L* define birational morphisms ¢ for k > 3. (If
(L)% > 2, it suffices to assume that k > 2.) Thus,

= X—X=p(X) C polo—1+1
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is a birational morphism with ¢*O(1) = L3 ample. If X is normal, then p,Ox ~ O by
Zariski’s Main Theorem (see [234, IT1.Cor. 11.4]) and hence H(X,O(¢)) = HO(X, L3)
for all £. As L3 is very ample for £ >> 0, ¢ is an isomorphism.

As proving the normality of X might be tricky, we use instead the existence of a smooth
curve D € |L3| close to 3C. Then, by Lemma 2.3, ¢ is an isomorphism along D, which
thus has to be non-hyperelliptic. By Corollary 2.5, HO(X, O(¢)) —= H°(X, L?") is then
surjective. O

Remark 2.8. Saint-Donat’s result can also be seen in the light of Fujita’s conjecture,
which predicts that for an ample line bundle L on a smooth projective variety X (over
C) the line bundle L¥ @ wy is globally generated for k > dim(X) + 1 and very ample for
k> dim(X)+2, see [189, |. Fujita’s conjecture is known to hold for surfaces. For K3
surfaces Theorem 2.7 proves a stronger version which does not hold for general surfaces.

Theorem 2.7, which in fact holds true in characteristic two [594], can also be compared
to the very general result of Mumford [439, Thm. 3] which for a K3 surface says: If L is
an ample and base point free line bundle, then L* is very ample for k > 3.

3. Vanishing and global generation

We give an idea of some of the many of Saint-Donat’s results in [515]. Some of the
proofs below are not presented with all the details and some arguments only work under
simplifying assumptions.

3.1. Let X be a K3 surface over an algebraically closed field. The following is the
Kodaira-Ramanujam vanishing theorem for K3 surfaces, see Theorem 1.8. Recall that
for an irreducible curve C' with (C)? > 0 the associated line bundle L := O(C) is big and
nef.

Proposition 3.1. Let L be a big and nef line bundle on a K3 surface X. Then
HY(X,L)=0.

PROOF. We shall first give the proof under an additional assumption.

i) Let L be the line bundle L = O(C) associated with an integral (or just connected
and reduced) curve C' C X. The vanishing follows, even without assuming big or nef,
from the short exact sequence (1.2), Serre duality H'(X, L ®wx) ~ H'(X, L*)*, and the
trivial observation that the restriction H(X,Ox)—= H%(C,O¢) is an isomorphism in
this case. The induced injection

HY(X,0(-0))~ HYX,0) =0

yields the assertion.

ii) Here now is the general proof. First, since L is big and nef, by the Riemann—Roch
hY(X,L) > 3 formula (see Section 1.2.3). Hence, L = O(C) for some curve C. Pick a
subdivisor C; C C for which h°(C1,O¢,) = 1, e.g. start with an integral component of C'.
We may assume that Cy is maximal with h%(C1,O¢,) = 1 and then show that C; = C
which would prove the assertion. If Cy # C, then (C1.C — Cy) > 1, for C is big and
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nef and hence 1-connected, see Remark 1.7. But then there exists an integral component
Cy of C — C) for which (C;.Cq) > 1 and hence H°(O¢,(—C1)) = 0. The short exact
sequence

O%HO(OCB(_Cl))%HO(OCH-CE);)HO(OCH)

yields a contradiction to the maximality of Cf. U

Remark 3.2. Note that the proof only uses that C' is 1-connected and H!(X, O) = 0.
Thus, H'(X,O(—C)) = 0 for any 1-connected curve C' on an arbitrary surface X with
H(X,0) = 0. This is Ramanujam’s lemma, which in characteristic zero holds true even
without the assumption H(X,0) = 0.

Remark 3.3. The vanishing can be used to study linear systems. Let us here give
a glimpse of a standard technique which almost shows base point freeness of an ample
linear system, see also Proposition 3.5.

Suppose L is a big and nef line bundle on a K3 surface X. Let L = M + F be
the decomposition in its mobile part M and its fixed part F' (written additively), see
Section 1.1. Then M is effective and since mobile, i.e. without fixed part, also nef. Thus,
(M)2 > 0. Let us assume that the strict inequality (M)? > 0 holds. So, M is big and
nef. One shows that then L has at most isolated base points. Compare this to Corollary
3.15, where it is shown that L is in fact base point free.

Indeed, by Proposition 3.1 one has HY(X,M) = 0 = H'(X,L). Hence, x(M) =
hO(M) = h°(L) = x(L). Thus, from the Riemann-Roch formula one concludes (M)? =
(L)? and hence 2(M.F) + (F)? = 0. Now, L nef yields (M.F) + (F)? = (L.F) > 0 and,
therefore, (M.F) = (F)? = 0. Then the Riemann-Roch formula applied to F' # 0 leads
to the contradiction 1 = h%(F) > x(F) = 2. Hence, F = 0.

Remark 3.4. Suppose L is a big and nef line bundle. Then by the Base Point Free
Theorem (see e.g. [119, Lect. 9] or [136, Thm. 7.32|) some positive power L™ is globally
generated. (This holds for arbitrary smooth projective varieties in characteristic zero as
long as L ® w¥ is big and nef.) Then the induced morphism ¢rn: X —P¥ is generically
injective and, arguing as in the proof of Theorem 2.7, in fact birational. However, ¢
may contract certain curves, say Cj, (not necessarily irreducible) to points x;. Then the
curves C; are ADE curves and the points x; are ADE singularities of ¢ (X), see [32,
I1I, Prop. 2.5] and Section 14.0.3. Note that also for L only big and nef, L* is globally
generated for k > 2.

3.2. The next result is the analogue of Lemma 2.3, see also Remark 3.3.

Proposition 3.5. Suppose L is a line bundle on a K3 surface X with (L)?> > 0 and
such that |L| contains an irreducible curve C. Then L is base point free.

PROOF. A complete proof can be found in the collection [514, VIIL.3. Lem. 2| by
Safarevi¢ et al and in [515, Thm. 3.1] by Saint-Donat. Tannenbaum in [584] gives a
proof relying more on considerations about multiplicities of base points. Here are the
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main steps of Saint-Donat’s proof. One can assume that C is also reduced. Indeed, if
O(C) is base point free, also O(rC) is.

Suppose x € X is a base point of |L| and let Z, be its ideal sheaf. Then the restriction
map H°(X, L)— H°(X, k(z)) is trivial and hence H'(X, L ® Z,) # 0. The latter coho-
mology can be more easily computed on the blow-up 7: X—>Xinz € X. Indeed, if
E denotes the exceptional divisor, then H*(X, L ® Z,) = H(X,7*L(—E)). So in order
to get a contradiction, it is enough to show the vanishing of the latter which by Serre
duality and using wg ~ O(FE) is isomorphic to HY(X,7*L*(2E)).

Ramanujam’s lemma (see Remark 3.2) shows H(X,7*L*(2E)) = 0 if 7*L(—2E) is
1-connected. Lemma 3.6 in [515] asserts quite generally that if every curve in |L| is 2-
connected, then every curve in |7*L(—2FE)| is 1-connected. Thus, it suffices to show that
under our assumptions every curve in |L| is 2-connected, i.e. that for every decomposition
C1 + Cy € |L| one has (C1.C2) > 2.

By the 1-connectedness of |C| (see Remark 1.7) it suffices to exclude (C1.Co) = 1 for
any C1 + Cy € |C]. So suppose (C1.C2) = 1.

If (C.C;) >2,i=1,2, then (C;)®> > 1, i = 1,2. Since the intersection form is even, in
fact (C;)? > 2. But then (C1)%(C3)? > (C1.C3)? violates the Hodge index theorem, see
Remark 1.2.2.

If (C.C1) = 1, or equivalently (C1)?> = 0, then one obtains a contradiction as fol-
lows. By the Riemann—Roch formula h%(X,O(C;)) > 2. Using the short exact sequence
0—=0O(—Cs) —=0O(C1) —=Oc(Cy) —=0 and the vanishing of H°(X,O(—C3)), one con-
cludes h°(C,Oc(C1)) > 2. This means that on the irreducible curve C' the line bundle
Oc(Cq) of degree one has at least two sections. This implies that C', which is also reduced,
is in fact smooth and rational contradicting (C)? > 0.

If (C.C1) = 0, then (C1)? = —1 violating the evenness of the intersection pairing.

If (C.C1) < 0, then C' is an irreducible component of C;. However, this is absurd, as
C would then be linearly equivalent to C' + D with D = Cy + (C1 — C) effective and
intersecting with an ample divisor would show D = 0 and hence Cy = 0. ([l

It turns out a posteriori that Lemma 2.3 and Proposition 3.5 deal with the same
situation:

Corollary 3.6. Let C be an irreducible curve on a K3 surface X over k with char(k) #
2. If (C)? > 0, then the generic curve in |C| is smooth and irreducible.

PROOF. In characteristic zero one can apply Bertini theorem, see [234, III.Cor. 10.9],
which shows that the generic curve in a base point free complete linear system is smooth.
Thus, since C' itself is irreducible, the generic curve in |C| is smooth and irreducible.

In positive characteristic one can argue as follows. Consider L = O(C') and the induced
regular map ¢ : X —PY. Then one can show that ¢y is of degree < 2, cf. Remark 2.4
and [515, Sec. 5], and that the image ¢ (X) has at most isolated singularities, see [515,
6.5]. By Bertini theorem [234, IL.Thm. 8.18] the generic hyperplane section of ¢, (X)
is smooth and using deg(y¢r) < 2 this is true also for its inverse image, see | , Lem.
5.8.2|. O
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Remark 3.7. i) Thus, the proof of Saint-Donat’s theorem (see Theorem 2.7) given
in the previous section works in characteristic # 2 whenever |L*|, k = 1,3, is known to
contain an irreducible curve. In | , Prop. 3.1] one finds comments on the case char = 2.

ii) If L is a line bundle without fixed part (cf. Corollary 3.14) and (L)% > 0, one can
show that |L| contains an irreducible curve and that, therefore, Proposition 3.5 applies.

The reference for this is [515, Prop. 2.6]. The argument there makes use of a version
of the Bertini theorem due to Zariski [647] (which is a little difficult to read nowadays).
However, it can be replaced by a variant due to Jouanolou [278, Thm. 6.3(4)] which says
that if the image of a morphism ¢: U —P" is of dimension > 2 and U is irreducible (we
work over an algebraically closed field), then the pre-image =1 (H) of the generic hyper-
plane is irreducible. In our case we work with U := X \ Bs(L). In positive characteristic,
o~ Y(H) might not be reduced. Then Zariski’s result essentially says that the multiplicity
is a power p° of the characteristic.

From here on, the argument goes roughly as follows. Let us first assume that ¢ (X)
is of dimension > 1, i.e. |L| is not composed with a pencil. Since Bs(L) is empty or
of codimension two, Jouanolou’s Bertini theorem yields the existence of an irreducible
divisor in |L|. Thus, it is enough to deal with the case that |L| is composed with a pencil,
i.e. that the closure D of ¢(X) is a curve. We may assume that D is smooth. Suppose
L were base point free. Then (C)? = 0 for the fibres C, of the regular map ¢: X — D.
On the other hand, »__y~p Cr € |L| for some hyperplane section H which contradicts
(L)? > 0. Thus, at least one point of X has to be blown-up to extend ¢ to a regular map
o X—>D. The exceptional curve of X—X maps onto D and hence D is rational.
Then HY(P!, o)) — HO(X,3*O(1)). However, 3*O(1) corresponds to a complete
linear system |L| with L a root of L. As (L)? > 0, the Riemann-Roch formula, implying
hO(X, L) > 2, then yields the contradiction.

Remark 3.8. The above discussion can be summarized as follows: For an irreducible
curve C' on a K3 surface X in characteristic # 2 with (C')? > 0 the linear system |O(C)|
is base point free and its generic member is smooth. One distinguishes the two cases:

e The linear system |O(C)], i.e. its generic member, is hyperelliptic. Then the morphism
vo(c) is of degree two.

e The linear system |O(C)|, i.e. its generic member, is non-hyperelliptic. Then the
morphism ¢y is of degree one, i.e. birational.

Example 3.9. As an application, we prove that any K3 surface X with Pic(X) =7Z-L
and such that (L)? = 4 can be realized as a quartic X C P? with O(&1)|x ~ L.

First of all, we may assume that L is ample (after passing to its dual if necessary).?
Then by Riemann-Roch h°(X,L) = 4. Moreover, all curves in |L| are automatically
irreducible, as L generates Pic(X). Thus, Proposition 3.5, Corollary 3.6, and Lemma 2.3
apply. Hence, ¢r: X —P3 is a finite morphism, which could be either of degree one or
two. If o is of degree one, then one argues as in the proof of Theorem 2.7 to show that it

2Note that this even holds for a complex K3 surface, see page 16.
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is an embedding. If its degree is two, its image X' := ¢ (X) is a quadric. If X’ is smooth,
then X’ ~ P! x P! and, therefore, Pic(X’) ~ Z x Z which contradicts Pic(X) ~ Z. If X’
is singular, then O(1)|x+ has a square root as a Weil divisor, see [234, II.Exer. 6.5], and
its pull-back to X would yield a square root of L, which is absurd.

Compare the arguments to Le Potier’s more direct proof in [53, Exp. VI].

3.3. For the case of trivial self-intersection one has the following result, see |
3.8].

)

Proposition 3.10. If a non-trivial nef line bundle L on a K38 surface X satisfies
(L)% = 0, then L is base point free. If char(k) # 2,3, then there exists a smooth irreducible
elliptic curve E such that mE € |L| for some m >0

PROOF. Note that (L)? = 0 implies h%(X, L) > 2, as h?(X, L) = h°(X,L*) = 0 for
the non-trivial nef line bundle L (intersect with an ample curve). Let F' be the fixed part
of L. Then the mobile part M := L(—F') has at most isolated fixed points. Note that
|M]| is not trivial, because h(X, L(—F)) = h°(X, L) > 2. Also recall that M is nef, and
so (M.F) >0 and (M)? > 0.

Now L nef and (L)? = 0 imply (L.M) = (L.F) = 0. This in turn yields (M)?+(F.M) =
0, hence (M)? = (F.M) = 0 and thus (F)? = 0.

If F is non-trivial, then the Riemann-Roch formula gives h°(X, F)) > 2, which contra-
dicts F' being the fixed part of L. Hence, F' is trivial and L can have at most isolated
fixed points. But the existence of an isolated fixed point would contradict (L)? = 0.

Thus, L is base point free. Note that in characteristic zero, Bertini theorem shows that
the generic curve in |L| is smooth but possibly disconnected.

Consider ¢r: X —P™ m = h%(X, L) — 1. Since (L)? = 0, the image of ¢y, is a curve
D C P™. For the Stein factorization X —=D—= D, see [234, III.Cor. 11.5], we may
assume D smooth. Note that the generic fibre of X —D is geometrically integral and
hence also the closed fibres X; are for ¢ € D in a Zariski open subset, see [27, Chap. 7].
Then by the Leray spectral sequence H'(D, ©) = H(X,0) = 0 and therefore D ~ P!.

In characteristic zero, Bertini theorem shows that the generic fibre F of ¢: X —D is
smooth; the fibres form the pencil [p*Og(1)]. Since all fibres are connected, the generic
fibre F is also irreducible. As D ~ P!, all fibres are linearly equivalent which shows
L ~ O(mE) with m = h%(X, L) — 1.

To deal with the case of positive characteristic observe that the generic fibre of the
morphism : X—=D is still a regular curve, but it might not be smooth. In fact, the
geometric generic fibre, which is still integral, is either smooth or a rational curve with
one cusp and the latter can only occur for char(k) = 2 or 3, see Tate’s original article
[587] or the more recent paper by Schroer [530]. However, if the generic fibre is smooth,
then there also exists a smooth elliptic closed fibre, cf. [27, Thm. 7.18]. O

Combined with Corollary 1.5, this shows that, at least in char(k) # 2,3, every line
bundle L with (L)2 = 0 and (L.C) > 0 for all C ~ P! is isomorphic to O(mE) for some
integer m and some smooth elliptic curve E.
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Example 3.11. Consider the Fermat quartic X C P3, x%—i—. . .+m§ = 0, which contains
many lines, e.g. the line ¢ C X given by x1 = £xg, x5 = £xo with € a primitive eighth
root of unity. Then the line bundle L := O(1) ® O(—/), with its complete linear system
consisting of all planes containing ¢, satisfies (L) = 0 and is clearly nef. Now, an elliptic
fibration as predicted by Proposition 3.10 can be described explicitly by projecting X
with center ¢ onto a disjoint line in P3. The fibres are the residual plane cubics of ¢
in the hyperplane intersections of X containing ¢. Rewriting the Fermat equation as
(22 + 222) (23 — €222) + (23 + €223) (23 — €222) = 0 allows one to write down an elliptic
fibration explicitly as

X —P' [xg: a1 : @90 3] [23 + 22y ¢ 25 — 222
Combining Proposition 3.10 and Theorem 2.7 (see also Remark 3.4) one obtains

Corollary 3.12. If L is a nef line bundle on a K3 surface, then L is semiample, i.e.
L™ is globally generated for some n > 0. g

Since a semiample line bundle is obviously also nef, these two concepts coincide on K3
surfaces.

Remark 3.13. Let us mention a few related results.

0) Assume char(k) # 2,3. Suppose L is a non-trivial nef line bundle with (L)? = 0.
Then L is linearly equivalent to a divisor Y n;C; with n; > 0 and C; (possibly singular)
rational curves.

Indeed, by Proposition 3.10 L is linearly equivalent to mFE with E a smooth fibre of
an elliptic fibration X —P!. However, any elliptic fibration of a K3 surface has at least
one singular fibre and all components of a singular fibre are rational. See Section 11.1.4
for more on the fibres of elliptic fibrations.

i) If C'is an integral curve of arithmetic genus one, for example a smooth and irreducible
elliptic curve, contained in a K3 surface X, then O(C) is primitive in Pic(X).

Indeed, C then satisfies (C')?> = 0 and hence h°(C,O(C)|c) < 1. The short exact
sequence 0 —= 0O —=O(C)—=O(C)|c —=0 therefore yields h%(X,O(C)) < 2 and by the
Riemann-Roch formula h°(X,0(C)) > 2. If O(C) ~ M?, then (M)? = 0 and thus
hY(X, M) > 2. Hence, h%(X, M) = h°(X,0O(C)) = 2 and for £ > 1 this would show that
any curve in |O(C)]| is reducible which is absurd since the integral curve C is given. Thus,
¢ = 1. Note that the proposition has actually not been used for this.

ii) Suppose X —P! is an elliptic pencil on a K3 surface X, i.e. the generic curve is
an integral curve of arithmetic genus one. Then no fibre is multiple. Just apply i) to
a generic fibre. See Section 11.1.2 for more on smooth and singular fibres of elliptic
fibrations.

iii) A K3 surface X in char # 2,3 is elliptic if and only if there exists a line bundle L
on X with (L) =0.°

3Warning: This is not saying that L itself comes from an elliptic pencil.
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The idea is that if such an L exists then one also finds an L’ still satisfying (L')? = 0 and
in addition the condition of the proposition, i.e. L’ nef, holds. Roughly this is achieved
by passing successively from L to the reflection L + (L.C)C for a (—2)-curve C with
(L.C') < 0. This process stops. See Example 8.2.13 for details.

In char = 2,3, the assertion is still true unless X is unirational (and in this case
p(X) = 22, see Proposition 17.2.7, and X is supersingular, see Section 18.3.5).

3.4. Saint-Donat also observes the following useful fact, see [515, Cor. 3.2|.

Corollary 3.14. A complete linear system |L| on a K3 surface X has no base points
outside its fized part, i.e. Bs|L| = F'.

Proor. If O(F) = L, then there is nothing to show. So assume |L(—F)| is non-
empty. Clearly, this is now a complete linear system which for any curve D C X contains
one member that intersects D properly. In particular, (L(—F))2 > 0. If strict inequality
holds, then apply Remark 3.7, ii) and Proposition 3.5 to show that L(—F') is base point
free. If (L(—F))? = 0, then Proposition 3.10 yields the assertion. O

Corollary 3.15. Let L be a big and nef line bundle.

(i) If the mobile part M = L(—F) is big, then L is base point free. In particular, F is
trivial.

(ii) Assume char(k) # 2,3. If L is not base point free, then L ~ O(mE + C) with E
smooth elliptic, C ~ P, and m > 2.*

PROOF. The first assertion follows from combining Corollary 3.14 with Remark 3.3.
Now suppose F' # 0 or, equivalently, (M)? = 0. Then, by Proposition 3.10, there exists
a smooth elliptic curve E with mE € |[M|. Note that m > 2, because by Riemann—Roch
2 < h%(L) = h°(mE) but h°(E) = 2. Since 0 < (L)? = (M + F)? = 2(M.F) + (F)? and
(F)? < 0, one has (M.F) > 0 and hence (E.C) > 0 for at least one integral component
C of F, for which we know C ~ P! by Corollary 1.3. As m > 2, also M + C is big and
nef. Applying the arguments to prove (i) to the decomposition L = (M + C) + F’, one
finds F/ =0, i.e. F =C. O

4. Existence of K3 surfaces

In the course of these notes we see many examples of K3 surfaces of arbitrary degree,
for example by considering Kummer surfaces or explicit equations for elliptic K3 surfaces.
It may nevertheless be useful to state the general existence result at this point already.

Definition 4.1. A polarized K3 surface of degree 2d consists of a projective K3 surface
X together with an ample line bundle L such that L is primitive, i.e. indivisible in Pic(X),
with (L)? = 2d.

4As recently observed by Ulrike RieR, in this case one has furthermore (B.C)=1.



4. EXISTENCE OF K3 SURFACES 35

If ‘ample’ is replaced by the weaker assumption that L is only ‘big and nef’” one obtains
the notion of quasi-polarized (or pseudo-polarized or almost-polarized) K3 surfaces (X, L)
for which L is assumed to be big and nef and primitive.

Note that for any line bundle L the self-intersection (L)? is even and hence d above is
a positive integer. Often, one writes 2g — 2 for the degree 2d, because the genus of any
smooth curve in |L| is indeed g. One even says that (X, L) is a polarized K3 surface of
genus g in this case.

4.1. K3 surfaces can be produced by classical methods.

Theorem 4.2. Let k be an algebraically closed field. For any g > 3 there exists a K3
surface over k of degree (2g — 2) in PY.

PRrROOF. The following is taken from Beauville’s book, see [42, Prop. VIII.15], to
which we refer for the complete proof. The primitivity is not addressed there but, at
least for generic choices, easy to check. Just to mention one concrete example: For
g = 3k one can consider a generic quartic X in P containing a line £ C X. The linear
system H — ¢, for H the hyperplane section, defines an elliptic pencil |F|, ¢f Example
3.11. Then consider Ly := H + (k — 1)E. It is elementary, e.g. by using [234, II.Rem.
7.8.2|, to see that Ly is very ample. For the generic choice of X it is also primitive. (For
this one needs to know a little more.) This yields examples of polarized K3 surfaces of
degree (Ly)? = 6k — 2. O

4.2. Alternatively, the existence of polarized K3 surfaces of arbitrary degree can be
proved by deforming Kummer surfaces. We shall explain the argument in the complex
setting. So, let A be a complex abelian surface with a primitive ample line bundle Lg
of degree (Lg)? = 4d. Any other line bundle in the same numerical equivalence class is
then of the form L = Lo ® M for some M € A = Pic’(A). Now, L is symmetric, i.e.
L ~ *L, if and only if M? ~ *Ly ® L§. Such an M always exists, but it is unique
only up to the 16 two-torsion points in A. Note that a symmetric line bundle L does not
necessarily descend to a line bundle L on the quotient A/¢, as ¢ might act non-trivially on
the fibre L(x) at one of the fixed point x = ¢(z). However, changing L by the appropriate
two-torsion line bundle, this can be achieved. (As we are working with complex abelian
surfaces, one can alternatively argue with the first Chern class in H2(A4,Z) N HY(A).)

Now, pulling back L under 7: X — A/. to the associated Kummer surface X (see
Example 1.1.3), one obtains a line bundle on X, which we again call L, of degree (L)? =
2d. By construction, L is big and nef, but not ample, as it is trivial along the exceptional
curves FE; C X contracted by 7. Using general deformation theory for the pair (X, L),
which is explained in Section 6.2.4, one obtains a deformation (X', L') on which none of
the exceptional curves E; survives or, even stronger, for which Pic(X’) is generated by
L’'. Using Proposition 1.4, this shows that L’ is ample.

For other algebraic closed fields, the argument does not a priori work. For example, for
k=T », the Picard number of X’ is always even, see Corollary 17.2.9, and in characteristic
zero, e.g. over Q, it a priori might happen that the countable many points (X, L;) in
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the deformation space of (X, L) all come with a (—2)-curve Cy C X; with (L;.Cy) = 0
that does not itself deform (but see Proposition 17.2.15). To conclude the argument for
arbitrary algebraically closed field, one works over Q and then reduces modulo primes.
As ampleness is an open property, this proves the assertion at least for almost all primes.

If the field is not algebraically closed, then results of this type become more difficult.
They are related to questions about rational points in the moduli space of K3 surfaces.
In fact, for a fixed finite field k = F, the degree of polarized K3 surfaces (X, L) defined
over k is bounded, see Proposition 17.3.8.

References and further reading:

In [301] Knutsen and Lopez study the vanishing in Proposition 3.1 in the reverse direction.
The main result describes geometrically all effective line bundles L with (L) > 0 for which the
vanishing H'(X, L) = 0 holds true.

Tannenbaum [585] proves a criterion that (in characteristic zero) decides for a reduced and
connected curve C' whether |C| contains an irreducible and smooth curve. It is formulated in
terms of the intersection numbers of all possible decompositions of C'.

For arbitrary smooth projective surfaces Reider’s method (see e.g. | R | for an account)
not only yields a proof of the Fujita conjecture but explains the failure of ampleness of adjoint
bundles. Even for K3 surfaces these results are interesting. For example, one finds that if an
ample line bundle L on a K3 surface satisfies (L)? > 5 and (L.C) > 2 (resp. (L)? > 10 and
(L.C) > 3) for all curves C, then L is globally generated (resp. very ample), see [354, Cor. 2.6].
Also Mumford’s (Kodaira—Ramanujam) vanishing can be approached using Reider’s method. We
recommend Morrison’s lectures [424].

The stronger notion of k-ampleness for line bundles on K3 surfaces has been studied e.g. by
Szemberg et al in [37, |. In particular, Theorem 2.7 has been generalized to the statement
that for L ample and n > 2k + 1 the power L" is k-ample.

Saint-Donat also discusses equations defining K3 surfaces. More precisely, he considers the
natural graded ring homomorphism

S*H(X,L)—R(X, L) = P H(X,L")

for a linear system |L| containing a smooth irreducible non-hyperelliptic curve with trivial fixed
part. Under further rather weak assumptions, he shows that the kernel is generated by elements
of degree two, see [515, Thm. 7.2].

By a theorem of Zariski, R(X, L) is finitely generated for semiample line bundles on projective
varieties, see [355, I.Ch. 2.7.B]. Since any nef line bundle on a K3 surface is semiample (cf.
Corollary 3.12), this shows that for any nef line bundle L on a K3 surface X the section ring
R(X, L) is finitely generated.

An effective divisor D cannot only be decomposed in its mobile and its fixed part D = M + F,
but also in its positive and its negative parts. More precisely, any effective divisor D (or any
element in NE(X)NNS(X), see Section 8.3.1) can be decomposed as D = P + N, where P, N €
NS(X)g with P € Nef(X) (the ‘positive part’) and N = > a;C; effective (a; € Qsg) such
that (P.C;) = 0 and the intersection matrix ((C;.C;)) is negative definite. This is the Zariski
decomposition of D, see [27] or [355] for more references. The section ring R(X, L) of a big line
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bundle L on a smooth surface is finitely generated if and only if its positive part P is semiample,
see [355, I.Cor. 2.3.23|. Hence, R(X, L) is finitely generated for any big line bundle (and in fact
for any) on a K3 surface.

Seshadri constants on K3 surfaces have been studied in low degree. See for example the paper
by Galati and Knutsen [193] where one also finds a survey of known results and further references.

A non-effective version of the Fujita conjecture has been known for a long time. In particular,
there is Matsusaka’s big theorem (see [355, , , ]): For every polynomial P(t) there
exists a constant ¢, depending only on P(¢), such that for every smooth projective variety X in
characteristic zero and an ample line bundle L on X with Hilbert polynomial P(t) the line bundle
LF is very ample for all k& > ¢. Matsusaka’s theorem is also known in positive characteristic for
small dimensions and for varieties with mild singularities. Effective versions of it (in characteristic
zero) have been found by Demailly, Siu and others, see [355].

Related to the question for polarized K3 surfaces of prescribed degree is the question which
degree and genus can be realized by a smooth curve on a quartic. This has been addressed by
Mori in [420].

Questions and open problems:

It is natural to wonder how much of the theory generalizes to higher dimensions. For example,
if L is an ample line bundle on a projective irreducible symplectic variety X, is then L? globally
generated and L3 very ample? Similarly, is X described by quadratic equations? The first case
to study would be the Hilbert scheme of length two subschemes of a K3 surface.






CHAPTER 3

Hodge structures

For the reader’s convenience we recall the basic definitions and facts concerning (pure)
Hodge structures in Section 1. In Section 2 we specialize to Hodge structures of weight
one and two and state the Global Torelli Theorem for curves and K3 surfaces. The latter
appears again in subsequent chapters. This section also introduces the transcendental
lattice of a Hodge structure of weight two, which we describe explicitly for a few examples.
Which lattices can occur as the transcendental lattice of a K3 surface turns out to be
essentially a question in lattice theory, to which we return in Chapter 14. In the final
Section 3, we study the field of endomorphisms of the transcendental lattice. It turns
out to be totally real in most cases. An elementary proof of this result is included. The
last section also contains a discussion of the Mumford—Tate group and the conjecture
describing it in terms of the algebraic fundamental group.

1. Abstract notions

We are interested in rational and integral Hodge structures. So, in the following V
always stands for either a free Z-module of finite rank or a finite-dimensional vector
space over Q.

1.1. By Vg and V¢ we denote the real and complex vector spaces obtained by
scalar extension. Since V is defined over Z or Q, respectively, both subrings of R, the
complex vector space V¢ comes with a real structure, i.e. complex conjugation v+—17v is
well-defined and defines an R-linear isomorphism Vg == V.

Definition 1.1. A Hodge structure of weight n € Z on V is given by a direct sum
decomposition of the complex vector space V¢

(1.1) Vo= vre

ptg=n

such that VP4 = V9P,

Often, one tacitly assumes for n > 0 that VP9 = 0 for p < 0, which is the case, for
example, when V is the cohomology of degree n of a projective manifold, see Section 1.2.

One can pass from integral Hodge structures to rational Hodge structures (of the same
weight) by simple base change V+—Vp. Relaxing the obvious notion of isomorphisms
between Hodge structures, one calls two integral Hodge structures V and W isogenous if
the rational Hodge structures Vg and Wy are isomorphic.

39
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For a Hodge structure V' (integral or rational) of even weight n = 2k the intersection
V N VFE is called the space of Hodge classes in V. Here, we use the natural inclusion
V C Vg. Note that in general the inclusion (V N V**)e < VFF is proper. However,
(Ve N VER) e = VFF and, similarly, (Vg N (VP9 @ VIP))e = VP4 @ VIP (for p # q), i.e.
VP2 @ VP is defined over R.

Definition 1.2. A sub-Hodge structure of a Hodge structure V' of weight n is given
by a Q-linear subspace (resp. submodule) V' C V such that the Hodge structure on V'
induces a Hodge structure on V', i.e. V& = @(VE N VP,

A sub-Hodge structure V' C V of an integral Hodge structure V' is called primitive if
V/V' is torsion free. Any Hodge structure that does not contain any non-trivial proper
and primitive (in the integral case) Hodge structure V' C V is called irreducible.

Note that with this definition, any Hodge class in V' spans a one-dimensional sub-Hodge
structure and, similarly, the space of all Hodge classes is a sub-Hodge structure.

Example 1.3. The Tate Hodge structure Z(1) is the Hodge structure of weight —2
given by the free Z-module of rank one (277)Z (as a submodule of C) such that Z(1)~1~!
is one-dimensional. Similarly, one defines the rational Tate Hodge structure Q(1). The
reason that 27 is put in, instead of just considering the free module Z, is not apparent
here. In fact, for many of the applications the difference between the two is not important.

Most of the standard linear algebra constructions have analogues in Hodge theory. We
shall be brief, as the details are easy to work out.

i) The direct sum V @ W of two Hodge structures V and W of the same weight n is
endowed again with a Hodge structure of weight n by setting

(V@ WP = VP1 g WP,

ii) The tensor product V@ W of Hodge structures V and W of weight n and m, respec-
tively, comes naturally with a Hodge structure of weight n + m by putting

(V@ W)P1 = GB VPLG @ WP2a2
where the sum is over all pairs of tuples (p1,q1), (p2, q2) with p; 4+ p2 = p.

iii) For a Hodge structure V of weight n, one defines a Hodge structure of weight —n on
the dual V* := Homgz(V,Z) (or = Homg(V, Q) if V' is rational) by

| A Hom¢ (VP4 C) C Home(Ve,C) = V.

Example 1.4. Applied to the Tate Hodge structure, ii) and iii) lead to the Hodge
structure of weight two Z(—1) := Z(1)* and the Hodge structures Z(k) := Z(1)®* for
kE > 0 and Z(k) = Z(—1)®7% for k < 0, which are of weight —2k. Note that the
underlying Z-module of Z(k) is (27i)*Z. By convention, Z = Z(0) is the trivial Hodge
structure of weight zero and rank one. The Hodge structures Q(k), k € Z, are defined
analogously.
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For an arbitrary integral or rational Hodge structure V of weight n one defines the
Hodge structure of weight n — 2k

V(k) =V ®Z(k) or V(k) =V @ Q(k),
respectively, for which V (k)P4 = VPthatk,

iv) Let V and W again be Hodge structures of weight n and m. Then a morphism of
weight k from V to W is a Z-(or Q-)linear map f: V —W such that its C-linear extension
satisfies f(VP4) c WPHka+k  Note that for non-trivial f this implies m = n -+ 2k, so that
one could actually drop mentioning the weight k. Equivalently, a morphism f: V—W
of weight k& can be thought of as a morphism f: V —W (k) of weight zero. Then for the
space of morphisms of weight k one has Homy (V, W) = Homg(V, W (k)). For n = m, one
just writes Hom(V, W). Note also that

Homy (V,W) =V*@ W N (V@ W)k*,
which is the space of Hodge classes of the Hodge structure V* @ W of weight 2k. In
particular, Homy(Z, V) = Hom(Z(—k),V) = VN V** is the space of Hodge classes in V.

v) Similar to the tensor product, one also defines the exterior product of Hodge structures.
If V is a Hodge structure of weight n, then /\k V' is the Hodge structure of weight kn with
(A" V)P being the sum of all @ A¥ (VPi4) with Sk = k and 3 kip; = p. The most
interesting case for us is the exterior product /\2 V of a Hodge structure V' of weight one.
Here,

(/\zv)z,o _ /\2‘/1,07 (/\QV)LI — V10 g V01 and (/\2‘/)0,2 _ /\2‘/0,1.

vi) If V is a Hodge structure, then its compler conjugate V is a Hodge structure on the
same free Z-module or Q-vector space V but with V74 := V9P For a Hodge structure
of weight one given by Ve = V19 @ V0! it amounts to flipping the two summands.

vii) With any Hodge structure of weight n one associates the Hodge filtration
(1.2) 0CF"VeCc F"YWec...c FOVe C g,

where F' = Gapzi VP4, (For n > 0 one often has F" "'V = 0 or, equivalently, FOV¢ =
Vc.) Then

(1.3) FPVe o Fave = Vg,

for all p+ ¢ = n+ 1. Conversely, any filtration (1.2) satisfying (1.3) defines a Hodge
structure (1.1) by
VPP = FPYe A FrVg

Note that the real structure of V¢ is needed for this.
Thus, the two notions describe the same mathematical structure. However, the Hodge

filtration is more natural when it comes to deforming Hodge structures, see e.g. Lemma
6.2.1.
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1.2. The most important examples of Hodge structures are provided by the coho-
mology of smooth projective varieties over C or, more generally, compact Kéhler mani-
folds. For a compact Kahler manifold X the torsion free part of the singular cohomology
H"™(X,7Z) comes with a natural Hodge structure of weight n given by the standard Hodge
decomposition

H'(X,Z)®C=H"(X,C)= @ H(X).
pt+q=n
Here, HP9(X) could either be viewed as the space of de Rham classes of bidegree (p, q)
or as the Dolbeault cohomology H?(X, Q).

The even part @ H 2”“(X , Q) contains all algebraic classes, i.e. classes obtained as fun-
damental classes [Z] of subvarieties Z C X. It is not difficult to see that [Z] is an integral
class, i.e. that it comes from an element in H?*(X,Z), and that it is contained in H**(X).
The Hodge conjecture asserts that the space spanned by those is determined entirely by
the Hodge structure itself.

Conjecture 1.5 (Hodge conjecture). For a smooth projective variety X over C the
subspace of H?*(X,Q) spanned by all algebraic classes [Z] coincides with the space of
Hodge classes, i.e. H**(X,Q) N H**(X) = ([Z] | Z C X)q.

It is often more appropriate to state the Hodge conjecture in terms of the Tate twist
H?*(X,Q) ® Q(k). It is well known that the Hodge conjecture can fail for Kihler mani-
folds which are not projective [651]| and that the analogous version using the integral
Hodge structure does not hold in general [26].

The Hodge conjecture is known for (1, 1)-classes (Lefschetz theorem on (1, 1)-classes)
and for classes of type (d — 1,d — 1) where d = dim X. Thus, the Hodge conjecture is
known to hold for K3 surfaces, but it is open already for self-products X x ... x X of a
K3 surface X.

1.3. The intersection pairing on the middle primitive cohomology or more gener-
ally the Hodge—Riemann pairing with respect to a (rational or integral) Kéhler class is
formalized by the notion of a polarization.

For the following, we shall need the notion of the Weil operator C, which acts on VP4
by multiplication with i?~9. It clearly preserves the real vector space (VP4 @& V%P) N V.

Definition 1.6. A polarization of a rational Hodge structure V of weight n is a mor-
phism of Hodge structures

(1.4) Y:VeV—Q(—n)
such that its R-linear extension yields a positive definite symmetric form
(v, w) =¥ (v, Cw)

on the real part of VP2@ V2P, Then (V, ) is called a polarized Hodge structure. A Hodge
structure is called polarizable if it admits a polarization. An isomorphism Vi — V5 of
Hodge structures that is compatible with given polarizations i1 resp. 19 is called a Hodge
isometry.
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Note that 1 as a morphism of Hodge structures is a bilinear pairing on V whose C-
linear extension has the property that ¢ (vi,ve) = 0 for v; € VP>% except possibly when
(p1,q1) = (g2, p2) (or, equivalently, p; + p2 = n and g1 + g2 = n). Integral polarizations
are defined analogously.

Here are a few easy consequences of the definition, see e.g. | , |. Assume 1) is a
polarization of a Hodge structure V' of weight n.

i) If n = 1(2), then 1 is alternating. If n = 0(2), then v is symmetric. Indeed, working
with the C-linear extension, the required symmetry (v, Cw) = ¢ (w,Cv) for v € VP4,
w € VPP reads i9 Py (v, w) = P~ %) (w,v). Then use ¢97P = (—1)"P~ 1.

ii) The restriction of the C-linear extension of 1 yields a non-degenerate pairing V7?7 ®
VP —C.

iii) For even n = 2k, the R-linear extension to Vg yields a positive definite symmetric
form (—1)¥=9 on (VP4 @ V%) N V. Indeed, for w € VP one computes C(w + w) =
(—=1)F=9(w + ).

iv) A polarization of a rational Hodge structure V' of weight n leads to an isomorphism
of Hodge structures V ~ V*(—n).

v) The restriction of ¢ to any sub-Hodge structure V' C V defines a polarization of V.
Thus, any sub-Hodge structure of a polarizable Hodge structure is again polarizable.

vi) For a polarized rational Hodge structure V', any sub-Hodge structure V' C V gives
rise to a direct sum decomposition (of Hodge structures) V = V' & V'*, where V' is the
orthogonal complement of V' with respect to v. If the Hodge structures are only integral,
then V/ & V'* C V is a sub-Hodge structure of finite (and often non-trivial) index.

We come back to the Hodge structure H"(X,Z) (up to torsion) of a compact complex
Kihler manifold. On the middle cohomology H%(X,Z), d = dimc X, the intersection
defines a morphism of Hodge structures as in (1.4). On cohomology groups of smaller
degree one can use the Hodge-Riemann pairing, which, however, only for a rational Kéhler
class defines a morphism of rational Hodge structures and so X needs to be projective.
But in both cases the morphism of Hodge structures becomes a polarization only after
certain sign changes.

Consider a rational (or integral) Kihler class w € H?(X,Q) on a smooth projective
manifold X. Then define on H"(X,Q) with n < d = dim¢ X the pairing

(1.5) (v, w) > (—1)"=1/2 / vAw AW,
X
the Hodge—Riemann pairing. One defines the primitive part (depending on w) by

H'(X,Q)p = Ker (w1 H'(X,Q)— H* (X, Q)),

on which the Hodge-Riemann pairing (1.5) then defines a polarization. This is ensured
by the Hodge-Riemann bilinear relation, see e.g. [251, Ch. 3.3]|. Strictly speaking one
should twist the integral on the right hand side by (274)~", so that it really takes values
Q(—n) = (27i)~"Q, but this is often omitted.
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Example 1.7. Let us spell this out for Hodge structures of weight one and two.
i) For degree reasons H'(X,Q), = H'(X,Q). For any Kéhler class w € H»(X) N
H?(X,Q) the alternating pairing

(1.6) ¢(v,w):/Xv/\w/\wd_1

is indeed a polarization, as i [v AT A wd=1 >0 for all 0 # v € HYO(X).
ii) In degree two one has H%(X,Q) = H*(X,Q), ® Q - w. The symmetric pairing

(1.7) Y(v,w) = —/Xv/\w/\wd2

is positive definite on H(X) N H?(X,R), and negative definite on the real part of
(H?*° @ H%?)(X). In particular, with this definition of the pairing only its restriction to
the primitive part actually defines a polarization. However, changing it by a sign on Q- w
one obtains a polarization of the full H?(X, Q). Thus, H?(X, Q) is polarizable. Note that
for d = 2, i.e. the case of a surface, the pairing (1.7) is independent of w and differs from
the intersection pairing only by a sign. However, the primitive decomposition clearly
depends on w and so does the modified 1 that gives a polarization on the full H?(X, Q).

1.4. We shall briefly explain how to interpret Hodge structures as representations
of the Deligne torus, see e.g. [201, .
Any rational Hodge structure of weight n gives rise to a real representation of C*,
namely the group homomorphism

p: C"—GL(W), z—p(z): vi—(2PZz%) - v

for v € VP4, In order to check that the representation is indeed real, take v € Vg
and consider its decomposition v = Y vP? according to (1.1) with vP»4 = v%P. Then
p(2)(v) = > (2Pz7) - vP1 is still real, as (2Pz9) - vP4 = (292P) - v?P. Note that the induced
representation p|g+ is given by p(t)(v) = t" - v. The Weil operator C' defined earlier is in
this context simply p(7).

There is a natural bijection between rational Hodge structures of weight n on a ra-
tional vector space V' and algebraic representations p: C*— GL(Vg) with R* acting by
p(t)(v) = t"™ - v. To see this, we give an inverse construction that associates with an
algebraic representation p: C*—GL(VRr) a Hodge structure.

Let us denote the C-linear extension of p by pc: C*—GL(V¢) and let

VP = {v eV | pc(z)(v) = (2P2?) - v for all z € C*}.

Then pc splits into a sum of one-dimensional representations \;: C* —C* and in order
to show that Vo = @ VP4 it is enough to show that \;(z) = 2Pz? for some p + ¢ = n.
At this point the assumption that p is algebraic comes in. As an R-linear algebraic

group,
C* = {z: ( vy )} C GL(2,R).
Yy X
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Hence, p(z) is a matrix whose entries are polynomials in z, y, and the inverse of the
determinant (2 +y2)~1. So, A;(2) must be a polynomial in z, z, and (2z). Therefore, it
is of the form 2Pz¢ for some p, g with p + ¢ = n.

Remark 1.8. A better way to say this is in terms of the Deligne torus
S = Resc/rGm,c,

which is the real algebraic group described by S(A) = (A ®g C)* for any R-algebra A, so
in particular S(R) ~ C*. Then for any real vector space V there exists a natural bijection

(1.8) { Hodge structures on V' } <—{ p: S—GL(WR) },

where on the right hand side one considers morphisms of real algebraic groups. To be
more precise, if on the left hand side a Hodge structure of weight n is picked, then its
image p on the right hand side satisfies P|Gm,R: t—t".

Example 1.9. i) If Vo = @ VP? is a Hodge structure given by p: C*—GL(Vg),
then the dual Hodge structure V* defined earlier corresponds to the dual representation
p*: C*—=GL(Vg) which is explicitly given by p*(2)(f): vi— f(p(z) " 'v).

ii) A polarization is in this language described by a bilinear map ¢: V @ V—Q with

P(p(2)v, p(z)w) = (22)"¢ (v, w)
and such that ¥ (v, p(i)w) defines a positive definite symmetric form on V.
iii) The Tate Hodge structure Q(1) corresponds to C* —=R*  z+—(zz)~!. Thus, if
a Hodge structure on V' corresponds to a representation py, then the Tate twist V(1)
corresponds to py(1): 2 (22) "Ly (2).

2. Geometry of Hodge structures of weight one and two

Only Hodge structures of weight one and two are used in these notes, especially those
associated with two-dimensional tori and K3 surfaces. The Kummer construction allows
one to pass from Hodge structures of weight one of a two-dimensional torus to the Hodge
structure of weight two of its associated Kummer surface. The Kuga—Satake construction,
to be discussed in Chapter 4, can be seen as a partial converse of this.

2.1. Hodge structures of weight one are all of geometric origin. We shall recall the
basic features of this classical theory.
There is a natural bijection between the set of isomorphism classes of integral Hodge
structures of weight one and the set of isomorphism classes of complex tori:

(2.1) { complex tori } <—{ integral Hodge structures of weight one },

which is constructed as follows. For an integral Hodge structure V' of weight one, V' C V¢
can be projected injectively into V9. This yields a lattice V. V19 and V10/V is a
complex torus. Clearly, if V and V' are isomorphic integral Hodge structures of weight
one, then V10/V and V'**°/V" are isomorphic complex tori.

Conversely, if C"/T" is a complex torus, then C™ can be regarded as I'g endowed with
an almost complex structure. This yields a decomposition (I'g)c = (I'r)*° @ (I'g)%! with
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(T'r)H and (Tg)%! being the eigenspaces on which i € C acts by multiplication by i and
—1i, respectively, defining in this way an integral Hodge structure of weight one.

Using the existence of a C-linear isomorphism C" ~ I'g ~ (I'g)"?, the two constructions
are seen to be inverse to each other. Finally, one verifies that any isomorphism between
two complex tori C"/T" and C™/T" is (up to translation) induced by a C-linear isomorphism
p: C" = C™ with (') =T".

Remark 2.1. If A = C"/T" is a complex torus, then the dual torus is
Pic’(A) ~ HY(A,0)/H (A, 7).

If as above A is written as V1:0/V for an integral Hodge structure V of weight one, then
the dual torus Pic’(A) is naturally associated with the dual of the complex conjugate
(and not just the dual) Hodge structure, i.e. Pic%(A4) ~ VO* /V*,

As was mentioned in the context of general Hodge structures, the primitive cohomology
of a smooth complex projective variety is polarizable. This in particular applies to abelian
varieties, i.e. projective tori. Conversely, the complex torus associated with a polarizable
integral Hodge structure of weight one is projective. This yields a bijection

(2.2) { abelian varieties } <—{ polarizable integral Hodge structures of weight one }

and, analogously, a bijection between polarized abelian varieties and polarized integral
Hodge structures.

The two equivalences (2.1) and (2.2) have analogies for rational Hodge structures. On
the geometric side one then considers tori and abelian varieties up to isogeny.

Arguably, the most important application of Hodge structures (of weight one) is the
following classical result, see e.g. [219].

Theorem 2.2 (Global Torelli Theorem). Two smooth compact complex curves C and
C' are isomorphic if and only if there exists an isomorphism H'(C,Z) ~ HY(C',Z) of
integral Hodge structures respecting the intersection pairing (i.e. the polarization,).

Using the above equivalence between polarized abelian varieties and polarized Hodge
structures of weight one, the Global Torelli Theorem for curves can be rephrased in terms
of principally polarized Jacobians.

2.2. Let us now turn to Hodge structures of weight two.

Definition 2.3. We call V' a Hodge structure of K3 type if V' is a (rational or integral)
Hodge structure of weight two with

dimc(V?%) =1 and VP4 = 0 for |p — q| > 2.

The motivation for this definition is, of course, that H?(X,Q) and H?*(X,Z) of a
complex K3 surfaces (or a two-dimensional complex torus) X are rational resp. integral
Hodge structures of K3 type.

If X is algebraic, then H?(X,Z) is polarizable. However, as explained above, it is not
the (negative of the) intersection pairing that defines a polarization, but the pairing that
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is obtained from it by changing the sign of the intersection pairing for a rational Kéhler
(i.e. an ample) class. In fact, there are non-algebraic K3 surfaces for which H?(X,Q) is
not polarizable, see Example 3.2.

The importance of the Hodge structure of a K3 surface becomes apparent by the Global
Torelli Theorem for K3 surfaces, which is to be considered in line with the Global Torelli
Theorem 2.2 for curves and the description of tori and abelian varieties in terms of their
Hodge structures of weight one as in (2.1) and (2.2). The Global Torelli Theorem, due to
Pjateckii-Sapiro and Safarevi¢ [490] in the algebraic and to Burns and Rapoport [91] in
the non-algebraic case, is the central result in the theory of (complex) K3 surfaces and
we come back to it later repeatedly, see Chapters 7 and 16.

Theorem 2.4 (Global Torelli Theorem). Two compler K3 surfaces X and X' are
isomorphic if and only if there exists an isomorphism H?(X,Z) ~ H*(X',Z) of integral
Hodge structures respecting the intersection pairing.

Abusively, we also call Hodge isometry an isomorphism H?(X,Z) ~ H?(X,Z) of Hodge
structures that is merely compatible with the intersection pairing (and not necessarily
a true polarization), cf. Definition 1.6. Note that a posteriori, one can state the Global
Torelli Theorem for projective K3 surfaces also in terms of polarized Hodge structures
which are polarized in the strict sense. This then becomes a Torelli theorem for polarized
K3 surfaces. Note that the Hodge isometries in Theorems 2.2 and 2.4 are not necessarily
induced by isomorphisms of the varieties themselves.

Any Hodge structure of K3 type contains two natural sub-Hodge structures. Firstly,
the sub-Hodge structure of all Hodge classes V! NV and, secondly, the transcendental
lattice or transcendental part.

Definition 2.5. For an integral or rational Hodge structure of K3 type V' one defines
the transcendental lattice or transcendental part T' as the minimal primitive sub-Hodge
structure

T C V with V#0 = 720 ¢ T¢.

The primitivity, i.e. the condition that V/T is torsion free, has to be added for integral
Hodge structures, as otherwise minimality cannot be achieved. Clearly, the transcenden-
tal lattice T is again of K3 type.

If V is the Hodge structure H?(X,Z) of a K3 surface X, then

Vi Ny = FYY(X) N H*(X,Z) ~ NS(X) ~ Pic(X),
see Section 1.3.3, and T is called the transcendental lattice
T(X) C H*(X,Z)
of the K3 surface X. It is usually considered as an integral Hodge structure.

n contrast to the situation for complex tori, the existence of a polarization on H?(X,Q) does not
imply that the K3 surface X is projective (or, equivalently, the existence of a class w € H' (X)NH?*(X,Q)
with w? > 0), cf. Remark 8.1.3.
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Remark 2.6. The transcendental lattice T'(X) plays an equally fundamental role in
the theory of K3 surfaces as the full cohomology H?(X,Z). However, there are non-
isomorphic (algebraic as well as non-algebraic) K3 surfaces with isometric transcendental
lattices. In other words, any Hodge isometry H?(X,Z) ~ H?(X’,Z) induces a Hodge
isometry T'(X) ~ T(X'), but not vice versa. This is remedied by passing to derived
categories. In Chapter 16 we explain that two complex algebraic K3 surfaces X and
X’ have Hodge isometric transcendental lattices if and only if their bounded derived
categories of coherent sheaves are equivalent as C-linear triangulated categories. This
result, the derived Global Torelli Theorem, is due to Mukai and Orlov, see Corollary
16.3.7.

Lemma 2.7. The transcendental lattice T of a polarizable Hodge structure V' of K3
type is a polarizable irreducible Hodge structure of K3 type.

PROOF. Suppose 0 # T’ C T is a sub-Hodge structure. If 7" is not pure of type
(1,1), then the one-dimensional V>0 is contained in T{.. The minimality and primitivity
of T implies T" =T. If T, =T" L1 then the orthogonal complement 7" of T/ in T (see
Section 1.3) satisfies V0 c T” é, contradicting the minimality of 7. O

2.3. Consider a torus A = C"/T. Then H'(A,Z) ~T* and
2
H*(A,Z) ~ \"H'(A,Z).

The latter can be read as an isomorphism of Hodge structures of weight two.
For n = 2, the case of interest to us, H'(A,Z) is of rank four and, therefore, H2(A,7Z)
is of rank six. Considered with its intersection form one has an isometry

H?*(A,Z) ~U%3,

Here, U is the hyperbolic plane, see Section 14.0.3. Explicitly, if H'(A,Z) = @ Zv; with
i) 4 V1A ... Avg =1, then the three copies of the hyperbolic plane U with the standard
bases (e;, fi), i = 1,2, 3, are realized by setting e := v; A v, f1 = v3 A vy, €3 = v1 A3,
fo =wv4 Ao, and e3 == v1 A vy, f3 1= v2 A vs.

The Hodge structure on H'(A,Z) is given by a decomposition into two two-dimensional
spaces HY(A,C) ~ H'W(A) ® H*Y(A), e.g. HMO(A) ~ H(A, Q) ~ T A ~ C2. Hence,

H20(A) = \ H™(4) ~ C

is one-dimensional and, therefore, H?(A,Z) is a Hodge structure of K3 type. Note that
HYY(A) ~ HY(A) ® H%'(A) ~ C*. In particular, the Néron—Severi group

NS(A) ~ HYY(A)NH?*(A,Z) € H*(A,Z) ~U®3

is of rank 0 < p(A) < 4 and the transcendental lattice is of rank at least two. In fact, if
A is an abelian surface, then its transcendental lattice is of rank 6 — p(A) < 5, cf. Section
3.1.
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2.4. Note that when passing from H!(A,Z) of a two-dimensional complex torus
A~ C?/T to H?(A,Z), information is lost. More precisely,
2
HY(A,Z)—H*(A,Z) ~ \ H'(A,Z),

that maps an integral Hodge structure of weight one and rank four to its is second exterior
power, is generically two-to-one. In fact, for two two-dimensional tori A and A’ there
exists a Hodge isometry
H?*(A,7Z) ~ H*(A',7)

if and only if

A~ A or A~ Pic’(A).
In particular, H%(A,Z) does not distinguish between A and its dual. Moreover, H?(A, Z)
of an abelian surface A determines A if and only if A is principally polarized. This was
proved by Shioda in [560], where also the surjectivity of the weight two period map for
tori was observed. More precisely, if 0 € U®? ® C satisfies
(2.3) (0.0) =0 and (0.5) > 0,

then there exist a complex torus A = C2/T" and an isometry U®3 ~ H?(A,Z) such that
the image of o spans H?9(A). This is proved by the following elementary computation:
If o =Y (ae; + Bifi), then the two conditions in (2.3) translate to

Zazﬂi =0 and Re (Z a,ﬂ}) > 0.

After scaling, we may assume a; = 1. Then let I' C C? be the lattice spanned by the
columns of
<1 0 —53 52)
0 1 (%) as '
The surjectivity of the period map for K3 surfaces is considerably harder, see Sections

6.3.3 and 7.4.1.

2.5. Recall from Examples 1.1.3 and 1.3.3 that with any abelian surface A (here
over C) or a complex torus of dimension two one associates the Kummer surface X as
the minimal resolution of the quotient A/¢ of A by the natural involution ¢: z+— — x:

A—s A

S

X — A/

The cohomology of the blow-up A—= A is easily determined: In odd degree nothing
changes, but in degree two one finds

16
(2.4) H*(A,2) e P Z-[E)] ~ H*A,L).
=1

Here, the P! ~ E; are the exceptional divisors over the 16 fixed points of the involution
¢ and as before we denote by P! ~ E; C X their images.
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As * acts by —id on H'(A,7Z), it acts as the identity on H2(A,Z) ~ A\> H'(A,Z). The
same holds for the action of the lifted involution 7 on H*(A,Z), i.e. also i*[E;] = [E].
But then any class o € H? (/Nl, Z) is in fact of the form o = 7* and hence, by projection
formula, m*m.a = T*m.* B = 7*(28) = 2. Use this to compare the intersection forms
on A and X:

(2.5) (mea.md) = 2(a.a).

For example, for a = [E;] and [E;] = m.[E;] this gives back ([E;])? = —2, as for any
smooth irreducible rational curve on a K3 surface, cf. Section 2.1.3.

Next, observe that m,H%(A,Z) C H?*(X,Z) is indeed the orthogonal complement of
@}ng- [E;] € H?*(X,Z), see [53, Exp. VIII| for a detailed argument. In particular,
m.H%(A,Z) C H*(X,Z) is a primitive sublattice. As H?(A,Z) ~ U%3 it is abstractly
isomorphic to U(2)®3. See Section 14.0.3 for the notation. However, in contrast to (2.4)

16
(2.6) mH*(A,Z) ® @PZ-|E] C H*(X,Z)
=1

is a proper sublattice (of finite index). Indeed, as was noted already in Example 1.1.3,
the line bundle O(>" E;) has a square root and, therefore, Y [E;] is divisible by two in
H?(X,7). But the situation is even more complicated. The saturation

16
@z E)c K c H(X,Z),
=1

i.e. the smallest primitive sublattice containing @,}il 7 - [E;], is an overlattice of index
2%, The lattice K, which is unique up to isomorphism, is called the Kummer lattice. It
is an even, negative definite lattice of rank 16 and discriminant 2°. Thus (2.6) can be
refined to

m.H*(A,Z) ® K C H*(X,Z),
with both summands being primitive sublattices. For more information on the lattice
theory of this situation see Section 14.3.3.

Remark 2.8. Is it not difficult to use the surjectivity of the period map for complex
tori mentioned above to deduce a similar statement for Kummer surfaces, cf. the proof of
Theorem 14.3.17. More precisely, any Hodge structure of K3 type on Eg(—1)%? @ U%3
with its (2,0)-part contained in U(2)®? (under the above embedding) is Hodge isometric
to the Hodge structure of a Kummer surface.

Also note that for a torus A and its Kummer surface X, there exists an isomorphism
of Hodge structures of K3 type
T(A) ~T(X),
which, however, fails to be a Hodge isometry by the factor two in (2.5). In particular,
there exists a primitive embedding

T(X)—=U(2)*
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of the transcendental lattice T'(X) of any Kummer surface X. Also,
16 < p(X) < 22

and, more precisely, p(X) = p(A) + 16. See Corollary 14.3.20 for a characterization of
Kummer surfaces in terms of their transcendental lattice.

2.6. The actual computation of the transcendental lattice T'(X) of any particular

K3 surface, even such an explicitly described one as the Fermat quartic, can be difficult.

Already determining the Picard rank, or equivalently the rank of T'(X), or the quadratic
form on T'(X) ® Q is usually not easy.

For the Fermat quartic X C P3, :r:é +.. .—i—x% = 0, the computation has been done. The

problem is intimately related to the question whether the lines contained in a Fermat

quartic surface generate, rationally or even integrally, NS(X), which turns out to be

equivalent to disc NS(X) = —64. The answer to this question is affirmative and a modern
proof has been given by Schiitt, Shioda, and van Luijk in [538&], which also contains
historical comments (in particular, that disc NS(X) = —16 or —64 had already been
shown in [490]).

In any case, the final result is that for a Fermat quartic X C P? one has
T(X) ~ Z(8) ® Z(8) and NS(X) ~ Eg(—1)®2 @ U @ Z(—8) ® Z(-8).
See Section 14.0.3 for the notation. In particular, the discriminant of NS(X) is —64.% In
Section 17.1.4 one finds more comments and similar examples.
3. Endomorphism fields and Mumford—Tate groups
For any complex K3 surface, one has the two sublattices
NS(X),T(X) c H*(X,Z).

As we shall see, they are each other’s orthogonal complement. Thus, there is a natural
inclusion T'(X) + NS(X) C H?(X,Z). However, for non-projective X the sum need not
be direct nor the inclusion of finite index.

3.1. Recall that the transcendental part, integral or rational, of a Hodge structure
of K3 type is the minimal primitive sub-Hodge structure of K3 type, see Definition 2.5.
Alternatively, one has:

Lemma 3.1. The transcendental lattice of a complex K8 surface is the orthogonal
complement of the Néron—Severi group:

T(X)=NS(X)*.
If X is projective, then T(X) is a polarizable irreducible Hodge structure, cf. Lemma 2.7.

2In [561] Shioda shows that in characteristic p > 0 one still has disc NS(X) = —64 for p = 1(4) (and
p(X) = 20), but discNS(X) = —p? for p = 3(4) (and p(X) = 22), cf. Sections 17.2.3. Are lines still
generating NS(X)?
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PRrROOF. To shorten the notation, we write 7' = T'(X) and N = N(X).

Any integral class orthogonal to 7T is in particular orthogonal to H?%(X) and thus of
type (1,1). Then, by Lefschetz theorem on (1,1)-classes (cf. (3.2) in Chapter 1) T+ C N.
As H*Y(X) is orthogonal to N and thus contained in N&, one has 7' C N+ by minimality
of T. Taking orthogonal complements yields N*+ ¢ T&. Combined with the obvious
N c NtL ) this yields

Tt cNc N o1t
Therefore, equality holds everywhere and thus T C TH+ = N+, Tt suffices, therefore, to
show T' = T++. To see this, note that Tk always contains the positive plane (7%°@7%2)N

T+L, or has exactly one

Tr and that T is either non-degenerate, and then clearly T =
isotropic direction. In the second case and after diagonalizing the intersection form on
H?(X,R) to (1,1,1,—1,...,—1), one may assume that T = (e1, €2, €3 + €4,€5,...,€n).
Then TIR% = (est+eq,eni1,...,e2)and Tg = TﬂéL, which implies that the natural inclusion
T C T+t is an equality.

If X is projective, the intersection form on NS(X) is non-degenerate due to the Hodge
index theorem. The negative of the intersection pairing (1.7) defines a polarization on
the Hodge structure T(X) = NS(X)*. For any sub-Hodge structure 77 C T(X) either
T¢ or its orthogonal complement contains H*%(X). Thus, by the minimality of T'(X)

either 7" =0 or T" = T(X). O

Example 3.2. For a non projective K3 surface, T(X) = NS(X)* need not be irre-
ducible or polarizable. Suppose X is a K3 surface with NS(X') spanned by a non-trivial
line bundle L of square zero. In particular, X is not algebraic. The existence of such
a K3 surface is a consequence of the surjectivity of the period map, see Theorem 7.4.1.
In this case NS(X)* is the kernel of (L. ): H?(X,Z)—=7Z and contains the non-trivial
sub-Hodge structure spanned by L. Thus, in the non-algebraic case T'(X) = NS(X)* is
not necessarily irreducible and the intersection 7'(X) N NS(X) might be non-trivial.

Geometrically, K3 surfaces of this type are provided by elliptic K3 surfaces without
any multisection. For a concrete algebraic example consider V = Q* with diagonal
intersection form (1,2,1,—1). Then let £ = e; + e4 and V?? be spanned by ¢ = (es +
) +i(v/2e3 4 £). One easily checks that (£)* in this case is spanned by ez, e3, £. Due to
the v/2 in the definition of o, the class £ is indeed the only Hodge class up to scaling.

In a similar fashion, one constructs examples of complex K3 surfaces with Pic(X)
spanned by a line bundle L with (L)% < 0.

3.2. Let us next note the following elementary but very useful statement.

Lemma 3.3. Let T be a rational (or integral) Hodge structure of K3 type, such that
there is no proper (primitive) sub-Hodge structure 0 #T" C T of K3 type. If a: T—T
is any endomorphism of the Hodge structure with a = 0 on T??, then a = 0.

PROOF. By assumption, 7" := Ker(a) C T is a Hodge structure with 7'*" £ 0 (and
T/T' torsion free). Hence, T’ =T and so a = 0. O
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The result is usually applied to irreducible Hodge structures, e.g. T'(X ) of a projective
K3 surface, but it also applies to T'(X)g of a non-projective K3 surface. In this case,
T'(X)g may or may not be irreducible, but it still satisfies the assumption of the lemma.
The lemma is often used to deduce from a = id on T?Y that a = id, which is of course
equivalent to the above version.

The next result is formulated in the geometric context but it holds for the transcen-
dental lattice of any polarized Hodge structure of K3 type.

Corollary 3.4. Let a: T(X) == T(X) be a Hodge isometry of the transcendental
lattice of a complex projective K8 surface. Then there exists an integer n > 0 such that
a™ =1id. In fact, the group of all Hodge isometries of T(X) is a finite cyclic group.

ProoF. Consider V(X) = T(X)rN(H?*°® H%?)(X) and its orthogonal complement
V(X)t in T(X)g. Then the intersection form restricted to V' (X) is positive definite and
restricted to V(X)* negative definite, for X is assumed projective. The decomposition
T(X)r = V(X) @ V(X)! is preserved by a. Hence, the eigenvalues of aly(x) and of
aly(x)+ (and thus also of a itself) are all of absolute value one

On the other hand, a is defined on the integral lattice T'(X) and, therefore, its eigen-
values are all algebraic integers. Thus, if X is the algebraic integer that is the eigenvalue of
the action of a on T'(X)?9, then |\;| = 1 for all its conjugates A;. Hence, by Kronecker’s
theorem, ) is a root of umity, say A = (,. Then a" = id on T(X)?*° and, therefore,
a”™ = id by Lemma 3.3.

For the second statement, one argues that the group of Hodge isometries T'(X) >
T(X) is discrete and a subgroup of the compact O(V (X)) x O(V(X)*) and, therefore,
necessarily finite. On the other hand, any Hodge isometry of T'(X) is determined by its
action on H?%(X). Thus, the group of Hodge isometries of T(X) can be realized as a
finite subgroup of C* and is, therefore, cyclic. O

The following has been observed by Oguiso in [467, Lem. 4.1] (see also [384, Lem.
3.7]) and can be used to determine Aut(X) for a general complex projective K3 surface,
see Corollary 15.2.12. It is curious that the same argument comes up when showing that
the Tate conjecture implies that the Picard number of any K3 surface over ]F'p is even, cf.
Corollary 17.2.9.

Corollary 3.5. Let X be a complex projective K3 surface of odd Picard number or,
equivalently, with Tk T'(X) = 1(2). Then the only Hodge isometries of T(X) are +id.

PROOF. For an isometry a of T(X), A is an eigenvalue if and only if A™! = X is an
eigenvalue. Hence, the number of those eigenvalues # +1 must be even. Therefore, if
T(X) is of odd rank, then 1 or —1 occurs as a eigenvalue and a corresponding eigenvector
can be chosen in the lattice T'(X), i.e. there exists at least one 0 # o € T(X) with
a(a) = £a. If now a is a Hodge isometry with a # +id, then a = (,, - id on H?%(X),
m > 2, as above. Pairing o with H?%(X) shows that o has to be orthogonal to H?%(X),
i.e. « € HYY(X,Z), which contradicts o € T'(X) (for T'(X) is irreducible). O
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The situation changes when one considers rational Hodge isometries. This is discussed
next.

3.3. For an arbitrary irreducible rational(!) Hodge structure 7' of K3 type one
considers its endomorphism field K(T) of all morphisms a: T—=T of Hodge structures,
which is a Q-algebra endowed with a Q-algebra homomorphism

e: K= K(T) = Endpqg(T)—C

defined by a|r20 = ¢(a)-id. Note that at this stage the endomorphisms a are not assumed
to be compatible with any polarization and, in fact, 7' need not even admit a polarization.

Corollary 3.6. The map ¢ is injective and K is a number field.

PRrROOF. The injectivity follows from Lemma 3.3. In particular, K is commutative
and obviously finite-dimensional over Q. To show that K is a field, consider a with
e(a) # 0. Then Ker(a) C T is a proper sub-Hodge structure, as it does not contain 729.
However, T is irreducible and hence Ker(a) = 0. Therefore, a is an isomorphism and can
thus be inverted. O

What kind of algebraic number fields does one encounter as the endomorphism rings
Endpqgg(T) of irreducible Hodge structures T of K3 type?

Before stating the result, recall that a number field Ky is called totally real if all
embeddings Ky~ C take image in R C C. An extension Ky C K is a purely imaginary
quadratic extension if there exists an element « such that K = Ky(y/«) and p(a) € Reg
for all embeddings p: K& C. If K is a purely imaginary quadratic extension of a
totally real field, then K is a CM field.

The following result, for which we provide an elementary proof in Section 3.5, is due to
Zarhin [644, Thm. 1.5.1]. See also Borcea’s [75] for the existence of the Hodge isometry
in the CM case.

Theorem 3.7. Let K = K(T) be the endomorphism field K(T') of a polarizable irre-
ducible rational Hodge structure T of K38 type. Then either K is totally real or a CM
field. If K is a CM field, then there exists a Hodge isometry n such that K = Q(n).

Remark 3.8. In [202] van Geemen shows that any totally real field K is realized as
K (T) of a polarized rational Hodge structure T of K3 type. Moreover, m := dimg T > 3
can be prescribed. If m - [K : Q] < 10, then K is realized as K(T(X)) of the general
member X of an (m — 2)-dimensional family of K3 surfaces.

Pjateckil-Sapiro and Safarevi¢ show in [491] that any CM field K with [K : Q] < 16
can be realized as K(T'(X)) of a K3 surfaces which moreover satisfies dimx 7" = 1 or,
equivalently, dimg 7" = [K : QJ, see (3.2). The condition on the degree has recently be
weakened by Taelman to [K : Q] < 20, see [579]. Note that dimg T'1 implies that K is
a CM field, see Remark 3.14.
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3.4. The endomorphism ring is crucial in determining the Mumford-Tate group.
We shall first recall the definition of the Mumford-Tate group and its characterization in
terms of Hodge classes.

Consider a polarizable Hodge structure on a rational vector space V in terms of the
representation p: S—GL(VR), see Remark 1.8. The Hodge group Hdg(V) and the
Mumford-Tate group MT(V) of V are defined as the smallest algebraic subgroups of
the linear algebraic group GL(V') over Q with

p(U(R)) € Hdg(V)(R) and p(S(R)) € MT(V)(R).
Here, U C S is the kernel of the norm Nm: S—G,,, g, so UR) = {z | 2z = 1} C S(R).
The two groups can also be related via the surjective and finite morphism
Hdg(V) x G —=MT(V), (g, 1) —>gp-
By definition, Hodge classes in V' are invariant under the action of Hdg(V). More
generally:

e A subspace W C @V®% @ V*®™ is a sub-Hodge structure if and only if it is
preserved by the natural action of MT(V).

e In particular, a vector v € @ VE ® V*®™ is a Hodge class if and only if it is
invariant up to scaling under the natural action of MT (V).

In fact, the last property characterizes MT(V'). More precisely, if a subgroup of GL(V)
fixes every Hodge class of weight zero in any @ V™ @ V*¥™i @ Q(n), then it is contained
in MT(V'). This hinges on the fact that MT(V') is a reductive group for polarizable Hodge
structure, see [143, Ch. I] or [201, , .

Zarhin also proves in [644] the following:

Theorem 3.9. Let (T, ) be an irreducible polarized rational Hodge structure of K3 type
with endomorphism field K = K(T'). Then its Hodge group is the subgroup of K-linear
special isometries:

(3.1) Hdg(T) = SOx(T) € SO(T).
Equivalently, the Hodge group can be described as
Hdg(T) SO(T,¥) if K is totally real
U(T,¥) if K is a CM field.

Here, the pairing ¥: T' x T'— K is defined by the condition that for all a € K one has
Y(av,w) = Trg/g(a¥ (v, w)). An elementary computation shows that ¥ is symmetric
if K is totally real and sesquilinear if K is a CM field. (Complex conjugation on K is
described by (3.3) below.)

The inclusion Hdg(T') C SOk(T) follows from the minimality of Hdg(T") and the ob-
servation that U(R) commutes with the action of K and hence p(U(R)) C Hdg(T')(R) C
SOk (T)(R). Similarly, the inclusion Hdg(7) € SO(T,¥) (resp. C U(T,¥)) is deduced
from the fact that for all @ € K and all z € C* with 2Z = 1 one has

P(ap(2)(v), p(2)(w)) = (22) - Plav, w) = Y(av,w),
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where one uses that v is a polarization. The other inclusion is deduced from a comparison
of dimensions. For the description of real points of the Hodge group see | , Sec. 2.7].

Remark 3.10. In [491] Pjateckil-Sapiro and Safarevi¢ define a complex projective
K3 surface to have CM if Hdg(T") is commutative. This turns out to be equivalent to
dimg T =1, see [644, Rem. 1.5.3], and implies the weaker property that K is a CM field,
cf. Remark 3.14. Moreover, due to [491, Thm. 4] a K3 surface that has CM in the sense
of [491] is defined over a number field.

Also note that any complex K3 surface of maximal Picard number p(X) = 20 has
CM. Indeed, in this case Hdg(X) as a subgroup of SO(2) is commutative. Alternatively,
1 b/a

observe that <—b/c 1 b2/ac

) defines an orthogonal transformation of the rank two

b
lattice with intersection form ( @ 5 > given by T'(X), which automatically preserves the
c

b
Hodge structure, cf. the discussion in Section 14.3.4. So, K # Q and hence dimg T = 1.

For completeness sake, we mention at this point the Mumford—Tate conjecture which
conjecturally relates Hodge theory and Galois theory via a comparison of Mumford-Tate
groups and algebraic monodromy groups. Compare the discussion here with the one of
the Tate conjecture in Section 17.3. Here and there, we restrict to degree two. For a
geometric version of the following discussion see Section 6.4.3.

Let X be a smooth projective variety over a finitely generated field k& of characteristic
zero with the natural Galois action

po: Gal(k/k) — GL(HZ(X, Qu(1))).

Consider the Zariski closure of Im(p,) C Im(ps) C GL(HZ(X,Q(1))), which often is
called the f-adic algebraic monodromy group.

On the other hand, any embedding k — C yields a complex variety Xc¢ whose singular
cohomology H?(X¢, Q) is endowed with the action of the Mumford-Tate group. The
Mumford—Tate conjecture then predicts that under the usual comparison isomorphism
HZ%(X,Q(1)) ~ H*(Xc, Q) @ Q¢(1) the identity component Im(py) coincides with the
Mumford-Tate group, cf. [545]. The conjecture has been proved for K3 surfaces over
number fields by Tankeev [582, | and André [7].

Theorem 3.11. Let X be a K3 surface over a finitely generated field k C C. Then for
all £

Im(p) * = MT(H*(X¢,Q(1))) xg Q.

At least morally, the Mumford—Tate conjecture follows from the conjunction of the
Hodge conjecture and the Tate conjecture. The Hodge conjecture for H?(Xc,Z), which
is nothing but the Lefschetz theorem on (1, 1)-classes (see (3.2) in Section 1.3.3), implies
that NS(X¢) ® Qp ~ H?*(X¢,Qu(1))MT and the Tate conjecture for finitely generated
fields of characteristic zero, which is proved via the Kuga—Satake construction (see Section
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17.3.2), shows NS(X) ® Qy ~ HZ (X, Qg(l))Gal(E/’“). So, at least after finite base change:

H*(Xc, Qu()MT = HZ,(X, Q1)) mlre),

For the geometric analogue of the Mumford-Tate conjecture see Section 6.4.3.

3.5. Here is a completely elementary proof of Theorem 3.7. Let us consider the
embeddings K< C. We denote by

Py pr: K<~ RCC and 01,51,...,05,0s: K& C

the real and complex embeddings. In particular, [K : Q] = r+2s. Then Trg /g ofany a €

K can be written as Trg g(a) = >~ pi(a) + D 0j(a)+ a5(a) = Y pi(a)+2 > Re(o;(a))
and considering T' as a vector space over K yields

(3.2) dimg 7' = dimg T - [K : Q] and Trpg(a) = dimg T~ Trg g(a).

In a first step, we identify a totally real field Ky C K and then show that either
Ky = K or that Ky C K is purely imaginary quadratic. In order to define Ky, we use
the polarization ¢ and let ( , ) := —(, ). This is a non-degenerate symmetric bilinear
form on T of signature (2,m) such that its R-linear extension is positive definite on
(T?Y e T%%)N Tk and such that the decomposition Tk = (T NTR) & (T*° & T*?)NTR)
is orthogonal with respect to (, ). In particular, the R-linear extension of { , ) is negative
definite on (T N TR).

Then one defines an involution K — K, ar—=a’ by the condition

(3.3) {av,w) = (v, a'w)
for all v,w € T. In other words, @ is the formal adjoint of a with respect to ( , ).
Lemma 3.12. [fa € K, thend’ € K, i.e. with a also a’ preserves the Hodge structure.

PROOF. Suppose w € TH!. Then (av,w) = 0 for all v € T?° @ T%2 because av is
again of type (2,0) + (0,2). Hence a'(w) is orthogonal to T%° @ T%2 and thus again of
type (1,1). The proof that a’ preserves T2? and T%2 is similar. O

Clearly, (ab)’ = d'V', i.e. at—=a’ is an automorphism of K. Also observe that for a € K
and all v,w € T one has (av,aw) = (v,d’aw). Hence, a’a = 1 if and only if a is an
isometry.

Denote by Ky C K the subfield of all a € K with @’ = a. Since at—=a’ is an automor-
phism of K of order two, its fixed field K satisfies [K : K| < 2.

To study Kj, it is more convenient to work with a positive definite symmetric bilinear
form, which however is only defined over R. One defines ( , ) on Tk by setting

(,)={(, ) on (T*°eT"NTg and (, )= —(, ) on TH* N Tk.

As it turns out, for any a € K, the formal adjoint o’ with respect to (, ) is also the
formal adjoint of the R-linear extension of a with respect to ( , ).
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For any 0 # a € K let
£, =da=ad €K,
which satisfies:

(1) (&av,w) = (v,&qw) for all v,w € T, i.e. &, is self-adjoint.
(ii)) (&qv,v) = (av,av) > 0 for all 0 # v € Tk.
(iii)) &, = a? for a € K.

In particular, all eigenvalues of &, are positive and, therefore, Trp /Q(fa) > 0 and also
TrK/Q(ga) > O

Lemma 3.13. Any number field L satisfying TI‘L/Q(CLZ) >0 for all0 # a € L is totally
real. In particular, Ko is totally real.

PROOF. Suppose s > 0, i.e. there exists at least one embedding os: L= C which is
not real. Using L ®g R ~ R" @ C*, one finds an a € L such that p;(a) and o;(a) are all
close to zero for all 4 and all j < s, and o(a) close to v/—1.

By assumption 0 < Trp g(a®) = Y, pi(a®) +2 > j<s Re(o; (a?)) + 2Re(os(a?)). On the
other hand, by construction, p;(a?) = p;(a)? and 0;(a?) = oj(a)? for j < s are all close to
zero, whereas o(a?) is close to —1. This yields the contradiction 0 < Trp g(a?) < 0. O

We can now prove the first part of Theorem 3.7.

PROOF. We have to show that either Ky = K or, if not, then K/Kj is a purely
imaginary quadratic extension. As observed earlier, if Ky # K, then [K : Ky| = 2 and,
therefore, we can write K = Ky(y/a) for some a € K.

Fix one real embedding Ky C R and suppose @ € R~ (. The natural inclusion Ko (/o) C
R yields one real embedding p;: K —R and we set py := p; o ( )/, which is the identity
on K( and sends \/a to —y/a.

Let us denote the remaining embeddings of K by ps,...,pq (which may be real or
complex).

Similar to the argument used in the proof of Lemma 3.13 we choose a € K such that
pi(a) ~ =1, pa(a) ~ 1 and p;(a) ~ 0 for i > 3. Then, 0 < Trg/g(&) = Trg g(aa’)
is contradicted by Trg/g(aa’) = p1(aa’) + p2(aa’) + 3 ;53 pi(ad’) ~ p1(aad’) + p2(aad’) =
p1(a)pi(a’) + pa(a)p2(a’) = 2p1(a)pa(a) ~ 2. O

Remark 3.14. i) In the case of complex multiplication, the involution a+—=a’ is given
by complex conjugation for all complex embeddings.

ii) If dimg 7" is odd, then Ky = K, i.e. K is totally real. Indeed, by (3.2) [K : Q]
divides dimg 7" and [K : Q] is even for a CM field.

iii) If dimg T' =1, i.e. [K : Q] = dimg 7', then K is a CM field. To prove this, consider
T ®g C = @1T,, where the sum runs over all p: K~ C and T}, is the C-subspace on
which the elements o« € K act by multiplication with p(«). Clearly dim¢T ®g C =
dimg7T = dimg K = [K : Q] and hence dim¢ 7, = 1. Suppose K were totally real.
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Then K = Q(a) with e(a) € R. Hence T7%° and T%? are both contained in T;, which
contradicts dimg 7. = 1.°

As mentioned above, a € K is an isometry if and only if £, = a’a = 1. For a € K, this
is only possible if @ = +1. Thus, in the case of real multiplication, there exist very few
Hodge isometries of T'. For the CM case, the situation is completely different, as asserted
by the second part of Theorem 3.7. This is proved as follows.

PROOF. Write K = Ko(v/—D) with D € K positive under each embedding Ky & R
and fix a primitive element 5 € Ky, i.e. Ko = Q(f).

We start out by showing that Q(D(8 + v)) = Ky for most v € Q. To see this, let
QC M, =QD(B+~)) C Ko. If My C M, for v # ~v in Q, then M, = Ky. Indeed,
the inclusion implies D(8 +v) — D(8 ++') € M, and hence D € M,,. The latter yields
B € My, ie. M, = Ky. Since Ky only has finitely many subfields, M, ,, = Ko for all but
finitely many v € Q.

Similarly, one defines for v € Q the subfield L., :== Q(D(8 + v)?) C K. For an infinite
set S C Q the field L, is the same for all v € S. Among the infinitely many sums
v+ with ,7" € S pick one for which M./ = Ko. Then use D(28 + v +7')(y —
v) = D(B+7)* = D(B++)? to deduce that Ko = M, y/2 = QD28+ v +7')) =
QDEB+7+7)(7 7)) € QUD(B+7)% D(B +7)?) = QD(B +7)?) € Ko. Hence,
QDB +7)?) = Ko.

From the above discussion we only need that there exists a primitive element of the
form D/€2,i.e. Ko = Q(D/£?), with ¢ € K.

Then let ) == (D—£2)/(D+£%)+26/—D/(D+€2) € K and check that ny' = nij = 1, i.e.
n is a Hodge isometry, and n+% = 2(1 —2(D/&2+1)~1). The latter shows D /&2 € Q(n).
Since also v/—D € Q(n), this suffices to conclude K = Q(n). O

References and further reading:

For the theory of Hodge structures see e.g. | y R , , , |. Abelian varieties
and complex tori are studied in depth in [63, 64, , |. In [7, Thm. 1.6.1] André generalizes
the results of Zarhin and Tankeev to higher dimensions. Explicit examples of K3 surfaces with
real multiplication have been studied by van Geemen in [202] as double planes ramified over the
union of six lines. For examples defined over Q see the work [169] of Elsenhans and Jahnel, cf.
Section 17.2.6.

3Thanks to Uli Schlickewei for his help with the argument.






CHAPTER 4

Kuga—Satake construction

The Kuga—Satake construction associates with any Hodge structure of weight two a
Hodge structure of weight one. Geometrically, this allows one to pass from K3 surfaces
to complex tori. This chapter introduces the basic ingredients of the construction and
collects examples that describe the Kuga—Satake variety for special K3 surfaces explicitly.
The Kuga—Satake construction can be performed in families, which is of importance for
arithmetic considerations, see Section 6.4.4 for more details. The appendix contains a
brief discussion of Deligne’s proof of the Weil conjectures for K3 surfaces which relies on
the Kuga—Satake construction.

1. Clifford algebra and Spin-group

We begin by recalling some basic facts on Clifford algebras. For background and more
information on the subject see |15, 82, 86, |.

1.1. Let K be a commutative ring. In all the examples we have in mind, K is either

7 or a subfield of C like Q or R. In any case, we shall assume that 2 is not a zero divisor
in K.

Consider a free K-module V of finite rank, so a finite-dimensional vector space when

K is a field, and a quadratic form g on V. The associated bilinear form is given by

q(v,w) == (1/2)(q(v+w) —q(v) — q(w)) which takes values in K[1/2]. The tensor algebra

(V) :=Pve
i>0
with V& := K is a graded non-commutative K-algebra. It can also be considered as a
K-superalgebra by defining the even part and the odd part of T'(V') as

THV) = PV and T~ (V) == PV
i>0 i>0
Let I .= I(q) C T(V) be the two-sided ideal generated by the even elements v®@v—gq(v),
v € V. Here, q(v) € K is considered as an element of K = V& c T(V). The Clifford
algebra is the quotient K-algebra
CUV) = CUV.q) =T(V)/I(q).

The Clifford algebra has no longer a natural Z-grading. However, since I(q) is generated
by even elements, it still has a natural Z/2Z-grading and we write:
Cl(V) =CIT (V)@ Cl~ (V).

61
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Note that the even part CIT(V), the even Clifford algebra, is indeed a K-subalgebra,
whereas C1~ (V) is only a two-sided CI*(V)-submodule of C1(V). Also note that C1~ (V)
naturally contains V' as a K-submodule via the projection V' C T'(V)—Cl(V).

The multiplication in Cl(V) shall be written as v - w for v,w € CI(V). Then by
construction, v - v = ¢(v) and v - w + w - v = 2¢(v,w) in CI(V) for all v,w € V. For the
latter simply spell out the equality (v 4+ w) - (v + w) = q(v + w). Note that in particular
v-w=—w-vif v,w € V are orthogonal.

If ¢ =0, then CI(V) ~ A"V and for an arbitrary quadratic form q over a field K any
choice of an orthogonal basis vy, ..., v, of V leads to an isomorphism of K-vector spaces

aw) = A\'v

mapping v, - ...-v;, € CIV) to v;y A... Aw;, € A" V. Moreover, the isomorphism
is independent of the choice of the orthogonal basis. Thus, using an orthogonal basis
V1,...,0p of V one can write down a basis of Cl(V)
CHV) = @ K-t opn,
aiE{O,l}

which for a K-vector space of dimension n implies
dim Cl(V) =2™.
1.2. If CI(V)* denotes the group of units of the Clifford algebra CI1(V'), then
CSpin(V) == {v € CI(V)* | vVv~ ! C V}

is called the Clifford group. Here, as before, we consider V' as a submodule of C1(V') and
define for any v € CI(V)* the map V —=CI(V), wr—=v - w - v~ !, the image of which is
denoted vVov~!. The even Clifford group CSpin™ (V) is defined similarly as the set of
units in C17 (V) mapping V to itself under conjugation.

To study the Clifford group one considers the map v+ (w+=v-w-v~1), which defines
an orthogonal representation

(1.1) 7: CSpin(V)—O(V).

It is orthogonal, as for any w € V one has ¢(w) = w - w and thus q(v - w - v™!) =
(-w-v ) (wrw-v ) =0 (w-w) v = q(w)(v-vTt) = g(w) for v € CSpin(V).

Assume now that K is a field. Then, for v € V' with ¢(v) # 0 the reflection s, € O(V)
is defined as

o 2q(v, w)
Sy(w) == w ) v
and characterized by the two properties s,(v) = —v and s,(w) = w for any w € V
orthogonal to v. It is straightforward to check that 7(v)(v) = v and 7(v)(w) = —w for
all w € v+ C V. Thus, 7(v) = —s,. Since for a non-degenerate ¢ over a field K the

orthogonal group O(V) is generated by reflections (Cartan—Dieudonné theorem, see e.g.
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[15, III. Thm. 3.20] or [497, Sec. 5.3.9]), one finds that in this case SO(V) is contained
in 7(CSpin™* (V). More precisely, there exists a short exact sequence

(1.2) 0— K*—=CSpin™ (V) —=SO(V) —0.
The Spin group is the subgroup of the even Clifford group defined by
(1.3) Spin(V) := {v € CSpin* (V) | v-v* = 1}.

Here, v+——v* is the anti-automorphism of C1(V') defined by v = vy -... - vpr—>vg ... vy,
where v; € V. In other words, Spin(V') is defined by the short exact sequence

(1.4) 0—Spin(V) — CSpin™ (V) — K* —0.

Note that v+—v* does descend from T'(V) to CI(V'), as it preserves the ideal I(q), and
clearly satisfies (v -w)* = w* - v*. The exactness of (1.2) and the fact that the Clifford
norm v+—v - v* really takes image in K* involve the same type of computations.

For ¢ non-degenerate and K an algebraically closed field (the existence of \/q(v) € K
for all v suffices) one has

7(Spin(V)) = SO(V).
The kernel of the surjection 7: Spin(V)—=SO(V') consists of +1 and the composition
K*—=CSpin™ (V) —= K* of the maps in (1.2) and (1.4) is A= \2.

More conceptually, one defines Spin(V') as a linear algebraic group defined over K
and the above construction describes the group of K-rational points of it. Moreover,
the constructions are all natural. For example, for a base change L/K one has natural
isomorphisms Cl(V) ~ Cl(V)r, Spin(Vz) ~ Spin(V)g, etc., i.e. the set of L-rational
points of the algebraic group Spin(V') defined over K coincides with the group Spin(V7)
as defined above. Also, the Clifford algebra behaves well under direct sums, i.e. there
exists a natural isomorphism of Z/27Z-graded algebras

Cl(V1 & V) ~ C1(V}) @ CI(Va),

where the tensor product is Z/2Z-graded, i.e. (v-v')® (w-w') = (=D 1*l(v@w)- (v @u’)
for v,v" € C1(V1) and w,w’ € Cl(V3) with v" and w homogeneous.

Remark 1.1. The tensor construction V—CI* (V) can be upgraded to a functor on
the category of polarized Hodge structures of weight zero. If V' is of type (1, —1)+(0,0)+
(—=1,1) with dim V=1 = 1, then also C1¥(V) is of type (1, —1) 4 (0,0) + (—1,1). This is
later applied to H?(X,Z(1)) of a K3 surface X.

2. From weight two to weight one

We start with a Hodge structure V' of K3 type, see Definition 3.2.3, and assume that
V is endowed with a polarization —¢q. The first step is to construct a natural complex
structure on the real vector space C1T (V) which can be interpreted as a Hodge structure
of weight one. The second step consists of constructing a polarization for this new Hodge
structure of weight one.
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2.1. The Hodge structure of V' induces a decomposition of the real vector space
Ve=V"nWk) e (Ve V) Nnik).

The C-linear hull of the second summand is V20 @ V%2 which by assumption is two-
dimensional. Thus, with respect to ¢ the real space (V20 @ V9%2)N V4 is a positive plane,
see Section 3.1.3.

Pick a generator o = e; + ies of V20 with ej,e3 € Vg and g(e;) = 1. Then ¢(c) = 0
implies g(eq, e2) = 0 and g(e2) = 1, i.e. ey, eo is an orthonormal basis of (V20 @V %2)N 4.
Hence, e; - eo = —eg - €1 in Cl(Vg), which shows (see also (2.6)) that left multiplication
with

J =e1 - ey € CSpin™ (Vg) C Cl(VRr)

induces a complex structure on the real vector space Cl(Vz), i.e. J2 = —id. Obviously, J
preserves C1T (V) and C1™ (VR).

Let us check that the complex structure J is independent of the choice of the orthonor-
mal basis e1,ez. Suppose o/ = e} + ie} is another generator of V>0 with g(e}) = 1.
Then o = Ao’ for some X\ € C*. Writing A\ = a + ib, this yields e; = ae} — bel, and
e2 = aeh +be). A simple calculation in C1(V) then reveals that e - ez = (a® +b%)(€] - €}).
But g(e1) = g(e}) = 1 implies a? + b = 1.

Now one defines the Kuga—Satake Hodge structure as the Hodge structure of weight
one on CI* (V) given by

(2.1) p: C*—=GL(CIT(V)R), z + yir—s1z + yJ.

Note that by the same procedure one obtains a Hodge structure of weight one on the full
Clifford algebra CI(V') and on its odd part C1™ (V).

Remark 2.1. i) If the Hodge structure on V' is, as in Remark 3.1.8, interpreted in terms
of the morphism of real algebraic groups p: S— GL(V&), then the above construction
can be viewed more abstractly as a lift

s Y S0(Ve(1)) € GL(Va)

S b

CSpin™ (Vk),

which becomes unique by requiring plg,, »: tH=1*. Letting CSpin™ (Vg) act by multi-
plication from the left on CIT (V) yields the Hodge structure j: S—=GL(CIT(Vg)) de-
scribed by (2.1). Note that the Tate twists p(1) and Vg(1), which turn V' into a Hodge
structure of weight zero, are necessary for the commutativity of the diagram. See also
Remark 2.8 and the explicit computation in the proof of Proposition 2.6.

ii) For g € Spin(V) let g == 7(g) € SO(V) be its image under 7: Spin(V)—=SO(V).
Consider a Hodge structure of K3 type on V given by o = e; 4 ies and its image under
g given by g(o) = g(e1) + ig(e2). Denote the two Kuga—Satake Hodge structures on
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CIT(V) by p and p/, respectively. Then left multiplication with § defines an isomorphism
of Hodge structures

(2.2) (CIT(V),p) == (C1T(V),p)), wr—=G - w.

Indeed, g - (e1 - e2 - w) = g(e1) - g(ez) - (§ - w) by definition of 7. Note that there is also
another isomorphism of Hodge structures

(23) (Cl+(V),p) — (Cl+(v)7p/)7 w'—>§ O é*,

which is the natural one induced by T'(g): T(V) — T'(V).

The distinction between the two isomorphisms plays a role in the family version of the
construction to be discussed in Section 6.4.4. It turns out that (2.2) behaves better with
respect to the pairing in Section 2.2.

If the Hodge structure V was defined over Z, then the Kuga—Satake structure is an
integral Hodge structure of weight one which is equivalent to giving a complex torus.
More precisely, C17 (V) C CIT(Vg) is a lattice and the above defines the structure of a
complex torus on its quotient.

Definition 2.2. The Kuga—Satake variety associated with the integral Hodge structure
V of weight two is the complex torus.

KS(V) == CI" (V&) /CIT (V).

If the Hodge structure V was only defined over @Q, then one obtains an isogeny class
of complex tori which for many purposes is already very useful. In fact, in most of the
examples below we content ourselves with the description of the Kuga—Satake variety up
to isogeny.

Remark 2.3. The Kuga—Satake construction works for any Hodge structure of K3
type with a quadratic form ¢ that is positive definite on the real part of V29 @ V02
and satisfies ¢(o) = 0 for o € V29, This allows one to define the Kuga-Satake variety
associated with H?(X,Z) for an arbitrary (possibly non-projective) K3 surface X and
without restricting to the primitive part first.

The dimension of KS(V') is usually quite high. More precisely, as for n = dim¢ V¢ the
real dimension of CIT(Vg) is 277!, the complex dimension of KS(V') is

dimKS(V) = 22,

This makes it in general very difficult to describe examples explicitly.

Note that the Hodge structures of weight one CIT(V) and Cl~ (V) are isogenous, al-
though not canonically. Indeed, choosing an orthogonal basis v1, ..., v, of Vg one obtains
an isomorphism of complex (with respect to J) vector spaces

CIt(Vg) = CI™(VR), v—v- v,

which is defined over Q. This leads to an isogeny of KS(V) with the analogous torus
defined in terms of Cl™ (V). Since an orthogonal basis of an integral Hodge structure
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usually does not exist (over Z), an isogeny is the best thing we can hope for even when
the given Hodge structure V' is integral.

Example 2.4. Consider the case that V' can be written as the direct sum of two Hodge
structures V = V; @ Va. As dim(V?20) = 1, one of the two, say V5, is pure of type (1, 1),
ie. V22’0 = 0. Then CIT(V) as a Hodge structure of weight one is isomorphic to the
product of 27271 copies of CIT(V;) x C17(V}), where ny = dim(V3). Thus, KS(V; @ Va)

is isogenous to the product of 22 copies of KS(V}), which we shall write as
KS(V; @ Vo) ~ KS(V7)2™.

2.2. The next step in the Kuga—Satake construction is the definition of a polari-
zation, which makes the complex torus defined above an abelian variety. In order to
define a polarization on KS(V'), choose two orthogonal vectors fi, fo € V with ¢(f;) > 0.
Then define a pairing (ignoring the factor 27i as usual)

(2.4) Q: CIT (V) x CIT(V)—=Q(-1), (v,w)r—= Etr(f1- f2-v* w).

Here, tr denotes the trace of the endomorphism of CI(V') defined by left multiplication.
Since multiplication with f; interchanges C1T (V) and C1~(V), one has tr(f;) = 0. Using
tr(v-w) = tr(w-v), one also finds tr(v) = tr(v*). Observe that @ is preserved under (2.2),
but not necessarily under (2.3). The sign in the definition of @ is not given explicitly,
but is determined in the course of the proof of the following

Proposition 2.5. Assume V' is a Hodge structure of K3 type with a polarization —q.
Then, with the appropriate sign in (2./), the pairing Q defines a polarization for the
Hodge structure of weight one on C1T(V).

PROOF. Let us check that @ is a morphism of Hodge structures. We suppress the
sign, as it is of no importance at this point. For z = xz + iy € C* one computes

Qp(z)v, p(z)w) = tr(f1- fa- (p(2)-v)" - p(2) - w)
= tr(fi- fo-v" - (p(2)" - p(2)) - w) = (22)Q(v, w),

using J* = —J and hence p(2)* - p(z) = 22 + %
It is obvious that @ is non-degenerate. Let us show that Q(v, p(i)w) is symmetric.

Qv,p(i)w) = tr(fi-fo-v*-J w)=tr((fr- f2-v" J w)")
= —tr(w* - J-v-(fi- f2)") =tr(w" - J-v-(fi- f2))
= tr(fi- forw* - J-v) = Qw, p(i)v).
Here, one uses (f1 - f2)* = —f1 - f2 and that tr is symmetric.

It is in the last step, when showing that Q(v, p(i)w) is positive definite, that the sign
has to be chosen correctly and where one uses that —gq is a polarization. If e, es happen
to be rational, which in general they are not, then one can take f; = e; and a direct
computation yields the result. For the general case one uses that the space of all Hodge
structures of K3 type on V has two connected components (see Remark 6.1.6) and that
the property of being positive definite stays constant under deformations of the Hodge
structure in one of the two components. Passing from one connected component to the
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other, to eventually reach the point where one can take f; = e;, one may have to change
the sign. For details we refer to van Geemen [201, Prop. 5.9 | or to Satake’s original
paper [521]. O

2.3. For a rational Hodge structure V of weight two of K3 type (see Definition
3.2.3) we have defined a Hodge structure C1* (V) of weight one. The tensor product
CIT (V) ® CIT(V) carries a natural Hodge structure of weight two, see Section 3.1.1.

Proposition 2.6. Assume V is a Hodge structure of K3 type with a polarization —q.
Then there exists an inclusion of Hodge structures of weight two

V s CIH(V) & CIH (V).

Dualizing and using the isogeny between V and V*, the above construction yields a
rational class of type (2,2) in V ® C1T(V) ® CI* (V) with its natural Hodge structure of
weight four. The class is discussed below in the geometric situation.

PROOF. Choose an element vy € V' which is invertible in C1(V), i.e. g(vg) # 0. Then
consider the embedding (ignoring 27i)

(2.5) V(1) =V Q1) End(CI(V)), vk fy: w—=v-w - v.

It is injective, since f,(v1 - v9) = q(vo)(v - v1) for all v; € V.

We claim that this is a morphism of Hodge structures (of weight zero), which can be
checked by the following straightforward computation, but see | , Prop. 6.3] for a more
conceptual proof.

Denote by py, py (1), and p the representations of C* corresponding to V, V/(1), and
CL(V), respectively. Then we have to show that f,,  ().(w) = p(2) fo(p(z)~tw) for all
w € Vg, where

Py opo(®@) = (o (2)0) - w g and p(2) fulp(z)"w) = p(2)(v - p(z) M- vo).
Thus, it suffices to prove

(2.6) pry(2)v = p(2) v p(2) 7,

where on the right hand side p(z) for z = x + iy is viewed as the element = 4+ yJ =
z+y(er - e2) and similarly p(2) ™! = (22 4+ y?) "} (x — y(e1 - €2)). Therefore, the assertion
reduces to

pvy (2o = (@2 +y°) e+ yler - e2)) v (z —yler - e2)).

We can treat the cases v € VRI’1 and v € (V299 V%2)N Vg separately. In the first case,
the assertion follows from py(1y(2)v = (22) ' pv(2)v = v (see Example 3.1.9) and

(+y(er-e2))-v-(z—yler-e2)) = (w+yler-e)) - (x—yler-e2)) -v= (2" +y°)v
(use that v is orthogonal to e1, e3). For v = e; one computes py (2)v = Re(2?)e; —Im(22)ez
and

(z+yler-e2)) v-(z—yler-e2)) = (z+yler-e2))- (zer —yes)

= z%e; — 2zyes — yle = (x2 — y2)el — 2xyes.
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The computation for v = es is similar.
The polarization of C17 (V') can be interpreted as an isomorphism CI*(V)* ~ CIT(V)®
Q(1) and thus yields End(CIT(V)) ~ CIT(V)*@ CIT (V) ~ CIT (V)@ C1T (V)@ Q(1). O

Remark 2.7. Note that the embedding constructed above depends on the choice of
the vector vg. However, for another choice of vy, say v(,, the two embeddings differ by an
automorphism of the Hodge structure of weight one on C1* (V') given by w=(1/q(vo))w-
vo - v If one wants to avoid the choice of vy altogether, then the construction described
above naturally yields an injection of Hodge structures

V & Hom(CIT(V), ClI~(V)).

Remark 2.8. By definition, p(z) on C1(V)r acts by left multiplication with an element
in CIT(V)g. Equation (2.6) proves that this element is contained in CSpin(V'), cf. Remark
2.1, and also shows that for the orthogonal representation (1.1)

7: CSpin(V)—0O(V)

one has 7(p(z)) = py(1)(2). Thus, the Hodge structure of weight zero on V'(1), and hence
on V', can be recovered from the Hodge structure of weight one on KS(V') by means of
the orthogonal representation CSpin(V)—O(V).

Thus, the Kuga—Satake construction

(2.7)  KS: { Hodge structures of K3 type } <= { Hodge structures of weight one }

is injective.

Lets quickly check that the injectivity also holds on the infinitesimal level. For this,
we disturb the (2,0)-form o = e; +ies € V20 by some a = a1 + iag € V1 so 0 +ca
defines a first order deformation of the (2,0)-part. The induced first order deformation
of J=ej-egisthen J. =ej-ea+ce(ay-e2+e1-a).

The map

VI Hom(CIH (V)10 CIT (V)0 ar—=he: wi—(aq - ea +e1 - ag) - w

is the differential d KS of (2.7), cf. Proposition ??.2.4. This proves that d KS is injective
and also that it is C-linear. Indeed, hjq, = ihg, which for w € CIT(V)40 follows from
iho(w) = —(e1-€2) -ho(w) = —(e1-€2) - (a1-ea—ag-e1) w = (—ai-e1 —ag-e3) - w = hjg(w).
The latter observation is interpreted as saying that KS is holomorphic, see Section 6.4.4.

2.4. We next explain a version of the above construction which turns out to be
important for arithmetic applications. Similarly to (2.5), one constructs a morphism of
Hodge structures

(2.8) CIT(V(1)) & End(CIT(V)), vi—=fy: w—v - w,

which is injective as v = f,(1). Note that on the left hand side, C1T(V/ (1)) is viewed as a
Hodge structure of weight zero (see Remark 1.1), whereas on the right hand side C1* (V)
is the Kuga—Satake Hodge structure of weight one.



2. FROM WEIGHT TWO TO WEIGHT ONE 69

Let now C be the opposite algebra of C1T(V) (without Hodge structure) which acts on
CI" (V) by right multiplication which respects the Hodge structure.

Furthermore, (2.8) is compatible with this action. So, C1*(V (1)) = End¢(C1*(V)),
which is in fact an isomorphism of algebras (and also of Hodge structures)

(2.9) CIH(V(1)) ~ Ende(CLH (V).

The surjectivity is deduced from computing the dimension of the right hand side (after
passing to a finite extension of Q), see [201, Lem. 6.5]. Moreover, (2.9) is compatible
with the action of CSpin(V) defined by conjugation w+—=v - w -v~! on CIT(V(1)) and
by fr—=(wr=v- f(v=!-w)) on Endg(CIT(V)) and, in fact, (2.9) is the only algebra
isomorphism of Spin(V')-representations, see [139, Prop. 3.5].

Note that (2.9) also holds for the case that V is an integral Hodge structure. Indeed,
(2.8) is certainly well-defined and becomes the isomorphism (2.9) after tensoring with Q.
Then use that the obvious inverse f+— f(1) is defined over Z.

2.5. Let us apply the abstract Kuga—Satake construction to Hodge structures as-
sociated with compact complex surfaces X with h?°(X) = 1, e.g. K3 surfaces or two-
dimensional complex tori. The quadratic form ¢ is in this case given by the standard
intersection pairing which is positive definite on (H*? @ H%?)(X) N H?(X,R).

Definition 2.9. The Kuga—Satake variety KS(X) of X, for now just a complex torus,
is defined as the Kuga-Satake variety associated with H?(X,Z):

KS(X) := KS(H?*(X,Z)).

There are variants of this construction. The Kuga—Satake construction can also be
applied to the transcendental lattice T(X), see Definition 3.2.5. This yields another
complex torus KS(7'(X)) naturally associated with H?(X,Z). Note that KS(T(X)) is a
complex torus of (complex) dimension 2°¥7(X)=2 For example, if X is a K3 surface of
maximal Picard number p(X) = 20, then KS(7'(X)) is an elliptic curve.

Replacing T'(X) by any other lattice T'(X) C T'(X)' yields a complex torus KS(T'(X)’).
If T(X)g is a direct summand of T'(X)g, for example when T'(X)" is polarizable, then
KS(T(X)') is isogenous to KS(T(X))2" with d = rk(T(X)/T(X)), see Example 2.4. In
particular, if H2(X,Z) is polarizable, then

KS(X) ~ KS(T(X))*
with p = p(X) is the Picard number of X. If X is projective and ¢ € H?(X,Z) is an
ample class, one could also consider T'(X)' := ¢+ = H?(X,Z),, the primitive cohomology
of (X,¢). Then
KS(X,0) == KS(¢4)
is a complex torus naturally associated with the polarized surface (X, ¢). Note that the

intersection form really is a polarization of ¢+ = H%(X,Z), (up to sign) and, therefore,
KS(X,¢) is an abelian variety. Moreover, there are natural isogenies

KS(X) ~ KS(X,0)? ~ KS(T(X))?.
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The relation between the various Kuga—Satake varieties up to isomorphism is more com-
plicated, for in general H2(X,Z) contains T'(X) @ NS(X) as a proper finite index sub-
group. However, the description up to isogeny suffices to show for example that KS(X) is
in fact an abelian variety. Note that for a very general (and in particular non-projective)
K3 surface or a very general two-dimensional torus, one has T(X) = H?(X,Z) and the
intersection form is not a polarization as it has three positive eigenvalues.

Remark 2.10. The Kuga—Satake construction is of a highly transcendental nature.
Essentially, only the transcendental lattice, which encodes algebraic information of X in
a very indirect way, really matters for KS(X). In particular, questions concerning the field
of definition of KS(X), e.g. when X is defined over a number field, are subtle. However,
one can show, for example, that the Kuga—Satake variety of a Kummer surface with
p = 20 is defined over some number field. Indeed, X is CM (i.e. K = Endpge(7T(X))
is a CM field and dimg T'(X) = 1, cf. Remark 3.3.10), and using the Kuga—Satake
correspondence also KS(X) is shown to be CM [491, Lem. 4].

2.6. Let us revisit Proposition 2.6 in the geometric setting of H*(X,Q) for X a
complex K3 surface or a two-dimensional complex torus (or one of the other natural
Hodge structures of weight two considered above). First note that by Kiinneth formula
there exists an embedding of Hodge structures

H'(KS(X),Q) @ H'(KS(X), Q) H*(KS(X) x KS(X),Q),
which composed with the inclusion constructed in Proposition 2.6 yields
H*(X,Q) C H*(KS(X) x KS(X),Q)
and thus corresponds to an element
kx € HY(X x KS(X) x KS(X),Q)

of type (2,2), the Kuga—Satake class. By construction, the embedding and, therefore, the
Kuga-Satake class depend on the choice of a non-isotropic vector vy € H?(X, Q) which
we suppress. See the comment after the proof of Proposition 2.6. Of course, if the K3
surface is given together with a polarization, then vy could be chosen naturally to be the
corresponding class.

As a special case of the Hodge conjecture one has

Conjecture 2.11 (Kuga—Satake-Hodge conjecture). Suppose X is a smooth complex
projective surface with h>°(X) = 1. Then the class kx 1is algebraic.

The conjecture applies to K3 surfaces as well as to abelian surfaces. Clearly, the above
form is equivalent to the analogous one for the transcendental lattices.

The transcendental nature of the Kuga—Satake construction makes it difficult to ap-
proach the Kuga—Satake-Hodge conjecture. It is known in a few cases when the Kuga—
Satake variety can be described explicitly, see below. Also kx is known to be absolute
Hodge, cf. Remark 4.6.



3. KUGA-SATAKE VARIETIES OF SPECIAL SURFACES 71

3. Kuga—Satake varieties of special surfaces

We outline the description of the Kuga—Satake variety for Kummer surfaces and special
double planes.

3.1. Let A be a two-dimensional complex torus. Via the Kuga—Satake construction
one associates with A another torus KS(A) = KS(H?(A,Z)) which is of dimension 16.
Working with the transcendental lattice or the primitive cohomology yields factors of the
latter but they tend to be of rather high dimension as well. What is the (geometric)
relation between the tori A and KS(A)? Since a torus is determined by its integral
Hodge structure of weight one, this amounts to ask for the relation between the two
Hodge structures of weight one H'(A,Z) and H'(KS(A),Z).

We have seen earlier that H2(A, Z) is indeed isomorphic, as an integral Hodge structure,
to A? H'(A, Z), cf. Section 3.2.3. This is crucial for the proof of the next result which is
due to Morrison [423, Thm. 4.3]. We denote by A the complex torus dual to A.

Proposition 3.1. Let A be a complex torus of dimension two. Then there exists an
150g€eny

KS(A) ~ (A x A).

PROOF. Here is an outline of the proof, leaving out most of the straightforward but

tedious verifications. Compare the arguments below to the more conceptual ones in [111].

To simplify notations, let us denote the Hodge structure of weight one H'(A, Q) by V.
Observe that the Q-vector space A\?V ~ H2(A,Q) can be identified with the subspace
of Hom(V*, V) consisting of all alternating morphisms. Similarly, we view A*V* as a
subspace of Hom(V, V*).

Consider

2 0 wu
N V—End(V o V"), urA, = (_u* o> ,

where u* € \? V* is defined by u*(u') = q(u, u’) with respect to the intersection form ¢ on
/\2 V. Morally, one would like to use Clifford multiplication on the left hand side and the
algebra structure on the right to obtain an algebra morphism CI(A*V)—=End(V & V*).
This can be carried out and using that A, - A, is diagonal, one obtains

(3.1) I (V) —End(V) & End(V"*).

As dimg V' = 4, both sides are of the same dimension 2% and one can indeed check that
the morphism is bijective.

Now define a Hodge structure of weight one on End(V) @ End(V*) by (p(2)f)(v) =
p(z)(f(v)), i.e. only the Hodge structure on the target is used. Clearly, with this Hodge
structure End(V) @ End(V*) is isomorphic to (V @ V*)*. It remains to show that (3.1)
is an isomorphism of Hodge structures.

For this let @ = a1 + ias, 8 = B1 + B2 € VIV be a basis such that e; + ies =
a A 8 satisfies g(e;) = 1. Thus, the complex structure on the left hand side of (3.1) is
given by multiplication with e; - eo which on the right hand side corresponds to matrix
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€1 0 e; 0
0 efoey
that, for example, —(ej o e€5)(a) = iaw. This shows that the morphism (3.1) preserves the

multiplication with — < ) . Using that e; = a3 AB1—aa/APs, ete., one checks

given Hodge structures of weight one on the two sides. U

Since an abelian surface A is isogenous to its dual A, the result of Proposition 3.1 also
shows that for abelian surfaces

(3.2) KS(A) ~ A8,
For a polarized abelian surface (A, ¢) the result yields an isogeny KS(A4,£) ~ A%,

Remark 3.2. The Kuga—Satake-Hodge Conjecture 2.11 is known for abelian surfaces.
Indeed, by work of Moonen and Zarhin | , Thm. 0.1] the Hodge conjecture is known
to hold for arbitrary products A™ of any abelian surface A.

3.2. Let us now turn to K3 surfaces. Only in very few cases the Kuga—Satake
variety of a K3 surface has been described and in even fewer cases the Kuga—Satake—
Hodge Conjecture 2.11 has been verified. The latter might not be too surprising as even
for the self product X x X of a K3 surface X the Hodge conjecture has not been proved
in general, see Remark 16.3.11.

Since the Kuga—Satake variety of a two-dimensional complex torus can be described as
explained above, it is tempting to attack the case of Kummer surfaces first. The results
here are again due to Morrison [423, Cor. 4.6] and Skorobogatov [569]. The case of
Kummer surfaces of maximal Picard rank 20 was already discussed by Kuga and Satake
in [329].

Proposition 3.3. Let X be the Kummer surface associated with the complex torus A.
Then there exists an isogeny
218

KS(X) ~ (A x A)?".
For X or, equivalently, A algebraic, one has
KS(X) ~ A2,

PROOF. We have seen earlier that the rational Hodge structure H?(X, Q) is isomor-
phic to the direct sum of H2(A,Q) and 16 copies of the pure Hodge structure Q(—1),
cf. Section 3.2.5. In particular, there is an isomorphism of Hodge structures of weight
two given by the transcendental lattice T'(X)g ~ T'(A)g. Note, however, that the polar-
izations differ by a factor two, i.e. gx(a) = 2¢a(«). Thus, any orthogonal basis {v;} of
T(A)qg can also be considered as an orthogonal basis of T'(X)g. This leads to an isogeny

KS(T(A4)) ~ KS(T'(X))

and hence
216

KS(X) ~ KS(T(X)¥™ ~ KS(T(A)*"™ ~ KS(A)
Then use Proposition 3.1 or (3.2). O
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The result can be generalized to K3 surfaces that are isogenous to an abelian surface,
i.e. such that there exists an isomorphism of Hodge structures T'(X)g ~ T(A)g that
is compatible with the intersection forms up to a factor. In this case one finds again
KS(X) ~ A2".

Example 3.4. The latter applies in particular to K3 surfaces with p(X) = 19 or 20. In
fact, as was shown by Shioda and Inose [565] and Morrison [422], see also Remark 15.4.1,
any K3 surface with p(X) = 19 or 20 is the double cover of a surface that is birational
to a Kummer surface. Moreover, for p(X) = 20 the Kummer surface is associated with
the product of two isogenous elliptic curves E ~ E’ and in this case one finds

KS(X) ~ E*.

Here, the elliptic curves £ ~ E’ have complex multiplication and their rational period
can be read off directly from the lattice of rank two T'(X).! See Section 14.3.4 for more
details.

Again, for Kummer surfaces the Kuga—Satake-Hodge Conjecture 2.11 is known to hold.
Indeed, the correspondence T'(X)g ~ T'(A)q is clearly algebraic and then use again the
Hodge conjecture for powers of abelian surfaces, see Remark 3.2.

3.3. Let us now turn to K3 surfaces, that are given as (resolutions of) double covers
X —P? ramified over six lines, see Example 1.1.3. Already the description of the tran-
scendental lattice is highly non-trivial in this case, see [392]. Paranjape proves in [483]
the following result. The arguments are geometrically more involved.

Proposition 3.5. Let X be as above. Then
KS(T(X)) ~ B*"

for a certain abelian fourfold B which can be described as the Prym variety of a curve C
of genus five constructed as a 4 : 1 cover of an elliptic curve.

This explicit description, which actually starts with C, allows Paranjape to also prove
the Kuga—Satake-Hodge conjecture in this case. For the case that the six lines are tangent
to a conic the abelian fourfold B can be replaced by the square of the Jacobian of the
natural double cover of the conic.

4. Appendix: Weil conjectures

The Weil conjectures occupy a very special place in the history of algebraic geometry.
They have motivated large parts of modern algebraic geometry. For a short survey with
a historical account see [234, App. C| or [293].

The rationality of the Zeta function and its functional equation had been proved by
Dwork by 1960. The analogue of the Riemann hypothesis was eventually proved by
Deligne in 1974, who had verified it for K3 surfaces a few years earlier [139]. The argu-
ments in the case of K3 surfaces, in particular the use of the Kuga—Satake construction,

1 am grateful to Matthias Schiitt for clarifying comments regarding this point.
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have turned out to be powerful for later developments in the theory of K3 surfaces. An
independent proof of the Weil conjectures for K3 surfaces also relying on the Kuga—Satake
construction is due to Pjateckii-Sapiro and Safarevic [491].

This appendix gives a rough sketch of the main arguments of Deligne’s proof. The
techniques he introduced are important for a number of other arithmetic results. In our
discussion, we freely use results that are explained only in later chapters and often refer
to the original sources for technical details.

4.1. Let us first briefly sketch what the Weil conjectures have to say for K3 surfaces.
So, consider a K3 surface X over a finite field k = Fy, ¢ = p". Let X = X x; k and let
F': X — X be the absolute Frobenius acting as the identity on points and by a+—=a? on
Ox. Then F™: X — X is a morphism of k-varieties and its base change to k/k yields
the k-morphism
f=F"xid: X xp k—X x, k=X,
which in coordinates can alternatively be described by (a;)—=(af). A point z € X has
coordinates in Fyr if and only if it is a fixed point of f", i.e. f"(x) = z. If N, denotes the
number of Fyr-points, then the Zeta function of X is defined as

Z(X,t) :=exp (i Nrt;) .

r=1
The number of fixed points of f” can alternatively be expressed by a Lefschetz fixed point
formula. For ¢ # p, consider the Qg-linear pull-back map’

f Hy (X, Qp) — Hg (X, Qo).
Then N, = Y,(=1)%r(f™ | H,,(X,Q)) and hence

; r

A\ (D
(4.1) Z(X,t) = Hexp (Ztr (f™ Hét(X,Qg)) ) .
For a K3 surface, Hét(X', Qy) =0fori=1,3 and Hét()_(, Qy) ~ Qg for i = 0,4. Moreover,
f* =id on HY(X, Q) and f™ = ¢*" -id on H},(X,Qy), as F™ is a finite morphism of
degree ¢?. The elementary identity exp(d> oc,t"/r) = 1/(1 —t), turns (4.1) for a K3

surface into
(4.2) Z(X,t)" P =(1—1t)-det (1 — frt] Hegt(X,Qg)) (1 —¢%t).
Eventually, one uses the natural non-degenerate symmetric pairing

Hgt(X, Qf) X Hegt(X’ QZ) %'Hgt()_(v Q€)7

2Note that for F': k—>k, at—a?, the morphism fo(idx F}') = F™ x I}* is the absolute Frobenius
on X which acts trivially on H},(X, Q). Thus, instead of considering the action f* one could work with
the pull-back under (id x Fy*)~!, the geometric Frobenius, as in [139]. See [283] for a discussion of the
geometric nature of the geometric Frobenius.
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which satisfies (f*v, f*w) = ¢*(v,w). An easy linear algebra argument then shows
det(f*)det(t — f*) = det(tf* — ¢*) and hence the set of eigenvalues of f* on HZ (X, Q)
satisfies (with multiplicities)

{0617 e 70422} = {q2/a1, B q2/0422}-

Theorem 4.1 (Weil conjectures for K3 surfaces). The polynomial

22
Py(t) = det (1 — f*t | HZ(X, Q) = [J(1 — ait)
i=1
has integer coefficients, independent of £, and its zeroes o;; € Q satisfy |a;| = q. Moreover,
one may assume o; = £q for i =1,...,2k and oo # £q with agj_1 - ag; = ¢, j> k.

After passing to a finite extension, one can in fact assume that an even number of the
eigenvalues are just a; = ¢ and that for all others «;/q is of absolute value one but not a
root of unity.

Note that the statement subsumes the rationality of Z(X,t), its functional equation
Z(X,1/(¢%t)) = (qt)**-Z(X,t), as well as the analogue of the Riemann hypothesis (saying
that the zeroes of Py(q~ %) satisfy Re(s) = 1).

Remark 4.2. The proof of the theorem also reveals that f* is semi-simple, which is
not at all obvious from the above and which in fact is only known for very few varieties,
like abelian varieties and K3 surfaces. Explicitly this is stated as [141, Cor. 1.10]. It can
also be seen as a consequence of the Tate conjecture, see the proof of Proposition 17.3.5.

4.2. The following result is the central step in Deligne’s proof. It relies heavily on
results that are presented in Section 6.4.

Proposition 4.3. Let X be a polarized K3 surface over a field K of characteristic zero.
Then there exists an abelian variety A defined over a finite extension L/K together with
an isomorphism of algebras

(4.3) CI(HZ(Xp, Zo(1))p) =~ Endo(Hy (Ar, Zy)),
which is invariant under the natural action of Gal(L/L).

PROOF. One can assume that K is finitely generated. We choose an embedding
K C C and consider the Kuga—Satake variety KS(X¢) associated with the complex K3
surface X¢ := X x i C. Ideally, the abelian variety A is obtained by descending KS(X¢)
to a finite extension of K. The arguments below are not quite showing this, but see
Remark 4.4.

Here, one uses the primitive cohomology V = H?*(Xc,Z), to define KS(X¢). The
Kuga-Satake variety KS(X¢) comes with the action C — End(KS(X¢)) of the (con-
stant) algebra C' = C17 (V)P see Section 2.4. Moreover, there exists an isomorphism of
algebras, see (2.9),

(4.4) CIT(H?*(X¢,Z)p(1)) ~ Endc(H' (KS(X¢), Z)),
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which in fact is also an isomorphism of Hodge structures (of type (1, —1)4(0,0)+(—1,1)).
It is compatible with the action of Spin(V') on both sides and it is unique with this
property.

The abelian variety KS(X¢) together with the action of C is defined over some finitely
generated field extension K C L C C, i.e. KS(X¢) ~ A xp C for some abelian variety
A over L. Then, H}, (A, Z¢) ~ H},(KS(Xc),Z¢) ~ H'(KS(X¢),Z) ® Z; and tensoring
(4.4) with Zy this yields an isomorphism of algebras

(4.5) o: CIF(HE(X1,Ze(1))p) > Ende(HY (A, Zy)).

Next, if L/ K is not already finite, one views L as a function field of a finite type K-scheme
and ‘spreads’ A with its C action over T'. This yields a smooth abelian scheme b: B—T
with an action of the constant algebra C. Its generic fibre gives back (A,C). Now,
there exists a finite extension K'/K with T'(K’) # 0 and specializing (4.5) to b € T(K’)
vields vop: C1T(HZ (X, Zo(1))p) —> Ende(HL (Bygr, Ze)). As it turns out, the family
B—T is in fact isotrivial, i.e. after passing to a finite extension of L (corresponding
geometrically to a finite covering of T') the family becomes trivial and so (A, C) itself is
defined over a finite extension of K, i.e. B, x K ~ A. However, at this point this is not
clear, see Remark 4.4.

Next, consider the natural action of the Galois group Gal(L/L) on both side of (4.5). In
order to show that the isomorphism is compatible with it, which then yields the assertion,
one uses that K3 surfaces have ‘big monodromy’.?

As shown by Corollary 6.4.7, the complex K3 surface X¢ sits in a family of polarized
complex K3 surfaces with a big monodromy group. The proof of the result reveals
that the family is actually defined over K. So, there exists a family of polarized K3
surfaces f: (X, L)—S over K with special fibre Xy ~ X and such that the image of the
monodromy representation 71 (Sc, 0) —= O(H?(X¢, Z),) is of finite index and, therefore,
Zariski dense in SO(H?(Xc,Z)p). By Proposition 6.4.10 and after passing to a finite
cover of S, which we suppress, there exists an abelian scheme a: A— S¢ with an action
of the constant algebra C and an isomorphism of VHS

(4.6) i CI*(P? fe Z(1)) > Endo(R'a,722),

which is the global version of (4.5). (Here, P?f, C R?f. denotes the local system that
fibrewise corresponds to the primitive cohomology.)

Clearly, the abelian scheme a: A— S¢ is defined over some finitely generated field
extension K C L C C, i.e. a is obtained by base change from some ar: A —Sr. As
above, if L/ K is not finite already, one spreads the family over some finite type K-scheme
T and specializes to a point b € T'(K') for some finite extension K'/L. So, we can assume
that L is actually finite. Moreover, (4.6) descends to

(47) wi: Cl+(P2fE*Z£(1)) — MC(Rlai*Zé)a

3By construction, there exists a natural isomorphism H},(Az,Z¢) ~ CI*(H2,(Xt,Ze(1))p), which,
however, might not be compatible with the natural Galois actions.
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giving back 1y in (4.5) (twisted by Zy) over the distinguished point 0 € S. As the
local systems in (4.7) are pulled back from S, conjugating ¢y to 1) by an element
o € Gal(L/L) defines an isomorphism between the same local systems. Now, the exis-
tence of 1 is equivalent to saying that g is invariant under the monodromy action and
similarly the fact that ¢7 is an isomorphism between the local systems in (4.7) implies
that the conjugate 1§ is still invariant under the monodromy action. However, as by
construction the monodromy group is Zariski dense in SO(H?(X¢,Z)p), the conjugate
1§ is in fact invariant under the Spin(V')-action. But v is the unique such isomorphism
and, therefore, )§ = 109. Hence, 1)y is Galois invariant. g

Remark 4.4. As André in |7, Sec. 1.7] stresses, the above arguments do not directly
prove that the abelian variety A over the finite extension L/K in the proposition actually
yields the Kuga-Satake variety KS(X¢) when base changed via K C C. For this, one
needs to verify the isotriviality of B—T in the above proof. This is achieved by observing
that the monodromy action of the family induces the trivial action on End(H!(B;,Z)).
Following [7, Lem. 5.5.1], one argues that End(R'bc,Z) is isomorphic to the constant sys-
tem associated with C1T(H?(Xc,Z)p) (so, roughly, that the specialization 1, is canon-
ical), for which one again uses the fact that K3 surfaces have big monodromy. Thus,
71(Tt) acts by scalars and, as B—T" is a polarized family, necessarily via a finite group.

André also shows that A is independent of the embedding K C C and explains how to
control the finite extension L/K.

We can now outline the rest of Deligne’s argument to prove the Weil conjectures. First,
one needs to lift any given K3 surface Yy over the finite field F, to characteristic zero.
According to Section 9.5, there exists a polarized family Y —Spec(R) of K3 surfaces
over a complete DVR R of mixed characteristic with residue field a finite extension k/F,
such that the closed fibre is Yy x k. Let K denote the fraction field of R.

Thus, the generic fibre X of Y —Spec(R) is a K3 surface over the field K of char-
acteristic zero to which one can apply Proposition 4.3. Hence, after passing to a finite
extension of K, which we suppress, there exist an abelian variety A over K with an
action of the algebra C' and a Galois invariant isomorphism (4.3). The inertia subgroup
I C Gal(K/K), i.e. the kernel of the natural surjection Gal(K/K)—s Gal(k/k), acts
trivially on H%(X,Ze(1))p, as the polarized surface X reduces to the smooth Yy x k.
Thus, Ik acts trivially on the left hand side of (4.3) and hence on the right hand side as
well. The latter implies that, after finite base change, I acts trivially on H, ét(A i Ly),
for the details of the argument see [139)].

Now, specialization yields H2 (Yo % k,Z(1))p ~ H2(Xg,Ze(1))p (see [403, VI.Cor.
4.2]) and by Néron-Ogg-Safarevi¢ theory (see [547]), the inertia group acts trivially on
H é’lt(A s Zg) if and only if A reduces to a smooth abelian variety Ag over k for which
there then exists an isomorphism

(4.8) CIT(HZ, (Yo x k,Z(1))p) =~ Endc(HS, (Ao x k, Zy))

of Gal(k/k)-modules, i.e. compatible with the action of the Frobenius.
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The Weil conjectures for abelian varieties had been proved by Weil himself already
in [629] and so all eigenvalues of the Frobenius action on HJ (A4 x k, Q) have absolute
value /q and, therefore, absolute value one on the right hand side of (4.8). Using a Galois
invariant embedding A2 HZ (Yo xk,Qu(1)), C CIT(HZ (Yo xk, Qu(1))p) ~ Ende(HL (Ao x
k,Qy)), one concludes that the eigenvalues of the Frobenius action on HZ(Yy x k, Q¢(1)),
have all absolute value one. Note that at this point one uses that bo(Yy x k) > 3.

Remark 4.5. Proposition 4.3 holds as well for the Kuga—Satake variety associated with
the full cohomology and so C1T(HZ,(Xz,Qe(1))) ~ Endc(H(Af,Qp)) for some abelian
variety A, which is isogenous to a power of the original one. Now, the polarization of X7; is
Galois invariant and, therefore, right multiplication by its class defines a Galois invariant
embedding H (X, Q1)) CIT(H% (X1, Q¢(1))), see Proposition 2.6. Therefore, for
any K3 surface X over a field K of characteristic zero there exists a Galois invariant
embedding

(4~9) Hegt(ina(@6(1))(—> Hét(AinZ) ®Hét(AE7Qé)a

where A is an abelian variety defined over a finite extension L/K. This is an essential
ingredient for the proof of the Tate conjecture in characteristic zero, see Section 17.3.2,
and the analogous statement holds in positive characteristic (but there not implying the
Tate conjecture).

Remark 4.6. Recall that (4.9) is conjectured to be algebraic and that this has been
verified for Kummer surface, see Conjecture 2.11 and Remark 3.2. In particular, it is
known to be ‘absolute’ for Kummer surfaces, cf. [111, | for the notion of absolute
classes. If one now puts an arbitrary K3 surface in a family connecting it to a Kummer
surface, then Deligne’s Principle B, see [143], applied to the family version of the Kuga—
Satake construction, see Proposition 6.4.10, implies that the Kuga—Satake construction
is absolute for all K3 surfaces. See the lectures of Charles and Schnell [111] for more
details.

Remark 4.7. As Deligne explains in the introduction to [139], the motivic nature of
the Kuga—Satake construction served as a guiding principle in his proof of the Weil con-
jectures for K3 surfaces. Its motivic nature was discussed further by André in |7, 8], who
moreover showed that the Kuga—Satake construction is ‘motivated’. As a consequence,
one concludes that the motive of any K3 surface, as an object in André’s category of
motives, is contained in the Tannaka subcategory generated by abelian varieties.

References and further reading:

The Kuga—Satake construction is also used for the study of projective hyperkéhler (or irre-
ducible holomorphic symplectic) manifolds (see Section 10.3.4), which are higher-dimensional
analogues of K3 surfaces for which the second cohomology is also a Hodge structure of K3 type.
See, for example, |7, |
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The Kuga—Satake variety of a K3 surface with real multiplication, i.e. such that the ring
Endpqe(T(X)) is a totally real field, has been studied by van Geemen [202] and Schlickewei
[525].

In [194, | one finds a detailed discussion of the Kuga—Satake variety associated with a
sub-Hodge structure of weight two of certain abelian fourfolds. Double covers of P' x P! and
their Kuga—Satake varieties have been studied in [309].

In [618] Voisin observed that one can gain some flexibility in the above construction by split-
ting it into two steps. One can first define a Hodge structure of weight two on C1(V') by setting
CIV)20 = V20 o @, A" '(V11) which is in a certain sense compatible with the algebra struc-
ture, cf. Remark 1.1. Then one associates with any Hodge structure of weight two on ClI(V)
compatible with the algebra structure a Hodge structure of weight one.

The polynomial Py (t) for a K3 surface over a finite field splits into an algebraic part and a
transcendental part Ps(t) = Po(t)alg - P2(t)tr according to whether «;/q is a root of unity or not.
The transcendental part enjoys remarkable properties. For example, it has a unique irreducible
factor. For a review of some of the properties of P5(t)t,, see Taelman’s recent [579] in which he
also proves that any polynomial satisfying these properties can actually be realized.

Questions and open problems:

Clearly, the main open problem here is Conjecture 2.11. It is known that the Kuga—Satake class
is an absolute Hodge class, cf. Remark 4.6. This had been implicitly proved already by Deligne
[139], which predates the notion of absolute Hodge classes, and explicitly by André 7] and
Charles and Schnell [111]. It would be very interesting to find other examples of K3 surfaces for
which the Kuga—Satake—Hodge conjecture can be proved and detect any general pattern behind
those.

Is there a more explicit proof of the algebraicity of the Kuga—Satake correspondence for abelian
surfaces than the one that uses the full Hodge conjecture for self-products of abelian surfaces,
see Remark 3.27

At this point it seems unlikely that the transcendental construction of the Kuga—Satake variety
can be replaced by an algebro-geometric one.

Grothendieck at some point wondered whether maybe every variety is dominated by a product
of curves (DPC). If that were true, one could prove the Weil conjectures (in fact also the Tate
conjecture, see Remark 17.3.3) by reducing to the case of curves. In a letter to Grothendieck
in 1964, Serre produced a counterexample in dimension two [125]. His surface is realized as a
subvariety of an abelian variety and is in particular not a K3 surface. In fact, it is not known
whether there exist K3 surfaces that are not DPC. More example of varieties that are not DPC
were constructed by Schoen in [528].






CHAPTER 5

Moduli spaces of polarized K3 surfaces

It is often preferable not to study individual K3 surfaces, but to consider all (of a
certain degree or with a certain projective embedding, etc.) simultaneously. This leads
to the concept of moduli spaces of K3 surfaces and this chapter is devoted to the various
existence results for moduli spaces of polarized K3 surfaces as quasi-projective varieties,
algebraic spaces, or Deligne-Mumford stacks.

In Section 1 the moduli functor is introduced and three existence results are stated.
They are discussed in greater detail in Sections 2 and 4. In Section 3 we study the local
structure of the moduli spaces and prove finiteness results for automorphism groups of
polarized K3 surfaces.

Moduli spaces of polarized complex K3 surfaces of different degrees are all contained
in the larger, but badly behaved, moduli space of complex (not necessarily algebraic) K3
surfaces, for which we refer to Chapter 6.

1. Moduli functor

We shall work over a Noetherian base S. The cases we are most interested in are

S = Spec(C), S = Spec(Q), S = Spec(K) for a number field K, S = Spec(F,), and
S = Spec(O) with O the ring of integers in a number field, e.g. O = Z.
For a given positive integer d one considers the moduli functor

(1.1) My: (Sch/8)° —(Sets), Tr—{(f: X —T,L)},

that sends a scheme T of finite type over S to the set My(T') of equivalence classes of
pairs (f, L) with f: X —T a smooth proper morphism and L € PicX/T(T)1 such that
for all geometric points Spec(k) —T, i.e. k an algebraically closed field, the base change
yields a K3 surface Xj, with a primitive ample line bundle Lx, such that (LXk)Q = 2d,
i.e. (Xg, Ly) is a polarized K3 surface of degree 2d, cf. Definition 2.4.1.”

By definition, (f, L) ~ (f’, L) if there exists a T-isomorphism ¢: X => X’ and a line
bundle Ly on T such that Y*L' ~ L ® f*Lg. For an S-morphism g: 7" —T one defines

INote that by definition Picx/7(T) = H°(T, R' f.G,), which is obtained by étale sheafification of
the functor T+ Pic(Xr/)/Pic(T). We often (over)simplify by thinking of L as an actual line bundle
L modulo line bundles coming from 7', although it possibly only exists after passing to an étale cover.

2By our definition, a K3 surface is a surface over a field that is a K3 surface over the algebraic
closure. So in fact, for any point Spec(k) —T the fibre is a K3 surface. However, in principle an ample
line bundle could acquire a root after base field extension. So we have to require L to be primitive,
i.e. not the power of any other line bundle, over the algebraic closure. See Chapter 17 for more on the
behavior of the Picard group under base change.

81
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My(T) —= Mgy(T") as the pull-back (f: X —T, L)+ (fr: X xpT'—T", g% L). Here,
gx: X X7 T'— X is the base change of g.

Recall that a (fine) moduli space for M is an S-scheme My together with an isomor-
phism of functors

Mg~ Mg = hn,

(the functor of points associated with the scheme M), i.e. My represents M.

Due to the existence of automorphisms, a fine moduli space does not exist, so one can
only hope for a coarse moduli space. A coarse moduli space is by definition an S-scheme
M together with a functor transformation

U: Mg—=My4

with the following two properties:

(i) For any algebraically closed field k the induced map M 4(Spec(k)) — M 4(Spec(k))
is bijective. (By definition, M 4(Spec(k)) coincides with the set M(k) of k-rational
points of My.)

(ii) For any S-scheme N and any natural transformation ®: M;— N there exists a
unique S-morphism 7: M — N such that ® = 7o U.

1.1. The following result is due to Pjateckii—éapiro and Safarevi¢ [490]. Their proof
relies on the Global Torelli Theorem and the quasi-projectivity of arithmetic quotients of
the period domain due to Baily and Borel [28]. We come back to this later, see Corollary
6.4.3.

An alternative proof was given by Viehweg in [611]. His arguments rely on Geometric
Invariant Theory (GIT), but without actually proving that points in the appropriate
Hilbert scheme corresponding to K3 surfaces are stable. In [425] Ian Morrison proves
that the generic K3 surface defines a GIT stable point if d > 6.

Theorem 1.1. For S = Spec(C) the moduli functor My can be coarsely represented
by a quasi-projective variety My.?

See Section 2.3 for more details and comments on the case of positive characteristic.

1.2. The existence of a quasi-projective coarse moduli space is far from being trivial,
using periods or GIT. However, the existence of the coarse moduli space as an algebraic
space is much easier and follows from very general existence results for group quotients
in the category of algebraic spaces.

Theorem 1.2. The moduli functor Mg can be coarsely represented by a separated
algebraic space Mg which is locally of finite type over S.

3From this and Theorem 1.2 one can conclude that Mgy admits a quasi-projective coarse moduli
space over any field of characteristic zero. The only thing that needs checking is that the algebraic space
coarsely representing M, over k can be completed to a complete algebraic space. This is provided by
the Nagata compactification theorem, see [127]. Then use that a complete algebraic space that becomes
projective after base field extension is itself projective.
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The existence of the coarse moduli space as an algebraic space was intensively studied
by Popp for S = Spec(C), see [493, , |. His construction relies on the existence
of certain group quotients in the category of analytic spaces which he then endows with
an algebraic structure. For the existence of the coarse moduli space as an algebraic space
over other fields see Viehweg’s book [612, Ch. 9]. The existence of the coarse moduli
space as an algebraic space in much broader generality can be deduced from a more recent
result by Keel and Mori [287], we also recommend Lieblich’s [362] for an account of their
result. See also the related result by Kollar in [311] and Section 2.3 for more details.

1.3. Instead of considering My as a contravariant functor (Sch/S)°—(Sets) one
can view it as a groupoid over (Sch/S). More precisely, one can consider the category
Mg of all (f: X—T, L) as before. The projection (f: X —T, L)+=T then defines a
functor Mg—(Sch/S). A morphism in Mg is defined to be a fibre product diagram

x 4. x

|

T —=T
g

with ¢g*L ~ L'. The isomorphism is not part of the datum.

In fact, in shifting the point of view like this one takes into account automorphisms of
K3 surfaces, which are responsible for the non-existence of a fine moduli space as well as
for singularities of the coarse moduli space. Indeed, the fibre of M;—(Sch/S) over an
S-scheme T, which consists of all (f: X —T, L) as before, is not merely a set but in fact
a groupoid, i.e. a category in which all morphisms are isomorphisms and in particular
the endomorphisms of (f: X —T, L) are precisely the automorphisms of the polarized
K3 surface (X, L) (over T).

Instead of representing the functor My by a quasi-projective scheme or an algebraic
space, one now studies it in the realm of stacks. This approach goes back to Deligne and
Mumford in [144], where it was successfully applied to the moduli functor of curves. In
analogy to their result, one has the following result, see [507| and Section 4.

Theorem 1.3. The groupoid Mg—(Sch/S) is a separated Deligne—Mumford stack
of finite type.

The result of Keel and Mori [287] in fact shows that any separated Deligne-Mumford
stack of finite type has a coarse moduli space in the category of algebraic spaces. This
gives back Theorem 1.2 (however, relying on essentially the same techniques).

As explained by Rizov in [507], taking into account automorphisms of polarized K3
surfaces resolves the singularities of the moduli stack. More precisely, one can show
that M, is a smooth Deligne-Mumford stack over Spec(Z[1/(2d)]), cf. Corollary 3.6 and
Remark 3.2.

1.4. To conclude the introduction to this chapter, we mention the possibility of
partially compactifying the moduli space by adding quasi-polarized K3 surfaces. Recall
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that a quasi-polarized (or pseudo-polarized) K3 surface (X, L) of degree 2d consists of
a smooth K3 surface X together with a primitive big and nef line bundle L such that
(L)% = 2d.

The corresponding moduli functor M/, can be defined analogously to My in (1.1).
Many of the arguments and constructions that are explained below work in this more
general context. However, the moduli functor defined in this way has a disadvantage over
Mg, it is not separated. More precisely, there exist families

(1.2) (X, L), (Y, M)—Spec(R)

of quasi-polarized K3 surfaces over a DVR R such that the generic fibres are isomorphic,
(X5, Ly) =~ (Yy, My), but the isomorphism does not extend over the closed fibres to an
isomorphism of the families (although the special fibres themselves are again isomorphic
to each other), cf. the remarks in Section 2.3, the proof of Proposition 7.5.5, and [126]
for an explicit algebraic example.

The way out, is to add not quasi-polarized K3 surfaces (X, L) but polarized ‘singular
K3 surfaces’ (X, L). For any big and nef line bundle L on a K3 surface, L3 is base point
free and the induced morphism ¢;3: X —= X contractes only ADE curves and so X
has only rational double points, cf. Remark 2.3.4 and Section 11.2.2. Applied to (1.2),
one obtains isomorphic polarized families (X,L) ~ (Y, L)—=Spec(R) with a singular
central fibre. So, if the moduli functor My is defined accordingly, it is a smooth Deligne—
Mumford stack with a quasi-projective coarse moduli space My. As the moduli space
My, also My admits a description via periods in characteristic zero, see Section 6.4.1.

2. Via Hilbert schemes

In all approaches to the moduli space of polarized K3 surfaces the Hilbert scheme
plays the central role. Due to general results of Grothendieck [223], the Hilbert scheme
is always represented by a projective scheme and the part of it that parametrizes K3
surfaces defines a quasi-projective subscheme. The quotient by the action of a certain
PGL, identifying the various projective embeddings, yields the desired moduli space. So,
the question whether M has a coarse moduli space becomes a question about the nature
of this quotient. For the shortest outline of the construction (for the more general class
of symplectic varieties) see André |7, Sec. 2.3| and for a detailed discussion of the general
theory the monographs [442, |. We shall discuss the various steps in this process
in the case of S = Spec(k) and shall often, for simplicity, assume that k is algebraically
closed. The result, however, is used for general Noetherian base S, e.g. when proving
that My is a Deligne-Mumford stack, see Proposition 4.10.

2.1. Consider the Hilbert polynomial P of a polarized K3 surface (X, L) of degree
2d = (L)?. By the Riemann-Roch theorem P(t) = dt? + 2, see Section 1.2.3. Let
N = P(3) — 1. This choice is prompted by the theorem of Saint-Donat saying that for
any ample L the line bundle L? is very ample, see Theorem 2.2.7. Hence, any (X, L)
with L ample and (L)? = 2d can be embedded into PV such that O(1)|x ~ L3. Finally,
the Hilbert polynomial of X C P™ with respect to O(1) is P(3t).
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Consider the Hilbert scheme
1. 111 P(3t)
Hilb := Hilby
of all closed subscheme Z C PV with Hilbert polynomial P(3t). Then Hilb is a projective

scheme representing the Hilbert functor
Hilb: (Sch/k)° —(Sets),

mapping a k-scheme T' to the set of T-flat closed subschemes Z C T x PV such that
all geometric fibres Z; C PkN(S) have Hilbert polynomial P(3t). In particular, the Hilbert

scheme comes with a universal family Z C Hilb x PV with flat projection Z— Hilb.

Proposition 2.1. There exists a subscheme H C Hilb with the following universal
property: A morphism T —=Hilb factors through H C Hilb if and only if the pull-back

f: Z2r—T

of the universal family Z —=Hilb satisfies:

(i) The morphism f: Zpr—=T is a smooth family with all fibres being K3 surfaces.
(i4) If p: Zr—=PN is the natural projection, then

p*O() ~ L3 ® f*Lg

for some L € Pic(Zr) and Ly € Pic(T).
(15i) The line bundle L in (ii) is primitive on each geometric fibre.
(iv) For all fibres Z5 of f: Zr—=T, restriction yields isomorphisms

HO(PY,), O(1)) == H(2,,L}).

PROOF. The subscheme H is in fact an open subscheme of Hilb, but it is slightly
easier to prove its existence as a locally closed subscheme.

Smoothness, irreducibility, and vanishing of H!(O) are all open properties and, there-
fore, define an open subset of the Hilbert scheme. Since triviality of a line bundle is a
closed condition, w ~ O is a priori a closed condition, but, in fact, it is also open. Indeed,
if one fibre is a K3 surface, then x(O) = 2 and hence h°(w) = h?(O) > 1 for all fibres in
an open neighbourhood. Also, h%(w?) < 1 and h'(w*) = 0 are open conditions. Since by
Riemann-Roch and Serre duality h%(w*) = 2+ h!(w*) —h°(w?), one finds that h°(w*) # 0
for all fibres in an open neighbourhood. However, h°(w) # 0 # h°(w*) if and only if w is
trivial.

Thus, (i) describes an open subscheme of Hilb. It is straightforward to see that iv) is
also an open condition. Thus, (i) and (iv) together define an open subscheme H' to which
we restrict. Next, one shows that there exists a universal subscheme H C H’ defined by
(ii) and (iii).

The relative Picard scheme Piczs g —= H' of the restriction 2’ — H' of the universal

(t)
//H/

possible Hilbert polynomials Q(t), see [80, |. Clearly, there are only finitely many

family is a disjoint union of H’-projective schemes Picg —= H' parametrized by the
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possibilities to write P(3t) = Q(nt) with Q(¢) the Hilbert polynomial of an actual line
bundle on a K3 surface (i.e. with integral coefficients). Since the map

Pic2")

S —PicZ ., M= M"

Zl/H/?
is an H’-morphism and all schemes are projective over H’, its image is closed. In fact, as
can easily be seen, the morphism is a closed embedding. This yields a universal locally

closed subscheme Y C Picg,(?g, parametrizing line bundles M which can fibrewiese be

written as M ~ L3 for some primitive L.
P(3t)
Z//H/

under this section.® Note that under our assumptions,

The line bundle O(1) can be viewed as a section of Pic — H' and one defines H
P(3t)
Z//H/
there exists a Poincaré bundle on Picz, /g Xu Zg so that L and Lo as in (ii) exist for
Zy—H.

For later use note that (i) and (iv) in particular show fi(L3) ~ L ® ONT!. O

as the pre-image of Y C Pic

Thus, H together with the restriction of the universal family X := Zy — H represents

the functor:
H: (Sch/k)’—(Sets),

that maps 7' to the set of all T-flat closed subschemes Z C T x P satisfying (i)-(iv).

Clearly, mapping Z C T x PN to (f = p1: Z—=T, L) with L as in (ii) defines a functor
transform H — M, . The only thing that needs checking at this point is whether L
is uniquely determined (up to pull-back of line bundles on 7). This is due to the fact
mentioned in the proof above that L+ L3 defines a closed embedding Pic” (t) —~ Ppicl3h),
The injectivity on the level of sets is implied by the torsion freeness of the Picard group
of any K3 surface, see Remark 1.2.5.

2.2. The Hilbert scheme Hilb = Hilbgjs,gt) comes with a natural PGL := PGL(N+1)-

action. It can functorially be defined as the functor transformation
PGL x Hilb, " — Hilb5{*

that sends (A4 € PGL(T),Z c T x PV) to (pa(Z) € T x PV). Here, the isomorphism
wa: T x PN = T x PV is obtained by viewing A as a family of automorphisms of PV

varying over T
Clearly, the conditions (i)-(iv) above are invariant under the PGL-action. Hence, H is
preserved and we obtain an action

PGL x H—H.

Moreover, the natural transformation H — M, which just forgets the projective em-
bedding, is equivariant and hence yields a functor

©: H/PGL— M,.
4n fact, H C H' is also open, but this needs some deformation theory. Indeed, the obstruction to

deform a line bundle L in a given family sideways lies in H?(X, Ox). If M ~ L3, then the two obstruction
classes differ by a factor 3 and so L deforms whenever M does (at least if char(k) # 3).
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Proposition 2.2. The natural transformation ©: H /PGL— M, is injective and lo-
cally surjective.

PROOF. Local surjectivity means that for any (f: X —T, L) there exists a étale
open covering T := | J T; such that the restrictions (f;: X1, —T;, L| XTi) are in the image
of O(T}): (H/PGL)(T;) —= My(T;). This is shown as follows: The direct image f,(L?)
is locally free of rank N + 1 and the higher direct images are trivial, cf. Proposition
2.3.1. After passing to an open cover of T, we may assume that f.(L?) is in fact free, i.e.
fo(L3) ~ (’)¥ +1 Moreover, since L3 is fibrewise very ample, the surjection (’)QJrl — 13
obtained by pull-back defines a closed embedding X <= T x PY. Then (i)-(iv) are
satisfied by construction.’

For the injectivity we have to show that two Z, Z' € T x PV in H(T) are isomorphic as
polarized families if and only if their projective embeddings differ by an automorphism of
PN, If (f: Z—T,L) and (f': Z'—=T,L') define the same element in My, then there
exists an isomorphism ¢: Z > Z' with ¢*L' ~ L ® f*Lg for some Ly € Pic(T). The
given embeddings induce trivializations of f/(L"3) and f.(L?). The induced isomorphism

ONF! =~ fULP) = f.(1%) @ L} ~ 0N @ L]

corresponds to an A € PGL(T) and the closed embeddings Z, Z' C T x PV differ by the
automorphism @4 of T x PV, O

Note that © in particular induces a bijection [H /PGL](k) > M4(k).% By the follow-
ing result the question whether My has a coarse moduli space is reduced to the existence
of a categorical quotient of the action PGL x H— H.

Proposition 2.3. Suppose there exists a categorical quotient m: H—Q = H/PGL
whose k-rational points parametrize the orbits of the action. Then Q is a coarse moduli
space for M.

PROOF. Recall that by definition a categorical quotient is a morphism w: H — Q)
such that the two morphisms PGL x H — H, obtained by projection and group action,
composed with 7 coincide and such that any other 7’: H — @’ with this property factors
uniquely through 7:

H = Q
q
v
Q'
Here is a sketch of the argument: To construct Mg—@Q use the local surjectivity of

H/PGL—> M. Then any (f, L) € My(T) can locally over the open sets of some covering
T = JT; first be lifted to H(T;) and then mapped to Q(73). Due to the PGL-invariance

™

5Tt looks as if the T} could be chosen Zariski open. Remember, however, that L itself may only exist
on an étale cover.

6Under our assumption that k is algebraically closed, the set of k-rational points of the quotient
stack (see Examples 4.4 and 4.5) [H/PGL] is indeed just H(k)/PGL(k).
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of m: H— (@ and the injectivity of H/PGL— My, the image does not depend on the
lift to H(T;). Since @ is a sheaf (in the Zariski topology), the images in @ of the lifts to
the H(T;) glue. Eventually, this yields the functorial My—=@. Since Q(k) parametrizes
the orbits of the PGL-action by assumption and since by Proposition 2.2 the same holds
for Mg(k), one has My(k) = Q(k).

It remains to prove the minﬂnality of Mg—=@Q, which is proved similarly. Any
Mg—=N can be composed with H— M, which yields an invariant H—N. The
latter corresponds to an invariant H — N which by the universality property of the
categorical quotient m: H — (@ factors uniquely through a morphism Q — N. It is not
difficult to see that My—=@Q — N is the original transformation. O

On purpose, we were vague about the geometric nature of the quotient and in fact the
proof is so general that it works in many settings. The best possible case is that Q) is a
quasi-projective scheme. This can in fact be achieved for k = C, a result due to Viehweg
[611], and yields Theorem 1.1 which we state again as

Theorem 2.4. For k = C, there exists a categorical quotient m: H—Q with Q a
quasi-projective scheme. Its k-rational points parametrize the orbits of the action, i.e.
[H/PGL](k) == Q(k). So, My = Q is a quasi-projective coarse moduli space for M.

Usually a quasi-projective quotient would be constructed by GIT methods, i.e. by
showing that a smooth K3 surface yields a point in H that is stable with respect to the
action of PGL and an appropriate linearization, see Mumford’s original [442] for the
foundations of GIT. However, this direct approach only works in low dimensions, e.g. for
curves. Viehweg’s techniques avoid a direct check of GIT stability. They do not seem
to generalize to positive characteristic and, therefore, the existence of quasi-projective
coarse moduli spaces in positive characteristic had been an open problem for a long time.
Recently, the quasi-projectivity has been proved by Maulik [396] for p > 5 and p t d and
by Madapusi Pera [385] for any p > 2.

Example 2.5. There is, however, one case where the standard GIT techniques do work
and really yield the moduli space as a quasi-projective variety. This is the classical case
of hypersurfaces in projective spaces. For K3 surfaces one is looking at quartics X C P3.
In particular, in this case we do not have to pass from the ample line bundle L := O(1)
to its power L3, as L itself is already very ample.

Let H C |O(4)] be the open subscheme parametrizing smooth quartics. Thus, if x €
H (k) corresponds to the hypersurface X C P3, then X is a K3 surface. Clearly, H is
invariant under the natural action of PGL = PGL(4) and the quotient H(k)/PGL(k)
parametrizes all polarized K3 surfaces which are isomorphic to a quartic in P3.

Now, GIT shows that the quotient H/PGL exists as a categorical quotient such that
its k-rational points correspond to the orbits of the PGL(k)-action on H (k) if every point
in H(k) is stable. Recall that a point x € H(k) is GIT-stable if the stabilizer of x is a
finite subgroup of PGL(k) and there exists an invariant section s € H°(H, £™) for some
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n > 0 satisfying: 1) s(z) # 0, ii) Hs := H \ Z(s) is affine, and iii) the action of PGL on
H; is closed. Here, £ is an SL-linearized ample line bundle on H.

It is now a classical fact that smooth hypersurfaces of degree d > 3 in P do correspond
to stable points. The line bundle £ is in this case O(1) on the projective space |O(d)|. An
invariant polynomial not vanishing in a point x corresponding to a hypersurface X C P
is provided by the discriminant. See the textbooks by Mumford et al [442, Ch. 4] or
Mukai [432, Ch. 5.2] for details.

For results dealing with the stability of complete intersection K3 surface see the more
recent article by Li and Tian [359)].

2.3. The existence of a coarse moduli space as an algebraic space is much easier or
at least can be deduced from very general principles. According to a result of Keel and
Mori [287] one has’

Theorem 2.6. If G is a linear algebraic group acting properly on a scheme of finite
type H (over, say, a Noetherian base), then a categorical quotient m: H—Q = H/G
exists as a separated algebraic space. Moreover, for any algebraically closed field k it

induces a bijection H(k)/G(k) == Q(k).

In order to deduce Theorem 1.2 from this, it remains to show that PGL x H — H is
a proper action, i.e. that the graph morphism PGL x H—H x H, (g,z)+(gz,x) is
proper. Working over an algebraically closed field and with a linear algebraic group, this
is equivalent to the following two statements:

(i) The orbit PGL -z of any z = (X C PY) € H(k) is closed in H.
(ii) The stabilizer Stab(x), i.e. the fibre of PGL—PGL - z, is finite.

There are various approaches to the properness. One uses a famous theorem of Mat-
susaka and Mumford [394] and proves the properness, i.e. (i) and (ii), in one go.® The
argument applies to geometrically non-ruled varieties and, therefore, in particular to K3
surfaces (in arbitrary characteristic!). The Matsusaka—Mumford theorem for those is the
following statement: Suppose (f: X —Spec(R), L) and (f': X’ —Spec(R), L") are two
smooth projective families of polarized varieties over a discrete valuation ring R. Then
any polarized isomorphism (X, L,) =~ (X, L; ) over the generic point Spec(n) can be ex-
tended to a polarized isomorphism (X, L) ~ (X', L) over R. This proves that the moduli
functor is separated, which together with the valuative criterion for proper morphisms
then proves the properness of the group action, see | , Lem. 7.6] for the complete
aurgument.9

"This can be compared to a result of Artin [17, Cor. 6.3 saying that the quotient of an algebraic
space by a flat equivalence relation is again an algebraic space. It is not applicable to our situation, as
the equivalence relation induced by a group action is often not flat.

8] am grateful to Max Lieblich for a discussion of this point.

9n particular, the argument shows that the group of automorphisms of a polarized geometrically
non-ruled smooth projective variety (X, L) is finite. Note that Matsusaka—Mumford theorem really works
over Z.
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A direct proof for the finiteness of stabilizers can be given rather easily, see Proposition
3.3. Moreover, for complex K3 surfaces Aut(X,L)— Aut(H?(X,Z)) is injective (cf.
Proposition 15.2.1), which allows one to pass to an étale cover of H on which the action
becomes free, see Section 6.4.2.'9 This second approach is closer to the construction of
the moduli space via periods.

Remark 2.7. Suppose (X, L) — S is a family of polarized K3 surfaces. The Matsusaka—
Mumford result can also be used to show that the automorphism groups Aut(Xy, L;) of
the fibres (Xy, L) form a proper and in fact a finite S-scheme Aut(X,L)—S. In par-
ticular, {t € S | Aut(Xy, L) # {id}} is a proper closed subscheme of S.

Remark 2.8. Moduli spaces of polarized projective varieties have been intensively
studied, e.g. by Viehweg in [612]. As shown by Kollar in [312], moduli spaces need not
always be quasi-projective even when they can be represented by algebraic spaces.

3. Local structure

We continue to denote by H C Hilb = Hilbgjs,gt) the open subscheme parametrizing K3

surfaces as in Proposition 2.1. Recall that P(t) = dt? + 2 and N = P(3) — 1.

3.1. As it turns out, the Hilbert scheme parametrizing K3 surfaces is smooth which
later leads to the fact that the moduli space of polarized K3 surfaces is nearly smooth.

Proposition 3.1. Suppose that the characteristic of k is prime to 6d. Then the scheme
H is smooth of dimension 19+ N? 4+ 2N = 18 + (9d + 2)2.

Proor. Consider a point x € H corresponding to an embedded K3 surface X C ]P’,]qv .
As H is an open subscheme of Hilb, the tangent space T, H of H at x is naturally
isomorphic to Hom(Zx,Ox) and the obstruction space is Ext!(Zx,Ox). Since X is
smooth, the tangent and obstruction spaces can therefore be computed as HY(X,N)
and H'(X,N), where N := N px is the normal bundle of X C PYN. See the books
by Hartshorne, Kollar, and Sernesi | , , | for general accounts of deformation
theory.

Both spaces can be computed by means of the normal bundle sequence

OHTX%%N‘X%NQO,
which combined with H°(X, Tx) = H?(X, Tx) = 0 (see Section 1.2.4) leads to
0— H(X, Tpn|x) —H(X,N)—H" (X, Tx) —H" (X, Tpn |x) — H'(X,N) —0.

From the Euler sequence restricted to X and the vanishing of H*(X, O(1)|x) fori = 1,2,
cf. Proposition 2.3.1, and of H*(X,Ox) one then deduces

HY (X, Tpn|x) ~ H¥(X,0x) ~ k

10T he faithfulness in finite characteristic goes back to Ogus [475, Cor. 2.5], see [507, Prop. 3.4.2].
More precisely, Ogus shows faithfulness of the action on crystalline cohomology and Rizov uses this to
prove faithfulness of the action on étale cohomology HZ (X, Z;) for £ # p # 2, cf. Remark 15.2.2



3. LOCAL STRUCTURE 91

and a short exact sequence
0—k—H(X,001)|x)" " —H(X, Tpn|x) —0.
Thus, if
(3.1) HYX,Tx)—H"(X, Tpn|x)

is non-trivial, then the obstruction space H'(X,N) is trivial and the dimension of the
tangent space is obtained by a straightforward computation. To check the non-triviality
of (3.1), consider its Serre dual

H'(X, Qpn | x) —H' (X, Qx).

The first Chern class ¢1(O(1)) € HY (PN, Qpn) restricts to the first Chern class c1(L3) €
H'(X,Qy) which is shown to be non-trivial as follows. The image of the intersection
number 18d = (L3)? € Z under Z—=k can be computed as the residue of c?(L3) €
H?(X,0%). Hence, if 6d or, equivalently, (L?)? is prime to the characteristic of k, then
c?(L3) # 0 and, hence, c1(L3) # 0. O

Remark 3.2. The above arguments are valid in broad generality and even for the
universal construction over Z. One obtains a smooth Hilbert scheme over Z[1/(6d)],
see |7, |. This result in particular implies the smoothness of the moduli space as
Deligne-Mumford stack, see Remark 4.11. However, by a more direct argument avoiding
the Hilbert scheme, smoothness can be shown over Z[1/(2d)].

3.2. The finiteness of the automorphism group of polarized K3 surfaces, to be proven
next, is subsequently used to show that the moduli space is étale locally the quotient of
a smooth scheme by the action of a finite group.

Proposition 3.3. Let X be a K3 surface over a field k and L an ample line bundle on
X. Then the group of automorphisms f: X —> X (over k) with f*L ~ L is finite.

PrOOF. We freely use that H°(X,7x) = 0 which is easy for k = C and substantially
more difficult for a field of positive characteristic, see Sections 1.2.4 and 9.5.

Let (L)? = 2d and P(t) := dt? + 2. The graph of an automorphism f: X > X is a
closed subscheme I'y C X x X and thus corresponds to a k-rational point of the Hilbert
scheme Hilbx« x of closed subschemes of X x X. Clearly, f is uniquely determined by
its graph.

If f*L ~ L, then the Hilbert polynomial of I'y with respect to the ample line bundle
LX L on X x X is given by P(2t). Indeed,

X(Tp, (LRL)"|r,) = x(X, (L ® fL)") = x(X, L*) = P(2n).

Thus, the graph of f defines a k-rational point of Hilbi(fg)( 1mL» Which by general results

due to Grothendieck is a projective scheme, cf. [223, |.
The tangent space of a k-rational point of Hilbx x x corresponding to a closed subscheme
Z C X x X is naturally isomorphic to the k-vector space Hom(Zz, Oy). If Z is a smooth
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subscheme, then Hom(Zz, Oz) ~ H(Z,N), where N := Nz xx denotes the normal
bundle of Z in X x X. Use the normal bundle sequence

0—>T24>Txxx‘zg>/\/-4>0

to see that N' ~ Ty for a graph Z = I'y. Indeed, identifying X with the graph of f
via (id, f): X = I'y C X x X and writing Txxx|r, =~ Tx © f*Tx ~ Tx @ Tx. The
embedding Tz — Tx x x|z is given by v+—=v@df (v) which can be splitted by (v, w)+—=wv.

Hence, the tangent space of Hilbxyx at the point [I'f| is naturally isomorphic to
H°(X, Tx), which is trivial. Thus, the k-rational points of Hilbx x corresponding to the
graph of automorphisms of (X, L) are (reduced) isolated points of Hilbi(ft))( LR Since
a projective scheme can only have finitely many irreducible components, the set of those

k-rational points that correspond to [I'f] of automorphisms with f*L ~ L is finite. ]

Remark 3.4. For later use note that the proof in fact shows that Isom((X, L), (X', L))
for two polarized K3 surfaces over a field £ is a finite set of reduced points. Both properties
are needed to show that the moduli space of polarized K3 surfaces is a Deligne-Mumford
stack, see Proposition 4.10.

Corollary 3.5. Any automorphism f: X — X of a K3 surface X with f*L ~ L for
some ample line bundle is of finite order. O

3.3. The local description of the Hilbert scheme and the finiteness of the group of
automorphisms leads to the following result on the local structure of the coarse moduli
space. As it turns out, My is no longer smooth but not far from it either. For simplicity,
we state the result for the case of a quasi-projective moduli space over C, for which it
can also be deduced from the period description explained in Section 6.4.1.

Corollary 3.6. Let My be the coarse moduli space of polarized complex K3 surfaces of
degree 2d. Then étale locally My is the quotient of a smooth scheme by a finite group.

PRrOOF. This is an immediate consequence of Luna’s étale slice theorem which more
generally asserts the following: If a reductive group G acts on a variety Y over k such
that a good quotient Y —Y /G exists, then through any point x € Y with closed orbit
G - x there exists a locally closed Stab(z)-invariant subscheme S (the slice through z)
such that S x5t2P(@) G =¥ and S/Stab(z) —Y/G are étale. Moreover, if Y is smooth,
then S can be chosen smooth as well. See [326] or [442].

In our case, Y = H and G = PGL. The quotient exists by Theorem 2.4 and all orbits
are closed due to the properness of the action, see Section 2.3. The stabilizer Stab(x) of
a point € H corresponding to some polarized K3 surface X ¢ PV, L? ~ O(1)|x, is
isomorphic to Aut(X, L), which is finite by Proposition 3.3. O

A version of Luna’s étale slice theorem valid in positive characteristic has been proved
in [31] and in fact the corollary remains valid in positive characteristic. This is the
statement that the moduli functor My is a smooth Deligne-Mumford stack, which shall
be explained next.
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4. As Deligne—Mumford stack

For many purposes it is enough to know that the moduli space of polarized K3 surfaces
exists as a Deligne-Mumford stack. In fact, it is even preferable to view the moduli
space as a stack, as the stack keeps track of the automorphism groups of the K3 surfaces.
Hence, for example, the moduli stack is smooth but the coarse moduli space is not.

4.1. In the introduction we have exhibit M, also as a groupoid over (Sch/S), more
precisely as a category over (Sch/S) fibred in groupoids (CFG over S). For the definition
of a CFG, see the introduction by Deligne and Mumford in [144, Sec. 4] or |1, Tag 04SE].
The conditions are easily verified in our situation.

Recall that a CFG N over (Sch/S) is representable if there exists an S-scheme U such
that U ~ N. Here, U is the CFG with the set Morg(7T,U) as the groupoid over T.

Let (X1—T, L), (Xo—T, Ly) € My and define
Isomp((X1, L1), (X2, L2)): (Sch/T)°—(Sets)

as the functor that maps 7" —=T to the set of isomorphisms 1: X177 > Xop over T"
with ¢* Loy ~ Ly up to tensoring with the pull-back of a line bundle on 7”. (The
isomorphism between the line bundles is not part of the datum.)

Proposition 4.1. The functor
Isomp((X1, L1), (X2, L2)): (Sch/T)°—(Sets)
1s a sheaf in the étale topology.

PROOF. In fact, and this is what is needed later, the functor is representable and
thus in particular a sheaf. This follows from the representability of the Hilbert scheme
by embedding Isomz (X1, X2) into Hilbx, «, x, as an open subscheme. Considering only
isomorphisms that respect the polarizations ensures that the image is contained in the
part of the Hilbert scheme for which the Hilbert polynomial with respect to the product
ample line bundle L; X Ly equals X(L%") = 4dn? + 2. More precisely, using proper-
ness of the relative Picard scheme of the universal family Z over Hilb, one finds that
Isom((X1, L1), (X2, L2)) is a locally closed subscheme of Isom (X7, X2), cf. the proof of
Proposition 2.1. O

Proposition 4.2. Every descent datum in My is effective.

PROOF. We have to show the following. Suppose T"—T is an étale (or just fpqc)
covering in (Sch/S). Denote the natural projections by

pi: 7" =T XT T'—T' and Dij T’ XT T XT T —T".

If for (f": X'—T',L") € My(T") an isomorphism ¢: pj(X’, L") == pi(X’', L) satisfies
the cocycle condition pis¢ o pia = pigep, then there exist (X,L) € My(T) and an
isomorphism \: (X, L)y == (X', L') inducing . Moreover, (X, L) and \ are unique up
to canonical isomorphism.
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The idea of the proof is to use effective descent for quasi-coherent sheaves and mor-
phisms of quasi-coherent sheaves. Indeed, by assumption X’ is isomorphic to the relative
Proj(8’), where & is the quasi-coherent graded sheaf of algebras € f/(L'*). The descent
datum given by ¢ translates immediately into a descent datum for &’. Note that the
algebra structure is encoded by morphisms between quasi-coherent sheaves. Effective
descent for quasi-coherent sheaves then yields a quasi-coherent graded sheaf of algebras
S on T and X is defined as its relative Proj. The argument does not use any particular
properties of K3 surfaces and so the result holds true in broad generality. See e.g. [54]
for details on descent theory.!'! ([l

Corollary 4.3. The groupoid My of primitively polarized K3 surfaces is a stack.
PROOF. By definition, a CFG M is a stack if Propositions 4.1 and 4.2 hold. O

Example 4.4. Clearly, the CFG U associated with an S-scheme U is a stack. The
other source for examples is group quotients. If H is a scheme with a group scheme G
acting on H (everything over S), then [H/G] is the CFG with sections over T' consisting
of all principal G-bundles P over T together with a G-equivariant morphism P— H.
Morphisms in [H/G] are pull-back diagrams. Then [H/G] is a stack.

Example 4.5. The most important example of a quotient stack in the present context
is the one given by the action of PGL on the open subscheme H of the Hilbert scheme
Hilb studied in the previous sections. There exists a natural isomorphism of stacks

[H/PGL] = M_.

All the main ideas for the construction of this isomorphism have been explained already.
Consider a section of [H/PGL] over T' given by a principal PGL-bundle P—T and a
G-equivariant morphism P— H. The latter is given by a polarized K3 surface X — P
together with an embedding X C Pg . The PGL-action produces a descent datum and
effective descent for M, (see Proposition 4.2) yields a section of M, over T.

To show that this yields an isomorphism of stacks start with (f: X —T, L) in M4(T)
and consider the locally free sheaf f.(L3) on T. Each choice of a basis in the fibre
of f.(L3) yields an embedding of the fibre of X into PV. Thus, the associated PGL-
bundle (of frames in the fibres of f.(L3)) comes with a natural morphism P—= H. The
verification that the functor is fully faithful is straighforward.

4.2. It turns out that My is much more than just a stack, it is a Deligne-Mumford
stack. We shall need to find an étale or at least a smooth atlas for it.

Remark 4.6. Recall that a morphism of CFG M —=N is representable if for any
U—=N the fibre product U x M is representable. By [144, Prop. 4.4] (see also [54])
the diagonal morphism

A M—=M X(scn/5) M

Ag before, in the proof we have assumed L’ to be an actual line bundle, although it may exist only
étale locally. This has no effect on the descent of Proj(S’), but & and L may exist only étale locally.
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of a stack M is representable if and only if for all T'—= M <—T" the fibre product T x s, 1"
is representable. In fact, it is enough to consider the case T' = T".

Thus, the diagonal of the stack M, is representable if for all (X1, L1), (X2, L2) € My(T)
the sheaf Isomp((X1, L1), (X2, L2)) is representable. This we have noted already in the
proof of Proposition 4.1. Hence, in our situation the diagonal is representable.

As usual, a morphism of CFG M —AN\ is said to have a certain scheme theoretic
property (e.g. quasi-compact, separated, étale, etc.) if it is representable and if for every
U —= N the morphism of schemes representing U X nr M —U has this property.

Definition 4.7. A stack M over (Sch/S) is called a Deligne-Mumford stack if in

addition the following two conditions are satisfied:

(i) The stack M is quasi-separated, i.e. diagonal morphism A M—=M X (5cn/5) M
is representable, quasi-compact, and separated.'?
(ii) There exists a scheme U and an étale surjective morphism U — M (over S).

Remark 4.8. In our geometric situation and, in particular, for the construction of the
moduli space of K3 surfaces, one could try to rigidify the situation by introducing addi-
tional structures (level structures), e.g. one would consider every K3 surface together with
all isomorphisms H2(X,Z/¢Z) ~ AJ¢A. This produces a finite é¢tale covering H —= H
with Galois group say I' and such that the PGL-action on H lifts naturally to a free
action on H. Then the existence of H /PGL as a scheme is easier and this quotient can
be used as an étale cover of My as required in (ii). Another advantage of H/PGL over
H/PGL is the existence of a universal family. See Section 6.4.2 for more details on this
approach (in the complex setting).

However, as an alternative to the approach sketched in the last remark one can use the
following result, see [144, Thm. 4.21] and also [160] or [54, Ch. 5].

Theorem 4.9. Let M be a quasi-separated stack over a Noetherian scheme S. Then
M is a Deligne—Mumford stack if

(iii) The diagonal A: M—=M X(gcn/5) M is unramified and
(iv) There ezists a scheme U of finite type over S and a smooth surjective morphism

U—=M (over S)."?
This can be used to prove Theorem 1.3, which we state again as

Proposition 4.10. The stack Mg of primitively polarized K3 surfaces of degree 2d
over a Noetherian base S is a Deligne—Mumford stack.

12Of‘cen7 the separatedness of the diagonal is added as an additional condition and not seen as part
of the definition.

1310 a certain sense, the existence of U in (iv) is an analogue (less precise) of Luna’s étale slice
theorem mentioned in the proof of Corollary 3.6. The existence of U as in (iv) suggests to take étale
sections to produce the étale covering in (ii). Note however, that in general one cannot find an étale
slice through every point of a smooth atlas U—= M | see [54, Ex. 5.7]. Also note that if U in (iv) is
smooth, then also the étale atlas in (ii) can be chosen smooth.
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PrOOF. (i) By Remark 4.6, the diagonal of M, is representable. We show that it
is actually finite and hence quasi-compact and separated. Consider two polarized K3
surfaces (X1, L1), (X2, La) € Mg(Spec(R)) over a discrete valuation ring R. Then by the
theorem of Matsusaka—Mumford, see Section 2.3, any isomorphism over the generic point
of Spec(R) extends uniquely to an isomorphism over R. Thus, by the valuative criterion
Isomr((X1, L1), (X2, L2)) is proper over T. Together with the finiteness of Aut(X, L) of
a polarized K3 surface over a field, see Proposition 3.3, this proves the finiteness of the
diagonal.

(iii) Recall that a morphism, locally of finite type, is unramified if all geometric fibres
are discrete and reduced, see | , Ch. 17]. Thus, it suffices to show that for two families
(X,L)—T<— (X', L) the fibres of Isomp((X, L), (X', L)) —T over geometric points
consist of reduced isolated points. However, the fibre over a geometric point ¢ € T is
Isomy,s) (X4, Lt), (X{, L})) which has this property, see Remark 3.4.

(iv) We use the PGL-action on the (open) subscheme H C Hilb. As was mentioned in
Example 4.5, [H/PGL] == M. Thus, one has to show that H —[H/PGL] is (formally)
smooth. So, consider (X, L) € My(Spec(A)) and an ideal I C A with I? = 0. Let Ag ==
A/I and suppose that (X, L) lifts to H over Spec(Ag). Thus, there exists a principal PGL-
bundle P—Spec(A) together with an equivariant morphism P—= H. The restriction
to Spec(Ag) C Spec(A) yields a principal bundle Py—Spec(Ap). The existence of the
lift over Spec(Ap) to H implies the existence of a morphism Spec(Ag)—= H which via
pull-back yields Py—Spec(Ap). In particular, the latter is a trivial PGL-bundle. In
other words, one has Spec(Ag)—= Py C P—=H. In order to show that the projection
H—[H/PGL] is formally smooth, one needs to extend the composition Spec(Ay) — H
to a morphism Spec(A)— H. But this can be obtained by simply passing to the closure
of Spec(4p) in P and by composing with P— H. Equivalently, if Py—Spec(Ay) is
trivial, then so is P—Spec(A).

Underlying the above arguments is the following general observation: If a smooth group
scheme (over S) acts on H (of finite type over S) with finite and reduced stabilizers, then
the quotient H/G is a Deligne-Mumford stack. O

Remark 4.11. Using Section 3, one finds that M, over Z is smooth over Z[1/(2d)]
(see [507] or the footnote to Theorem 4.9). In particular, over a field of characteristic
zero all My are smooth Deligne-Mumford stacks. Note however that the coarse moduli
space My is singular, due to the existence of K3 surfaces with non-trivial automorphisms.

References and further reading:

MThe properness, e.g. in Theorem 2.6, is needed to ensure that the geometric points of the quotient
parametrize orbits. A priori this is not an issue for the stack, but it becomes one when one wants to
pass to its coarse moduli space. In fact, in | | Keel and Mori also show that any separated Deligne—
Mumford stack of finite type has a coarse moduli space in the category of algebraic spaces. So, a fortiori,
the assumption that the stabilizers are finite and reduced implies the properness of the action.
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As pointed out to me by Chenyang Xu, the construction of the moduli space of polarized
complex K3 surfaces (X, L) can also be based on Donaldson’s result in [156], which states that
for sufficiently high n the pair (X, L™) defines a Chow stable point. Details of this construction
and in particular a comparison of the various ample line bundles on the moduli space have not
been addressed in the literature.

For questions related to compactification of the moduli space of K3 surfaces see the papers by
Friedman [181], Olsson [478], and Scattone [523].

The geometry of the moduli spaces of K3 surfaces, for example their Kodaira dimensions, has
recently been studied intensively, see the original article of Gritsenko et al [221] or Voisin’s survey
[619]. For high degree they tend to be of general type. In contrast, moduli spaces of K3 surfaces
of small degree may be unirational (more concretely for d < 12 and d = 17,19), see Mukai’s
papers, e.g. [433], or [619]. Ultimately, this is related to the fact that general K3 surfaces of
small degree can be described as complete intersections in Fano varieties, cf. Section 1.4.3. In
Kirwan’s article [292] one finds among other things a computation of the intersection cohomology
of the moduli space of stable quartics.

In [204] van der Geer and Katsura show that the maximal dimension of a complete subvariety
of the 19-dimensional moduli space My in characteristic zero is at most 17 (it equals 17 in the
moduli space My of quasi-polarized K3 surfaces). The paper also proves some cycle class relations.
See also [152], [199], [203], [434] for other recent topics related to moduli spaces of K3 surfaces.

Instead of fixing a polarization, which can be thought of as a primitive sublattice of the Picard
group generated by an ample line bundle, it is interesting to study moduli spaces of K3 surfaces
with a fixed lattice of higher rank primitively contained in the Picard group. Moduli spaces of
lattice polarized K3 surfaces have been introduced by Dolgachev in [148] in the context of mirror
symmetry and using period domains as in Chapter 6. For a brief discussion of the algebraic
approach see Beauville [47].

Most Deligne-Mumford stacks are in fact quotient stacks, see Kresch’s article [328] for the
precise statement and further references.

Questions and open problems:

As mentioned in the text, it is more difficult to prove the quasi-projectivity of the coarse moduli
space of polarized K3 surfaces in positive (or mixed) characteristic. This has been achieved by
Maulik and Madapusi Pera in [385, |, see also Benoist’s Bourbaki survey [57]. Later we
shall see that in characteristic zero the moduli space of polarized K3 surfaces of fixed degree is
connected and in fact irreducible. Again, this is much harder in positive characteristic, but has
been proved recently in [385] for the case that p? { d. It would be interesting to have proofs of
both statements that do not rely on the Kuga—Satake construction.






CHAPTER 6

Periods

Hodge structures (of complex K3 surfaces) are parametrized by period domains. The
first section recalls three descriptions of the period domain of Hodge structures of K3 type:
as an open subset of a smooth quadric, in terms of positive oriented planes, and as a tube
domain. In Section 2 we review the basic deformation theory relevant for our purposes
and introduce the local period map associated with any local family of K3 surfaces. The
Local Torelli Theorem 2.8, a key result for K3 surfaces but valid for a much broader class
of varieties, is explained. In Section 3 we state two cornerstone results in the theory of
complex K3 surfaces: The surjectivity of the period map, Theorem 3.1, and the Global
Torelli Theorem 3.4. Their proofs, however, are postponed to Chapter 7. The last section
shows how these results can be used to give an alternative construction of the moduli
space of polarized complex K3 surfaces which allows one to derive global information.
The appendix summarizes results concerning Kulikov models for degenerations of K3
surfaces.

1. Period domains

In the following, A is a non-degenerate lattice with its bilinear form ( . ). For its
signature (n4,n_) we assume ny > 2. In fact, only the three cases ny = 2,3,4 are of
importance for us and often A will be the K3 lattice Eg(—1)%2 @ U®3 or the orthogonal
complement Ay = ¢+ of a primitive vector £ € Eg(—1)®2 @ U®3 of positive square
(¢)? = 2d. Note that Ay ~ FEs(—1)®2@ U%®2 & Z(—2d), see Example 14.1.11. An example
with n4 = 4 is provided by the full cohomology H*(X,Z) of a complex K3 surface X.
For the necessary lattice theory, in particular all the notations, we refer to Chapter 14.

1.1. Consider the associated complex vector space A¢ := A ®z C endowed with the
C-linear extension of (. ) which corresponds to a homogenous quadratic polynomial. Its
zero locus in P(A¢) is a quadric which is smooth due to the assumption that (. ) is
non-degenerate. Consider the open (in the classical topology) subset of this quadric

D:={z eP(Ac) | (z)> =0, (z.z) >0} C P(Ac),

to which we refer as the period domain associated with A and which is considered as
a complex manifold. Note that the second condition really is well posed, as (Az.\x) =
(AN)(z.Z) and A\ € Ry for all A € C*. Also note that D itself only depends on the real
vector space Ar together with the real linear extension of ( . ).

99
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Remark 1.1. Denote by ¢, C Ac the line corresponding to a point € D. Then for
the tangent space of D at = there exists a natural isomorphism

T,.D ~ Hom({,, (:/0,).

Indeed, T,P(A¢) ~ Hom(4,, Ac/l;) and writing out the infinitesimal version of (z)? = 0
shows that T, D C T,P(Ac) consists of all linear maps ¢, — Ac /¢, with image orthogonal
to 4.

Proposition 1.2. There exists a natural bijection between D and the set of Hodge
structures of K3 type on A such that for all non-zero (2,0)-classes o:

(i) (0)* =0,

(ii) (0.0) >0,
(i) AV 1o

PRrROOF. The (2,0)-part of any Hodge structure of K3 type on A defines a line in Ac.
If the Hodge structure satisfies (i) and (ii), then the line defines a point in D. Conversely,
if a point x in D is given, then there exists a Hodge structure with ¢, as its (2,0)-
part satisfying (i) and (ii). Adding condition (iii) makes it unique. Indeed, A'! is the
complexification of the real vector subspace of Agr defined as the orthogonal complement
of the plane spanned by Re(o) and Im(c). (The plane is non-degenerate and in fact
positive definite, see below for a related discussion.) ]

Note that in the above proposition, ( . ) does not necessarily polarize the Hodge struc-
ture (see Definition 3.1.6) as we do not assume that it is definite on A N Ag.

Example 1.3. i) If X is a complex K3 surface, then the natural Hodge structure on
A = H?(X,7Z) is of the above type.

ii) Suppose ny > 2 and fix £ € A with (¢)2 > 0. Then ¢+ C A induces a linear
embedding P(¢£) C P(Ac) and the period domain associated with ¢+ is obtained as the
intersection of the period domain D C P(Ac) with the hyperplane P(¢%).

iii) As a special case of ii), consider the K3 lattice A = Fg(—1)®2 @ U®3 and let
¢ = ey + dfy, where ey, f; is the standard basis of the first copy of U. Let Ag := ¢ and

Dgq C P(Aqc) C P(Ac)

be the associated period domain. In fact, any primitive £ € A with (¢)? = 2d is of this
form after applying a suitable orthogonal transformation of A, see Corollary 14.1.10.

Remark 1.4. The period domain introduced above is a special case of Griffiths’s period
domains parametrizing (polarized) Hodge structures of arbitrary weight. See [218, ,

, 617].

1.2. The period domain D associated with a lattice A as above has two other
realizations, as a Grassmannian and as a tube domain, see e.g. | , App. Sec. 6].
Let us first consider the real vector space Ag with the R-linear extension of ( . ). The
Grassmannian Gr(2, Agr) of planes in Ag is a real manifold of dimension 2(dim Ag —2) =
2(ny +n_ —2). Let GrP(2,Agr) C Gr(2,Ar) be the open set of all planes P C Ag for
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which the restriction ( . )|p is positive definite and let GrP°(2, Ag) be the manifold of all
such positive planes together with the choice of an orientation. Thus, GrP°(2, Ag) can be
realized as a natural covering of degree two

(1.1) GrP°(2, Ar) —=GrP(2, AR).
Proposition 1.5. There exist diffeomorphisms
D == GrP°(2,Agr) = O(n4,n—)/SO(2) x O(ny —2,n_).

PROOF. Here, O(n4,n_) denotes the orthogonal group of R™+*"— endowed with the
diagonal quadratic form diag(1,...,1,—1,...,—1) of signature (ny,n_). By choosing an
identification of Ag with R™+*"~ one obtains a natural transitive action of O(n4,n_) on
GrP°(2, Ar). The stabilizer of the plane spanned by the first two unit vectors (with the
natural orientation) vy, ve is the subgroup SO(2) x O({v1, va)*) ~ SO(2) x O(ny —2,n_).

For the first diffeomorphism consider the map

D—GrP°(2,Ar), z+—=R - Re(z) ® R - Im(x).

Note that ()2 = 0 and (z.z) > 0 imply that e; := Re(x) and ey := Im(z) are orthogonal
to each other and (e1)? = (e3)? > 0. The map is well-defined as Az with A € C* defines
the same oriented plane. Conversely, an oriented positive plane P with a chosen oriented
orthonormal basis e, es can be mapped to x = ey + ies. O

Remark 1.6. Using the description of D in terms of positive planes, it is not difficult
to see that D is connected for ny > 2 and that it has two connected components for
ny = 2. In the second case, the orientation of two positive planes can be compared via
orthogonal projections. In the description of D as a subset of P(A¢) the two components
in the decomposition

D=D"UD"

can be interchanged by complex conjugation x —Z. Equivalently, for n, = 2 the covering
(1.1) is trivial, i.e. in this case GrP°(2, Ar) consists of two disjoint copies of the target.

For the tube domain realization choose an orthogonal decomposition Ag = Ug & W
for which we have to assume n_ > 0. (Shortly we also assume n4 = 2.) Consider the
coordinates on Ug corresponding to the standard basis e, f with (e)? = (f)? = 0 and
(e.f) =1. A point = € P(A¢) corresponding to ae + Bf + z € Ug @ W shall be denoted
[a: B : 2] and the associated tube domain is defined as

H = {z € W | (Im(2))? > 0}
and comes with the structure of a complex manifold in the obvious way.

Proposition 1.7. Assume ny = 2. Then the map z+—[1 : —(2)? : \/22] defines a
bitholomorphic map

H — D.
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PROOF. Let us verify that the map takes values in D. For z = (1, —(2)2,v/2z) one
finds (z)? = (e—(2)?f.e — (2)%f) +2(2)2 = 0 and (2.7) = (e — (2)*f.e —@2f) +2(z.2) =
—2Re(2)? +2(2.2) = 4(Im(2))2 > 0 for z € H.

For the inverse map consider z = [a : f : 7] € D. Suppose o = 0. Then (3,7)
corresponds to a positive plane in R- f & W, but the latter has only one positive direction.
Hence, a # 0 and we may thus assume a = 1. But then the quadratic equation for D
implies 23 + (7)? = 0 and the inequality (2.Z) > 0 yields (Im(v))? > 0. O

Example 1.8. For ny = 2 and n_ = 1 one finds the following familiar picture. In this
case we may assume We = C with the standard quadratic form and then

H=HU (-H).

The above biholomorphic map is then simply H > DT, z+—=[1: —22 : v/22].

The isomorphism becomes more interesting when the two sides are considered with
their natural actions of SL(2,Z) and O(A), respectively, see below.

Recall that H is biholomorphic to the unit disk in C. In the same vein, the period
domain DT for ny = 2 is always a bounded symmetric domain (of type IV).

1.3. The period domain D associated with the lattice A comes with a natural action
of the discrete group O(A). The action is only well behaved for ny = 2. More precisely,
the group O(A) is not expected to act properly discontinuously on D for ny > 2. In
particular, the quotient O(A)\ D is not expected to be Hausdorff for ny > 2.

Example 1.9. For a geometric inspired example for this phenomenon consider a com-
plex K3 surface X with an infinite automorphism group Aut(X). (An example can be
constructed by considering an elliptic K3 surface with a non-torsion section, see Section
15.4.2.) Then the infinite subgroup Aut(X) C O(H?(X,Z)) (see Proposition 15.2.1) is
contained in the stabilizer of the point = € D C P(H?(X,C)) corresponding to the Hodge
structure of X. See also the proof of Proposition 7.1.3 to see how bad the action can
really be.

Remark 1.10. The action of O(A) on D for ny = 2 is properly discontinuous. This
can be seen as a consequence of the following general result: If K C G is a compact
subgroup of a locally compact topological group which is Hausdorff, then the action of a
subgroup H C G on G/K is properly discontinuous if and only if H is discrete in G, see
e.g. | , Lem. 3.1.1] for the elementary proof. The example applies to our case, as for
n4 = 2 the group SO(2) x O(ny —2,n_) ~ SO(2) x O(n_) is compact (use Proposition
1.5).

Thus, for the rest of this section we shall restrict to the case ny = 2 and will consider,
slightly more generally, the action of subgroups I' C O(A) of finite index, so of arithmetic
subgroups. Recall that two subgroups I'1,I's C H are commensurable if their intersection
I’y NT'9 has finite index in I’y and I's. For an algebraic group G C GL(n, Q) a subgroup
I' € G(Q) is arithmetic if it is commensurable with G(Q) N GL(n, Z).
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We use without proof the following classical results, due to Borel respectively Baily
and Borel. See |78, Prop. 17.4], Milne’s lecture notes [406, Sec. 3| for a short review, or
Satake’s book [522, IV. Lem. 4.2].

Proposition 1.11. Let ' C G(Q) be an arithmetic subgroup. Then there exists a
(normal) subgroup of finite index T' C T' which is torsion free.

The subgroup I can be given by a congruence condition, i.e. IV :={g €' | g =id (¢)}
for some large £. A typical example of a torsion free arithmetic group is the congruence
subgroup I'(p) C SL(2,Z), p > 3, of matrices A = id (p).

The proposition can be applied to G = O(Ag) and any I' C O(A) of finite index.

Proposition 1.12. If T' C O(A) is a torsion free subgroup of finite index, then the
natural action of T' on the period domain D is free and the quotient T'\ D is a complex
manifold.

PrOOF. We use that I' acts properly discontinuous, see Remark 1.10. Therefore, the
stabilizer of any point is finite and thus trivial if I" is torsion free. Hence, the action
is free. The open neighbourhoods U of a point # € D for which gU N U = § for all
id # g € T" can be used as holomorphic charts for the image of x in the quotient. See e.g.
[406, Prop. 3.1] for a detailed proof. O

The main result in this context is however the following theorem of Baily—Borel for
which the original paper [28| seems to be the only source. We apply the theorem to the
period domain D associated with a lattice A of signature (2,n_). It is, however, valid for
arithmetic groups acting on arbitrary bounded symmetric domains.

Theorem 1.13 (Baily-Borel). If I' € O(A) is torsion free, then I'\ D is a smooth
quasi-projective variety.

For a subgroup I' € O(A) which is not torsion free the quotient I'\ D still exists as a
quasi-projective variety, but it is only normal in general. Indeed, passing to a finite index
torsion free subgroup I" C T first (cf. Proposition 1.11), one can construct the smooth
quasi-projective quotient I\ D. Then view I'\ D as a finite quotient of the smooth I\ D.

2. Local period map and Noether—Lefschetz locus

Small deformations of K3 surfaces are faithfully measured by the induced deformations
of their associated Hodge structures. This is the content of the Local Torelli Theorem
which can be phrased by saying that the local period map identifies the universal defor-
mation Def(X) of a K3 surface with an open subset of the period domain D introduced
above. (The existence of the universal deformation is a completely general fact, which is
only stated.) We shall introduce the local period map and explain why it is holomorphic.
The locus, in Def(X) or D, of those deformations that have non-trivial Picard group, the
so-called Noether—Lefschetz locus, consists of countably many smooth codimension one
subsets and we prove that it is dense. We come back to more algebraic aspects of the
Noether—Lefschetz locus in Section 17.2.
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2.1. Let f: X — .S be a smooth proper family of complex K3 surfaces X; :== f~1(¢).
For simplicity we shall mainly consider the case that S is a complex manifold (and then
X is). Usually we also assume that S (and hence X) is connected and we shall fix a
distinguished point 0 € S. Such a family is called non-isotrivial if the fibres X; are not
all isomorphic.

The locally constant system R2f,7Z with fibre H?(X;,Z) at t € S corresponds to a
representation of 71(S) on H?(Xo,Z). In particular, if S is simply connected, e.g. S a
disk in C", then R2f,Z is canonically isomorphic to the constant system H?(Xg,Z). The
same arguments apply to R?f,Q and R?f,C. Clearly, R?f.Z @7 C ~ R?f.C.

These local systems induce a flat holomorphic vector bundle R? f,Z ®7 Os ~ R?f,.C ¢
Og. Its fibre at a point ¢ € S is naturally isomorphic to H?(Xy, C) and thus contains the
line H2°(X;). These lines glue to a holomorphic sub-line bundle due to the following

Lemma 2.1. There is a natural injection f*Qi./S C R%’f,C ®c Og of holomorphic
bundles which in each fibre yields the natural inclusion H*?(X;) C H?*(Xy, C).

PROOF. This can be proved by an explicit computation (see e.g. [53, Exp. V]) or by
a more conceptual argument as follows (see e.g. [59, Ch. 3]).
First recall that on a complex K3 surface X the constant sheaf C has a resolution

C—0x— Q}( — Q_2X
In other words, C is quasi-isomorphic to the holomorphic de Rham complex

0% : (’)X‘>Q§( %Q%(
Thus, singular cohomology H*(X,C) can also be computed as the hypercohomology
HY(X,Q%) of the de Rham complex Q%. (Note that although the sheaves Q% are coher-
ent, the de Rham complex is not a complex of coherent sheaves, the differential is only
C-linear, but not Ox-linear.)

The natural Q3 [—2]—= Q% (the shift simply puts Q% in degree two) is a morphism of
complexes. The induced map HY(X, Q%) ~ H?(X, Q5% [—2]) — H?(X, C) is the inclusion
given by the Hodge decomposition.

Similarly, in the relative context of a smooth proper family of K3 surfaces f: X — S
the relative de Rham complex Q% ¢ : Ox — QL y 0% s is f ~1Og-linear and quasi-

isomorphic to f~'Og. Thus, using projection formula,
R'f,C®c Os =~ R'f.(f10s) = R f.(Q% g)-
Again, the natural Q%{/s[_Q] ﬁ\Q_.X/S is a morphism of complexes of f~!Og-sheaves and

the induced f*Q§(/S ~ RQf*(Qg(/S[fZ])ﬁR2f*Q;(/S ~ R?f,C ®c Og is the desired
inclusion of coherent sheaves. O

Remark 2.2. i) The above remarks apply more generally to smooth proper families
of complex surfaces or compact Kéhler manifolds. This leads to the notion of variations
of Hodge structures (VHS) of arbitrary weight. The case of Hodge structures of K3 type
and of Hodge structures of weight one are the only cases of interest to us.
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ii) Note that the lines H%?(X;) C H?*(Xy,C) also glue to a subbundle of R?f,C ®¢
Og of rank one. However, this inclusion does not define a holomorphic subbundle. In
fact, it is rather the quotients H?(X;,C)— H%?(X;), or more globally the natural
Q% /S‘>OX’ that should be considered. They yield a holomorphic quotient bundle

sz*(c Qc OS‘»sz*OX-

It is possible to replace the smooth S by an arbitrary complex space, the arguments
showing that f*Q?X /s C R?f,C ®c O forms a holomorphic subbundle (or, equivalently,
a coherent locally free subsheaf with locally free cokernel) can be modified to cover this
case.

2.2. Let us step back and consider the more general situation of a holomorphic
subbundle £ C qu\f 1 or rank r. The universality property of the Grassmannian says
that a subbundle of this type is obtained as the pull-back of the universal subbundle
on Gr(r, N + 1) under a uniquely determined holomorphic map S—Gr(r, N + 1). For
r = 1, the classifying map is a morphism S —=P» and the universal subbundle on PV is
O(—1) ¢ ON*! (the dual of the evaluation map). Explicitly, the image of ¢ € S in PV is
the line given by the fibre E(t) C ON*1() ~ CNFL.

In our situation of a family of K3 surfaces X — S, the holomorphic map S—=P" be-
comes the period map. For this we have to assume that S is simply connected. To simplify
notations, we also fix a marking of Xy, i.e. an isomorphism of lattices p: H?(Xo,Z) => A
with the K3 lattice A = Eg(—1)%? @ U®3. Using that S is simply connected, this yields
canonical markings for all fibres H?(X,Z) ~ H?*(Xy,Z) ~ A.

Proposition 2.3. The period map defined by
P:S—P(A¢), t|—>[<p(H2’0(Xt))]

is a holomorphic map that takes values in the period domain D C P(Ac). It depends on
the distinguished point 0 € S and the marking .

PROOF. After the discussion above, one only needs to verify that P(t) € D. But this
follows from [0 Ao =0and [oc AG > 0 for any 0 # o € H*9(X}), as was observed
already in Example 1.3. U

The differential of the period map can be described cohomologically. It is, however,
geometrically more instructive to state the result without appealing to the chosen marking
0 : H*(X0,7) == A.

Proposition 2.4 (Griffiths transversality). Under the above assumptions, the differ-
ential

dPy: ToS —=TpoyD —> Hom(H**(Xo), H**(Xo)"/H*"(X0))
can be described as the composition of the Kodaira—Spencer map TyS—= H*(Xo, Tx,)

and the natural map H(Xo, Tx,) == H'(Xo,x,) given by contraction with a chosen
00 e H>0(X,).
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PRrROOF. For the description of T'p() D, use Remark 1.1. The inclusion H L X0, 0x,) C
H?(Xy,C), given by the Hodge decomposition, yields a natural identification

HY(Xo,Qx,) == H**(Xo)*/H**(Xo)

implicitily used in the statement.
Recall that the Kodaira—Spencer map is the boundary map of the obvious short exact
sequence 0—Tx, — Tx|x, — f*Ts|x, —0, which is the restriction of the dual of

(2.1) O—>f*QS—>QX—>QX/S—>O,

where one uses f*Tg|x, ~ TpS ®c Ox,-

The result is a special case of Griffiths transversality (cf. [617, Ch. 12] or [59]) describing
the differential of arbitrary variations of Hodge structures. If R? f,C®c Og is viewed with
its natural flat (Gauss-Manin) connection V, then Griffiths transversality is the statement
that V(FP) C FP~'®Qg, which we apply to p = 2 and so V(f*Qg(/S) C Flf*(QB(/S)@)QS.
The proof in this case using spectral sequences relies on the exact sequence

(2.2) 0— f*Q5 ® O%/5[~1]— Q% /(f*0F ® Q%) — Q%5 —0,
which is a version of (2.1) for complexes. O

2.3. Next we need to recall a few general concepts from deformation theory. Let
X — 5 be a smooth proper family and Xy the fibre over a distinguished point 0 € S.
For the general theory we have to allow singular and even non-reduced base S. In the
following only the germ of the family in 0 € S plays a role and all statements have to be
read in this sense.
If ’— S is a holomorphic map sending a distinguished point 0’ € S’ to 0 € S, then
the pull-back family is obtained as the fibre product

X' =Xxg8§8 —X

l l

S — S

The family X —S is complete (for the distinguished fibre X) if any other family
X' — 5" with X} ~ X is isomorphic to the pull-back under some S’ —S. If, moreover,
the map S’ —= S is unique, then X —= S is called the universal deformation. Clearly, the
universal deformation is unique up to unique isomorphism.

The ultimate aim of deformation theory for a manifold Xy is to produce a universal
deformation X —.S with special fibre Xy. But this cannot always be achieved. If X — S
is complete, but only the tangent of the map S'—=S is unique, then X — S is called
versal. Note that a (uni)versal family X —.S might not be (uni)versal for the nearby
fibres X;. The (uni)versal deformation of a manifold Xy, if it exists, shall be denoted

X —= Def(Xy).

The main results concerning deformation of compact complex manifolds are summa-
rized by the following results, mostly due to Kuranishi and Kodaira, see [308].
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Theorem 2.5. Every compact complex manifold Xo has a versal deformation. More-
over, there exists an isomorphism TyDef(Xg) ~ H'(Xo, Tx,)-

(i) If H*(Xo,Tx,) = 0, then a smooth(!) versal deformation exists.
(ii) If H%(Xo, Tx,) = 0, then a universal deformation exists.'
(i1i) The versal deformation X — S of X is versal and complete for any of its fibres X,
if h'(Xy, Tx,) = const.

Remark 2.6. Note that the isomorphism of the given manifold Xy with the distin-
guished fibre of X — S is part of the datum. In particular, even when H°(X,, Tx,) = 0,
so a universal deformation exists, the group Aut(Xy) acts on the base of the universal
deformation Def(Xp). In particular, if Xy admits non-trivial automorphisms, then there
might exist different fibres X, X;v which are isomorphic to each other.

It is not difficult to see (cf. proof of Proposition 5.2.1) that the nearby fibres X; in a
deformation of a K3 surface X are again K3 surfaces.

Corollary 2.7. Let Xg be a complex K3 surface. Then Xg admits a smooth universal
deformation X —Def(Xy) with Def(Xgy) smooth of dimension 20.

PROOF. This follows immediately from the vanishing H%(Xo, Tx,) = H?(Xo, Tx,) =
0 and h'(Xy, Tx,) = 20, see Section 1.2.4. O

The following marks the beginning of the theory of complex K3 surfaces.’

Proposition 2.8 (Local Torelli Theorem). Let X —S := Def(Xy) be the universal
deformation of a complex K3 surface Xg. Then the period map

P:S—D C P(H*(Xy,C))
is a local isomorphism.

PrOOF. Implicitly in the statement, the base S of the universal deformation Xq is
thought of as a small open disk in C?°. In particular, S is contractible and thus simply
connected. So the period map is indeed well-defined.

Since h'(X;, Tx,) = 20, the deformation is universal for all fibres X;. Moreover, af-
ter identifying H?(X:,Z) ~ H?*(Xo,Z) the period map P (with respect to X;) can
also be considered as the period map for the nearby fibres. As D and S are smooth
of dimension 20, it thus suffices to show that dPy is bijective. By Proposition 2.4,
dPo: ToS ~ HY(Xo, Tx,) — H' (X, Qx,) is given by contraction with o: Tx, —> Qx,
and hence indeed bijective. O

IThe conditions in i) and ii) are sufficient but not necessary. For example, a Calabi—Yau manifold
can have H?(X,Tx) # 0 but still the versal deformation is smooth, due to a result of Tian and Todorov.

2Grauert in [213] for Kummer surfaces and later Kodaira in [306] attribute this result to Andreotti
and Weil, see also Weil’s report [630], and Pjateckil-Sapiro and Safarevié in [490] refer to [514, Ch. IX]
and attribute it to Tjurina.
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2.4. A deformation theory for polarized manifolds, i.e. manifolds together with an
ample line bundle, exists and yields results similar to Theorem 2.5, cf. [235, |. For
our purpose a more ad hoc approach is sufficient. Suppose X —S is the universal
deformation of a K3 surface Xy and Lg is a non-trivial line bundle on Xy. Let ¢ be its
cohomology class in H?(Xy,Z). Clearly, £ is a (1,1)-class on Xg and thus orthogonal to
the period H*°(Xj) of Xy. In other words, P(0) € DNP(¢%). In fact, an arbitrary class
0+# (€ H?(Xy,Z) is a (1,1)-class (and hence corresponds to a unique line bundle Ly on
Xp) if and only if P(0) € D NP(£%).

If for S a small open disk as before natural identifications H?(Xy,Z) ~ H*(Xo,Z) are
chosen, then the same reasoning applies to all fibres X;: The class ¢ € H?(X;,7Z) is a
(1,1)-class on X; (and hence corresponds to a unique line bundle L; on X}) if and only if
P(t) € DNP({¢). Using the Local Torelli Theorem (see Proposition 2.8), one finds that
the set of points ¢ € S in which £ is of type (1,1) is a smooth hypersurface®

Sy C S.

Over Sy the class ¢ can be viewed as a section of R? f«Z|s, that vanishes under the
projection R2f*Z\S[ — R?f.0x |5,-

Observe that for S as above, there are natural isomorphisms H?(X,7Z) ~ I'(S, R?f.7Z),
H?*(X,0x) ~ T'(S,R?f.Ox), and similarly for the restricted family X|s, —S,. Using
the exponential sequence on X |g,, one finds that over S, the class ¢ gives rise to a uniquely
determined line bundle L on X. Below the discussion is applied to K3 surfaces with a
polarization.

2.5. Let f: X—5 be a smooth proper family of complex K3 surfaces over a con-
nected base and let pg := min{p(X;) | t € S}. The Noether—Lefschetz locus of the family
is the set

NL(X/S) = {t € S | p(X) > po}.

The following result is usually attributed to Green, see [617, Prop. 17.20], and Oguiso

[468].

Proposition 2.9. If f: X — 5 is a non-isotrivial smooth proper family of K3 surfaces
over a connected base, then NL(X/S) C S is dense.

PRrROOF. It is clearly enough to consider the case that S is a one-dimensional disk.
Furthermore, we may assume that the Picard number of the special fibre is minimal, i.e.
p(Xo) = po. The assumption that the family is non-isotrivial is saying that the period map
P: S—=P(H?*(Xo,C)) is non-constant. The assertion is now equivalent to the density
of P(S)NJ¢+ in P(S), where the union runs over all classes £ € H?(Xo,Z) \ NS(Xp).
Note that P(S) C ¢+ for all £ € NS(Xy), i.e. P(S) € DNNS(Xg)*. It is not difficult to
see that indeed (D NNS(Xp)t) N J#+ is dense in D N NS(X()*, see Proposition 7.1.3.

3For (£)? = 0 the quadric in P(¢#) is singular, but S; is nevertheless smooth.
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However, the assertion here is slightly stronger. For this consider the total space of the
Hodge bundle

HY = {(a,) | @ € HY (X))} C H2(X0,C) x S

and the projection p: H'! — H?(X,,C). As P is non-constant, the holomorphic map
p is open. Hence, the image of H]llg’1 = H'' N (H%(Xo,R) x S) contains an open subset
of H?(Xo,R) as a dense subset. Eventually, use the density of H?(Xo, Q) C H?(Xo,R)
(or rather of the complements of NS(Xy)gp and NS(Xo)r) to conclude that the locus of
points (o, t) € HY with o € HY(Xy, Q) \ NS(Xo)g is dense in HY1. Therefore, also its
image in S, which is nothing but NL(X/S), is dense in S. For technical details see [617,
Sec. 17.3.4]. O

Remark 2.10. In the algebraic setting the result is often stated as follows: If f: X — .S
is a smooth proper family of complex K3 surfaces over a quasi-projective base S with
constant Picard number p(X;), then the family is isotrivial. A weaker version, assuming
the base to be projective, was proved by means of automorphic forms in [77].

In scheme-theoretic terms the result asserts that the natural specialization map

sp: NS(X5) = NS(X;)

which is injective for all t € S (see Proposition 17.2.10) fails to be surjective (even after
tensoring with Q) for a dense set of closed points ¢t € S. Here, n € S is the generic point of
S. Note that in positive characteristic the result does not hold, there exist non-isotrivial
families of supersingular K3 surfaces, see Section 18.3.4.

The Noether—Lefschetz locus is further discussed in Section 17.1.3.

3. Global period map

The approach of the previous section can be globalized, in particular allowing non-
simply connected base S. This leads to a global version of the above Local Torelli The-
orem, to be discussed in Chapter 7, and eventually to an alternative construction of the
moduli space of polarized complex K3 surfaces.

3.1. Consider a smooth proper family f: X — S of K3 surfaces over an arbitrary
base S. The locally constant system R2f,Z on S has fibres (non-canonically) isomorphic
to A = FEg(—1)®2 @ UP3. Consider the infinite étale covering

S := Isom(R%f,Z,\) — S

with fibres being the set of isometries H?(X;,Z) —> A. In other words, S—=S is the
natural O(A)-principal bundle associated with R?f,Z. In particular, S comes with a
natural action of O(A), the quotient of which gives back S.

The pull-back of f: X —.S under S—S yields a smooth proper family f: X—S
of K3 surfaces for which R2f,Z is a constant local system. Indeed, in (¢,¢) € S with
te S and ¢: H2(X;,Z) <> A the fibre of R2f,Z is canonically isomorphic to A. These
identifications glue to an isomorphism R? f*Z — A.
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The period map for f : X — S is thus well-defined and yields a holomorphic map
P:S—D C P(Ac).

Clearly, the period map is equivariant with respect to the natural actions of O(A) on the
two sides. This yields a commutative diagram

P .D

%

2.0

nN=<—-W

\D.

As was explained in Example 1.9, the action of O(A) on the period domain D associated
with a lattice of signature (ny,n_) with n4 > 2 is not properly discontinuous and hence
the quotient O(A)\D not Hausdorff. For this reason, the resulting map P: S —=O(A)\D
is difficult to use in practice. Working with polarizations improves the situation, this
shall be explained next.

3.2. Consider a smooth proper family f: X —5 of K3 surfaces and assume there
exists a relatively ample line bundle L on X. Eventually, we work with algebraic families,
i.e. X and S are schemes of finite type over C and f is regular, but the following construc-
tion works equally well in the setting of complex spaces. Via its first Chern class, the line
bundle L induces a global section ¢ € T'(S, R?f.Z). Consider the locally constant system
¢+ C R2f.7Z, the orthogonal complement of ¢ with respect to the fibrewise intersection
product. Then the fibres of £ are lattices of signature (2,19) and if in addition L is (fi-
brewise) primitive, then as abstract lattices they are isomorphic to Ag where 2d = (L;)?,
see Example 1.3, iii). For simplicity we add this assumption.

Similar to the construction above, one passes from S to the étale cover S =8 para-
metrizing isometries /- ~ Ay that extend to H?(X;,Z) ~ A. Thus, S'—>Sisa principal

O(Ag)-bundle, where

O(Ag) = {gla, | g € O(A), gler +dfi) = er +df1}.*

Extending ¢} ~ Ay to H?(X;,Z) ~ A by sending L to e; + df; defines an embedding
S’ = S. The composition Py with the period map P: S—=D takes values in Dy =
DnN P(Ad(c), SO

Py: glﬂ-Dd C P(Adc).

4Equivalently, O(Ay) is the subgroup of O(A4) of all isometries acting trivially on the discriminant,
see Section 14.2.2
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Moreover, Py is equivariant with respect to the action of O(Ag) and thus yields the
commutative diagram

(3.1) g T py D

N i

S —2> O(Ag)\Dg — O(A)\D.

Now, O(Ag) is an arithmetic subgroup of O(A4) and by Baily-Borel (see Theorem 1.13)
the quotient O(Ag)\ Dy is a normal quasi-projective variety.

3.3. Two of the main results in the theory of K3 surfaces, the surjectivity of the
period map and the Global Torelli Theorem (cf. Theorems 3.2.4, 7.5.3), can be formulated
in terms of the period maps discussed above. We shall here only state these results and
come back to their proofs in Chapter 7. Both results can be best phrased in terms of
moduli spaces of marked (polarized) K3 surfaces which shall be introduced first.

The moduli space of marked K3 surfaces N can be constructed in a rather ad hoc
manner. Maybe the most surprising aspect of the following construction, apart from its
simplicity, is that the moduli space of marked K3 surfaces turns out to be a fine(!) moduli
space, cf. Section 7.2.1.

As a set, N consists of all isomorphism classes of pairs (X, ¢) with X a K3 surface
and ¢: H?(X,7Z) > A a marking (i.e. an isomorphism of lattices). To introduce the
structure of a complex manifold on IV, one glues the universal deformation spaces of the
various K3 surfaces as follows. For any K3 surface Xy consider its universal deformation
X —=Def(Xg). A given marking ¢: H%(Xo,Z) > A induces canonically markings of
all fibres. Note that by the Local Torelli Theorem (see Proposition 2.8), the induced map

Def(X)—— D

is injective. Since X —Def(Xj) is universal for each of the fibres, the pairs (Def(Xy), ¢)
can be glued along the intersections Def(X() N Def(Yp) in D. Thus, the complex struc-
tures of the universal deformation spaces Def(Xj) for all K3 surfaces (together with
a marking) define a global complex structure on N. Moreover, since the natural map
Aut(X)—=O(H?(X,Z)) is injective for K3 surfaces (see Proposition 15.2.1), the univer-
sal families X —Def(Xj) glue to a global universal family

f: X—N
together with a marking R%f.Z —~ A. For more details see [53, Exp. XIII|.?

Warning: The moduli space N of marked K3 surface exists as a (20-dimensional) complex
manifold, but it is not Hausdorff.

SAsin the algebraic context, N represents a moduli functor, namely N': (Compl)® — (Sets), S+—=
{(f: X—=5,¢)}/~. Here, (Compl) is the category of complex spaces and f: X — S is a smooth and
proper family of K3 surfaces with marking ¢: R?f.Z —~> A (as usual, compatible with the intersection
pairing). One defines (f: X —=3S,¢) ~ (f': X' —= 8, ') if there exists an isomorphism g: X —> X'
with f'og= f and ¢’ = p o g*.
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Using the universal marking ¢: R%2f.Z —> A of the universal family f: X — N one
obtains a global period map
P: N—D C P(Ac),
which due to the Local Torelli Theorem is a local isomorphism. The following theorem
relies on the existence of (hyper)kidhler metrics on K3 surfaces (cf. Section 7.3.2), which
is discussed in Theorem 7.4.1.

Theorem 3.1 (Surjectivity of the period map). The global period map
P:N—=D
18 surjective.

Remark 3.2. In this general form, the surjectivity of the period map is due to Todorov
[598]. His argument relies on the proof of Calabi’s conjecture by Yau and previous work
of Kulikov [333] and Persson and Pinkham [489] for algebraic K3 surfaces. An alternative
argument, still using the existence of hyperkiahler metrics on K3 surfaces (of Kéahler type),
was later given by Looijenga [376]. A slightly shorter proof of the surjectivity using a
less precise description of the Kéhler cone (that generalizes to higher dimensions) can be
found in [248]. See Chapter 7 for more details.

Remark 3.3. In concrete terms, the surjectivity of the period map asserts that for
any Hodge structure of K3 type on the lattice A = FEg(—1)®2@ U®3, which is signed (i.e.
such that the pairing is positive definite on (A%Y @ A%2)R), there exists a K3 surface X
together with a Hodge isometry H?(X,Z) ~ A, i.e. if the Hodge structure is given by
x € Ac, then there exists a K3 surface X and an isometry ¢: H?(X,7Z) > A such that
o1 (x) spans H?°(X).

Note that for Hodge structures of K3 type on the lattice U®3 ~ H?(C?/T',Z) this is
much easier to achieve. Indeed, any signed Hodge structure of K3 type on the lattice
U®3 is realized by a Hodge structure on H?(T,Z) for some two-dimensional complex
torus T' = C2/T which is in fact unique up to taking its dual. This was studied by Shioda
in [560], cf. Section 3.2.4.

3.4. Similarly to the above, one can construct the moduli space Ny of primitively
polarized marked K3 surfaces of degree 2d. Points of Ny parametrize triples (X, L, ¢)
with L an ample line bundle on the complex K3 surface X and p: H?(X,Z) > A an
isometry mapping L to the distinguished class e; + df; (which, in particular, makes L a
primitive line bundle).

The arguments to construct Ny use in addition that for the universal deformation
f: X —S = Def(Xy) the restriction X|g, — S, for the class ¢ induced by some ample
line bundle Ly on Xy form the universal deformation of the pair (Xo, Lo), cf. Section 2.4.

6More formally, one may consider the functor Ny: (Compl)® — (Sets), S+ {(f: X —=5,L,©)}/~
with f: X —= S a smooth, proper family of K3 surfaces, L € Pic(X) ample on all fibres, and the
marking ¢: R?f.Z —~> A mapping the section ¢ corresponding to L to the distinguished constant
section e; + df1 of A. The equivalence relation ~ is induced by the natural notion of isomorphisms of
such triples.
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The fine moduli space Ny obtained in this way is a complex manifold which turns
out to be Hausdorff, see Section 5.2.3. Any g € O(A4) induces a natural orthogonal
transformation of A by mapping /¢ to itself. This defines an action

()(Ad) X Nd%Nda (g) (Xa W))H(X)g o SD)
Clearly, the quotient C)(Ad)\Nd parametrizes all primitively polarized K3 surfaces (X, L)
of degree 2d. The relation with the algebraic moduli spaces My is discussed in Section
4.1 below.
The global period map
Pi: Ng—= Dy C P(Ad(c)

is a local isomorphism which is compatible with the action of O(Ad). Thus, one also has
a holomorphic map Py: O(Ag)\ Ng—=O(Ag)\ Dy of complex spaces. Due to a result of
Pjateckii-Sapiro and Safarevi¢ [490], one has:

Theorem 3.4 (Global Torelli Theorem). The period maps
Pa: Ny Dy and Py: O(Ag)\Ng & O(Ag)\ Dy
are injective.
More explicitly, the Global Torelli Theorem can be rephrased as follows.

Corollary 3.5. Let (X, L) and (X', L") be two polarized complex K3 surfaces. Then
(X,L) ~ (X', L") if and only if there exists a Hodge isometry H*(X,Z) ~ H?*(X',7Z)
mapping £ to (.

As before, £ is the cohomology class of L and similarly for ¢.

Remark 3.6. i) The rough idea of the proof of the Global Torelli Theorem is as follows:
Using the Local Torelli Theorem one easily shows that Py is locally an open embedding.
In order to show that it is injective, it suffices to show that all fibres over points of a
dense subset of the image consist of a single point. In other words, it suffices to prove the
corollary for a dense set of K3 surfaces. In the original [490] and in later work, Kummer
surfaces were used to provide this set.

ii) An alternative proof was later given by Friedman [181]. He deduces the Global
Torelli Theorem for Ny from the properness of the period map and the Global Torelli
Theorem for Ny_1. Eventually he proves it for d = 1, i.e. for double planes, which had
also been studied in [242, , |.

iii) Burns and Rapoport generalized in [91] the Global Torelli Theorem from polarized
K3 surfaces to arbitrary complex K3 surfaces (of Kéhler type). It turns out that although
P: N—D is no longer injective, due to the non-Hausdorffness of N, the period map
between the quotients is indeed a bijection

(3.2) P: O(A)\N == O(A)\D.

We emphasize again that the quotient on the right hand side of (3.2) (and hence on the
left hand side as well) is badly behaved. In some sense, by passing to the quotient by
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the action of O(A) one gets rid of the non-Hausdorffness of N but creates it anew on the
quotient of D.

More in the spirit of Corollary 3.5, the Global Torelli Theorem for unpolarized K3
surfaces can also be stated as follows. Two complex K3 surfaces X and X’ are isomorphic
if and only if there exists a Hodge isometry H?(X,Z) ~ H?(X',7Z). The proof of this
will be discussed Section 7.5.5.

Warning: The period map P: N — D is surjective but not injective (it is injective only
over general points) and the polarized period map Py: Ny— Dy is injective but not
surjective. For the quotients one has

P: O(A\N —= O(A)\D

but
Pa: O(Ag)\Na — O(Ag)\ Dy

is still only an immersion.

Remark 3.7. The complement (O(Ag)\Dg) \ Im(P,) of the image can be described
explicitly as the union of all hyperplane sections | J &+, where § € Ay with (§)? = —2:

(O(A)\Da) \Im(Py) = | J o*
SEA(M)

Indeed, for z = P(X, ) € Dy, the class ¢~ 1(e; + df1) corresponds to a primitive line
bundle L on X with (L)? = 2d. By Corollary 8.2.9, there exist (—2)-curves Cj, ..., Cy, C
X such that ¢ == £(sj¢;) 0 ... 0 51¢,))(£) is nef. In fact, it is ample unless there exists
a (—2)-class & € NS(X) with (¢.0') = 0. The latter is equivalent to (£.6) = 0 for
§ = (sic,)0---081y)(0). Asz =P(X,p) =P(X,p08/0...05],)) this shows that
any class € Dg not contained in [ J 6~ is contained in the image of P;. Conversely, if the
period x € Dy of a polarized marked K3 surface (X, o, L) were contained in §+ C Dy for
some (—2)-class § € Ay, then the line bundle L would be orthogonal to the class ¢~1(6).
However, by the Riemann—Roch formula ¢~1(6) is of the form +[C] for an effective curve
C C X, contradicting the ampleness of L. For the notations s, etc., we refer to
Chapter 8.

4. Moduli spaces of K3 surfaces via periods and applications

Let us return to the construction of the moduli space of polarized K3 surfaces. For the
definition of the moduli functor My and its moduli space My see Section 5.1. We work
over C. A construction of the moduli space using the Global Torelli Theorem and the
period map has been initiated by Pjateckii—éapiro and Safarevi¢ in [ , ].7 The idea
in this setting is to construct M, as an open subvariety of the quasi-projective variety
O(Ag)\Dy. Let us explain this approach briefly.

7However, as far as I can see, the result is not actually stated as such in either of these two papers.
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4.1. We use the notation of Section 5.2.1 P(t) := dt? +2 and N := P(3) — 1
and consider the corresponding Hilbert scheme Hilb := Hilbf;s,gt)
subscheme H C Hilb (see Proposition 5.2.1) parametrizes polarized K3 surfaces (X, L)
with X &= PV and L? ~ O(1)|x. The coarse moduli space My of interest would be a
categorical quotient of H by the natural action of PGL := PGL(NN + 1) such that the
closed points parametrize the orbits.

Consider the universal family f: X — H and apply the construction of Section 3.2 to
the underlymg complex manifolds. Thus, we obtain a complex manifold H with an étale
map H — H which is the principal O(Ag)-bundle associated with ¢+ ¢ R?f,Z. Here, ¢
is the global section of R? f* induced by the first Chern class of the global Lon X—H.
The pull-back family f: X —= H comes with a natural marking R2f,Z ~ A that maps ¢
to the constant section ey + df;. Similarly to (3.1), one obtains a commutative diagram

. The universal (open)

~ P
H d

|

H T O(Ag)\ Dy

Dy

Clearly, the period map Py: H —= O(Ag)\Dy is PGL-equivariant and due to the Global
Torelli Theorem 3.4 the set of orbits H/PGL, which is nothing but O(Ag)\ Ny, injects
into O(Aq)\ Dg. Due to the Local Torelli Theorem (cf. Proposition 2.8), this describes
the set of orbits H/PGL as an open (in the classical topology) subset of the algebraic
variety O(Aq)\Dg (cf. Theorem 1.13). In order to give H/PGL itself the structure of an
algebraic variety one needs the following result due to Borel [?].®

Theorem 4.1 (Borel). If Y is a non-singular complex variety and ¢: Y —=O(Ag)\Dqg
s a holomorphic map, then ¢ is algebraic.

Remark 4.2. Usually the theorem is stated with ()(Ad) replaced by a finite index
torsion free subgroup I' € O(Ag) such that the quotient I'\ Dy is smooth, see Propositions
1.11 and 1.12. Replacing H — O(Ag)\Dy by H' = I'\H —TI'\ Dy, one can easily reduce
to this case.

Corollary 4.3. The orbit space H/PGL exists as quasi-projective variety My which is
a coarse moduli space for the moduli functor My on (Sch/C)° of primitively polarized K3
surfaces of degree 2d. Moreover, My can be realized as a Zariski open subscheme of the
quasi-projective variety My = O(Ad)\Dd.

PROOF. Since ¢: H—= My = O(Ag)\ Dy is algebraic, its image is constructible. On
the other hand, it is analytically open by the Local Torelli Theorem. Hence, it is open in
the Zariski topology. Thus, My := ¢(H) has a natural algebraic structure and its closed
points parametrize effectively all primitively polarized K3 surfaces of degree 2d.

8In [491] Pjateckil-Sapiro and Safarevi¢ attribute the result also to Kobayashi but I could not trace
the reference.
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In order to prove that M, with this definition is a coarse moduli space for M, (see
Section 5.1), one needs to construct a natural Mg—s M ; inducing the above bijection of
M (C) with (the closed points) of My. If (X, L) — S is an algebraic family of primitively
polarized K3 surfaces, first pass to the induced family of complex spaces and then use
S—>0(Ag)\ Dg as constructed in (3.1), which takes image in My. This provides a
holomorphic map S — My which, again by Theorem 4.1, is algebraic. ([l

The description of My as an open subset of the arithmetic quotient O(Ay)\ Dy allows
one to derive global information about the moduli space M,. For example, My can be
proved to be irreducible by observing that the two connected components fo C Dy are
interchanged by O(Ag4). More precisely, if Ag is written as Fg(—1)92 @ U®? @ Z(—2d),
then the isometry that interchanges the two summands of U®? has the required effect.

Corollary 4.4. For each d > 0 the moduli space My of polarized complex K3 surfaces
of degree 2d is an irreducible quasi-projective variety of dimension 19. O

The moduli space M, is not smooth, but as a consequence of the above discussion,
it can be viewed as a smooth orbifold. In the algebraic terminology, My is the coarse
moduli space of a smooth Deligne-Mumford stack, see Remark 5.4.11.

Remark 4.5. At least point wise, it is easy to see that the quotient My = O(Ay)\ Dy
can also be viewed as a coarse moduli space, namely as the moduli space of quasi-polarized
(also called, pseudo-polarized) K3 surfaces (X, L), i.e. L in this case is only big and nef.
To see this, just repeat the discussion in Remark 3.7, which can be rephrased as

My = Mg\ | Jo*.

As explained in Section 5.1.4, the corresponding moduli functor is not separated and,
for this reason, it is preferable to regard My as the moduli space of polarized ‘singular
K3 surfaces’ (surfaces with rational double point singularities whose minimal resolution
are K3 surfaces, see Section 14.0.3). And then indeed, the quasi-projective variety My =
O(Ag)\ Dy coarsely represents the corresponding moduli functor M.

4.2. As mentioned earlier, the moduli space My of polarized complex K3 surfaces,
either constructed algebraically as described in Section 5.2.2 or as a Zariski open subset
of the quotient O(Ad)\Dd as above, is a coarse moduli space only, i.e. it comes without
a universal family

In Remark 5.4.8 it was alluded to already that one can, however, find a finite cover

m: M Cllev —= My
over which a ‘universal family’ exists. In other words, there exists a quasi-projective
variety Mcllev and a polarized family

(X, L) — Mg

of K3 surfaces of degree 2d such that the classifying morphism 7 : MCIIBV%Md is finite
and surjective. Note that M Clle" is not unique but depends on the choice of a level, which
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is usually given in form of an integer ¢ > 0. Moreover, Mi,ev can be constructed as a
smooth(!) quasi-projective variety. Recall that My itself is not smooth, see Section 5.3.3.

The construction can be performed in the algebraic setting, but is most easily explained
in the complex setting using periods. First recall that in Theorem 1.13 one had to choose
a torsion free subgroup I' C O(Ad) to get a smooth quasi-projective variety I'\ Dy. The
choice of I can be made explicit as follows. Let

Iy:={g€0(Ay) | g=id(0)}

and then indeed for ¢ > 0, the group I'y is torsion free and, therefore, acts freely on Dy.

Next, the restriction of the universal family of marked K3 surfaces (X, p)—= N (see
Section 3.3) to the moduli space of marked polarized K3 surfaces Ny (see Section 3.4)
yields a universal family of marked polarized K3 surfaces (X, L, ¢) — Ny. By Theorem
3.4 the period map Ny & Dy is an open embedding. Clearly, N is preserved by the
action of O(Ay), but, more importantly, this action can be lifted to an action of O(A4) on
the universal family (X, L, ¢). For this one has to use another part of the Global Torelli
Theorem, see Section 7.5.2, saying that any Hodge isometry H?(X,Z) > H*(X',Z)
mapping a polarization to a polarization can be lifted uniquely to an isomorphism X —>
X', Restricting the action of O(Ag) to the subgroup I'y € O(Ag) yields a free action

I'yx (X,L)— (X, L)

on the universal family (X, L,p)—= Ny that lifts the action of I'; on Ng. The action
is free, simply because it is free on Ny already. Taking the quotient, yields a universal
family over the quasi-projective variety

MV =T\ Ng.

Unravelling the construction shows that M}f" parametrizes polarized K3 surfaces (X, L)
together with an isomorphism H?(X,Z/{Z) —> A ® Z/¢Z compatible with the pairing
and mapping L to the class of the distinguished class e; + df; or, equivalently, with an
isometry of the primitive cohomology H*(X,Z/{Z), ~ Ag®Z/{Z. So, M¥" is the moduli
space of polarized K3 surfaces of degree 2d with a A/¢A-level structure.

Remark 4.6. By the discussion in Section 5.4.2, it is natural to view M, as a smooth
Deligne—-Mumford stack with its coarse moduli space given by M. Now, viewing M, as
the quotient of MclleV by the action of the finite group G :== O(Ay)/Ty makes M, into the
coarse moduli space of another smooth Deligne-Mumford stack [M*/G]. The two stacks
are in fact isomorphic. Indeed, a point in [M, (lf" /G] is principal G-bundle P—T with a
G-equivariant morphism P —>M}f". The universal family over M éev can be pulled back
to yield a family Xp— P. The G-action on P can be lifted to an action on Xp and its
quotient yields a family over 7. This defines a morphism [M/G]—= M, which turns
out to be an isomorphism. Compare also the comments in Example 5.4.5 and Remark
5.4.8.
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4.3. Consider a family of polarized K3 surfaces f: X —.S over a smooth connected
algebraic variety S and the induced variation of polarized Hodge structures R?f,Z. The
image Im(p) of the monodromy representation

p: m (S, 1) —=O(H?*(X:, Q)
is the monodromy group, see as well the discussion in Section 7.5.3, and its Zariski closure
Im(p) C O(H*(X,Q))

is called the algebraic monodromy group.
As a consequence of the discussion in the previous section, we mention

Corollary 4.7. Any polarized complex K3 surface (Xo, Lo) of degree 2d sits in a smooth
family of polarized K3 surfaces (X, L)—=S over a smooth, connected, complex algebraic
variety S such that Tm(p) C O(H?(Xq,Z)) is a finite index subgroup of the subgroup
O(H?*(Xy, 7)) fizring Lo (which is isomorphic to O(Ag)).

PROOF. Indeed, take the universal family (X, L) —S := M}f" as above and consider
the induced period map M}f" —T"y\ Dy which is algebraic due to Theorem 4.1. Now use
the general fact that for any dominant morphism between smooth, connected, complex
varieties the induced map between their fundamental groups has finite cokernel. In our
situation it shows that the image of 71 (M) —=m1(T'¢\ Dy) has finite index. As my(T\
Dg) =~ T'y, which is of finite index in O(Ay), this proves the claim. O

Remark 4.8. The assertion can be improved. Indeed, as shown by Pjateckii—gapiro
and Safarevi¢ in [491, Cor. 2|, there exists a family (X, L)— S for which Im(p) equals
O(Ag) € O(H?(Xo,7Z)). The family is realized by the standard Hilbert scheme construc-
tion outlined in Section 5.2.1, so S C Hilb is an open set. The assertion then follows
from the observation that the natural O(A4)-bundle associated with R?f,Z is connected.

Due to Deligne’s theorem, see [617, Ch. 15|, the invariant part H?(X,, Q)™(®) is
the image of H2(X,Q)— H?(X;,Q), where X C X is an arbitrary smooth projective
compactification. The arithmetic analogue of the algebraic monodromy group is the group
Im(py). See Section 3.3.4 for its relation to the Mumford-Tate group MT(H?(X;,Q)).
The following result, a special case of a completely general fact due to Deligne | , Prop.

7.5] (see also André [6]), relates the Mumford-Tate group to the algebraic fundamental
group.

Theorem 4.9. For any family of polarized K3 surfaces X — S, there exists a countable
union of proper closed subvarieties S’ C S such that for t € S\ S’ the Mumford-Tate
group MT(H?(Xy,Q)) is constant and contains a finite index subgroup of the algebraic
monodromy group Im(p) and, in particular, its identity component.

PROOF. Here is a sketch of the argument. As mentioned in Section 3.3.4, the
Mumford-Tate group is the subgroup of GL(H?(X;,Q)) that fixes all Hodge classes in
H?(X;,Q)®™, for all m > 0. Thus, it stays constant for points ¢ € S for which the space
of Hodge classes on all powers X;" is minimal. Due to the result of Cattani, Deligne,
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and Kaplan [106] this is the complement of a countable union S’ C S of proper, closed,
algebraic subvarieties. For t € S\ S’ the space of Hodge classes in H?(X;,Q)®™ comes
with a polarization that is preserved by the discrete monodromy group. Thus, for each
fixed m the induced action of 71 (S, t) on the space of Hodge classes factors over a finite
group. Equivalently, a finite index subgroup of 1 (.S, t) acts trivially on the space of Hodge
classes in H2(X;,Q)®™ and its image under p is therefore contained in MT(H?(X;, Q)).
Applying this to the finite number of m needed to determine the Mumford-Tate group
proves that there exists a finite index subgroup of 71 (.S, t) such that its image under p is
contained in MT(H?(X;,Q)). O

The result confirms Zarhin’s description (see Theorem 3.3.9) of the Mumford-Tate
group of the very general polarized K3 surface as MT(H?(X,Q)) ~ O(T(X) ® Q).

4.4. We shall now explain relative versions of the Kuga—Satake construction of
Chapter 4. To start out, consider a variation of Hodge structures (VHS) of K3 type V
over S, e.g. V = R?f.Z for f: X — S a smooth family of K3 surfaces. Applying fibrewise
the Kuga-Satake construction yields a family of Hodge structures C1*(V;) of weight one
parametrized by points t € S. The first order computation in Remark 4.2.8 shows that
this indeed yields a VHS of weight one, which is denoted C17 (V). Associated with it,
there is a family of complex tori. Note however that this construction is transcendental
and so even for a family of polarized K3 surfaces (X, L)—=S and V := ¢+ C R%f.Z the
VHS C17(V) is in general not algebraic. One reason is that the fibrewise polarization Q
in Section 4.2.2 depends on the choice of positive orthogonal vectors fi, fo which might
not exist globally.

Consider now the universal family f: (X, L) — Ny of polarized marked K3 surfaces of
degree 2d over the open set Ny C Dy of the period domain Dy C P(A4c), see Theorem
3.4. Tt gives rise to the constant systems R%f.Z ~ A and ¢+ ~ A, which come with
natural VHS of weight two given by

£:9%x, C1H® O, C R*f.Z3 Oy,

The action of any torsion free subgroup I' € O(A4) on Ny naturally lifts to an action
on /*. Passing to the quotient defines a locally constant system also called V on I'\ Ny
which still carries a VHS. As explained before, the action of I' lifts naturally to an action
on the total space of the family f: X — Ny. Hence, there exists also a universal family
over I'\ Ny inducing V. In any case, with V' over I'\ N; one associates the VHS of weight
one C17(V) as above. Alternatively, one can obtain C17 (V) as the quotient of the VHS
CIt(A,) on Ny by the natural action of T'. If instead of V one uses the VHS V(1) of
weight zero, one obtains a VHS of weight zero C17(V (1)).

However, if we now assume that there exists a torsion free subgroup I' C Spin(Agg) N
CIT(Ag) with 7: T' = T under 7: Spin(V) —=SO(V) (see Remark 4.2.1), then there
exists another VHS of weight one on I'\ Ny that is algebraic. Indeed, instead of taking
the quotient of C1T(A,) by I one takes its quotient by I acting by left multiplication. As
the polarization @) (depending on the choice of positive orthogonal vectors fi, fo € Ag) is
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preserved under left multiplication, the quotient by this action defines a polarized VHS of
weight one on I'\ Ny = I"\ Ny which corresponds to a family of polarized abelian varieties

(4.1) a: A—T"\ Ny,

i.e. R'a,Z ~T\CI*(A,). Note that this family of polarized abelian varieties is not only
holomorphic, but due to Theorem 4.1 (or rather the analogous version for the moduli
space of abelian varieties) in fact algebraic.

Observe that the two VHS R'a.Z and C1* (V) are fibrewise (non-canonically) isomor-
phic. Note also, that the right action of C' := CIT(A4)°P, see Section 4.2.4, commutes
with the left action of I and, therefore, descends to an action of the (constant) Z-algebra
C on the VHS R'a.Z or, equivalently, on the abelian scheme (4.1).

The second reason for using the lift T to define a is that only with this definition one
obtains the family version of (2.9) in Section 4.2.4:

(4.2) CIT(V(1)) ~ End(R'a.7Z),

which should be read as an isomorphism of VHS of weight zero and in particular of the
underlying locally constant systems.

Let us, for a moment, think of the local systems in (4.2) as representations of 1 (I'\Ny)”
on the fibres C1T(H?(X¢, Z(1))p) and Ende (CI1 (H? (X4, Z),)) for some fixed t € N. Then
the observation in Section 4.2.4 that (2.9) there is compatible with the action of CSpin
and the fact that by construction the monodromy action factorizes over CSpin imply
that (2.9) is indeed invariant under the monodromy action. It therefore corresponds to

an isomorphism of the local systems in (4.2) as claimed.

Proposition 4.10. Let V be a polarized VHS of K3 type over a smooth complex variety
S, e.q. V. =1{+ C R?f.7Z for a polarized family of K3 surfaces (X,L)—=S.

Then there exist a finite étale cover S'—=S, an abelian scheme a: A—=S', and an
isomorphism of VHS of weight zero over S’

CI* (Ve (1)) = Endo(R'a,2),

where C is the constant Z-algebra C1T(V;)°P.

PROOF. We shall give the proof in the geometric situation, so that we can use the
notation introduced before, and follow the approach in Section 4.2.

We have to choose a finite index subgroup I of Ty := {g € O(Aq) | g = id (£)}. Such
a I' is torsion free for £ > 0 and we can consider the finite étale cover S’ —= S obtained
as the quotient by I' of the étale cover of S that over ¢ € S parametrizes all isometries
H?(Xy,Z)p ~ Ag4. Then the classifying morphism S’ —I'\Ny is well-defined and algebraic
due to Borel’s Theorem 4.1.

Now let T' C Spin(Agg) N CI*(A4) be the subgroup of all § with § = id (¢). Then
7: T =% I and so we can pull-back (4.1) and the isomorphism (4.2). O

9which factors via T", as the construction could have been performed over D,.
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In general, we cannot expect A to exist over S, passing to the finite étale cover S’ —= S
really is necessary. Also note that the abelian scheme a: A—=S’ is very special as it
comes with complex multiplication provided by the action of C.

5. Appendix: Kulikov models

The moduli space of polarized (or just quasi-polarized) K3 surfaces is not proper and
it is an important and interesting problem to compactify it naturally, for example by
allowing singular degenerations of K3 surfaces. The easiest case are one-dimensional
degenerations. This leads to the notion of Kulikov models. In this appendix we survey
the theory of Kulikov models and mention a few additional results.

5.1. Consider a one-dimensional degeneration of K3 surfaces. More precisely, let
X—AcCC

be a proper, flat, surjective morphism from a smooth threefold X to a one-dimensional
disk A such that all fibres Xy, t # 0, are K3 surfaces, and so in particular are smooth.
The central fibre Xy can be arbitrarily singular, reducible, and even non-reduced.

A modification of X — A is a family of the same type X’—=A (so in particular X’
is smooth), such that there exists a birational morphism X — — > X', which is compat-
ible with the projections to A and an isomorphism over A*. The degeneration is called
semistable if the special fibre X is reduced with local normal crossings.

After base change A — A, z+—> 2", every degeneration X — A admits a modification
that is semistable. This is a consequence of a general result for degenerations of smooth
varieties due to Mumford [288, Ch. II]. Most of it follows from Hironaka’s resolution
of singularities, the hard part is to get the central fibre reduced. Note that Mumford’s
result actually yields a semistable degeneration such that the irreducible components of
Xo = JY; are smooth, i.e. X has strict normal crossing. However, this property may
not survive the next step.

If X — A is already semistable and we assume in addition that the irreducible compo-
nents Y; of the central fibre Xy = (JY] are algebraic or, at least, Kahler, then, according
to Kulikov [335]| and Persson-Pinkham [489], the situation can be improved further.

Theorem 5.1. Any semistable degeneration X — A of K3 surfaces admits a modifi-
cation f': X' —= A with trivial canonical bundle wx:.

The new family X’ — A is called a Kulikov model of the original degeneration and one
would like to describe its central fibre.

5.2. The special fibre of a Kulikov model can be classified according to the following
result due to Kulikov [333], Persson [487], and Friedman—Morrison [185].

Theorem 5.2. Let X — A be a Kulikov degeneration. Then the central fibre Xg is of
one of the following three types:

I X is a smooth K3 surface,
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II Xy is a chain of elliptic ruled surfaces Y; with rational surfaces on either end and
such that the curves Dy :=Y; NYj, i # j, are (at worse nodal) elliptic, or

III Xy is a union of rational surfaces Y; such that for fized i the curves Dy; == Y;NY; C
Yi, j # 14, form a cycle of (at most nodal) rational curves on'Y; and such that the
dual graph of Xo = JY; is a triangulation of S>.

Without the assumption that the components are Kéahler, other types of surfaces can
occur as irreducible components of the central fibre X, see [455]. Also note that already
for type I the Kulikov model need not be unique. For example, any (—2)-curve in the
smooth central fibre X with normal bundle O(—1)®2 in X can be flopped (Atiyah flop),
which results in a non-isomorphic Kulikov model. The same phenomenon may cause the
Kulikov model to be non-algebraic, cf. [229] for another example. See the article by
Miranda and Morrison [413] for more on normal forms of the special fibre for type II and
I11.

Type I and IT are viewed as the easy cases, see [185], so attention has focused on type I11
degenerations. For example in | y |, Friedman, together with Scattone, addresses
the question whether any Xy as in type III with additional combinatorial requirements
on the self-intersections (D;;)% can be smoothened to a degeneration of K3 surfaces. See

Y;
also [349].

5.3. Each degeneration X — A induces a monodromy representation
p: 7~ 1 (A% 1) —O(H*(Xy, 7)),
see Section 4.3. It is described by the action of a simple loop around the origin
T: H*(X;,Z) == H*(X;,7),
the monodromy operator, which is known to be quasi-unipotent [ , Thm. 3.1], i.e.
(T —id)" =0

for some m,n > 0, which are chosen minimal. For example, for the family X —A
obtained by smoothening an A;-singularity (see the proof of Proposition 7.5.5), the mono-
dromy T is the reflection ss with § the cohomology class corresponding to the exceptional
(—2)-curve over the singularity. In this case, m = 2 and n = 1. In general, if the
degeneration is semistable, then m =1, i.e. T is unipotent.

Observe that, if T is the monodromy operator for a family X — A, then 7™ is the
monodromy operator for the family obtained by base change A— A, z+—=z". Hence,
after base change, the monodromy becomes unipotent.

The next result determines the type of the Kulikov model in terms of the integers m
and n, cf. [240, |. We let X — A be a one-dimensional degeneration of K3 surfaces
with monodromy satisfying (7" — id)"™ = 0 such that m,n > 0 are minimal.

Theorem 5.3. There exists a modification which is a Kulikov model if and only if the
monodromy is unipotent, i.e. m = 1. For a Kulikov model X — A, so m = 1, the central
fibre Xo is of type 1 if n =1, of type 11 if n = 2, and of type 111 if n = 3.
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Note that it is not true in general that degenerations with trivial monodromy can

be filled in smoothly, see [179] for a counterexample using quintics in P3. So, from
this perspective, already the first assertion is not trivial. In fact, the historically first
approach, due to Kulikov [334], to prove the surjectivity of the period map (cf. Theorem

7.4.1) was based on degenerations and relied on this fact. Roughly, it is enough to show
that any smooth family of K3 surfaces X* — A* with trivial monodromy can be filled
in smoothly. The approach via twistor lines presented in Chapter 7, although using the
deep fact that K3 surfaces admit Ricci flat Kéhler metrics, seems conceptually cleaner.

5.4. For the compactification of the moduli space of polarized K3 surfaces, however,
a version of the above is needed that takes polarizations of the smooth fibres Xy, t € A*,
into account. This was initiated by Shepherd-Barron [550] (see also [350, Thm. 2.8 &
2.11]) who showed that a Kulikov model X — A with a line bundle L on X that induces
a quasi-polarization L; on all X;.o can be modified to yield a family X'— A together
with a line bundle L’ that is also nef on the special fibre. However, the new family may
not be a Kulkov model any longer. The singularities of the special fibre X|| have been
studied in [313] for arbitrary surfaces. In the language of the minimal model program
one strives for the relative log canonical model of the pair (X, L) and so the central fibre
will have semi log canonical surface singularities.

For low degree this has been investigated further in | , , R R , ,

|. Global aspects leading to partial compactifications of the moduli space of polarized
K3 surfaces by log smooth K3 surfaces have been studied by Olsson [478]. The compari-
son between the various compactifications using GIT, periods, etc., is very intricate even
in low degrees.

The semistable MMP in positive characteristic plays a crucial role in Maulik’s proof
of the Tate conjecture [396]. The paper by Liedtke and Matsumoto [372] studies the
situation in mixed characteristic, in particular proving an arithmetic analogue of Theorem
5.3 detecting whether a K3 surface has good reduction.

References and further reading:

O’Grady in [462] proves that the rank of the Picard group (or more precisely the rank of its
image in H?) of My := O(Ag)\Dg, of which one should think as the moduli space of quasi-polarized
K3 surfaces (see Remark 4.5), can be arbitrarily large. The more recent article of Maulik and
Pandharipande [397] investigates so called Noether—Lefschetz loci which produce explicit divisors.
Li and Tian in [359] and, more generally, Bergeron et al in [58] prove that Pic(My) ~ H?(My, Q)
for all d and that the Noether—Lefschetz divisors generate the cohomology.

Dolgachev in [148] gives a description of the moduli space of lattice polarized K3 surfaces as
an arithmetic quotient of an appropriate period domain. We also highly recommend the lectures
by Dolgachev and Kondo [152].






CHAPTER 7

Surjectivity of the period map and Global Torelli

We present a proof of the Global Torelli Theorem that is not quite standard. It is
inspired by the approach used in higher dimensions, see the Bourbaki talk [257] on
Verbitsky’s paper [609]. On the way, we prove the surjectivity of the period map, also
deviating slightly from the classical arguments.

Starting with Section 3, we use that every complex K3 surface is Kéhler, a deep result
due to Siu and Todorov. The reader may also simply add this as a condition to the
definition of a K3 surface. More importantly, we make use of the existence of Ricci-flat
metrics on K3 surfaces (see Theorem 3.6 and also Theorem 9.4.11), which is a consequence
of the Calabi conjecture proved by Yau.

1. Deformation equivalence of K3 surfaces

Using the Local Torelli Theorem (see Proposition 6.2.8), one proves that all complex
K3 surfaces are deformation equivalent, and hence diffeomorphic, to each other.

1.1. Two compact complex manifolds X; and X are deformation equivalent if there
exists a smooth proper holomorphic morphism X — B such that:

(i) The (possibly singular) base B is connected.
(ii) There exist points t1,t2 € B and isomorphisms X;, ~ X; and X, ~ Xo.

By the theorem of Ehresmann, any two fibres of X — B are diffeomorphic. Thus,
deformation equivalent complex manifolds are in particular diffeomorphic. The converse
is in general not true, i.e. there exist diffeomorphic compact complex manifolds which are
not deformation equivalent. However, producing explicit examples is not easy.!

For K3 surfaces, all topological invariants like Betti numbers and intersection form are
independent of the particular K3 surface. In fact, even the Hodge numbers h??(X) do
not depend on X. This may be seen as evidence for the following theorem of Kodaira
[306, Thm. 13|, which in particular shows that all complex K3 surfaces can be realized
by some complex structure I on a fixed differentiable manifold M of dimension four, for
example the differentiable manifold underlying a smooth quartic in P3.

Theorem 1.1. Any two complexr K3 surfaces are deformation equivalent.

1y fact, two diffeomorphic algebraic surfaces which are not of general type are deformation equiva-
lent, see [184]. However, this does not hold any longer for surfaces of general type. For simply connected
counterexamples see [105].

125
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The theorem can also be seen as a consequence of the much harder Global Torelli
Theorem, see Remark 6.3.6. Moreover, the description of the moduli space of polarized K3
surfaces as in Corollary 6.4.3 shows that any two polarized K3 surfaces (X1, L1), (X2, L2)
are deformation equivalent in the sense that they are isomorphic to fibres of a polarized
smooth family over a connected base.

Remark 1.2. Note that the theorem does not immediately yield the analogous result
for algebraic K3 surfaces in positive characteristic, because smooth families might acquire
singularities under reduction modulo p. It is known, however, that the moduli space of
polarized K3 surfaces of fixed degree 2d is irreducible for p? { d, due to work of Madapusi
Pera [385]. In order to connect K3 surfaces of different degrees, one would need to prove
the existence of K3 surfaces (over a fixed algebraically closed field) admitting polarizations
Ly, Ly with given 2d; = (L1)? and 2ds = (Lo)?.

1.2. Before presenting a proof of Theorem 1.1, we need a general density result
which is useful in many other situations as well. It is closely related to the density of the
Noether—Lefschetz locus, see Proposition 6.2.9.

In the following, A denotes the K3 lattice A := Eg(—1)®2 @ U®3 and D C P(A¢) is the
period domain as introduced in Section 6.1.1.

Proposition 1.3. Let 0 # a € A. Then the set

U setnp)= J g nD

geO(A) 9€O0(A)

1s dense in D.

PROOF. We use the following observation: Let A = A’ & U be any orthogonal de-
composition and let (e, f) be a standard basis of the hyperbolic plane U. For B € A’
with (B)? # 0 we define the ‘B-field shift’ ¢ € O(A) by ¢p(f) = f, ¢nle) =
e+ B — ((B)?/2)- f, and pp(z) = x — (B.x)f for x € A’. It is easy to see that in-
deed with this definition ¢ € O(A). This corresponds to multiplication by exp(B) as
introduced in Section 14.2.3.

Observe that for any y € Ag one has
lim ¢fy) = [f] € P(AR)

k—>o0

whenever the A’-component 3’ of y is either trivial or satisfies (B.y’) # 0. Hence, the
closure O of the orbit O(A) - [a] C P(Ag) contains an isotropic vector. In other words,
for the closed set Z C P(Ag) of all isotropic vectors up to scaling, one has O N Z # ().

It is enough to show that for any point in D corresponding to a positive plane P C Agr
there exists an automorphism g € O(A) such that g(a) is arbitrarily close to P*. Indeed,
in this case there exists a subspace W C Ag of codimension two and signature (1,19),
which is close to P+ and contains g(@) and, therefore, the point in D corresponding to
W+ is contained in g(a)* and close to the point corresponding to P.

Since P contains some isotropic vector v € Pt, so [v] € Z, it suffices to show that Z
not only intersects the closure O of the orbit O(A) - [a], but that in fact Z C O and so in
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particular [v] € O. However, O N Z is closed and O(A)-invariant. It therefore is enough
to prove that for any (one would be enough) [y] € Z the O(A)-orbit O, := O(A) - [y] is
dense in Z. This is proved in two steps.

i) The closure O, contains the subset {[z] € Z | z € A}. Indeed, for any primitive
x € A with 22 = 0 one finds an orthogonal decomposition A = A’ @ U with = = f,
where (e, f) is a standard basis of the hyperbolic plane U, cf. Corollary 14.1.14. As we
have observed above, lim ¢[y] = [f] = [z] if B € A" is chosen such that (B)? # 0 and
(B.y') # 0. Hence, [z] € O,

ii) The set {[z] € Z | z € A} is dense in Z. Indeed, if we write A = A’ @ U as before,
then the dense open subset V C Z of points of the form [2/ + e+ f] with A € R, 2’ € A,
can be identified with the affine quadric {(z/,\) | 2\ + (2/)? = 0} C Ag x R and thus is
given as the graph of the rational polynomial map Ay —R, '+ — (2/)?/2. Therefore,
the rational points are dense in V.

Combining both steps yields the assertion. U

1.3. We are now ready to give the proof of the theorem.

PROOF OF THEOREM 1.1. We follow the arguments given by Le Potier in [53, Exp.
VI|. The first step consists of showing that a K3 surface X with Pic(X) generated by a
line bundle L of square (L)? = 4 is a quartic surface, see Example 2.3.9.

Next, one shows that for any K3 surface Xy one of the fibres of its universal deformation
X —Def(Xy) has a Picard group of the above form. Since the base Def(Xy) is by
definition only the germ of a complex manifold, this result actually says more, namely
that any K3 surface is arbitrarily close to a smooth quartic in P3.

Fix an isometry H?(Xg,Z) ~ A. Then, by the Local Torelli Theorem, Proposition
6.2.8, the period map P: Def(Xy)—D C P(Ac¢) is a local isomorphism. Now apply
Proposition 1.3 to a primitive @ € A with (a)? = 4 to conclude that there exists a
primitive class £ € A with (£)? = 4 and such that P(Def(Xo))N¢+ # 0. As P(Def(Xo)) C
D is open, the Picard group of the fibre X; over the very general point t € P(Def(Xg))N¢+
is generated by ¢ (using the natural isometry H?(Xy,Z) ~ H*(Xo,Z) ~ A). Hence, X;
is a quartic.

To conclude the proof, it suffices to observe that any two smooth quartics in P? are
deformation equivalent, as smooth quartics are all parametrized by an open and hence
connected subset of |Ops(4)]. O

As explained in Remark 1.3.6, it is easy to show that the profinite completion of 7 (X)
of a complex K3 surface (or the algebraic fundamental group of an algebraic K3 surface
over a separably closed field) is trivial. This is strengthened by

Corollary 1.4. Every complex K38 surface is simply connected.

ProOOF. This is a consequence of standard Lefschetz theory. Morse theory can be
used to show that the relative homotopy groups m;(M, X) are trivial for i < dim(M),
when M is a compact complex manifold and X C M is the zero set of a regular section
of an ample line bundle on M, see e.g. Le Potier’s talk [53, Exp. VI|. This can then be
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applied to the case of a quartic X C P3 to obtain m3(P3, X) = 0. The latter implies
the injectivity of the natural map (X )&= 7 (P3). Since P? is simply connected, this
proves the result. ]

2. Moduli space of marked K3 surfaces

We first recall notions from the previous chapter, most importantly the notion of the
moduli space of marked K3 surfaces. This space is not Hausdorff and we discuss its
‘Hausdorff reduction’ in Section 2.2.

2.1. By definition, see Section 6.3.3, the moduli spaces of marked K38 surfaces

N ={(X,9)}/~

parametrizes marked K3 surfaces (X, ¢) up to equivalence. A marking p: H?(X,Z) ~>
A is an isometry between H?(X,Z) with its intersection form and the K3 lattice A =
Eg(—1)®2 @ UP3. Two marked K3 surfaces (X, ) and (X', ') are equivalent, (X, ) ~
(X', ¢"), if there exists a biholomorphic map g: X > X’ such that p o g* = ¢.

The moduli space N has the structure of a 20-dimensional complex manifold, obtained
by gluing the bases of the universal deformations X — Def(X) for all K3 surfaces Xj.
In particular, the Def(X() form a basis of open sets in N.

Also recall that the local period maps glue to the global period map

P: N—DC P(Ac),

where D = {x € P(A¢) | ()2 =0, (x.Z) > 0} is the period domain. The period map is a
local isomorphism, which turns out to be surjective on each connected component of V.

Two words of warning. Firstly, IV is a complex manifold but it is not Hausdorff. Sec-
ondly, it is a priori not clear that the universal families X —Def(Xy) and Y — Def(Y))
glue over the intersection Def(X() N Def(Yy) in N. Of course, one would like to have
a universal family (X, ¢)—= N and it does exist, but in order to glue the local families
one uses that non-trivial automorphisms of K3 surfaces always act non-trivially on the
cohomology, cf. Section 6.3.3 and Proposition 15.2.1.

2.2. Using the period map, the moduli space N can be ‘made Hausdorff’. This
slightly technical procedure was introduced by Verbitsky in the context of general compact
hyperkéahler manifolds. The result can be phrased as follows.

Proposition 2.1. The period map P: N—D C P(A¢) factorizes uniquely over a
Hausdorff space N, i.e. there exists a complex Hausdorff manifold N and locally biholo-
morphic maps factorizing the period map:

P:N—N-—=D,

such that (X, ), (X', ¢') € N map to the same point in N if and only if they are insepa-
rable points of N.
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A complete and elementary proof can be found in the Bourbaki talk [257]. Note
however that the general notion of a ‘Hausdorff reduction’ of a non-Hausdorff manifold is
not well-defined. In fact, Proposition 2.1 relies on a result that describes the consequence
of (X, ), (X', ¢') being non-separated geometrically.

Proposition 2.2. Suppose (X, ), (X', @) € N are distinct inseparable points. Then
X ~ X" and P(X,p) = P(X',¢') is contained in o’ for some 0 # o € A.

PROOF. The second assertion is equivalent to p(X) = p(X’) > 1, see Remark 3.8.
The composition ¢ :== ¢~ oy’ : H*(X',Z) =~ H?*(X,Z) is a Hodge isometry that is not
induced by an isomorphism X’ > X as otherwise (X, ) = (X', ¢) as points in N.
Moreover, 1) preserves the positive cone, i.e. ¥(Cx/) = Cx, as the only other possibility
¥(Cx/) = —Cx contradicts the assumption that the two points are inseparable, see the
arguments below. For the definition of the positive cone see Remark 1.2.2 and Section
8.1.1.

If one had proved already that any Hodge isometry that preserves the Kahler cone, i.e.
P(Kxr) = Kx, is induced by an isomorphism (see Theorem 5.3), then one could conclude
that Ky is strictly smaller than Cx. By Theorem 8.5.2 this would imply the existence of
a (smooth rational) curve C' C X and, therefore, p(X) > 1. Alternatively, one could use
Proposition 3.7.

However, the description of isomorphisms between X and X’ in terms of Hodge isome-
tries preserving the Kéhler cone is better seen as a part of the Global Torelli Theorem
we want to prove here.

So, in order not to turn in circles, one rather proves the assertion directly by a degene-
ration argument that was first used by Burns and Rapoport in [91]. The following sketch
is copied from [248, Thm. 4.3] and [257, Prop. 4.7|. One first constructs a bimeromor-
phic correspondence between X and X’ roughly as follows. By assumption, there exists
sequence t; € N converging simultaneously to (X, ¢) and to (X', ¢’). For the universal
deformations of X and X’ this corresponds to isomorphisms g¢;: Xy, QX{Z, compatible
with the induced markings of X, and Xj.. The graphs Iy, converge to a cycle

FOOZZJFZY@chX’

of which the component Z defines a bimeromorphic correspondence and the components
Y; do not dominate X or X’. As X and X’ are minimal surfaces of non-negative Kodaira
dimension, the bimeromorphic correspondence Z is in fact the graph of an isomorphism
X ~ X’'. Now, either the ¥; do not occur, and then (X, ¢) ~ (X', ¢’) via Z, or their
images in X and X’ yield non-trivial curves and hence p(X) = p(X’) > 1. O

3. Twistor lines

We start with a discussion of twistor lines in the period domain D and show later how
they can be lifted to curves in the moduli space N.
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3.1. For the following, A can be any lattice of signature (3,b — 3).
A subspace W C Ag of dimension three is called a positive three-space if the restriction
of (. ) to W is positive definite. To such a W one associates its twistor line

Tw = D NP(We),

which is a smooth quadric in P(W¢) ~ P2. Hence, as a complex manifold Ty ~ P

Two distinct points x,y € D are contained in one twistor line if and only if their
associated positive planes P(z) and P(y) span a positive three-space (P(z), P(y)) C Ag.
Here we use the interpretation of D as the Grassmannian of oriented positive planes, see
Proposition 6.1.5.

A twistor line Ty is called generic if W N A = 0 or, equivalently, if there exists a
vector w € W with w® N A = 0 or, still equivalently, if there exists a point x € Ty with
zt N A = 0. In fact, if W is generic, then z+ N A = 0 for all except countably many
points z € Tyy.

Definition 3.1. Two points z,y € D are called equivalent if there exists a chain of

generic twistor lines Ty, , ..., Tw, and points x = x1,..., 711 = y with z;, x;41 € Twy,.

The following rather easy observation suffices to prove the global surjectivity of the
period map, see Section 4.1.

Proposition 3.2. Any two points x,y € D are equivalent.

PRrOOF. We follow Beauville’s account in [53]. Since D is connected, it suffices to
show that every equivalence class is open.

Consider « € D and choose an oriented basis a, b for the corresponding positive plane,
ie. P(z) = (a,b). Pick ¢ such that (a,b,c) is a positive three-space. Then for any
(a’,b') in an open neighbourhood of (a,b) the spaces (a,b’,c) and (a’,b,c) are still
positive three-spaces. Let Tp,T5, and T3 be the twistor lines associated with (a, b, c),
(a,V/,c) and (a/,V, c), respectively. Then P(x) = (a,b), (a,c) € T1, (a,c), (V/, c) € Ty, and
(b',c),(a’,b) € T5. Thus, z and (a’,V’) are connected via the chain of the three twistor
lines 11,715, and T3.

Ty

If we choose in the above argument ¢ such that ¢ N A = 0, then the twistor lines
associated with the positive three-spaces (a,b,c), (a,V,c), and {(a/,V,c) are all generic.
Hence, x and the period corresponding to (a’,b’) are equivalent. ]
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In order to prove that the period map is a covering map, which eventually leads to the
Global Torelli Theorem, one also needs a local version of the surjectivity (cf. Section 4.2)
which in turn relies on a local version of Proposition 3.2.

In the following, we consider balls in D and write B C B C D when B is a closed ball
in a differentiable chart in D. In particular, B is the open set of interior points in B.

Definition 3.3. Two points 2,y € B C B C D are called equivalent as points in B if

there exist a chain of generic twistor lines Ty, ..., Ty, and points z = x1,..., 241 =

k
y € B such that z;,z;;1 are contained in the same connected component of Ty, N B.

The proof of Proposition 3.2 can be adapted to prove the following local version. Only
this time nearby points are connected by a chain of four twistor line. We refer to | ,
Prop. 3.10| for details.

Proposition 3.4. For a given ball B C B C D any two points x,y € B are equivalent
as points in B.

A much easier and intuitively rather obvious result is the following [257, Lem. 3.11].

Lemma 3.5. Consider a ball B C B C D. Then, for any point v+ € OB = B\ B
there exists a generic twistor line x € Tyy C D with x € (B NTw). In other words, the
boundary of B can be connected to its interior by means of generic twistor lines.

3.2. To use twistor lines geometrically, the existence of hyperkdhler metrics is cru-
cial. The next result is a consequence of Yau'’s solution to the Calabi conjecture (cf.
Theorem 9.4.11) for which no easier or more direct proof for the case of K3 surfaces is
known. There are however various proofs available for the fact that K3 surfaces are al-
ways Kéahler. The gaps in the original proof of Todorov [598] were filled by Siu in [568].
The result completed the proof of a conjecture by Kodaira that any compact complex
surface with even Betti number is Kéhler. A more direct proof of Kodaira’s conjecture,
not relying on the Kodaira classification of surfaces, was later given by Buchdahl [8&]
and independently by Lamari [344] both relying on results of Demailly on smoothing
of currents. Since b1(X) = 0 for complex K3 surfaces (see Section 1.3.2), their result
provides a new proof for the fact that K3 surfaces are Kahler.

For the following it is useful to think of a K3 surface X as a differentiable manifold M
endowed with a complex structure I € End(T'M).

Theorem 3.6. For any Kdhler class o € H*(X,R) there exists a Kdhler metric g and
complez structures J and K such that:
(i) The metric g is Kdhler with respect to the three complex structures I, J, and K.
(i) The Kdhler form wr == g(I , ) represents «, i.e. [wr] = a.
(i1i) The complex structures I, J, and K satisfy the usual relations K =IoJ = —Jol.

In fact for each (a,b,c) € S% also A = al + bJ + cK is a complex structure on M with
respect to which g is Kéhler. The corresponding Kéhler form is wy := g(A , ) and there
exists a natural non-degenerate holomorphic two-form oy on (M, \), e.g. 07 = wi + iwy.
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Thus, one obtains a family of K3 surfaces (M, \) parametrized by points (a, b,c) € S? ~
P'. This can indeed be put together to form a holomorphic family as follows. Let I be
the endomorphism of the tangent bundle of M x P! defined by

I: T,, M & T\P' —T,,M & T\P', (v,w)—(A(v), Ip1 (w)).

Then I is an almost complex structure which can be shown to be integrable, see [241].
The complex threefold obtained in this way is denoted X' (). The second projection
defines a smooth holomorphic map

X(a)—=T(a) =P

which is called the twistor space associated with the Kéhler class a. By construction, the
fibre over A is the K3 surface described by (M, \).

Since X' () as a differentiable manifold is simply M x P!, any marking ¢: H?(X,7Z) >
A of X = (M, I) extends naturally to a marking of all fibres (M, \). Thus, the period map
defines a holomorphic map P: T(a)—D C P(Ac¢). In fact, the period map identifies
T(a) = P! with the twistor line Ty, C D associated with the positive three-space
We = (i, [Re()], m(o)]) = p(R - a @ (H20(X) & HO2(X))g), ie.

P: P~ T(a) == Ty, C D.

We shall need a converse to this observation, i.e. a result that describes twistor lines
in D that can be realized in this way. In particular, one wants to know which classes in
H?(X,R) are Kéhler. A complete answer to this question is known and is discussed in
Chapter 8, but for our purposes here the following result is sufficient.

Suppose X is a K3 surface which we assume to be Kéhler. Then the Kdhler cone
Kx € HY(X,R) of all Kihler class is contained in the positive cone Cx:

Kx CCx C Hl’l(X,R),

which is the distinguished component of the set {a € HM(X,R) | (a)? > 0} that contains
one Kéhler class (and hence in fact all), cf. Section 8.5.1. The algebraic analogue of the
positive cone was defined in Remark 1.2.2. The Ké&hler cone plays the role of the ample
cone in our setting.

Proposition 3.7. If Pic(X) = 0, then any class « in the positive cone Cx is Kdhler:
p(X) =0 = /CX :C)(.

PRrROOF. This can be seen as a consequence of a deep theorem due to Demailly and
Paun [145]: For any compact Kihler manifold X the Kéhler cone Ky ¢ H%' (X, R) is
a connected component of the cone of classes a € H'!(X,R) defined by the condition
I a® > 0 for all subvarieties Z C X of dimension d > 0.

Clearly, if X is a K3 surfaces, only curves and X itself have to be tested. However,
for Pic(X) = 0, there are no curves in X and only the integral for Z = X has to be
computed. But this condition reads (a)? > 0, i.e. +a € Cx. O
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There are more direct approaches to the above due to Buchdahl [88] and Lamari [344]
as well as more complete results describing the Kéahler cone for any K3 surface, see
Theorem 8.5.2.

Remark 3.8. If the period of a K3 surface X is known, then it is easy to decide
whether Pic(X) = 0. In fact, if x = P(X, ), then Pic(X) # 0 if and only if there
exists a class 0 # a € A with z € at. Indeed, = 1(a) € H?(X,Z) is a (1,1)-class (or,
equivalently, is contained in NS(X) = HY(X) N H?(X,Z)) if and only if it is orthogonal
to H*%(X). But by definition of the period map, = spans ¢(H?*%(X)).

Proposition 3.9. Consider a marked K3 surface (X,p) € N and assume that its
period P(X, @) is contained in a generic twistor line Ty C D. Then there exists a unique
lift of Ty to a curve in N through (X, ), i.e. there exists a commutative diagram

P

N

N

with (X, ) in the image of 1.

PROOF. Since P: N — D is locally biholomorphic, the inclusion i: A C Ty &= D
of a small open one-dimensional disk containing 0 = P(X,p) € A can be lifted to
it A= N, t— (X, ¢¢) with 1(0) = (X, ¢). By construction, the space N is Hausdorff
(see Proposition 2.1) and hence i: A< N is unique.

As Ty is a generic twistor line, the set Ty N Y, ZacA at is countable and thus for
general t € A one has Pic(X;) = 0, see Remark 3.8. Let us fix such a general ¢ and
denote by o a generator of H*?(X}).

The natural marking of X; induced by ¢ shall be denoted ¢;: H?*(X;,Z) —> A and
so, by construction, ¢;(0;) € Wc. Therefore, there exists a class ay € H?(Xy, R) such
that ¢;(ay) is orthogonal to ¢i(Re(o:),Im(oy)) C W and contained in W. Hence, oy is
of type (1,1) on X; and +ay € Cx,, as W is a positive three-space. Due to Proposition
3.7 and using Pic(X;) = 0 for our fixed generic ¢, this implies +ao; € Kx,.

Now consider the twistor space X (ay) —=T(cy) for X; endowed with the Kéhler class
+oy. Since (o, Re(or),Im(or)) = W, the period map yields a natural identification
P:T(ar) — Ty.

Both, T'(a;) and i(A), contain the point ¢ and map locally isomorphically to Ty .
Again by the uniqueness of lifts for a local homeomorphism between Hausdorff spaces,
this proves 0 € T'(oi) which yields the assertion. O

4. Local and global surjectivity of the period map

The surjectivity of the period map is a direct consequence of the description of the
Kahler cone of a general K3 surface as provided by Proposition 3.9. Section 4.2 presents
a local version of it, which is crucial for the proof of the Global Torelli Theorem given in
Section 5.
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4.1. The surjectivity of the period map was first proved by Todorov [59&8]. The
algebraic case had earlier been studied by Kulikov [333]. The proof given here is closer
to Siu’s [567] as presented by Beauville in [53]. However, our approach differs in one

crucial step. Whereas classically the period map is shown to be surjective by using the
Nakai criterion for ampleness on a projective K3 surface (see Proposition 2.1.4), we here
use that by Proposition 3.7 all classes in the positive cone of a K3 surface of Picard number
zero are Kéhler. This is again inspired by the higher-dimensional theory in [248]. The
following is a slightly refined version of Theorem 6.3.1.

Theorem 4.1 (Surjectivity of the period map). Let N° be a connected component of
the moduli space N of marked K3 surfaces. Then the restriction of the period map

P: N°—=D C P(A¢)
18 surjective.

PROOF. Since by Proposition 3.2 any two points x,y € D are equivalent, it is enough
to show that € P(IN°) if and only if y € P(N?) for any two points z,y € Tyy C D
contained in a generic twistor line Tyy. This is an immediate consequence of Proposition
3.9 which shows that the generic twistor line Ty can be lifted through any given pre-image
(X, ) of z. Indeed, then y is also contained in the image of the lift of Ty . O

4.2. Recall that a continuous map 7: T'— D is a covering space if every point in
D admits an open neighbourhood U C D such that 71 (U) is the disjoint union [] U; of
open subsets U; C T such that the maps 7w: U; = U are homeomorphisms.
The local version of the surjectivity relies on the following technical but intuitively
quite obvious criterion for a local homeomorphism to have the covering property. A
proof relying on arguments due to Markman in [609] can be found in [257, Prop. 5.6].

Lemma 4.2. Suppose a continuous map w: T —=D between topological Hausdorff
manifolds is a local homeomorphism. Then m: T—=D 1is a covering space if for any
ball B C B C D and any connected component C of the closed subset 7=1(B) one has
7(C) = B.

The surjectivity of P: N—D is implied by the covering property. Thus, the next
assertion can be seen as a local and stronger version of Theorem 4.1, very much like
Proposition 3.4 is a local and stronger version of Proposition 3.2.

Proposition 4.3. The period map induces a covering space P: N —=D.

PROOF. In order to apply Lemma 4.2, one first adapts the arguments of the proof of
Theorem 4.1 to show B C P(C'). Clearly, P(C') contains at least one point of B, because
P is a local homeomorphism.

Next, due to Proposition 3.4, any two points x,y € B are equivalent as points in B.
Thus, it suffices to show that x € P(C) if and only if y € P(C) for any two points
x,y € B contained in the same connected component of the intersection Ty N B with
Tw a generic twistor line. If z = P(X,p) with (X,¢) € C, choose a local lift of the
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inclusion x € A C Ty according to Proposition 3.9 and then argue literally as in the
proof of Theorem 4.1. The assumption that z,y are contained in the same connected
component of Ty N B ensures that the twistor deformation T'(cy) constructed in the
proof of Proposition 3.9 connects (X, ¢) to a point over y that is indeed still contained
in C.

It remains to prove that also the boundary B\ B is contained in P(C). For this apply
Lemma 3.5 to any point z € B\ B and lift the generic twistor line connecting = with a
point in B to a twistor deformation as before. O

5. Global Torelli Theorem

We deviate from the traditional approach and discuss how the global properties of the
period map established above can be used to prove the Global Torelli Theorem. In the
end, it is reduced to a statement about monodromy groups.

5.1. An immediate consequence of the fact that the period map on the Hausdorff
reduction N of N is a covering map is the following.

Corollary 5.1. The period map P: N —=D is generically injective on each connected
component N° of N.

PROOF. Here, ‘generically injective’ means injective on the complement of a countable
union of proper analytically closed subsets.

If N° is a connected component, then its Hausdorff reduction N°, which is a connected
component of N, is a covering space of the period domain D. However, D is simply
connected, which can be deduced from the description D ~ O(3,19)/SO(2) x O(1,19)
given in Proposition 6.1.5, cf. | , Sec. 4.7]. As any connected covering space of a simply
connected target must be a homeomorphism, this proves

P: N° == D.
Hence, by Propositions 2.1, 2.2 and 3.7, N°—= N° > D is generically injective. O

Remark 5.2. If (X, ), (X',¢') € N are contained in the same connected component
with P(X, ) = P(X',¢'), then they coincide as points in N, and hence X ~ X’ or are
at least inseparable. In the second case, one argues as in the proof of Proposition 2.2 to
see that X and X’ are bimeromorphic. Hence, also in this case, X ~ X’

5.2. Let us now relate the above result to the classical formulation of the Global
Torelli Theorem which for convenience we recall from Section 6.3.4.

Theorem 5.3 (Global Torelli Theorem). Two compler K3 surfaces X and X' are
isomorphic if and only if there exists a Hodge isometry H*(X,7) ~ H*(X', 7).

Moreover, for any Hodge isometry v: H*(X,Z) == H*(X',7Z) with v(Kx) N Kxr # ()
there exists a (unique) isomorphism f: X' == X with f* =1
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The ‘only if’ direction is obvious, as any biholomorphic map induces a Hodge isometry.
So, let us assume a Hodge isometry v: H?(X,Z) > H?*(X',Z) is given. Pick any
marking ¢: H?(X,Z) > A and let ¢/ :== g oy~ ': H*(X',Z) == A be the induced
marking of X’. Then P(X,¢) = P(X',¢’). Thus, if one knew already that (X, ) and
(X', ¢') are contained in the same connected component N° of N, then X ~ X’ by
Corollary 5.1 and Remark 5.2.

The remaining question now is whether (X, ) and (X’,¢') are always in the same
connected component. First of all, we may change the sign of ¢’ without affecting
P(X,p) = P(X',¢'), for —id € O(A) acts trivially on the period domain D. In fact,
Corollary 5.1 shows that —id does indeed not(!) preserve connected components.

5.3. Before really going into the proof of the Global Torelli Theorem in Section 5.5,
we need to discuss the monodromy group. By Theorem 1.1 any two complex K3 surfaces
are deformation equivalent. Thus, if X and X’ are K3 surfaces, then they admit markings
¢ and ¢', respectively, such that (X, ¢) and (X', ¢’) are contained in the same connected
component N° of N. In fact, we may even pick an arbitrary ¢ and choose ¢ accordingly.
Therefore, in order to show that N has at most two connected components (interchanged
by (X, )+ (X, —¢)), it suffices to show that for one (possibly very special) K3 surface
X and two arbitrary markings o1, @2 of X the marked K3 surfaces (X, ¢1) and (X, £¢2)
are contained in same connected component.

This can be phrased in terms of the monodromy of K3 surfaces. To state the result,
fix a K3 surface X of which we think as (M, ), i.e. a differentiable manifold M with a
complex structure I. If X — S is a smooth proper morphism over a connected (possibly
singular) base S with X = X for some fixed point ¢ € S, then the monodromy of this
family is the image of the monodromy representation (see also Section 6.4.3)

m1(8,t)—O(H?*(X,Z)).

By Mon(X) we denote the subgroup of O(H?(X,Z)) generated by the monodromies
of all possible families X — S with central fibre X ~ AX;. By the construction of the
monodromy representation, which relies on the theorem of Ehresmann, Mon(X) is a
subgroup of the image of the natural action Diff(X)—=O(H?(X,Z)). Note that the
action on H?(X,Z) induced by any automorphism of X is contained in Mon(X), e.g. by
gluing the trivial deformation X x C via the automorphism viewed as an isomorphism of
two fibres Xy,, X3, to a family over the singular base S :== C/(t; = t2).

Proposition 5.4. If O(H%(X,Z))/Mon(X) is generated by —id, then the moduli space
N has at most two connected components and P: N — D is generically injective on each
of them.

PrOOF. Write X = (M, I) and identify H?(X,Z) = H?*(M,Z). Clearly, any two
markings ¢ and 9 differ by an orthogonal transformation. Thus, under the assumption
of the proposition, we can choose 1 in Mon(X) such that ¢ = icpfl o (pa.

To conclude, we only have to show that for ¥ € Mon(X) the marked K3 surfaces
(X,¢1) and (X, @1 0 9) are in the same connected component of N. For this, write
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Y =P o...0, with 1; € Im(m(S;,t;)—O(H?*(X,Z))). Here X;—S; are smooth
proper connected families with fibre over ¢; € S; identified with X. Clearly, it suffices to
show the assertion for 1 = ;. The local system R?m,Z on S can be trivialized locally,
i.e. identified with H 2(X ,Z). The monodromy 1 is then obtained by following these
trivialization along a close path in S beginning in ¢ € S. The classifiying maps to N
necessarily stay in the same connected component.

The injectivity follows from Corollary 5.1. O

Note that due to the deformation equivalence of any two K3 surfaces the assumption
on the monodromy group in the proposition is independent of the specific K3 surface and,
as we see next, it can be proved using some standard lattice theory.

5.4. Let, as before, A be the K3 lattice Eg(—1)®2 @ U®3, which is unimodular of
signature (3,19). The spinor norm of an orthogonal transformation g € O(Ag) of the
underlying real vector space is defined as follows. For a reflection

. (v.9)
S§: Vv — 2@6,

where 6 € Ag with (6)? # 0, the spinor norm is +1 if (§)2 < 0 and —1 otherwise. This is

extended multiplicatively to O(Ag) by writing any g as a composition of reflections sg,

which is possible due to the Cartan-Dieudonné theorem, see e.g. [15, . We let
O*(A) C O(A)

be the index two subgroup of orthogonal transformations of spinor norm +1 or, equiv-
alently, the subgroup of all orthogonal transformations preserving any given orientation
of the three positive directions in Ag. A classical result essentially due to Wall and later
improved by Ebeling and Kneser (see Theorem 14.2.2) asserts that any g € O (A) can
be written as a product [] s5, with §; € A such that (§;)? = —2.

As a consequence of this abstract result for orthogonal transformations of A, one obtains
a description of the monodromy group.

Proposition 5.5. The monodromy group Mon(X) C O(H?*(X,Z)) of a K3 surface X
coincides with the index two subgroup OT(H?(X,Z)) of all transformations with trivial
spinor norm. In particular, O(H?(X,Z))/Mon(X) = {£1}.

PRrROOF. It suffices to show that any reflection ss associated with a (—2)-class § € A
can be realized by a monodromy transformation.” The argument goes roughly as follows:
Fix M and a class 6 € H?(M,Z) with (§)? = —2. We use the surjectivity of the period
map (see Theorem 4.1) to show that there exists a complex structure I on M such
that for X = (M, ) one has H"'(X,Z) = Z3. Under these conditions there exists a
unique smooth rational curve P* ~ C' C X with [C] = £6. Indeed, the Riemann—Roch
formula for the line bundle L corresponding to ¢ shows y(L) = 1 and so H°(X,L) # 0

2This is a folklore result, see e.g. [182] or [395], where the argument is presumably explained in
detail.
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or HY(X,L*) # 0. But any curve C € |L| is necessarily integral and satisfies (C')? = —2
and hence C' ~ P!, see Section 2.1.3.

Then by the Grauert-Mumford contraction theorem (see e.g. [32, Thm. I11.2.1]) there
exists a contraction X — X of C to a singular point 0 € X with X \ C = X \ {0}. The
surface X is compact but singular and locally described as the zero set of 2% +1% + 22 = 0
(a rational normal double point or Aj-singularity, cf. Section 14.0.3).

The surface X can be smoothened, i.e. there exists a proper flat family X — A over a
one-dimensional disk A such that Xy = X and the restriction X* — A* to the punctured
disk is smooth, see [92]. Locally this is given by the equation 22 + y? + 22 = t. Consider
the base change A — A, u+—u2, and the pull-back X x o A* which can be completed to
a smooth proper family J— A with a natural identification Yy = X.? The fibres of the
two families Y*, X* — A* are all diffeomorphic to M by parallel transport. Eventually,
one observes that the monodromy of the family X* —A* on H?(X;.0,Z) under this

identification is nothing but ss (Picard—Lefschetz formula), cf. e.g. [617, Ch. 15].
This proves OT(H?(X,Z)) € Mon(X). Since —id is not contained in Mon(X) (cf.
Corollary 5.1 and the discussion in Section 5.2), equality holds. O

5.5. PROOF OF THE GLOBAL TORELLI THEOREM 5.3. As explained already, to
prove the first part of the assertion, it suffices to combine Propositions 5.4 and 5.5 with
Remark 5.2.

To prove the second part, i.e. that any Hodge isometry with ¥(Kx) N Kx: # 0 is
induced by a unique isomorphism, use again the arguments in the proof of Proposition
2.2 showing that there exists a correspondence 'y = Z + > Y; with [I's]x = ¢ such
that Z is the graph of an isomorphism f: X == X’ and the components Y; project onto
curves C; C X and C/ C X'.

Now, for o € Kx let o = fia € Kx» and = ¢ = o/ + > (C;.a)[Cl] = &' + [D].
Note that D is an effective curve, for a as a Kéhler class is positive on all curves C;.
If D =0, then f lifts ¥, which proves the claim. If not, use that ¢ is an isometry to
deduce (a)? = (8)? = (/)% +2(a/.D) + (D)?. However, as also («)? = (a/)?, this implies
2(a/.D) + (D)? = 0. Now, since o is Kihler as well, 0 < (o/.D) and hence

(3.D) = (¢/.D) + (D)? < 2(/.D) + (D)* = 0,

excluding B from being contained in KCx-.

For later use in the proof of Theorem 8.5.2 we remark that it is enough to know that
(o/.D) > 0 for all P! ~ D C X'. Indeed, all other integral curves would have (D)? > 0
and (o/.D) > 0 would follow from o/ € Cx-.

The uniqueness of f follows from Proposition 15.2.1. O

3In fact, there are two ways to do this, which gives rise to the ‘Atiyah flop’, but this is not essential
at this point.
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Remark 5.6. i) Conversely, our discussion in Section 5.3 shows that the Global Torelli
Theorem can be used to prove the assertion on the monodromy. This was remarked by
Borcea in [74].4

ii) Similarly, in [491] Pjateckil-Sapiro and Safarevi¢ explain how to use the Global
Torelli Theorem to construct for any d > 0 a family of polarized K3 surfaces X — S of
degree 2d over a smooth connected algebraic variety S such that the image of the mon-
odromy presentation 7 (S,t) —O(H?(Xy,7Z)) is the subgroup O(Ay) of all orthogonal
transformations of H?(X;,Z) fixing the polarization, cf. Section 6.3.2, Corollary 6.4.7,
and Remark 6.4.8.

5.6. Maybe this is a good point to say a few words about the diffeomorphism group
of K3 surfaces. This is not relevant for the Global Torelli Theorem, but clearly linked to
the monodromy group and very interesting in itself.

Obviously, Mon(X) C p(Diff(X)), where p: Diff(X)—=O(H?(X,Z)) is the natural
action. But in fact equality holds, see [155].

Theorem 5.7 (Donaldson). For any K3 surface X one has
Mon(X) = p(Diff(X)) = O* (H2(X, Z)),
which is an index two subgroup of O(H?*(X,Z)).

Writing H?(X,Z) = Eg(—1)%? @ U®3, it suffices to show that id g,(_1)e2epe2 & (—idy)
is not contained in the image of p or, equivalently, that all diffeomorphisms respect any
given orientation of three positive directions in A. Donaldson’s proof relies on SU(2)
gauge theory, but it seems likely that the easier Seiberg—Witten invariants could also be
used.

Once p(Diff (X)) is described completely, one turns to the kernel of p.

Question 5.8. Is the kernel of p: Diff(X) —=O(H?(X,Z)) connected? In other words,
18 any diffeomorphism of a K38 surface that acts trivially on cohomology isotopic to the
identity?

Work of Ruberman seems to suggest that the answer to this question might be negative,
see | , Rem. 4.1]. The question is also linked to the following stronger version of the
Global Torelli Theorem conjectured by Weil [630] which has in fact been addressed
recently by Buchdahl in [89].

Question 5.9. Suppose two complex structures I,I' on M define K3 surfaces X =
(M,I) and X = (M, I') with H*°(X) = H*>%(X") as subspaces inside the fived H*(M, C).
Does there exist a diffeomorphism g isotopic to the identity such that g*I = I'?

If the Kéhler cones of X and X’ coincide (or at least intersect), then the Global Torelli
Theorem does indeed show that there exists g € Ker(p) with ¢*I = I'. Since, however, it

4Thanks to Robert Friedman and Kieran O’Grady for insisting that the description of the mono-
dromy group of a K3 surface should rather be derived directly and independently from the Global Torelli
Theorem.
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seems doubtful that Ker(p) consists of isotopies only, this does not quite answer Weil’s
original question (in the above modified form).

Remark 5.10. In fact, an affirmative answer to Question 5.9 would also imply an
affirmative answer to Question 5.8.° Indeed, fix an arbitrary complex structure I on M
and consider for g € Ker(p) the induced complex structure I’ := g*I. Then H?%(X) =
H?Y(X"). Hence, there exists a diffeomorphism & isotopic to the identity such that
h*I = I'. But then (go h™1)*I = I and so g o h~! is an automorphism of X = (M, I)
acting trivially on H*(X,Z). Therefore, by Proposition 15.2.1, ¢ = h and, in particular,
g is isotopic to the identity, too.

To conclude the interlude on the diffeomorphism group, let us mention the following
result which is called the Nielsen realization problem for K3 surfaces, see [207].

Proposition 5.11. The natural projection Diff (X)) —s=p(Diff (X)) has no section (as
a group homomorphism).

The analogous statement holds for Diff (X') —mo(Diff (X)), though at this point we
cannot exclude that in fact mo(Diff (X)) = p(Diff(X)).
In Section 16.3.3 we study a rather similar looking picture:

Aut(DP(X)) — Aut(H (X, Z)), &',

which is the ‘mirror dual’ of the above, as was explained by Szendr6i in [578]

6. Other approaches

Compare the following comments with the discussion in Remark 6.3.6.

6.1. Originally, the Global Torelli Theorem was proved by Pjateckﬁ—gapiro and Sa-
farevi¢ [490] for algebraic K3 surfaces and by Burns and Rapoport [91] for K3 surfaces
of Kéhler type (but, as shown later by Todorov and Siu, every K3 surface is Kéhler).
In both proofs the Global Torelli Theorem is firstly and rather directly shown for Kum-
mer surfaces. The idea is that a complex torus A = C2/T is determined by its Hodge
structure of weight one H'(A,Z) and when passing to the Hodge structure of weight two
H?(A,Z) = N\* H'(A, Z) not much of the information is lost (in fact, only A and its dual
torus have isomorphic Hodge structures of weight two, see Section 3.2.4). The associated
Kummer surface contains H?(A,Z) as the orthogonal complement of the additional 16
(—2)-classes (see Section 3.2.5) and one needs to control those in order to conclude. The
difficult part is to pass from Kummer surfaces, which are dense in the moduli space (see
Remark 14.3.24), to arbitrary K3 surfaces. We refrain from presenting the classical proof,
as several very detailed account of it exist in the literature, see e.g. Looijenga’s article
[376] or the expositions in [32, 53].

5 .. as was pointed out to me by Andrey Soldatenkov.
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6.2. In principle one could try to replace in the classical approach Kummer surfaces
by any other class of K3 surfaces which are dense in the moduli space and for which a
direct proof of the Global Torelli Theorem is available. Elliptic K3 surfaces, quartics, or
double covers of P? come to mind, but unfortunately direct proofs are difficult to come
by even for these special classes of K3 surfaces.

Note that instead of determining the monodromy group Mon(X) completely as done in
Section 5.4, one could have concluded the proof of the Global Torelli Theorem in Section
5.2 by proving it for one single(!) K3 surface. More precisely, if there exists a marked K3
surface (X, ¢) € N such that P~HP(X,¢)) = {(X,¢), (X, —¢)} (up to non-Hausdorff
issues), then N has only two connected components and thus Theorem 5.3 follows.

Is there any K3 surface for which a proof of the Global Torelli Theorem can be given
directly (and more easily than for general Kummer surfaces)? A good candidate would
be a K3 surface with p(X) = 20 and T(X) ~ T'(2). Then X is a very special Kummer
surface associated with E; x Fs. Here E; are elliptic curves isogenous to the elliptic
curve determined by H%?(X)/H?(X,Z), which is determined by the period P(X, ).
See Remark 14.3.24.

6.3. There are other approaches towards the Global Torelli Theorem that also rely
on global information. Notably, Friedman’s proof [181] for algebraic K3 surfaces uses
partial compactifications of the moduli space of polarized K3 surfaces. The properness of
the extended period map allows him to reduce by induction to the degree two case, i.e.
to double covers of P2, which is then dealt with by global arguments (and not directly).
The paper also contains a proof of the surjectivity of the period map, which in degree
two had also been proved by Shah in [548].

6.4. Let us also mention Buchdahl’s article [89] again which not only starts with
a clear account of the history of this part of the theory of K3 surfaces, but also gives
easier and more streamlined proofs of the main results: deformation equivalence, Global
Torelli Theorem, and surjectivity of the period map. His approach does not use the fact
that the period map is a covering (after passing to the Hausdorff reduction), but instead
relies on more analytical methods originated by Demailly. Of course, also in our approach
ultimately complex analysis is used (for example in the description of the Ké&hler cone
and for the existence of Kéahler metrics on K3 surfaces).

References and further reading:

There are very interesting aspects of Section 1 for real K3 surfaces, see [53, Exp. XIV] or the
more recent survey [291] by Kharlamov.

The presentation given here is very much inspired by the approach to higher-dimensional
generalizations of K3 surfaces. For a survey of the basic aspects of compact hyperkéhler manifolds
see [249].

Questions and open problems:
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In [217, Sec. 7] Griffiths suggested to prove a Global Torelli Theorem for K3 surfaces by
directly reconstructing the function field of an algebraic K3 surface X from its period P(X, ¢).
Unfortunately, nothing along this line has ever been worked out.

Concerning the differential topology of K3 surfaces, the two main open problems are the de-
scription of the kernel of Diff(X) —=O(H?(X,Z)) (see Question 5.8) and the description of the
group of symplectomorphisms (up to isotopy) of a K3 surface X viewed as a manifold with a
real symplectic structure given by a Kéihler form, cf. Seidel’s article [540]. The latter is related
to the group of autoequivalences of the derived category DP(Coh(X)) via mirror symmetry, see
Chapter 16.



CHAPTER 8

Ample cone and Kahler cone

Here we shall discuss the structure of the various cones, ample, nef, effective, that
are important for the study of K3 surfaces. We concentrate on the case of algebraic
K3 surfaces and their cones in the Néron—Severi lattice, but include in Section 5 a brief
discussion of the Kéhler cone of complex K3 surfaces.

0.5. To fix conventions, let us recall some basic notions concerning cones. By def-
inition, a subset C C V of a real vector space V is a cone if Ryg-C = C. It is convex if
in addition for z,y € C also x +y € C. A ray R+ -z C C of a closed cone C is called
extremal if for all y,z € C with y + 2z € Ryg -z also y,2 € Ryg - z.

A closed cone is polyhedral if C is the convex hull of finitely(!) many z1,...,2; € V,
ie. C = Zle R>o-x;. If V. =Tr =TI ®z R for some free Z-module I', the cone is
rational polyhedral if in addition the x; can be chosen such that x; € I'g (or, equivalently,
x; € T'). A closed cone C is locally polyhedral at x € C if there exists a neighbourhood of
2 in C which is polyhedral. A cone C is circular at x € 9C if there exists an open subset
x € U C OC of the boundary such that the closure C is not locally polyhedral at any
point of U.

A fundamental domain for the action of a discrete group G acting continuously on a
topological manifold M is (usually) defined as the closure U of an open subset U C M
such that M can be covered by gU, g € G, and such that for g # h € G the intersection
gU N hU does not contain interior points of gU or hU.

1. Ample and nef cone

We shall start with a few general facts on ample and nef classes on projective surfaces.
Then, we explain how they can be made more precise for K3 surfaces. This section should
also serve as a motivation for the more abstract discussion in Section 2.

1.1. Most of the following results hold for arbitrary smooth projective varieties, but
for simplicity we shall restrict to the two-dimensional case. For an account of the general
theory we recommend Lazarsfeld’s comprehensive monograph [355].

First of all, recall the Hodge index theorem (see Proposition 1.2.4): If H € NS(X)
is ample (or, weaker, if (H)? > 0), then the intersection form is negative definite on its
orthogonal complement H+ C NS(X).

Definition 1.1. The positive cone
Cx C NS(X)r

143
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is the connected component of the set {a € NS(X) | (a)? > 0} that contains one ample
class (or, equivalently, all of them).
The ample cone
Amp(X) C NS(X)r
is the set of all finite sums ) a;L; with L; € NS(X) ample and a; € R-g. The nef cone
Nef(X) C NS(X)

is the set of all classes & € NS(X)g with (a.C) > 0 for all curves C C X.

R

Note that, Cx, Amp(X), and Nef(X) are all convex cones. The ample cone Amp(X)
is by definition the convex cone spanned (over R) by ample line bundles, but the nef
cone Nef(X) is in general not spanned by nef line bundles. Indeed, the effective nef cone
Nef®(X) (see Section 4.1), i.e. the set of all finite sums Y a;L; with L; € NS(X) nef and
a; € R>p, can be strictly smaller than Nef(X) (its closure, however, always gives back
Nef(X)). A famous example for this phenomenon, a particular ruled surface, goes back
to Mumford and Ramanujam, see [233, 1.10], [355, I.1.5], and also Section 3.2, i) and
V).

In order to understand the relation between Amp(X) and Nef(X) one needs the fol-
lowing classical result, see [233, I.Thm. 5.1] or [234, V.Thm. 1.10].

Theorem 1.2 (Nakai-Moishezon—Kleiman). A line bundle L on a smooth projective
surface X over an arbitrary field k is ample if and only if

(1.1) (L) >0 and (L.C) >0
for all curves C C X.

Remark 1.3. i) Due to Grauert’s ampleness criterion, see [32, Thm. 6.1], the theorem
still holds for complex (a priori not necessarily projective) surfaces. Another consequence
of Grauert’s criterion is that a smooth compact complex surface is projective if and only
if there exists a line bundle L with (L)% > 0, cf. page 16.

ii) Note that the weaker inequality (a.C) > 0 for all curves C already implies (a)? > 0,
ie.

(1.2) Nef(X) C Cx.

Indeed, otherwise by the Hodge index theorem at would cut Cx into two parts, in one

of which one would find a line bundle L € Cx, so in particular (L)? > 0, and such that
(L.a) < 0. The first inequality (together with the Riemann-Roch theorem) implies that
some positive multiple of L is effective, whereas the latter would then contradict the
nefness of a.

iii) The two inequalities (a)?> > 0 and (a.C) > 0 in (1.1) also describe the ample
cone Amp(X) and not only the integral classes in Amp(X). Every class a € Amp(X)
satisfies these inequalities, but the converse is not obvious. Any class « satisfying (1.1) is
contained in a polyhedral cone spanned by rational classes o/ arbitrarily close to . We
may assume that they all satisfy (a/)? > 0. However, a priori there could be a sequence
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of curves C; with («.C;) —=0, which leaves open the possibility that (o/.C;) < 0 for one
of the o/. This does not happen for a contained in the interior of Nef(X) or, equivalently,
if all (a.C) can be bounded by some gy > 0. For K3 surfaces X the following discussion
excludes this scenario.

If a sequence of such curves C; existed, then they could be assumed integral and, since
Ci+ approaches a, such that (C;)? < 0. But then (C;)? = —2, cf. Section 2.1.3. However,
as is explained below (see Section 2.2 or Lemma 3.5), hyperplanes of the form §+ with
(6)2 = —2 do not accumulate in the interior of Cx.

The proof that the ample cone of an arbitrary projective surface is indeed described by
the two inequalities is more involved.

iv) As a consequence of ii) and iii), one can deduce the ampleness of every class o +cH
with a € Nef(X), H ample, and ¢ > 0. Indeed, (a« + eH.C) > ¢(H.C) > ¢ > 0 and
(a+eH)? = (a)? + 2e(a. H) +€%(H)? > 0.

Corollary 1.4. Let X be a smooth projective surface over an arbitrary field. Then the
ample cone Amp(X) is the interior of the nef cone Nef(X). The latter is the closure of
the former:

Amp(X) = Int Nef(X) C Nef(X) = Amp(X).

PROOF. The nef cone is closed by definition. If H € NS(X) is ample and L1,...,L,
form a basis of NS(X), then for |e1],...,|e,| < 1 the class H, .= H+)_ ¢;L; still satisfies
(H.)? > 0 and (H..C) > 0 for all curves C (use that for an integral class H actually
(H.C') > 1). Hence, for all small €; € Q the class H, is ample (rational) and, therefore, a
small open neighbourhood of H is still contained in Amp(X). If H is replaced by a (real)
class & € Amp(X), then write o = ) a;M; with M; ample and a; € R5g. The above
argument goes through, by choosing the €; small enough for all of the finitely many M,;.
Hence, Amp(X) is open.

The inclusion Amp(X) C Nef(X) is obvious and hence Amp(X) C Int Nef(X). On
the other hand, if o € Int Nef(X), then for any ample H and |¢| < 1 the class o —eH is
still nef. Then write o = (o —eH) +¢H, which is a sum of a nef and an ample class and
hence itself ample. (Note that here one only uses iii) and iv) in Remark 1.3 in the easier
case that the nef class is contained in the interior of the nef cone.) g

Corollary 1.5. For every class « in the boundary ONef(X) of the nef cone one has
(@)? =0 or there exists a curve C' with (a.C') = 0.

PROOF. Suppose there is no curve C with (a.C) = 0 and («)? > 0. Then « would be
ample and hence contained in the interior of Nef(X). (Note that here we use the stronger
version of iii) in Remark 1.3.) O

1.2. Let now X be a projective K3 surface over an algebraically closed field k.' The
following more precise version of Theorem 1.2 for K3 surfaces was stated in a slightly

IThe only reason why k has to be assumed algebraically closed here is that otherwise smooth curves
of genus zero may not be isomorphic to P*. Note that the characteristic can be arbitrary.
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different form already as Proposition 2.1.4. Use that if an integral curve C' is not isomor-
phic to P!, then (C)? > 0 (cf. Section 2.1.3) and that then (a.C) > 0 holds automatically
for any a € Cx.

Corollary 1.6. A line bundle L on a projective K8 surface X is ample if and only if

(i) (L)? >0,
(ii) (L.C) > 0 for every smooth rational curve P' ~ C C X, and
(i1i) (L.H) > 0 for one ample divisor H (or, equivalently, for all of them). O

An (almost) equivalent reformulation is (use Remark 1.3, iii))

Corollary 1.7. Let X be a projective K3 surface. Then
Amp(X) ={a €Cx | (a.C) >0 for all P! ~C C X}. O

Note that if X does not contain any smooth rational curve at all, then being ample is
a purely numerical property, i.e. it can be read off from just the lattice NS(X) with its
intersection form and one ample (or just effective) divisor H € NS(X). The latter is only
needed to single out the positive cone as one of the two connected components of the set
of all classes a with («)? > 0. Corollary 1.5 for K3 surfaces now reads

Corollary 1.8. Let a € ONef(X). Then (a)? = 0 or there exists a smooth rational
curve P! ~ C € X with (a.C) = 0. O

2. Chambers and walls

We recall some standard facts concerning hyperbolic reflection groups that are used to
describe the ample and the Kéhler cone of a K3 surface. The subject itself is vast, the
classical references are [81, |]. The Weyl group of a K3 surface is a special case of a
Coxeter group, although usually an infinite one and most of the literature only deals with
finite ones. The arguments given below are deliberately ad hoc and the reader familiar
with the general theory of Coxeter groups should rather use it to conclude.”

2.1. Consider a real vector space V of dimension n + 1 endowed with a non-
degenerate quadratic form ( . ) of signature (1,n). Thus, abstractly (V, (. )) is isomorphic
to R"™! with the quadratic form 22 — 22 — ... — 22,

The set {z € V | (z)? > 0} has two connected components which are interchanged by
x> — x. We usually distinguish one of the two connected components, say C C V', and

call it the positive cone. Thus,
{zeV|(x)?>0=CU(-C).
Note that z,y with ()2 > 0 and (y)? > 0 are in the same connected component if and

only if (z.y) > 0.

2See also Ogus’s complete and detailed account in | , Prop. 1.10]. The standard sources focus
on complex K3 surface and he checks that all the arguments are indeed valid for K3 surfaces in positive
characteristic and in particular for supersingular K3 surfaces.
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The subset C(1) of all x € C with (z)? = 1 is isometric to the hyperbolic n-space
H" = {z e R"" | 23 — 2} — ... — 22 =1, 29 > 0}. By writing

C ~ C(l) X R>0 ~ Hn X IR>07

questions concerning the geometry of C can be reduced to analogous ones for H".

We write O(V') for the orthogonal group O(V;( . )), which is abstractly isomorphic
to O(1,n). By OT(V) C O(V) we denote the index two subgroup of transformations
preserving the positive cone C. The induced action O (V) x C(1)—=C(1) is transitive
and the stabilizer of x € C(1) is the orthogonal group O(z) of the negative definite space
zt C V. Thus,

C(1) ~ O*(V)/O(wl) ~ 07 (1,n)/0(n).

Remark 2.1. Any discrete subgroup H C O(V') acts properly discontinuously from the
left on C(1) ~ OF(V)/O(z1), i.e. for every z € C(1) there exists an open neighbourhood
x € U C C(1) such that g(U)NU = ( for all g € H except for the finitely many ones
in Stab(z). See Remark 6.1.10 for the general statement and [634, Lem. 3.1.1] for an
elementary proof.

2.2. Let now I' be a lattice of signature (1,n) (think of NS(X) of an algebraic K3
surface X) and consider V' := I'r with the induced quadratic form. Then Remark 2.1
applies to the discrete subgroup O™ (T") := O(T') N O (V), which leads to the following
observation.

Remark 2.2. For any subset I C O (T") the set
Fix; == U Fix(g) Cc C
gel

is closed and so is Fix; N C(1).

To see this, let € C(1) \ Fix;. Then Stab(z) N I = ). Since the action of OT(T") on
C(1) is properly discontinuous, there exists an open neighbourhood z € U C C(1) with
gU)NU = ( for all g € I. Hence, U N Fix; = (), i.e. U is an open neighbourhood of x
contained in C(1) \ Fixy.

Next consider the set of roots
A={5cT | (§)*= -2}

It is often convenient to distinguish a subset of positive roots AL C A, i.e. a subset with
the property that A = A, LI (=AL).>
With any § € A one associates the reflection ss € OT(I') € OF(I'r) defined by

ss: x> + (2.6)0.

3In the geometric situation, when the § correspond to divisor classes on a K3 surface X, a natural
choice is given by the effective divisors. Indeed, if a (—2)-class § € NS(X) corresponds to a line bundle
L, then by the Riemann—Roch theorem either L or L* is effective.
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Thus, s5(8) = —6 and ss = id on §+. To see that s; really preserves C use (ss(x).x) =
(2)?+(2.0)? > 0 for x € C. Frequently we use the observation that for arbitrary g € O(I'g)

(2.1) go85=5845)°9-
We call Fix(s;) = C N6+ the wall associated with 6 € A. Although, walls could and

often do accumulate towards the boundary C C {x | ()? = 0}, Remark 2.2 applied to
I={ss|d €A} CcOF(I') shows that the union of all walls

U&J‘CC

dEA
is closed and hence locally finite in C.

Remark 2.3. Here is a more ad hoc argument for the same fact, taken from Ogus’s
[476]. Pick a class h € CNT and complete h/1/(h)? to an orthogonal basis of 'y ~ R*!

such that (. ) on I'g is given by 22 — 27 — ... — 22. We write accordingly any = € 'y as
x =z + 2’ with 2’ € hg.
Now let (, ) be the inner product —( . ) on hi and let || || be the associated norm.

Then for § € A one has |5/ — [|0’||> = —2 and hence ||| < |6o| + 2. For z € 6+ one
finds xg - dg = (2/,¢’) and, by Cauchy—Schwarz, |z¢ - do| < ||| - [|2']| < (|do] + 2) - [|2/]]
and, therefore, |do| - (|zo| — ||2/|]) < 2||2/|.

Now, when z approaches h, then ||2’||—=0 and zo—+/(h)?. But then also |§y| —0
and hence [|¢']| is bounded. Since A is discrete, this suffices to conclude that a small open
neighbourhood U of h is met by only finitely many walls, i.e. 6~ N U # .

See also the proof of Lemma 3.5 where the argument is repeated in a slightly different
form.

The connected components of the open complement C \ Usca 61 are called chambers
and shall be denoted
Co,C1,... CC.

The discussion above leads to the following

Proposition 2.4. The chamber structure of C induced by the roots A is locally poly-
hedral in the interior of C, i.e. for every chamber C; C C the cone C; is locally polyhedral
in the interior of C. O

2.3. Two elements z,y € C are in the same chamber if and only if (z.9) - (y.9) > 0
for all § € A. Moreover, a chamber Cy C C is uniquely determined by the sequence of
signs of (0.Cp), 6 € A. Equivalently, the choice of a chamber Cy C C is determined by
the choice of a set of positive roots Ay = {0 | (. )|¢, > 0} C A. One also defines the
smaller subset A¢, C Ay of all § such that 5+ defines a wall of Cy of codimension one,
i.e. 8+ intersects the closure of Cy in codimension one.

The Weyl group W is the subgroup of O (T") generated by all sg, i.e.

W= (ss | § € A) C OT(T),
which due to (2.1) is a normal subgroup of O*(T).
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Note that for §,8’ € A and = € §+ one has (sg(x).55(5)) = (z.0) = 0, i.e. sg(x) €
s5/(6)+. Hence, W preserves the union of walls Usea 81 and, thus, acts on the set of
chambers.

Remark 2.5. Suppose Cy C C is a chamber and let A¢, C A4 C A be as above.
i) Then
WCO = (S§ | RS AC0>

acts transitively on the set of chambers. Indeed, one can connect Cy with any other
chamber by a path v: [0,1] —C that passes through just one wall of codimension one
at the time. Using compactness, this yields a finite sequence of chambers Cy, ... ,C, such
that C; and C; 11 are separated by one wall 524- with d; € Ac, N (—Ac,,)
55,(C;i) = Cit1. For simplicity we assume n = 2 and leave the general case as an exercise.

Use s5(Acy) = Ag;(cy), Which is straightforward to check, to show that 01 = s5,(d7) for
some 0] € A¢,. Then, (ss, © s5,)(Co) = ss,(C1) = Co, but by (2.1)

. So, in particular

861 © 860 = Ss5,(5) © S0 = 560 © S5 € Wy

Hence, there exists an element in W, that maps Cy to Cy,.
ii) We claim that the transitivity of the action of We, implies that

(2.2) We, = W.

For this it suffices to show that ss € W, for all § € A. By the local finiteness of walls, 5+
defines a wall of codimension one of some chamber C;. Then by i) there exists g € We,
with ¢g(Cp) = C; and, therefore, a &' € A¢, with ¢g(6’) = §. Now use (2.1) to conclude

1

that ss = sy5) = go sy 0 g™, which is containd in We,.

Proposition 2.6. The Weyl group W acts simply transitively on the set of chambers.

PRrROOF. It remains to exclude that the existence of some id # g € W leaving invariant
a chamber Cy C C, i.e. g(Co) = Cp. Let Ac, € Ay C A be as before. Then by (2.2) one
can write g = s5, 0 ... 085, with §; € A¢,. Choose ¢ minimal. Use the J; to define a
generic closed path « as in Remark 2.5, 1) with v(0), (1) € Cp. The walls that are crossed
by v are (ss,0...0 35i)(5ﬁ1). Since 7 is closed, all hyperplanes crossed by v occur twice.
So, for example, 6 = (s5, © ... 0 55,)(071,) for some i and hence, using (2.1) again, one
finds for ¢’ := s5, 0 ... 0 s5, that

9 0851 = Sg(5131) 09 = 85,09 =55 0...08s,.
This contradicts the minimality of £. O
Remark 2.7. The above can be used for the description of the ample cone. However,
for the description of the Kéhler cone one needs to modify the setting slightly. Instead of
a lattice I' of signature (1,n) one starts with a lattice A of signature (3,n) (think of the

K3 lattice). Then for any positive plane P C Ag the orthogonal complement V := P+
has signature (1,7n). The set of (—2)-classes to be considered in this situation is

Ap:={6cA|(6)*=-2, 6 P}
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which depends on P. The associated reflections generate the Weyl group
Wp = <S(5 | 6 € AP>,

which is a discrete subgroup of {g € O(Ag) | g|p = id} ~ O(P™).

Note that often A N P+ does not span Pt (it is actually trivial most of the time) and
that the natural map Wp—=O(ANP~) is not necessarily injective. Nevertheless, Remark
2.5, Propositions 2.4 and 2.6 still hold true and are proved by the same arguments.

2.4. Let us now assume that I' is indeed NS(X) of a projective K3 surface X over an
algebraically closed field. Then A C NS(X) is the set of line bundles L with (L)? = —2.
By the Riemann—Roch theorem, such a line bundle L or its dual L* is effective, cf. Section
1.2.3. If (L)? = —2 and L is effective, then the fixed part of |L| contains a (—2)-curve.
For example, the union C' = C; + C5 of two (—2)-curves intersecting transversally in one
point also satisfies (C)? = —2. Or, if C; C X is an integral curve with (C1)? = 6 not
intersecting a (—2)-curve Cy, then (O + 2C3)? = —2 with Bs|Cy + 2Cs| = 2C5.

By Corollary 1.7, the ample cone Amp(X) C Cx is one of the chambers defined by A.
Moreover, to verify whether a class a € Cx is in fact contained in Amp(X) it suffices
to check (a.C') > 0 for all P! ~ C' € X. Thus, by Remark 2.5, the Weyl group W is
generated by reflections si¢ for all (—2)-curves C, i.e.

WZ(S[C]‘PlﬁcCX>.

Remark 2.8. Every P! ~ C C X defines a codimension one wall of Amp(X), in
particular no (—2)-class is superfluous for cutting out Amp(X). Indeed, for any ample
H the class = :== H + (1/2)(H.C)[C] is contained in [C]*, but for any other P! ~ C’ C X
one has (z.C") > (H.C") > 0, because (C.C") > 0. The argument is taken from Sterk’s
article [574].

Corollary 2.9. For any a € Cx there exist smooth rational integral curves C1, . ..,Cy, C
X such that (sic;) 0 ... 0 s1c,)) (@) is nef. If, moreover, (a.d) # 0 for all 6 € NS(X) with
(6)2 = —2, then

(8jcy) © - -+ 0 8c,)) (@) € Amp(X). 0O

Remark 2.10. The result can be rephrased as follows: Under the stated assumptions
on a, there exist finitely many smooth rational curves P! ~ C; C X such that for the
cycleI' ' = A+ C; x C; on X x X viewed as a correspondence the image [I'],(«) under
the induced map [[],: H?(X,Z) == H?*(X,Z) is a Kiihler (or at least nef) class. This
version is more natural in the context of Fourier—-Mukai transforms, see Section 16.3.1,
and higher-dimensional generalizations.

The discussion above is summarized by the following.

Corollary 2.11. For a projective K3 surface X, the cone Nef(X)NCx is a fundamental
domain for the action of the Weyl group W C OT(NS(X)) on the positive cone Cx.
Moreover, W is generated by reflections s|c) with P! ~ C C X and Nef(X) is locally
polyhedral in the interior Cx. O
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Note that in general Nef(X) N dCx might consists of a single ray which for p(X) > 3
could not be a fundamental domain for the action of W on dCx. Whether one wants to
consider Nef(X) as a fundamental domain for the action of W on Cx is largely a matter
of convention.

Also note that, although Nef(X) C Cx is cut out by the inequalities (C. ) > 0 for all
P! ~ C C X, it need not be (locally) polyhedral in the closed cone Cy, as extremal rays
of Nef(X) may accumulate towards OCx. However, the failure of Nef(X) being (locally)
polyhedral is essentially due to the action of Aut(X) only, see Theorem 4.2.

For later reference, let us state also the easy consequence

Corollary 2.12. If NS(X) contains a class o with (a)? = 2d > 0, then X admits a
quasi-polarization L, i.e. a big and nef line bundle, with (L)? = 2d. O

Remark 2.13. We come back to Remark 2.3.13, iii): A K3 surface X in characteristic
zero (in fact, char # 2,3 suffices) is elliptic if and only if there exists a non-trivial line
bundle L with (L)% = 0.

Using Proposition 2.3.10, it suffices to show that there exists a nef line bundle L’ with
(L')? = 0. Passing to its dual if necessary, we may assume L € Cx and therefore, by
Riemann-Roch, L is effective. If L is not nef, then there exists a (—2)-curve C with
(L.C) < 0. Clearly, sicy(L) is still in Cx and hence effective. Moreover,

0 < (siey(L).H) = (L.H) + (L.C)(C.H) < (L.H)

for a fixed ample class H. If the new s(¢(L) is still not nef, continue. Since the degree with
respect to the fixed H has to be positive but decreases at every step, this process stops.
Thus, one finds a sequence of (—2)-curves C'1, Ca, ..., Cy such that (sic,j0...08/c)(L)
is nef.* This has the surprising consequence that as soon as Cx N NS(X) # {0}, there
also exists a nef class in dCx. See also Remark 3.7.

3. Effective cone

The cone of curves is by definition dual to the nef cone. It might a priori have a round
part and a locally polyhedral part generated by smooth rational curves. However, due to
a result by Kovacs, to be explained in this section, in most cases the closure of the cone
of curves is either completely round or locally polyhedral everywhere. We start with a
general discussion of the cone of curves. Then in Section 3.2 we motivate Kovacs’s result
by explaining a number of particular cases by drawing pictures and finally state his result
saying that these special cases exhaust all possibilities. The proof is given in Section 3.3.

3.1. Dually to the nef cone one defines the effective cone, which plays a fundamental
role in the minimal model program for higher-dimensional algebraic varieties. In dimen-
sion two, curves and divisor are the same thing, so the duality between them has a little
different flavor compared to the higher-dimensional case.

4The argument follows Barth et al [32, VIIL.Lem. 17.4]. Ideally one would like to argue with the
chamber structure directly and say that there must exist an element g € W with g(L) being contained
in the nef cone. However, a priori the chambers might accumulate towards the boundary dCx.



152 8. AMPLE CONE AND KAHLER CONE

Definition 3.1. Let X be a smooth projective surface. The effective cone
NE(X) € NS(X)g,

also called the cone of curves, is the set of all finite sums g = ) a;[C;] with C; C X
irreducible (or integral) curves and a; € R>o.

As we shall see, NE(X) is in general neither open nor closed. Its closure NE(X) is
called the Mori cone. The following is a special case of the duality between effective
curves and nef divisors on arbitrary smooth projective varieties, see e.g. | , L.Prop.
1.4.28].

Theorem 3.2. On a smooth projective surface X the Mori cone and the nef cone are
dual to each other, i.e.

NE(X) = {8 | (a.8) >0 for all o € Nef(X)}

and
Nef(X) ={a | (a.8) >0 for all p € NE(X)}.

PROOF. The right hand sides are by definition the dual cones Nef(X)* and NE(X)*,
respectively. Since Nef(X)** = Nef(X) and NE(X)** = NE(X), it suffices to prove one
of the two assertions. But the second is just the definition of the nef cone. For general
facts on duality between cones see [508]. O

As by Corollary 1.4 Amp(X) is the interior of Nef(X), one obtains the following de-
scription of the ample cone, which, again, is a general fact, see | , LThm. 1.4.29] or,
in the case of surfaces, [32, Prop. 7.5].

Corollary 3.3. For the ample cone one has
Amp(X) = {a € NS(X)r | (a.8) > 0 for all B € NE(X) \ {0}}.

Some of the following remarks are already more specific to K3 surfaces. So from now
on we shall assume that X is a projective K3 surface over an algebraically closed field.

Remark 3.4. i) One knows that
(3.1) NE(X) CCx + > Rxo-[C],
where the curves C' are smooth, integral, and rational, see Section 2.1.3. On the other
hand, by the Riemann—Roch theorem every integral class in Cx is effective. Hence
(3.2) NE(X)=Cx + Y_ Rxo-[C].

C~P!
ii) Also,
Nef(X) c NE(X),

for Nef(X) is the closure of Amp(X) and the latter is clearly contained in NE(X). Or
use (3.2) combined with Nef(X) C Cx, see (1.2).
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iii) If C C X is an integral curve with (C)? < 0, then NE(X) is spanned by [C] and all
p € NE(X) with (5.C) > 0. Indeed, any curve C’ not containing C satisfies (C".C) > 0.
Note that in particular [C] € ONE(X).

iv) The class [C] of any P! ~ C C X defines an extremal ray of NE(X). Indeed, if
[C] = B+ B with 8, 8" € NE(X), then using iii) one finds that in fact 3, 3 € R>q - [C].

Lemma 3.5. Let H be an ample divisor on a K3 surface X. Then for any N there
are at most finitely many curves P! ~ C C X with (C.H) < N. The same holds for H
replaced by any real ample class o € Amp(X).

Proor. This is in fact an abstract result that has nothing to do with K3 surfaces.
It has essentially been proved already in Section 2.2, see Remark 2.3. Nevertheless, we
prove it again, and, moreover, in two different ways.

i) Since (C)? = —2 for any P! ~ C C X, fixing (C.H) is equivalent to fixing the Hilbert
polynomial of C C X. Now, the Hilbert scheme of all subvarieties of X with fixed Hilbert
polynomial is a projective scheme. As smooth integral rational curves do not deform, they
correspond to connected components of the projective Hilbert scheme, of which there
exist only finitely many ones. Hence, there are only finitely many P! ~ C' C X with fixed
(C.H).

ii) Alternatively, one could use the following purely numerical argument. The given
ample class H can be completed to an orthogonal basis of NS(X)gr ~ R” such that the
quadratic form is (H)*x3 — 23 — ... — z2. For fixed (C.H) = N the classes [C] are all in
the compact set {(N/(H)? x2,...,2,) | 23 + ...+ 5 = 2+ N?/(H)?} which intersects
the discrete NS(X) in only finitely many points.

iii) Finally, if only a real class o € Amp(X) is fixed, then the argument in ii) shows
that there are at most finitely many P! ~ C C X with (C.a) fixed. To exclude that
(C.a) gets arbitrarily small use the arguments in Section 2.2. O

The next immediate consequence, at least its second part, has also been proved ab-
stractly already in Proposition 2.4.

Corollary 3.6. Outside Cx the cone NE(X) is locally polyhedral. Dually, the cone
Nef(X) N Cx is locally polyhedral in the open cone Cx.

PROOF. Indeed, the intersection of the closed cone NE(X) with the cone {z | (H.z)? <
k|(z)?|} is polyhedral for all £ > 0. Clearly, any x € NE(X) \ Cx is contained in such an
intersection for k large enough. U

Kawamata proves in | , Thm. 1.9] a more general statement covering in particular
all surfaces with trivial canonical bundle.

3.2. The structure of the effective cone of a K3 surface can be intricate. There
is one result however that shows that not everything that in principle is possible also
occurs. This result is due to Kovéacs [325]. We prepare the ground by first looking at
some pictures.
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Since for p(X) = 1 effective and ample cone coincide and form just one ray spanned
by an ample class, the first instructive examples can be found for p(X) = 2. There are
four cases that can occur:

Ey E o C’lJ-
CL : Ci‘
E. .
2 c or
Amp =C Amp =C Amp ¢ C Amp ¢ C
dCNNS =0 aC=(Er])U([Ez])  OCNOAmp=([E])  9cnoAmp=0

i) ii) iii) iv)

i) Amp(X) = Cx and dCx NNS(X) = {0}. Then by Theorem 3.2°
NE(X) = Amp(X).

iil) Amp(X) = Cx and there exist two smooth elliptic curves E; and FEy such that
0Cx = RZO . [El] LJ RZO . [EQ] Then

NE(X) =Ry - [E1] + Rxo - [E2].

iii) Amp(X) ¢ Cx and there exist smooth integral curves E and C of genus one and
zero, respectively, such that the two boundaries of Nef(X) = Amp(X) are R>g - [E] and
the ray orthogonal to [C]. Then

NE(X) = Rx¢ - [E] + Rxo - [C].

iv) Amp(X) & Cx and there exist smooth integral rational curves C1 and C such that
the boundaries of Amp(X) are the two rays orthogonal to [C1] and [Cq]. In particular,
OAmp(X) is contained in the interior of Cx and

NE(X) = Rxo - [C1] + Rxq - [C2].

Note that in i) Nef(X) = Cx is polyhedral but not rational polyhedral. In the remain-
ing cases Nef(X) and NE(X) are in fact both rational polyhedral.

Remark 3.7. For purely numerical reasons the case that only one of the two rays of
OAmp(X) is spanned by a class in NS(X) cannot occur. For example, if Amp(X) = Cx
and E is smooth elliptic (and thus spans one ray of JAmp(X)) and H is ample, then
2(H.E)H — (H)?FE spans the other ray, cf. Lemma 3.13.

Also, as a consequence of Remark 2.13 or by a purely numerical argument, one finds
that in the case iv) none of the two boundaries dCx is rational.

5This is an example where the cone of curves NE(X) is not closed and the nef cone Nef(X) is not
spanned by nef line bundles.



3. EFFECTIVE CONE 155

Remark 3.8. Here are a few more comments concerning elliptic and rational curves.
In case i) there exist neither smooth rational nor smooth elliptic curves. In case ii) no
smooth rational curve can exist, as its orthogonal complement would cut Cx and hence
Amp(X) could not be maximal.

All smooth elliptic curves Ej, F3, and E in ii) and iii) can be replaced by integral
rational (but singular) curves. Indeed, any nef line bundle L with (L)? = 0 defines an
elliptic fibration 7: X —P!, see Proposition 2.3.10. The elliptic curves are smooth fibres
of the corresponding fibration. Then take a singular and hence rational fibre of 7, which
has to be irreducible due to p(X) = 2, cf. Remark 2.3.13 and Corollary 11.1.7.

Let us now look at the case p(X) > 2. We shall try to visualize this by assuming
p(X) = 3 and by taking a cut with (H. ) =1, for a fixed ample class H.

Amp =C
v) 0CNNS =0
vi) C N NS C 9C dense

v) As in i), Amp(X) = Cx and 0Cx NNS(X) = {0}. Then
NE(X) = Amp(X).

vi) As in ii), Amp(X) = Cx and its closure Nef(X) = Amp(X) = Cy is the closure of
the cone spanned by all classes [E] of smooth elliptic curves E:

Cx = Amp(X) C NE(X) C NE(X) = Cx.

vii) Asin iv), Amp(X) & Cx and NE(X) is the closure of the cone spanned by all classes
[C] of smooth rational curves C":

NE(X) =) R [Ci],
where the C; are (—2)-curves.

Note that we have not drawn the analogue of iii) for p(X) > 2. Clearly, in v) and vi)
the nef cone is not polyhedral, not even locally. In vii) it is at least locally polyhedral.

Remark 3.9. As in Remark 3.8, instead of the smooth elliptic curves E in vi) one
could use singular rational curves. As Amp(X) is maximal in this case, the singular fibres
of the elliptic fibration associated with E are irreducible (of type Iy or II), for no smooth
rational curve can exist, see Section 11.1.4.
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The last picture in vii) is realized e.g. by an elliptic K3 surface with a section C3 and
a reducible fibre C + Cy (type Iz or III). In this case, one can assume (C5.C7) = 1 and
(C5.C2) = 0. By Hodge index theorem and an easy computation, C'3L meets Ci- and Cy-
in the interior of Cx.

Remark 3.10. If X does not admit any (—2)-class, then any ray Rso - L C 9Cx is
spanned by a smooth elliptic curve (assuming char(k) # 2, 3, see Proposition 2.3.10).

The following is the main result of Kovécs’s [325].

Theorem 3.11. Let X be a projective K3 surface of Picard number p(X) > 2. Then
Amp(X) and NE(X) are as in one of the cases i)—vii). Moreover, p(X) < 4 in v) and
p(X) < 11 in vi).

The main steps of the proof are sketched below. This theorem has a series of important
and actually quite surprising consequences and we begin with those.

Corollary 3.12. Let X be a projective K3 surface.
(i) If p(X) = 2, then NE(X) (or Nef(X) = Amp(X)) is rational(!) polyhedral if and

only if X contains a smooth elliptic or a smooth rational curve.

(ii) For p(X) > 3, either X does not contain any smooth rational curves at all or NE(X)
is the closure of the cone spanned by all smooth rational curves C' C X.

(iii) Either NE(X) is completely circular or has no circular parts at all. For p(X) >3
the former case is equivalent to NE(X) = Amp(X) = Cx.

PROOF. The first assertion follows from an inspection of the cases i)-iv).

If X does not contain any (—2)-curve at all, then Amp(X) = Cx by Corollary 1.7
and NE(X) = Nef(X) = Cx by Theorem 3.2. Hence, NE(X) is completely circular for
p(X) = 3.

If X contains a (—2)-curve, then iii), iv) (for p(X) = 2), or vii) describe NE(X). In
particular, for p(X) > 3 it is the closure of the cone spanned by smooth integral rational
curves. As this cone is locally polyhedral outside Cx by Corollary 3.6, NE(X) has no
circular parts at all. O

As Kovacs explains in detail in [325], all cases allowed by the theorem do in fact occur.

3.3. The proof of Theorem 3.11 starts with the following elementary observation.
We follow the original [325] quite closely. Suppose «, 5 € NS(X) with a € Cx and
0# B €dCx. Then v :=2(a.f)a— ()8 €ER-a @R - fis also contained in ICx and 3
and ~y are on ‘opposite sides’ of Rsg - « (i.e. o is contained in the convex cone spanned
by 8 and 7), cf. Remark 3.7.
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By varying o € Cx N NS(X)q, this immediately yields
Lemma 3.13. If 0Cx NNS(X) # {0}, then dCx N NS(X)q is dense in OCx. O

Corollary 3.14. Assume that X does not contain any (—2)-curve and that p(X) > 5.
Then Amp(X) is described as in vi).

PRrROOF. Indeed, Amp(X) = Cx by Corollary 1.7 and dCx NNS(X) # {0} by Hasse—
Minkowski, cf. [544, IV.3.2]. Now combine Lemma 3.13 and Remark 3.10 to show that
indeed vi) describes Cy as the closure of the cone spanned by smooth elliptic curves. [J

Remark 3.15. Similar arguments show the following. If & € Cx N NS(X) and g €
NE(X) with (8)? = —2, then there exists an effective class v € (R-a @ R - ) N NS(X)
with either (7)? =0 or = —2 and again 3 and v on opposite sides of Rsq - a.

Moreover, (7)? = 0 can be achieved if and only if 2(a)? + (a.3)? is a square in Q.
Indeed, then z2(2(a)? + (a.8)?) — y? = 0 has a positive integral solution and one can set

(33) J = 200 — (y — (a.B))B
(and use y > (a.f)x, due to (a)? > 0, to see that v is effective). If 2(a)? + («.3)? is not a
square in Q, then the (infinitely many) solutions to Pell’s equation 22(2(a)? 4 (.8)?) —

y? = —1 yield 7 defined by (3.3) with (7)? = —2. Also, one can arrange things such that
~ is effective and on the opposite side of R - a.

PROOF OF THEOREM 3.11. Note that by purely lattice theoretic considerations (cf.
Corollary 14.3.8) any X with p(X) > 12 in fact contains a (—2)-curve and then Corollary
3.14 does not apply.

On the other hand, if X does not contain any (—2)-curve but p(X) < 5, then either
JCx NNS(X) = {0}, and we are in case v) (which is i) for p(X) = 2), or Cx NNS(X) #
{0}, and then we are again in case vi) (which is ii) for p(X) = 2).

It remains to deal with the case that X contains a (—2)-curve C' C X. For p(X) = 2,
Remark 3.15 shows that iii) or iv) must hold, i.e. if 9Amp(X) contains one of the rays
of OCx, then this ray is spanned by an integral class.
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It remains to show that vii) holds if X contains a (—2)-curve C' and satisfies p(X) > 3.
More precisely, we have to show that in this case NE(X) is the closure of the cone spanned
by (—2)-curves or, equivalently, that ONE(X) has no circular part, see the argument in
the proof of Corollary 3.12.

Suppose ONE(X) has a circular part. By Corollary 3.6, this can only happen when
there exists an open subset U C OCx that is at the same time contained in INE(X).
We can assume that U = R-g - U. Now choose an integral class o € Cx arbitrarily close
to U. By Remark 3.15 one finds an effective class v € (R-a @& R - [C]) N NS(X) with
(7)? = 0 or = —2 such that v and [C] are on opposite sides of R~ - a. As a approaches
U C ONE(X), only (7)? = 0 is possible and, moreover, v € U. In other words, such a
U C 0Cx always contains an integral effective class v € U N NS(X).

Consider . := (1 — &)y + ¢[C], which is an effective rational class for sufficiently small
e € Q9. Then (7.C) > 0, as otherwise (7:)? = —2¢2((7.C) + 1) + 2¢(7.C) < 0, which
would contradict v € ONE(X) N dCx. Since p(X) > 3, there exists an integral class
7 eR-y®R-[C])* with (7')2 < 0. Then define

= —2n%(7)*(7.C)*y = 2n(7.C)*y + [C]

and check (7,)? = —2. Moreover, R+ - 7, converges to Rs¢ -v. By Riemann-Roch
and using (v.H) > 0 and hence (v,.H) > 0 for n > 0 and a fixed ample class H, one
concludes that the classes ~, are effective. Hence, v is contained in the closure of the
cone spanned by (—2)-curves contradicting the assumption that NE(X) is circular in 7.

This concludes the proof of Theorem 3.11. O

The last step in the proof illustrates the phenomenon that NE(X) is locally polyhedral
outside Cx but not necessarily in points of the boundary dCy.

4. Cone conjecture

As explained in Section 2.4, the action of the Weyl group W on the positive cone Cx
admits a fundamental domain of the form Nef(X) N Cx. Moreover, Nef(X) C Cy is
locally polyhedral in the interior of Cx, but not necessarily at points in dCx. However,
the only reason for not being locally polyhedral in dCx and for not being polyhedral
(and not only locally) altogether is the possibly infinite automorphism group Aut(X).
To make this precise, we have to replace the nef cone by the effective nef cone Nef®(X).

The main result Theorem 4.2 of this section, due to Sterk (following suggestions by

Looijenga) [574], is a particular case of the Kawamata—Morrison cone conjecture. To-
taro’s survey [601] is highly recommended, see also his paper [600] for the technical
details and Lazi¢’s [356, Sec. 6] for a discussion of the conjecture for general Calabi—Yau

varieties as part of the minimal model program.

4.1. In order to phrase the cone theorem properly, one needs to introduce

Nef®(X) C Nef(X)
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as the real convex hull of Nef(X) N NS(X). Note that Nef®(X) need not be closed, e.g.
in the cases i) and v) in Section 3.2 the nef cone is maximal Nef(X) = Cx, but Nef®(X)
is the open cone Cx. Or in case vi), again Nef(X) = Cx, but of course only the rational
rays in dCx can be contained in Nef®(X). In any case, the closure Nef (X) always gives
back Nef(X).

Note that Nef®(X) is rational polyhedral if and only if Nef(X) is. Of course, in this
case the two cones coincide, but they might coincide without being rational polyhedral.
Recall that a convex cone that is rationally polyhedron is by definition spanned by finitely
many rational rays.

Example 4.1. i) Neither of the two cones Nef(X) or Nef®(X) is in general locally
polyhedral. Again case vi) is an example, in which case Nef®(X) N dCx is dense in
OCx. Every open neighbourhood of an arbitrary point in dCx, rational or not, intersects
infinitely many walls of Nef®(X).

ii) In [601, Sec. 4] Totaro describes an example of a K3 surface X with p(X) = 3
for which Nef(X) = Nef®(X) intersect dCx in only one ray (corresponding to the fibre
class of an elliptic fibration), but along this ray the cones are not locally polyhedral, i.e.
infinitely many walls corresponding to infinitely many sections of the elliptic fibration
accumulate towards this ray.® See also Example 4.3.

4.2. Recall that a rational polyhedral fundamental domain for the action of a group
G on a cone Cy (often not closed) is a rational polyhedral (and hence automatically closed)
cone IT C Cp such that Co = (U, 9(I1) and g(II) N A(II) does not contain interior points
for g # h.

Theorem 4.2. Let X be a projective K3 surface over an algebraically closed field k of
characteristic # 2. The action of Aut(X) on the effective nef cone Nef®(X) C NS(X)r
admits a rational polyhedral fundamental domain II.

PrROOF. Here is an outline of the argument for complex K3 surfaces following Kawa-
mata [285]. We shall use that Aut(X) acts faithfully on H?(X,Z), see Proposition
15.2.1.

The first thing to note is that the subgroup Auts(X) C Aut(X) of symplectic auto-
morphisms (i.e. those that act trivially on 7'(X), see Section 15.1) and the Weyl group

6The dark region in the picture represents a fundamental domain for the action of Aut(X) on
Nef®(X), as shall be explained shortly.
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W can both be seen as subgroups of OT(NS(X)). In fact,
(4.1) Auts(X) x W € O (NS(X))

is a finite index subgroup. This is also stated as Theorem 15.2.6 and here is the proof.

One first remarks that the kernel of the natural map O(NS(X)) — O(NS(X)*/NS(X))
is clearly of finite index. Next, by Corollary 2.11 any go € OT(NS(X)) can be modified
by an element of h € W C OT(NS(X)) such that the new element g := h o gy pre-
serves the chamber Amp(X) C Cx. If in addition, ¢ = id on the discriminant lattice
NS(X)*/NS(X), then g can be extended by id on the transcendental lattice T'(X) to
a Hodge isometry of H?(X,7), see Proposition 14.2.6. Moreover, this Hodge isometry
respects the ample cone and, by the Global Torelli Theorem 7.5.3, is therefore induced
by an automorphism f € Autg(X).

Eventually one uses that the action of OT(NS(X)) on Cx admits a rational polyhedral
fundamental domain II C Cx. This is a very general statement on lattices of signature
(1,p — 1) which has nothing to do with the geometry of K3 surfaces. The standard
reference for this is the book by Ash et al [23, Ch. I1.4], but see also [377, Sec. 4] and
the survey in [496, Thm. 2.5|. In [574, Sec. 2| one finds a rather detailed explanation.
The precise statement is as follows: There exists a rational polyhedral domain II C C%
for the action of OT(NS(X)) on the effective positive cone C% which is defined as the real
convex hull of Cx N NS(X). In fact, in [574] one finds the explicit description

(4.2) = {zxeC%| (Hg(xr)—x)>0forall g OT(NS(X))},

where H is a fixed ample class.

For g = s|¢) the inequality defining IT reads (H.x + (2.C)[C]) > (H.z) which is equiv-
alent to (x.C') > 0, as (H.C') > 0. Therefore, II C Nef®(X) and, moreover, II is up
to finite index a rational polyhedral fundamental domain for the action of Aut(X) on
Nef®(X). In fact, a rational polyhedral fundamental domain for the action of Aut(X)
can be described similarly to (4.2), where H is chosen such that its stabilizer in Aut(X)
is trivial. See Totaro’s [600, Thm. 3.1, Lem. 2.2 arxiv version| or Looijenga’s |377, Prop.
4.1, Appl. 4.14].

The assertion for projective K3 surfaces over algebraically closed fields of characteristic
zero follows from the complex case. For positive characteristic the arguments above were
adapted by Lieblich and Maulik in [367]. Very roughly, if X is not supersingular, then
NS(X) and Aut(X) lift to characteristic zero. In positive characteristic # 2 one applies
Ogus’s crystalline theory [476]. O

Example 4.3. If 7: X —P! is an elliptic K3 surface with Tk MW (X) > 0 (see Section
11.3.2) then the induced natural inclusion MW (X) = Aut(X) (see Remark 15.4.5)
yields an infinite subgroup of (symplectic) automorphisms all fixing the class [X;] €
JCx NNS(X). Hence, any neighbourhood of [X;] intersects infinitely many copies of the
fundamental domain. Compare this to Example 4.1, ii).

Corollary 4.4. The effective nef cone Nef®(X) is rational polyhedral if and only if
Aut(X) is finite. O
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Remark 4.5. It is instructive to compare the above results to the case of complex
abelian surfaces. The nef cone of an abelian surface A can be understood more explicitly,
mainly because 1 < p(A) < 4.

If p(A) = 2, then Nef(A) is obviously polyhedral, but not necessarily rational poly-
hedral, cf. Section 3.2, case i). In fact, it is rational polyhedral if and only if A =
Fy x Ey with E7 and Es non-isogenous elliptic curves without complex multiplication.
For p(A) = 3,4, the nef cone is not rational polyhedral. Bauer in [36, Thm. 7.2| gives
a detailed description. The analogue of Theorem 4.2 for abelian surfaces was proved by
Kawamata in [285].

4.3. Here are a few consequences of the theorem that show that the convex geometry
of the natural cones, ample, nef, etc., has strong implications for the geometry of a K3
surface, which we continue to assume to be over an algebraically closed field.

For the first one see the article [574] by Sterk. Lieblich and Maulik [367] checked the
case char(k) > 0.

Corollary 4.6. The set of (—2)-curves up to automorphisms
{CcX|C~P}/Aut(X)

1s finite. More generally, for any d there are only finitely many orbits of the action of
Aut(X) on the set of classes o € NS(X) of the form o = [C] with C C X irreducible”
and (a)? = (C)? = 2d.

PROOF. Throughout the proof one uses that every P! ~ C' C X defines a wall of
codimension one of Nef(X), see Remark 2.8.

Let now IT be a rational polyhedral fundamental domain for the action of Aut(X) on
Nef®(X). Then Nef®(X) and II share finitely many walls [C1]*,...,[C,]* for certain
P! ~ Cy,...,C, C X. Now, consider another P! ~ C C X. Then there exist an
f € Aut(X) such that f*[C]* is one of the [C;]*. But two (—2)-curves that define the
same wall coincide. Hence, every Aut(X )-orbit on the set of (—2)-curves meets the finite
set {C1,...,Ch}.

For the second part, i.e. (C')? = 2d > 0, one first observes that the (rational) polyhedral
fundamental domain IT C Nef®(X) contains only finitely many integral classes with (a)? =
2d > 0. (This needs an extra but still elementary argument when II contains a class in
OCx.) Now, if C C X is an irreducible curve with (C)? = 2d > 0, then C is nef, i.e.
[C] € Nef®(X). Hence, there exists f € Aut(X) such that f*[C] € II, which is then one
of these finitely many classes. U

The next result is due to Pjateckil-Sapiro and Safarevi¢ [490, §7 Thm. 1] and Sterk

[574].
Corollary 4.7. Consider the following conditions:
(i) The effective cone NE(X) is rational polyhedral.

"For d > 0 it suffices to require that C is nef.
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(ii) The quotient O(NS(X))/W is finite.

(iii) The group Aut(X) is finite.

(iv) There are only finitely many smooth rational curves contained in X .

Then (i) < (i) < (iii) = (iv). If X contains at least one (—2)-curve, then also (iv) =
(1)

PROOF. Assume (i). Thus, NE(X) and hence NE(X) are rational polyhedral. But
then also the dual Nef(X) and Nef®(X) are rational polyhedral. Hence, by Corollary 4.4,
Aut(X) is finite and, therefore, (i) implies (iii).

Next, (ii) and (iii) are equivalent, because Autgs(X)x W C O(NS(X)) is of finite index,
see the proof of Theorem 4.2 or Theorem 15.2.6.

Now assume (iii). Then, by Corollary 4.4, Nef®(X) is rational polyhedral and, therefore,
also Nef(X) = Nef®(X) is. This in turn implies that NE(X) is rational polyhedral and
hence (i) holds, e.g. by going through i)-vii). As all smooth rational curves define a wall
of of codimension one of Nef(X) (see Remark 2.8), (ii) and (iii) imply (iv).

For p(X) > 3, Corollary 3.12 shows that either X does not contain any smooth rational
curves or NE(X) is the closure of the cone spanned by smooth rational curves. So, if X
contains a (—2)-curve and (iv) is assumed, then NE(X) = NE(X) is rational polyhedral.
(Note that for Nef(X) = Cy, the existence of a rational polyhedral domain for Nef®(X)
requires Aut(X) to be infinite.)

If p(X) =2 and X contains a (—2)-curve, then only iii) and iv) can occur and in both
cases NE(X) is rational polyhedral.

See again [367] for the case of positive characteristic. O

Thus, whether NE(X) is rational polyhedral can be read off from NS(X) alone. In fact,
there are only finitely many choices for the hyperbolic lattice NS(X) such that NE(X) is
rational polyhedral. An explicit (but still quite involved) complete classification of these
lattices is known, cf. [13, Thm. 2.12| or [147, Cor. 4.2.4, Thm. 2.2.2|, see Section 15.2.4.

Rephrasing the above in terms of the nef cone yields

Corollary 4.8. If Nef(X) is not rationally polyhedral, then Aut(X) is infinite. O

In practice, it is often quite mysterious where these infinitely many automorphisms
come from, e.g. in the cases i) and v) in Section 3.2. See Section 15.2.5 for examples
with infinite Aut(X) but with no (—2)-curve.

Example 4.9. The following, which can be deduced by closed inspection of i)-iv), was
observed in [490, Sec. 7|: If p(X) = 2, then Aut(X) is finite if and only if there exists a
class a € NS(X) with (a)? = —2 or = 0. See also Section 14.2 and Example 15.2.11.

Another immediate, and partially more geometric, consequence of the cone conjecture
can be spelled out as follows:

Corollary 4.10. Up to the action of Aut(X), there exist only finitely many ample line
bundles L on X with (L)? fized. Equivalently, for a fived K3 surface Xo the set

{(X,L) e My ‘ X :X()}
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is finite. O

Here, My is the moduli space of polarized K3 surfaces (X, L) with (L)? = 2d, see
Chapter 5.

5. Kahler cone

We quickly explain what happens if instead of the ample cone in NS(X)r one considers
the Kihler cone Kx inside HV(X,R).

5.1. For this let X be a complex K3 surface. It is known that any complex K3
surface is Ké&hler (see comments in Section 7.3.2) and we shall assume this here. A
Kihler metric g on X with induced Kihler form w defines a class [w] € HVH(X,R). A
class in H5'(X,R) is called a Kdhler class if it can be represented by a Kihler form.
Since a positive linear combination of Kéahler forms is again a K&hler form, the set of all
Kiihler classes in H'!(X,R) describes a convex cone.

Definition 5.1. The Kéahler cone
Kx ¢ HYY(X,R)

is the open convex cone of all Kihler classes [w] € H»!'(X,R). The positive cone of the
complex K3 surface X is the connected component

Cx ¢ HY(X,R)
of the open set {a € HYY(X,R) | ()? > 0} that contains K.
Note that the inclusion
(5.1) NS(X)r = HY(X,Z)r ¢ HY (X, R)

is in general strict. In fact, for very general X one has NS(X) = 0. Equality in (5.1) only
holds for K3 surfaces of Picard number p(X) = 20. Observe that x and Cx are open
convex cones of real dimension 20 independent of X, whereas the dimension of Amp(X)
depends on p(X).

Under the inclusion (5.1), one has Amp(X) = Kx NNS(X)r by Kodaira’s characteri-
zation of positive classes (cf. [219, , ]) and Cx NNS(X)r gives back the positive
cone in NS(X)gr (for which we used the same notation). Recall that X is projective if
and only if x contains an integral class or, equivalently, if Cx contains an integral class,
see Remark 1.3.

The following is the Kéhler analogue of Corollary 1.7.

Theorem 5.2. The Kdhler cone Kx is described by
(5.2) Kx ={ac H"'(X,R) | « € Cx and (a.C) > 0 for all P' ~C C X}.

Moreover, if o is in the boundary of Kx, then (a)?> = 0 or there exists a P! ~ C C X
with (a.C') = 0.
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Note that the cone described by the right hand side of (5.2) is open by Remark 1.3,
which remains true in the Kéhler setting due to Remark 2.7. In Section 7.3.2 we stated
a special case of the theorem as:

Corollary 5.3. If Pic(X) =0, then Kx =Cx. O

In fact, this corollary was there used to deduce the Global Torelli Theorem, on which
the classical proof of Theorem 5.2, to be sketched below, relies. So there is a certain (but
no actual) circular touch to the argument.

PROOF OF THEOREM 5.2. The theorem can nowadays be seen as a consequence of the
much more general result by Demailly and Paun [145], which in dimension two had been
proved by Buchdahl [88] and Lamari [344, |. However historically, its first proof
relied on the surjectivity of the period map (cf. Section 7.4.1) and the Global Torelli
Theorem 7.5.3.

Let us sketch the classical approach following |53, Exp. X|. Let K% denote the set
of classes a € Cx with (a.C) > 0 for all P! ~ C C X and such that the positive
three-space W = (Re(o),Im(c),a) contains a class 0 # ag € W N H3(X,Q). Here,
0 # 0 € H*(X). Note that if a € K% then («.d) # 0 for all (—2)-clases § € NS(X).
Now write W = aol @R - ap and use the surjectivity of the period map (cf. Section 7.4.1)
to realize aé as the period of a K3 surface Xy. Passing from X to Xy has the advantage
that due to the existence of the rational class ag € H'!(Xp, Q) with (ag)? > 0 one now
has an algebraic K3 surface X, see Remark 1.3. Note that ag has still the property that
(9.00) # 0 for all (—2)-classes 69 € NS(Xg). Indeed, otherwise 6y € W+ and hence
0o € NS(X) and (a.dg) = 0.

By Corollary 2.9, there exists a Hodge isometry g of H?(Xy, Z) such that g(ag) becomes
Kahler. Using the twistor space construction for g(ag) (see Section 7.3.2), one finds a
K3 surface X’ together with a Hodge isometry §: H?(X,Z) > H?(X',7Z) mapping «
to a Kihler class o := g(a). (Tacitly, we are using the natural identification H?(X,Z) ~
H?(X(,Z).) By the Global Torelli Theorem 7.5.3 or rather its proof in Section 7.5.5
one can lift § to an isomorphism X —~> X', for « is positive on all P! ~ C c X. In
particular, all o € KS are Kahler classes. As K% is dense in the open cone described by
the right hand side of (5.2), this is enough to conclude. O

Remark 5.4. In the Kéhler setting too, the notions of nef classes and of the nef cone
exist. Since in general there are too few curves (sometimes none) to measure positivity
of classes, one rather uses an analytic definition. A posteriori it turns out that the
corresponding nef cone is again the closure Kx of the Kihler cone, see [145] for further
references.

5.2. The definition of the Weyl group of a complex K3 surface remains unchanged
W= (s5 | § € NS(X) with (6)? = —2),

but it is now considered as a subgroup of O(H?(X,Z)). Note that all ss act as id on
H?% @ H%2 and in fact on T(X) = NS(X)* (which, however, might not complement
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NS(X)), see Example 3.3.2). The set of roots A = {§ € NS(X) | (§)2 = —2} induces
a chamber decomposition of Cx C HY(X,R). Due to Remark 2.7, the main results of
Sections 2.2 and 2.4 still hold true.

Proposition 5.5. The Weyl group W of any complex K3 surface acts simply transi-
tively on the set of chambers of the positive cone Cx C HY'(X,R). Moreover, Kx N Cx
s a fundamental domain for this action. It is locally polyhedral in the interior of Cx. U

5.3. The ample cone and the positive cone in NS(X)gr of an algebraic K3 surface
behave badly under deformation of the surface. Since the Picard number usually jumps
on dense subsets (see Sections 6.2.5 and 17.1.3), even their dimension cannot be expected
to be locally constant. The situation is different for the Kahler cone. Already the positive
cone Cx C H"'(X,R) behaves well under deformation, it is always a real open cone of
dimension 20 and the family of positive cones Cy, for a deformation X — S forms a real
manifold Cy/s—=S of relative real dimension 20 over S. This still holds true for the
family of Kahler cones Ky /g —S but takes a bit more effort to prove. For the following
we refer to [32, Ch. VIIL.9] and [53, Exp. IX]. The result can also be deduced from the
general fact that for a family of (1, 1)-classes, being Kéahler is an open condition.

Proposition 5.6. For a smooth family of K3 surfaces f: X — S, the family of Kdihler
cones Kx, C Cx, C HY'(Xy,R) forms an open subset

Kx/s C (R fQx/s)r
of the real vector bundle on the right hand side with fibres HV'(Xy, R).

5.4. Some of the results for Amp(X) do not carry over to Kx. Here are two exam-
ples.

Lemma 3.13 fails in two ways. If X is not algebraic, then NS(X) might very well be
of rank one generated by a line bundle L with (L)? = 0 and, in particular, up to sign
no other primitive integral class (of square zero) exists. But even when X is algebraic
Lemma 3.13 only yields density of rational classes in the boundary of the positive cone
in NS(X)g. For example, if p(X) < 20, then the rational classes in the positive cone
Cx C HY'(X,R) can certainly not be dense.

Theorem 3.11 is false in the general Kahler case and so are Theorem 4.2 and Corollaries
3.12 and 4.7. For example, using the surjectivity of the period map (see Theorem 7.4.1),
one ensures the existence of a K3 surface X such that NS(X) is generated by three
pairwise orthogonal (—2)-classes [C;], i = 1,2,3. So, p(X) = 3, but Kx has a large

circular part. Only within the interior of Cx it is cut out by the three hyperplanes [C;]*.

References and further reading:

It can be quite difficult to describe the ample cone Amp(X) of a particular K3 surface X
explicitly. See e.g. Nikulin’s article [451] or the more recent [29] by Baragar for p(X) = 3,4.
The latter studies certain fractals associated with the ample cone.
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The Cox ring of a K3 surface is by definition

Cox(X)= @ H'X,L).
LENS(X)
It contains the usual section rings @ H°(X, L") for any L, which are finitely generated subring
for all nef L, see comments at the end of Chapter 2. However, the Cox ring is rarely finitely
generated. In fact, as shown by Artebani et al in [13] the Cox ring of a projective complex
K3 surface is finitely generated if and only if NE(X) is rational polyhedral. Another proof for
p(X) = 2 was given by Ottem in [481] which also contains explicit descriptions of generators of
Cox(X) in this case, see also [13, Thm. 3.2]. The more general case of klt Calabi—Yau pairs in
dimension two is the subject of Totaro’s [600].

Coming back to Corollary 4.10: In [553, Cor. 1.7] Shimada shows that (under certain as-
sumptions on X) up to automorphisms any H with (H)? = 2d also satisfies an upper bound
(H.Hp) < ¢(d) with ¢(d) a explicit linear function in d. This should allow one to bound the
cardinality of the finite set.

The interior of NE(X) is the big cone Big(X), i.e. the set of positive real linear combinations
> a;L; with L; big, i.e. hO(L?) ~ n?. See [355, Ch. 2.2]. Also the big cone admits a chamber
decomposition. In fact, it admits two. Firstly, one can look at the Weyl chambers, which by
definitions are the connected components of Big(X) \ U[C]*, where the union is over all P! ~
C C X. Clearly, on Cx C Big(X) this gives back the classical chamber decomposition. Secondly,
one can consider the decomposition into Zariski chambers. By definition, two big divisors Li, Lo
are contained in the same Zariski chamber if the negative part in the Zariski decomposition of
L; are the (—2)-curves with (L2.C') = 0 (see page 37). These two notions have been compared
carefully in [38]. In particular, it is shown that the two decompositions coincide if and only if
one cannot find two (—2)-curves Cy,Cy with (C1.Cy) = 1.

The cone conjecture for deformations of Hilb"(X) with X a K3 surface has recently been
established by Markman and Yoshioka in [388] and in general by Amerik and Verbitsky in [4].

Questions and open problems:

Presumably, (4.1) and and Corollary 4.6 may fail for general complex K3 surfaces, i.e. Aut,(X)x
W C O(NS(X)) might not be of finite index and there may be infinitely many (—2)-curves and
yet finite Aut(X). It could be interesting to describe explicit examples.

Using the surjectivity of the period map, it is easy to show that every class a € H?(M,R)
(with M the differentiable manifold underlying a K3 surface) with (a)? > 0 is a Kihler class [w]
with respect to some complex structure X = (M, I) (automatically defining a K3 surface). This
implies that every symplectic structure on M compatible with the standard orientation of M can
cohomologically be realized by a (hyper)Kéhler structure. It is however unknown whether this
remains true on the level of forms or whether the space of symplectic structure in one cohomology
class is connected. This is related to the discussion in Section 7.5.6 and at the end of Chapter 7.
For further references see [517].



CHAPTER 9

Vector bundles on K3 surfaces

In this chapter, a few explicit and geometrically relevant bundles on K3 surfaces and
their properties are studied in detail. In particular, stability of the tangent bundle and
of bundles naturally associated with line bundles and curves is discussed. Stability of the
tangent bundle can be seen as a strengthening of the non-existence of vector fields on
K3 surfaces and is only known in characteristic zero. We mention the algebraic approach
due to Miyaoka and the analytic one that uses the existence of Ricci-flat Kéhler metrics,
see Section 4. Vector bundle techniques developed by Lazarsfeld to prove that generic
curves in integral linear systems on K3 surfaces are Brill-Noether general are outlined
in Section 2. In the appendix we outline how the vanishing H°(X, 7x) = 0 in general is
used to lift K3 surfaces from positive characteristic to characteristic zero.

1. Basic techniques and first examples

This section introduces the Mukai pairing, proves that the tangent bundle of a very
general complex K3 surface is simple and studies the rigid bundle obtained as the kernel
of the evaluation map of a big and nef line bundle.

1.1. For the convenience of the reader we collect a few standard results on coherent
sheaves on a smooth surface X. For proofs and more results see Friedman’s book [183]
or [264].

0) A coherent sheaf F' on a smooth surface X is torsion free if its torsion T'(F') is trivial.

i) If F' is torsion free, then F is locally free on the complement X \ {z1,...,z,} of a finite
set of closed points.

ii) The dual F* := Hom(F, Ox) of any coherent sheaf F' is locally free.

iii) The double dual F** := Hom(Hom(F,Ox),Ox) of a coherent sheaf F' is called its
reflexive hull. There is a natural morphism F'— F** which is injective if and only if F'
is torsion free. Its cokernel is a sheaf with zero-dimensional support.

iv) The rank of a coherent sheaf F' can be defined as dimy,) F'(r) with z € X generic
(or even the generic point) or as the rank of the locally free sheaf F*. Then, rk(F) =0
if and only if F'is a torsion sheaf.

v) Any torsion free sheaf of rank one is isomorphic to a sheaf M ® I with M € Pic(X)
and Iz the ideal sheaf of a subscheme Z C X of dimension zero.

167
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1.2. Arguably, the two most important techniques in the study of the geometry
of a K3 surface X (over an arbitrary field k) are Serre duality and the Riemann-Roch
formula. Serre duality for two coherent sheaves E, F' € Coh(X) or, more generally, for
two bounded complexes of coherent sheaves E, F' € DP(X) asserts that there exist natural
isomorphisms

Ext!(E, F) ~ Ext* (F, E)*.
In a more categorical language this can be phrased by saying that the derived category

DP(X) := DP(Coh(X))

of the abelian category Coh(X) is endowed with a Serre functor S: DP(X) > DP(X)
which is isomorphic to the double shift E+— E[2], cf. Section 16.1.3. For a coherent
sheaf F one can use a locally free resolution of E to compute Ext’(E, F). For complexes,
the description

Ext'(E, F) = Homps () (E, F[i])

might be more useful.

Also note that for coherent sheaves F and F one has Ext'(E,F) = 0 for i > 2 and
1 < 0, which fails for arbitrary complexes. Thus, Serre duality for sheaves reduces to the
two isomorphisms Hom(E, F) ~ Ext?(F, E)* and Ext!(E, F) ~ Ext!(F, E)*.

Assume E = F (sheaves or complexes). Then Serre duality Ext!(FE, E) ~ Ext!(E, E)*
can be seen as the existence of a non-degenerate quadratic form on Ext!(E, E). The
duality pairing

(1.1) Ext'(E, E) x Ext'(E, E) —k

is in fact obtained by composing v € Hompy (x) (£, E[1]) with 8 € Hompp () (E, E[1]) ~
Hompy (x)(E[1], £[2]) followed by the trace giving tr(8 o a) € H*(X,0) ~ k!

Proposition 1.1. The Serre duality pairing (1.1) is non-degenerate and alternating.

PROOF. There are various ways of proving this. See [264, Ch. 10] for a proof using
Cech cohomology. Here is an argument using Dolbeault cohomology. It only works for
locally free sheaves on complex K3 surface but it shows clearly how the sign comes up.

One uses that for E locally free Ext!'(E, E) = H'(X,End(E)) can be computed as the
first cohomology of the d-complex

A (End(E)) — A (End(E)) — A%2(End(E)).

Classes a, 8 € Ext!(E, E) can be represented by 3~ a; ® 7; resp. > B ® 65 with oy, B;
differentiable endomorphisms of the complex bundle and +;, d; forms of type (0,1). Then
the Serre duality pairing of a and f yields ) tr(f; 0 o) ® (0 A7;). Clearly, tr(5;0a;) =
tr(ai o BJ) but 5j ANYi ==Y N (5]'. O

1The last isomorphism is not canonical. Viewing H2(X, ) as H°(X,wx)*, it depends on the choice
of a trivializing section of wx, i.e. a non-trivial regular two-form.
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Recall from Section 1.2.4 that the Hirzebruch—Riemann—Roch formula for arbitrary
coherent sheaves (or bounded complexes of such) on a K3 surface takes the form

(1.2) X(F) = / ch(F)td(X) = cha(F) + 21k(F).

This is generalized to an expression for a quadratic form as follows. Define for £ and F
the Euler pairing

X(E,F) =Y (~1)' dim Ext'(E, F).
Then, Serre duality implies x(E, F') = x(F, E), i.e. the Euler pairing is symmetric. Note
that for £ = Ox one finds x(Ox, F) = x(F) and, more generally, for F locally free
X(E,F) = x(E*® F). Then (1.2) generalizes to

(1.3) X(E,F) = /ch*(E)ch(F)td(X) = /(ch*(E)\/M)(ch(F) td(X)).
Here, ch* is defined by chf = (—1)ich;, which for a locally free sheaf E yields ch*(E) =
ch(E*), and \/td(X) = 1+ (1/24)co(X).
Definition 1.2. The Mukai vector for (complexes of) sheaves is defined by
W(E) = ch(E)yid(X) = (tk(E), 1 (E),cha(E) + rk(E))
= (tk(E), c1(E), x(E) — rk(E)).

The Mukai vector can be considered in cohomology (étale, singular, crytalline, de
Rham), in the Chow ring CH*(X) (see Section 12.1.4), or in the numerical Grothendieck
group (see Section 16.2.4). As it this point, this is of no importance for our discussion,
we shall be vague about it.

Example 1.3. For later reference, we record the special cases:
v(k(z)) = (0,0,1), v(Ox) = (1,0,1), and v(L) = (1, c1(L),ci(L)/2 + 1)
for L € Pic(X).

In order to express x(F,F) as an intersection of Mukai vectors, one introduces the
Mukai pairing. This can be done for arbitrary K3 surfaces (see Section 16.2.4), but for
complex K3 surfaces it can be most conveniently phrased using singular cohomology.

Definition 1.4. For a complex K3 surface X the Mukai pairing on H*(X,7Z) is
(o, B) = (2.82) — (0.B41) — (au-Bo),

where (. ) denotes the usual intersection form on H*(X,Z).

In other words, the Mukai pairing differs from the intersection form only by a sign
in the pairing on H° @ H*. See also Section 1.3.3, where (. ) was only considered on
H?(X,7).

With this definition, the Hirzebruch-Riemann-Roch formula (1.3) becomes

(1.4) X(E, F) = =(v(E),v(F)).
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1.3. Let us henceforth assume that we work over an algebraically closed field. Then
a sheaf F is simple if End(E) = k.? Then

x(E,E) =2 — dimExt!(E,F) < 2

and hence (v(F),v(E)) > —2. Typical examples with (v(E),v(F)) = —2 are provided
by line bundles £ = L € Pic(X) and the structure sheaf £ = O¢ of a smooth rational
curve P! ~ C C X, cf. Section 16.2.3.

Remark 1.5. The inequality (v(E),v(E)) > —2 for a simple sheaf E can be spelled
out as (tk(E) — 1)c}(E) — 2rk(E)ca(E) + 2rk(E)? < 2 or, equivalently,

A(E) = 2rk(E)ca(E) — (tk(E) — 1)c3(E) > 2(rk(E)* - 1).

For rk(FE) > 1, this yields the weak Bogomolov inequality A(E) > 0, which holds for
semistable(!) sheaves on arbitrary surfaces, cf. Section 3.1.

It is surprisingly difficult to find simple bundles explicitly. In fact, there are very few
naturally given bundles on a K3 surface. The tangent bundle 7x and bundles derived
from it by linear algebra operations, like tensor and symmetric powers, are the only
natural non-trivial bundles. Proving simplicity of 7Tx is not trivial and is usually seen as
a consequence of stability, see Section 3.1. For complex K3 surfaces X with Pic(X) = 0,
and then for a Zarisiki open subset of all K3 surfaces (including many projective ones),
the simplicity of Tx can be proved by an elementary argument which we shall explain
next.

Example 1.6. i) Suppose Tx were not simple. Then there exists an endomorphism
0 # ¢: Tx —= Tx which is not an isomorphism. Indeed, for any v: Tx — Tx which is not
of the form A -id pick a point z € X and an eigenvalue A of ¢, Tx @ k(x) —Tx @ k(x).
Then, ¢ := 1 — X -id is not an isomorphism at the point x and not trivial either. As a
morphism of sheaves, ¢ cannot be injective, for otherwise Coker(y) would be a non-trivial
torsion sheaf with trivial Chern classes. Hence, Ker(y) # 0. Since Im(¢y) is torsion free
and hence of homological dimension < 1 (see e.g. [264, Ch. 1]), Ker(¢) has homological
dimension zero. Thus, Ker(y) is a line bundle and Ker(p) ~ Ox if Pic(X) = 0. This,
however, contradicts H°(X,Tx) = 0 (see Section 1.2.4 and the appendix).

ii) Note that the arguments work for arbitrary sheaves and show: A locally free sheaf E
that is not simple admits a non-trivial endomorphism ¢: E— E with non-trivial kernel.

A straightforward computation yields (v(7x),v(Tx)) = 88 which together with the fact
that 7Tx is simple (at least over C) yields

dim Ext!(7x, Tx) = 90.%

20ver an arbitrary field a sheaf is called simple if End(E) is a division algebra.
3A geometric interpretation of this number would be interesting.
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1.4. In the case of a polarized K3 surface X, or more precisely of an embedded K3
surface X C PV, the restricted tangent bundle Tpnv|x also appears naturally and one
might ask whether it has particular properties. By the Euler sequence, the twisted dual
Qpn (1)|x can often be described as the vector bundle M}, associated naturally with the
line bundle L = O(1)|x which we now define.

Definition 1.7. For a globally generated, big and nef line bundle L let M be the
kernel of the evaluation map:

(1.5) 0 My, HY(X,L)® Ox —~> L — 0.

Note that M, is of rank h%(L) — 1 and satisfies H°(X, M) = HY(X, M) = 0, for the
latter use H'(X,0) = 0. The following result is taken from Camere’s thesis [95].

Example 1.8. For any globally generated, big and nef line bundle L the vector bundle
My, is simple. Indeed, tensoring (1.5) with Ey, .= M} yields the short exact sequence

0—M; ® E,—H%X,L)® E, —L ® E;, —0,
the long cohomology sequence of which has the form
. —HYX,L® E;)—H*(X,M, ® E;,)—H°(X,L) ® H*(X, E1)—0.

By Serre duality and definition of My, H?(X,Er) ~ H%(X,Mg)* = 0. To compute
HY(X,L® Ep), dualize (1.5) and tensor with L. The long cohomology sequence reads

L —H'X,L)*® HY(X,L)—-HYX,L® E) —H*(X,0x) ~ k— ....

However, H!(X, L) = 0 by Proposition 2.3.1 and, therefore, H?(X, M ® Ep) is at most
one-dimensional. Thus, M, is indeed simple, since H?(X, M} ® Ep) ~ End(Mp)*.

Also note that M7, is in fact simple and rigid, i.e. also Ext! (M, M) = 0. This follows
from (v(Myp),v(Mp)) = —2, using v(Mp) = h°(X, L) - v(Ox) — v(L).

Restricting the Euler sequence 0—=Qpy ® O(1) — H%(X, L) ® O— O(1) —0 to the
projective embedding X < PV induced by a very ample linear system |L| shows

QIPN‘X ZML(X)L*,

which is therefore simple.

2. Simple vector bundles and Brill-Noether general curves

The evaluation map for a line bundle on a curve viewed as a sheaf on the ambient
surface is another source of interesting examples of bundles. The construction provides
a link between Brill-Noether theory on curves in K3 surfaces and the theory of bundles
on K3 surfaces. This has led to many important results.
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2.1. If we allow ourselves to use more of the geometry of the K3 surface X, in
particular curves contained in the surface, then more vector bundles can be exhibited. A
standard technique in this context uses elementary transformations along curves. Here is
an outline of the construction, for more details see [264, Ch. 5] or the survey by Lazarsfeld
[354, Sect. 3|.

Let C C X be a curve and A a line bundle on C, simultaneously be viewed as a torsion
sheaf on X. If E is a vector bundle on X and E|c— A a surjection on C, then the kernel
F of the composition E—s= E|c—> A, which is a sheaf on X, is called the elementary
transformation of E along C' (but it clearly depends also on A and the surjection). Thus,
there exists a short exact sequence on X

(2.1) 0—F—F—A—Q.
Lemma 2.1. The elementary transformation F is locally free and satisfies
det(F) ~ det(E) ® O(—=C) and ca(F) = ca(E) — (C.c1(F)) + deg(A).

PrOOF. The first assertion can be checked locally and so we may can assume A ~
Oc¢. Using the locally free resolution 0—O(—C) —Ox —O¢c—0, one finds for the
homological dimension that dh(O¢) = 1. Since F' is the kernel of E—=O¢ with E
locally free, this is enough to conclude dh(F') = 0, i.e. F' is locally free.

The line bundle A is trivial on the complement of finitely many points z1,...,z, € C.
Therefore, as a vector bundle on X is uniquely determined by its restriction to X \ {z;},
to compute det(F’), we may assume A ~ O¢. Then conclude by using det(O¢) ~ O(C).
To compute ca(F), use the Riemann—Roch formula on C, cf. [264, Prop. 5.2.2]. O

Dualizing the exact sequence (2.1) yields a short exact sequence of the form
(2.2) 0—FE"—F"—A"® Oc(C)—0.

Here, A* denotes the dual of the line bundle A on C' (and not the dual on X which
is trivial). Indeed, the injection of locally free sheaves F'— F, which generically is an
isomorphism, dualizes to an injection E* — F*. So the only thing to check is that indeed
Exth (A, Ox) ~ A* @ Oc(C). If A= L|¢ for some line bundle L on X, then dualizing
0—L(—C)—L— A—0 yields this isomorphism. The general case can be reduced
to this by writing A = L|c ® O¢(—z1 — ... — zp) and the fact that the computation of
Extl (k(z;), Ox) is purely local.

2.2. Let us apply this general construction to the following special situation. Con-
sider a globally generated line bundle A on a curve C C X and let r := h%(C, A) — 1. For
E = OTXH and the evaluation map E|¢ ~ (’)6Jrl —> A, the elementary transformation of
FE along C' is in this case described by

(2.3) 0—F—=0%!—A—0.

The following result is due to Lazarsfeld [352].
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Proposition 2.2. Assume in addition that A* @ Oc(C) is globally generated and that
every curve in the linear system |C| is reduced and irreducible. Then the elementary
transformation F in (2.3) is locally free and simple. (As it turns out, F is in fact p-
stable, see Corollary 3.3.)

PROOF. Clearly, F' is simple if and only if its dual G := F™* is simple. By (2.2) the
bundle G sits in a short exact sequence 0—= O\ —G —= A* @ O¢(C)—=0. Using
H'(X,Ox) = 0, this shows that G is globally generated.

If GG is not simple, then there exists a non-trivial endomorphism ¢: G—G with non-
trivial kernel, see Example 1.6. For K := Im(¢p), one has a short exact sequence

0—K—-G—G/K—0

with K torsion free of rank 0 < s < r + 1.

Since G is globally generated and K and G/K are both quotients of G, their determi-
nants are also globally generated and hence of the form det(K) ~ O(C1) and det(G/K) ~
O(Cy) for some effective curves Cp,Cy. They are both non-trivial, which can be proved
as follows. The surjectivity of G—s= K and the vanishing Hom(G,Ox) = H*(X, F) =0
imply that K is globally generated with Hom(K,Ox) = 0. The restriction K|p to a
generic ample curve D is locally free and globally generated. Thus, there exists a short
exact sequence

0— (K|p)* — 035" — det(K)|p—=0
of vector bundles on D, see [264, Ch. 5|.

For sufficiently positive D, the restriction map Hom (K, Ox)—=Hom(K|p,Op) is sur-
jective and thus H(D, (K|p)*) = Hom(K|p, Op) = 0. Hence, h®(D,det(K)|p) > s+ 1.
This clearly implies deg(K|p) > 0 and hence C; # 0. For G/K, which is not necessarily
torsion free, one applies the argument to G—=(G/K)/T(G/K). Note that the torsion
part T(G/K) has an effective (but possibly trivial) determinant as well.

On the other hand, det(G) ~ O(C) which leads to

O(Cy + C3y) ~ det(K) @ det(G/K) ~ det(G) ~ O(C),
i.e. C1 + Cy € |C|. This contradicts the assumption on |C]. O

Remark 2.3. The proposition is typically applied to the case that O(C) generates
Pic(X), as in this case the assumption on |C| is automatically satisfied. However, the
proof shows that it is enough to assume that C is ample with (C)?
intersection numbers (C.D) with D effective.

minimal among all

2.3. The above construction was used in Lazarsfeld’s influential paper [352] to
deduce properties of curves on K3 surfaces from the geometry of the ambient K3 surfaces
or, more precisely, from the Riemann—-Roch formula x(F, F) = —(v(F),v(F)). For an
alternative proof of the following fact see [353].

Corollary 2.4. Let C' be a smooth curve on a K3 surface X such that all curves in
|C| are reduced and irreducible. Then every line bundle A € Pic(C) satisfies

p(A) = g(C) — h%(A) - h'(A) > 0.
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PROOF. Assume first that A and A* ® O¢(C) are both globally generated. The
construction in Section 2.2 and Proposition 2.2 yield the simple bundle F' which satisfies

—((F),v(F)) = x(F, F) <2.
On the other hand, a simple computation using Lemma 2.1 shows
(v(F),v(F)) =2p(A) — 2

which immediately gives the assertion p(A) > 0.

It remains to reduce the general case to the case that A and A* ® wo ~ A* @ Oc(C)
are globally generated. If h%(A) = 0 or h'(A) = 0, then p(A) = ¢g(C) > 0 and thus the
assertion holds. Suppose h(A4) # 0 but A not globally generated. Let D be the fixed
locus of A. Hence, A(—D) is globally generated, h®(A) = h°(A(—D)), and

h'(4) = B°(A* ® we) < h°(A*(D) @ we) = h' (A(=D)).

Therefore, p(A) > p(A(—D)). Thus, it suffices to prove the assertion for A globally
generated. One argues similarly to reduce to the case that A* ® wo is globally generated
without introducing base points for A. This is left as an exercise. O

A few words putting the corollary in perspective, see also [11] or the surveys in [9, s
|: Brill-Noether theory for smooth projective curves C' studies the Brill-Noether loci

W5 (C) c Pict(C)

of all line bundles A on C of degree d with h°(A4) > r+ 1. The W7(C) are determinantal
subvarieties of Pic?(C)) given locally by the vanishing of certain minors, see e.g. [11]. To
study the W} (C), one introduces the Brill-Noether number

plg,r,d)=g—(r+1)(g—d+r).

If p(g,r,d) > 0, then the Brill-Noether locus W} (C) is non-empty (Kempf and Kleiman—
Laksov) and, if p(g,r,d) > 1, it is also connected (Fulton-Lazarsfeld), cf. [11].

Moreover, the Brill-Noether number is the expected dimension of Wj(C). More pre-
cisely, if W} (C) is non-empty, then dim W} (C) > p(g,r,d) and equality holds for generic
curves C'. The latter is a result due to Griffiths and Harris [220], which was proved
using degeneration techniques that do not allow to describe Brill-Noether general curves
explicitly. Part of this statement is that W7 (C) is empty if p(g,r,d) < 0. In this sense,
smooth curves on K3 surfaces defining integral linear systems are Brill-Noether general.
This is made precise by the following result.

Corollary 2.5. Let C' be a smooth curve on a K3 surface X such that all curves in
|C| are reduced and irreducible. If p(g,r,d) <0, then Wj(C) = 0.

PROOF. Suppose A € W7 (C). Then h°(A) > r + 1 and deg(A) = d. By Riemann-
Roch, h'(A) =g —1—d+ h°(A) > g — d+ r. Hence, by Corollary 2.4,

plg,rd) =g — (r+1)(g—d+r)>g—h"(A) h'(A) = p(4) > 0.
It is worth pointing out that the proof of Corollary 2.5 does not involve any degeneration
techniques, unlike the original in [220].

O
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Remark 2.6. i) In fact, Lazarsfeld shows in [352] that the generic(!) curve C' in an
integral linear system |Cp| is Brill-Noether general in the broader sense that all W} (C')
are of dimension p(g,7, d) and smooth away from W/ (C) c W} (C). See also Pareschi’s
variation of the argument in [485].

ii) The literature on the generic behavior of curves on K3 surfaces is vast. For example,
in [216] Green and Lazarsfeld show that all smooth curves in a linear system on a K3
surface have the same Clifford index. Recall that the Clifford index of a line bundle A
is deg(A) — 2(h°(A) — 1) and the Clifford index of C' is the minimum of those over all A
with hY(A), h'(A) > 2. A conjecture of Green relates the Clifford index of a curve to the
properties of the minimal resolution of the canonical ring. It turns out that again curves
on K3 surfaces are more accessible. See Beauville’s Bourbaki talk [48] for a survey and
for further references.

iii) In the same spirit, Harris and Mumford asked whether all smooth curves in an
ample linear system |L| on a K3 surface have the same gonality. And indeed, as Ciliberto
and Pareschi show in [118], this is the case, unless the K3 surface is a double plane and
L = 7*0(3), which were known to be counterexamples [153].

3. Stability of special bundles

The section is devoted to the stability of the bundle F' in (2.3) associated with a line
bundle on a curve by relating it to the kernel of the evaluation map on the curve itself.
For simplicity we work over an algebraically closed field (using in particular that under
this assumption a simple bundle has only scalar endomorphisms).

3.1. We start with the definition of p-stability on K3 surfaces. So, let X be an
algebraic K3 surface over a field £ with an ample line bundle H or a complex K3 surface
with a Kihler class w € H!(X). The degree of a coherent sheaf E on X with respect to
H or w is defined as

degy(FE) = (c1(E).H) resp. deg,(E) = (c1(F).w)

Recall that c;(E) of an arbitrary coherent sheaf E is cj(det(F)), where det(E) can
be computed by means of a locally free resolution* 0—= E,, — ... — Ey—E —0 as
det(E) = [[det(E;)~Y". In the following, we shall often write deg(E) in both situations
while keeping in mind the dependence on H resp. w.
If E is not torsion, one defines its slope (again depending on H or w) as
_ deg(E)

Definition 3.1. A torsion free sheaf E is called p-stable (or slope stable) if for all
subsheaves F' C E with 0 < rk(F') < rk(£) one has

u(F) < u(E).

4Locally free resolutions of coherent sheaves exist on non-projective complex (K3) surfaces too, see

[531].
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Similarly, a torsion free sheaf E is called p-semistable if only the weaker inequality
w(F) < u(E) is required. Note that a non-trivial subsheaf of a torsion free sheaf is itself
torsion free and hence its slope is well-defined.

Here are a few standard facts concerning slope stability of sheaves on smooth surfaces.

i) Any line bundle is u-stable. The sum E; @ Fs of two u-stable sheaves Eq, Es is never
p-stable and it is p-semistable if and only if u(E7) = u(E2).

ii) For a short exact sequence
0—F—FE—G—0
with rk(F") # 0 # rk(G) one has:
w(F) < p(E) if and only if u(F) < u(G).

Indeed, deg(E) = deg(F') +deg(G), rk(E) = rk(F) + rk(G), and hence p(E) — pu(F) =
(rk(GQ)/rk(F))(u(G) — u(E)), which yields the assertion. Alternatively, draw a picture of
the ranks and degrees of the involved sheaves.

Thus, a torsion free sheaf E is p-stable if u(E) < u(G) for all quotients E—=G with
0 < 1k(G) < rk(F). Since the degree of a torsion sheaf is always non-negative, one
has u(G/T(G)) < u(G) and thus only torsion free quotients need to be tested. If E
itself is locally free, then the torsion freeness of GG translates into the local freeness of F'.
Therefore, to check p-stability of a locally free E only locally free subsheaves F' C E need
to be tested. A similar result holds for u-semistability.

iii) Any p-stable sheaf E' is simple. Indeed, otherwise there is a non-trivial ¢: E—FE
with a non-trivial kernel (see Example 1.6) and in particular 0 < rk(Im(y)) < rk(E).
Now use p-stability for E—Im(y) and Im(¢) C E to derive the contradiction p(F) <

p(m(p)) < p(E).

Remark 3.2. There is some kind of converse to this statement proved by Mukai in
[427, Prop. 3.14]: If Pic(X) ~ Z and the Mukai vector of a simple sheaf E is primitive
with (v(E),v(E)) = —2 or = 0, then E is p-semistable (and in fact stable, in the sense
of Definition 10.1.4).

iv) A torsion free sheaf F is p-stable if and only if its dual sheaf E* is p-stable. In
particular, the p-stability of a torsion free sheaf F is equivalent to the p-stability of its
reflexive hull E** which is locally free. Moreover, u(E) = p(E**).

v) Any p-semistable torsion free sheaf E satisfies the Bogomolov inequality
(3.1) A(E) = 2rk(E)cy(E) — (tk(E) — 1)c3(E) > 0.

Note that the p-semistability of £ depends on the choice of the polarization, but the
Bogomolov inequality does not. For K3 surfaces this is not surprising as we have shown
in Remark 1.5 that it holds for arbitrary simple torsion free sheaves. See e.g. | Thm.

3.4.1] for a proof of the Bogomolov inequality in general.

)
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3.2. Asin Section 2, we consider the elementary transformation
I

for a globally generated line bundle A on a curve C C X with r + 1 = h%(A). Then
u(F) = —degO(C)/(r +1).

As a strengthening of Proposition 2.2, one has the following (as in Remark 2.3, the
assumption on C' can be weakened):

Corollary 3.3. If O(C) generates Pic(X) and A* @ we is globally generated as well,
then the elementary transformation F' is u-stable.

PROOF. First note that if F/ C F is a locally free subsheaf of rank s, then det(F’) C
N’ F c N O = O%. Thus, Ox C det(F’)*. As in the proof of Proposition 2.2, one
argues that if also A* ® we and hence F* are globally generated, then det(F')* ~ O(C)
with C7 C X a non-trivial curve.

Under the assumption that p(X) = 1, the line bundle O(C) is automatically ample
and the slope is taken with respect to it. If F' C F is as above, then det(F")* ~ O(C}) ~
O(kC) for some k > 0. Hence, deg(F’) = kdeg(F) < 0 which for rk(F’) < rk(F') shows
u(F") < u(F). 0

3.3. Recall from Section 1.4 the definition of M|, associated with any globally gene-
rated, big and nef line bundle L on a K3 surface X as the kernel of the evaluation map
H°(X,L) ® Ox — L. In Example 1.8 we have seen that M|, or, equivalently, its dual
Eyp is always simple. A result of Camere [95] shows that M| is in fact p-stable with
respect to L. (Note that stability can be formally defined with respect to any line bundle
H, although later in the theory ampleness becomes crucial.) Let us start by recalling the
analogous statement for curves.

Theorem 3.4. Let C be a smooth projective curve and L € Pic?(C) be a globally
generated line bundle. The kernel My of the evaluation map H°(C,L) ® Og—=L is
stable if one of the following conditions holds:

(1ii) L ~ we and C is non-hyperelliptic or

(wiiiiiii) d = 2g, C is non-hyperelliptic, and L is general.

A proof for (i) can be found in the article [484]| by Paranjape and Ramanan. A short
argument for (ii) is given by Ein and Lazarsfeld in [162] and Beauville treats in [46] the
case (iii).

As a consequence of this theorem, or rather of a technical lemma proved by Paranjape
in this context, the following result is proved in [95].

Corollary 3.5. Let L be a globally generated ample line bundle on a K3 surface X.
Then My, is pr-stable.

Note that for a smooth C' € |L| the restriction L|¢ is isomorphic to the canonical bundle
wc. Moreover, Mr|c ~ M, & O¢ and by Theorem 3.4 the bundle M, is stable if C
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is not hyperelliptic. However, this does not quite prove the assertion of the corollary.’
Instead of going into the details of the proof, which would require a discussion of [484]
and a special discussion of the hyperelliptic case, we shall link the bundle Mj, to the
elementary transformation F' discussed in Section 3.2.

Lemma 3.6. Let L be a globally generated line bundle on a K3 surface X and C € |L|.
Then the elementary transformation F of H°(C, L|¢) ® Ox along L|c, i.e. the kernel of
the evaluation map H°(C,L|c) ® Ox —= L|c, is isomorphic to the bundle My which is
the kernel of the evaluation map H°(X,L) ® Ox —=L.

PRrROOF. Use the commutative diagram

Ox — Ox

| |

MLHHO(L)(@OX L

= | }

F— HO(L‘C) R0x — L’C.

O

Since L|¢ and L*|c @ we ~ O¢ are globally generated, Corollary 3.3 immediately leads
to the following special case of Corollary 3.5.

Corollary 3.7. If L is a globally generated line bundle on a K3 surface X that generates
Pic(X), then My, is ur-stable. O

4. Stability of the tangent bundle

The tangent bundle Tx of a K3 surface is u-stable if and only if all line bundles L C Tx
are of negative degree deg(L) (with respect to a fixed polarization or a Kéahler class).

Example 4.1. If X is a complex K3 surface with Pic(X) = 0, then the only line
bundle Tx could contain is Ox. Since H(X,7x) = 0 by Hodge theory, this is excluded
as well. Thus, for the generic complex K3 surface the p-stability of Tx follows from
Hodge theory.® The weaker assertion that 7y is simple in this case has been explained
already in Example 1.6.

There are two approaches to the stability of Tx. Both are limited to the case of cha-
racteristic zero, but for different reasons:

i) The algebraic approach relies on general results of Miyaoka and Mori about the ex-
istence of foliations and rational curves. Working in characteristic zero allows one to
reduce to large(!) finite characteristic p. It is worth pointing out that Miyaoka’s tech-
niques only prove that Tx does not contain a line bundle of positive degree. The vanishing
H°(X,Tx) = 0 has to be dealt with separately, using Hodge theory, to exclude the case

SCamere also notes that the ampleness is not really essential. If L is just globally generated and
satisfies (L)? > 2, then My, is pz-semistable. For the stability only the case g(C) = 6 poses a problem.

6The existence of a Kiihler metric is not needed, as the Hodge decomposition holds for all compact
complex surfaces, see Section 1.3.3.
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of degree zero line bundles. Also note that although characteristic p methods are applied,
the stability of the tangent bundle in positive characteristic is not known. The algebraic
approach proves p-stability of the tangent bundle for algebraic complex K3 surfaces.

ii) The analytic approach uses the existence of a Kéhler—Einstein metric on any complex
K3 surface. This makes use of the fact that K3 surfaces are Kédhler (a result due to Siu
and Todorov) and of Yau’s solution to the Calabi conjecture, see Section 7.3.2. Since a
Kahler—Einstein metric describes in particular a Hermite—Einstein metric on the tangent
bundle, slope stability follows immediately from the easy direction of the Kobayashi—
Hitchin correspondence. Eventually, this approach proves the u-stability of the tangent
bundle for all complex K3 surfaces.

4.1. The following statement is a consequence of a general theorem due to Miyaoka
applied to K3 surfaces. The original result is [415, Thm. 8.4], see also [416]. A simplified
proof was given by Shepherd-Barron in [314].7

Theorem 4.2. Suppose (X, H) is a polarized K3 surface over an algebraically closed
field of characteristic zero. If L C Tx is a line bundle with torsion free quotient and such
that (H.L) > 0, then through a generic closed point x € X there exists a rational curve
z € C CX with To(z) C L(z) C Tx(x).

Remark 4.3. In [314] the result is phrased for normal complex projective varieties, but
then L has to be a part of the Harder—Narasimhan filtration of Tx, which is automatic for
K3 surfaces. In addition, the degree of the curves can be bounded: (C.H) < 4(H)?/(H.L).

Corollary 4.4. Let (X, H) be a polarized K3 surface over an algebraically closed field
of characteristic zero. Then Tx does not contain any line bundle of positive degree.

PROOF. Suppose there exists a line bundle L C Tx with (H.L) > 0. By base change
to a larger field, we may assume that the base field is uncountable. Then, by the theorem
and a standard Hilbert scheme argument, the surface X must be uniruled.

Indeed, Pic(X) is countable but for any non-empty open subscheme U C X the set U (k)
cannot be covered by a countable union of curces. Hence, by the theorem there exists a
linear system |L| that contains uncountably many rational curves. As being rational is a
(closed) algebraic condition, one finds a curve D C |L| parametrizing only rational curves.
The restriction C— D of the universal family comes with a dominant map C—= X.
Resolving singularities eventually yields a rational dominant map D x P! — —= X | i.e.
X is uniruled. Resolving indeterminacies one obtains a surjective morphism Y —= X
with Y a smooth surface birational to D x P*.

In characteristic zero the morphism Y — X is generically étale (see [234, III.Cor.
10.7]) and hence H%(X,wy)— H"(Y,wy) is injective. On the one hand, H*(X,wx) # 0,
as X is a K3 surface, and on the other hand H°(Y,wy) = 0, as Y is birational to D x P!

"Thanks to Nick Shepherd-Barron for helpful discussions on topics touched upon in this section.
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and h®(w) is a birational invariant, see [234, IL. Thm. 8.19].% This gives a contradiction
and thus proves the assertion. O

Proposition 4.5. The tangent bundle Tx of a polarized K3 surface (X, H) in charac-
teristic zero is p-stable.

PRrROOF. Let L C Tx be a line bundle. By Corollary 4.4 (H.L) < 0. If (H.L) =0 but
L is not trivial, then (H'.L) > 0 with respect to some other polarization H' contradicting
Corollary 4.4. Hence, either (H.L) < 0 or L ~ Ox. The latter case can be excluded in
characteristic zero by Hodge theory: H(X, Tx) ~ H°(X,Qx) = 0, see Section 1.2.4. [

Similar techniques can be used to approach the non-existence of global vector fields on
K3 surfaces in positive characteristic. Currently, there are three proofs known | , R
|. The first step in two of them consists of showing that the existence of a non-trivial
vector field would imply that the K3 surface is unirational. This was shown by Rudakov
and Safarevi¢ in [510]. The short proof given by Miyaoka in [416, Cor. II1.1.13| can be
extended to prove the following result.

Proposition 4.6. Let X be a K3 surface defined over an algebraically closed field k of
characteristic p > 0. If Tx is not u-stable, e.g. if H(X,Tx) # 0, then X is unirational.

PROOF. Here is an outline of the argument. Suppose L C Tx is a subsheaf of rank
one with (H.L) > 0. We may assume that L is saturated, i.e. that 7Tx /L is torsion
free. As in the arguments in characteristic zero, one would like to view L as the tangent
directions of a certain foliation. A local calculation and rk L = 1 show that L C Tx is
preserved by the Lie bracket, i.e. [L, L] C L. Next one needs to show that L is p-closed,
i.e. that with £ a local section of L C Tx also &P € Tx lies in L. Here, &P is the p-th
power of the derivation &.

Assume first that (H.L) > 0. Using [163, Lem. 4.2|, it suffices to show that the
Ox-linear homomorphism L —=Tx /L, £ —=£P is trivial, which follows from Ty /L being
torsion free of degree —(H.L) < 0. Thus, L C Tx indeed defines a foliation and its
quotient m: X —Y is obtained by endowing X with the structure sheaf

Oy =Ann(L) ={a € Ox | {(a) =0, V{ € L} C Ox.

By construction, Y is normal. Indeed, any rational function ¢ on Y integral over Oy is
also integral over Ox and hence regular on X. However, t is regular on a dense open
subset U C Y and as a rational function on Y annihilated by L. But then ¢ as a regular
function on X is annihilated by L everywhere. Moreover, Y is smooth if and only if Tx /L
is locally free, see [416, I.Prop. 1.9].

Since O% C Ann(L), the absolute Frobenius factors through X —Y — X1 — X,
It is thus enough to show that Y is rational. The canonical bundle formula [416, I.Cor.
1.11] yields in the present situation m*wy =~ L~=®=1 over the smooth locus of Y. As

8See [ , IV.Cor. 1.11] for the following general result: If X is a smooth, proper and separably
uniruled variety, then H°(X,w%) = 0 for all m > 0.
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(H.L) > 0, this implies H°(Y,wi) = 0 for all n > 0. Hence, by the Bombieri-Mumford-
Enriques classification, Y is a ruled surface. However, the base of the ruling ¥ —C
has to be rational, for g(C) < h'(Y,Oy) and by Leray spectral sequence h!'(Y,Oy) <
h'(X,0x) = 0. Hence, Y is rational.

If (H.L) = 0, then either there exists a polarization H' with (H’.L) > 0, in which
case one argues as before, or L = Ox. As above, Ox ~ L C Tx is involutive and to
show p-closedness Miyaoka argues as follows: Any local section of L is in this case of the
form f¢, where ¢ € HY(X,Tx) spans L. Thus, it suffices to show that &7 is still in L.
If not, then & A &P would be a non-trivial global section of A2Ty ~ Ox and, therefore, ¢
would have no zeroes. The latter, however, contradicts ca(X) = 24 > 0. Alternatively,
one could argue that the map Ox —Tx/Ox, &P defines a global section of Tx/Ox
which is isomorphic to some ideal sheaf I ;. So, either this section vanishes or Z is empty.
However, the latter would say that Tx is an extension of Ox by itself, which would
contradict co(X) = 24.

Now, as before, we use the quotient 7: X —Y. The canonical bundle formula shows
this time that wy is trivial on the smooth locus of Y. For the minimal desingularization
Y —Y one has wy =~ O(Xa;E;) with a; < 0, see | , Thm. 4.6.2]. If Y were not

ruled, then HO(?,W%) # 0 for some n > 0. Thus, only a; = 0 can occur and using

H'(X,0x) = 0 one finds that Y is either a K3 or an Enriques surface. On the other
hand, since 7: X —Y is a homeomorphism and X is a K3 surface,

22 = by(X) = by(Y) < bo(Y) < 22.
Hence, Y ~ Y is a smooth(!) K3 surface and, therefore, Tx /L is locally free (and in fact
~ Ox). But £ must have zeroes. Contradiction. U

Note that in the proof one actually shows that X is dominated by a rational variety
via a purely inseparable morphism. Of course, H’(X,7x) = 0 is known even when X is
unirational, but it seems to be an open question whether Tx is always stable.

Later we shall see that a unirational K3 surface X has maximal Picard number p(X) =
22, see Proposition 17.2.7, and vice versa, see Section 18.3.5.

4.2. The standard reference for the differential geometry of complex vector bundles
is Kobayashi’s book [303]. In condensed form some of the following results can also be
found in [251].

Let h be a hermitian metric on a holomorphic vector bundle E on a compact complex
manifold X. The Chern connection on F is the unique hermitian connection V on E with
VO = 0. Let F}, denote its curvature, which is a global section of A (End(E)). If X is
endowed with a Kéhler form w, then the form part of F}, = VoV can be contracted with
respect to w to yield a global differentiable section A, F}, of the complex bundle End(E).

Definition 4.7. A hermitian structure h on E is called Hermite—Einstein (HE) if
(4.1) i-AyFp, = X-idg

for some )\ € R.
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It is important to note that the HE condition not only depends on the hermitian
structure h of E but also on the choice of the Kéhler structure on X.

Let us assume for simplicity that X is a surface. Then the scalar A in the HE condition
(4.1) is uniquely determined by the slope pu,(E), see Section 3.1. In fact,

E
(w)?
Remark 4.8. For the following two results see e.g. [251, App. 4.B].

i) It is not difficult to produce a HE metric on a line bundle. The curvature is the
unique harmonic representative of ¢1(F) (up to scaling).

ii) A holomorphic bundle E that admits a HE structure satisfies the Bogomolov-Liibke
nequality

(4.2) A(E) = 2tk(E)ca(E) — (tk(E) — 1)c2(E) > 0.

Line bundles are always p-stable. Moreover, (4.2) is (3.1) for u-semistable sheaves. This
might serve as a motivation for the following deep result due to Donaldson, Uhlenbeck,
and Yau. The difficult direction is the ‘if’ part, as it requires the construction of a special
metric. For the proof one either has to consult the original sources or [303] or the more
recent account [379] by Liibke and Teleman.

Theorem 4.9 (Kobayashi-Hitchin correspondence). A holomorphic vector bundle on
a compact Kdahler manifold X admits a Hermite—Finstein metric if and only if E is u-
polystable.

A bundle is p-polystable if it is isomorphic to a direct sum @ E; with all E; p-stable
of the same slope p,(F;). Clearly, u-polystable bundles are automatically p-semistable,
but the converse does not hold.

If F is the holomorphic tangent bundle Tx, then the two metric structures, h on F and
w on X, can be related to each other. Requiring that they are equal, the HE condition
becomes the following notion.

Definition 4.10. A Kéhler structure on X is called Kdhler—FEinstein (KE) if the un-
derlying hermitian structure on 7Ty is Hermite—Einstein.

This condition is stronger than just saying that Tx admits a HE metric with respect
to w. In fact, if a KE metric on X exists, then the Miyaoka—Yau inequality holds which
is stronger than (4.2). For surfaces the Miyaoka—Yau inequality reads

3ca(X) —c}(X) >0
instead of the Bogomolov inequality 4co(X) — c?(X) > 0.

The KE condition can equivalently be expressed as the Einstein condition for the un-
derlying Kédhler metric, see [251, Cor. 4.B.13|. In particular, a Ricci-flat Ké&hler metric
is automatically KE. Since the cohomology class of the Ricci-curvature equals 2weq (X),
this only happens for compact Kéhler manifolds with trivial ¢;(X) € H?*(X,R). The
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following is an immediate consequence of Yau’s solution to the Calabi conjecture. For
the special case of K3 surfaces, see Theorem 7.3.6.

Theorem 4.11 (Calabi-Yau). Let X be a compact Kihler manifold with ¢1(X) = 0 in
H?(X,R). Then any Kdihler class in H*(X,R) can be uniquely represented by a Kdihler
form that defines a Kdhler—FEinstein structure on X.

Since a KE structure on X is in particular a HE structure on 7y, the theorem implies
the following.

Corollary 4.12. ?? Let X be a complex K3 surface which is Kdhler. Then Tx is
p-stable with respect to any Kdhler class.

PRrROOF. By Theorems 4.9 and 4.11, the tangent bundle Tx is u-polystable with re-
spect to any Ké&hler class w on X. Thus, Tx is p-stable or a direct sum of line bundles
L& M of the same degree with respect to any Kéahler class, i.e. deg,,(L) = deg,, (M) for all
Kahler classes. Since deg,,(7x) = 0, one has in the second case deg (L) = deg,,(M) =0
for all w which implies L ~ M ~ Ox. But this contradicts co(X) = 24. O

It is known that any complex K3 surface is Kéhler, a highly non-trivial statement due
to Todorov and Siu, and, therefore, the corollary holds in fact for all complex K3 surfaces,
cf. Section 7.3.2.

The differential geometric approach yields more. Due to a general result of Kobayashi
[302] one also knows:”

Corollary 4.13. Let X be a complex K3 surface. Then H°(X,S™Tx) = 0 for all
m > 0.

Note that tensor powers of the tangent bundle might very well have global sections, for
example Ty @ Tx ~ S*Tx @ Ox.

5. Appendix: Lifting K3 surfaces

The fact that K3 surfaces do not admit any non-trivial vector fields is a central result
in the theory. The proof is easy in characteristic zero and technically involved in general.
All the existing proofs in positive characteristic are either rather lengthy or use techniques
beyond the scope of these notes. So, we only state the result (again) and say a few words
about the strategy of the three existing proofs.

The most important consequence is the smoothness of the deformation space of a K3
surface and the liftability of any K3 surface in characteristic p > 0 to characteristic zero.
The latter is the key to many results in positive characteristic, as it unleashes the power
of Hodge theory for arithmetic considerations

9Thanks to John Ottem for reminding me of Kobayashi’s article.
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5.1. The following result in complete generality is due to Rudakov and Safarevi¢
[510, Thm. 7], see also their survey [511].

Theorem 5.1. Let X be a K3 surface over an arbitrary field k. Then
H(X,Tx) = 0.

It is enough to verify the assertion for K3 surfaces over algebraically closed fields. In
characteristic zero, the theorem follows from Hodge theory, as

HY(X,Tx) ~ H(X,Qx) ~ HY(X) ~ HOL(X) =0

(cf. Section 1.3.3), and can also be seen as a shadow of p-stability of Tx (cf. Corollary
?7

In positive characteristic, Proposition 4.6 proves the assertion in the case that X is not
unirational. To treat unirational K3 surfaces (over a field of characteristic p > 0) one first
evokes the relatively easy Proposition 17.2.7, showing that any unirational K3 surface
has maximal Picard number p(X) = 22. But K3 surfaces of Picard number p(X) > 5
are all elliptic,'’ see Proposition 11.1.3, and, therefore, the theorem is reduced to the
case of unirational elliptic K3 surfaces. Those are dealt with by using the fairly technical
[510, Thm. 6].

In [459] Nygaard provides an alternative proof of Theorem 5.1. He first reduces to the
unirational case as above, and so can assume that p(X) = 22 and hence NS(X) ® Zy ~
HZ(X,Z(1)). Then, combining the fact that K3 surfaces with maximal Picard number
p(X) = 22 are automatically supersingular (cf. Corollary 18.3.9) with the slope spectral
sequence (see Section 18.3.3), he concludes that H?(X,Qx) = 0. By Serre duality the
latter is equivalent to the assertion.

Another proof can be found in the article [347] by Lang and Nygaard. Their arguments
do not require the reduction to the case of unirational K3 surfaces as a first step and
roughly proceed as follows. First one proves that the d: H*(X,Qx)—=H%(X,0%) ~ k
is trivial, i.e. all one-forms are closed. In the second step, a result of Oda is applied to
show that the space of (infinitely) closed forms in H(X,{x) is a quotient of the dual
of the Dieudonné module associated with the p-torsion in NS(X). But NS(X) is torsion
free and, therefore, HY(X,x) = 0.

5.2. Deformations of K3 surfaces, both with or without polarizations, have been
discussed twice already. In Section 5.3, the local structure of the moduli space of polar-
ized K3 surfaces was approached by first embedding all K3 surfaces in question into a
projective space and then applying the deformation theory for Hilbert schemes. In Sec-
tion 6.2.3, deformation theory of general compact complex manifolds was reviewed and
then applied to complex K3 surfaces without polarization. Building up on this, Section
6.2.4 explained how to deal with the polarized case.

10Fgr simplicity, we assume char(k) > 3, otherwise one would also have to deal with quasi-elliptic
fibrations.



5. APPENDIX: LIFTING K3 SURFACES 185

Let us now first rephrase the local deformation theory from a more functorial point of
view, applying Schlessinger’s theory [524].

Start with a K3 surface X over an arbitrary perfect field k. Let W be a fixed complete
noetherian local ring with residue field W/m ~ k. The two examples relevant for us are
W =k and W = W (k), the ring of Witt vectors. Recall that W (k) = Lim W, (k) which
for k = ), becomes W (k) = lim Z/p"7Z ~ Z,. Under our assumption that k is perfect,
W (k) is a DVR of characteristic zero.

Next consider the category (Art/W) of Artinian local W-algebras A with residue field
k and let

Defx : (Art/W)—(Sets)

be the deformation functor that maps A to the set of all (X, ¢), where X —Spec(A) is
flat and proper and ¢: Xy —> X is an isomorphism of k-schemes. Here, Xj is the fibre
over the closed point of Spec(A) which has residue field k. General deformation theory
[524], briefly outlined in Section 18.1.3, combined with Theorem 5.1 yields the following
fundamental result.

Proposition 5.2. The functor Defx is pro-representable by a smooth formal W -scheme
of dimension 20
Def(X) ~ Spf(W{[z1, ..., z]]). O

For W = W (k) this setting mixes the deformation theory for X as a k-variety with the
liftability of X to characteristic zero. On the one hand, the deformation theory of X as
a k-scheme is controlled by the closed formal subscheme

Def (X/k) ~ Spf(k[[z1, .. ., 20]])  Def(X) = Spf(W (k)[[x1, . .., 220]]).

On the other hand, the question whether X can be lifted to characteristic zero asks for a
scheme X with a flat and proper morphism X —Spf(W(k)) with closed fibre Xy ~ X.
In both contexts, the obstructions are classes in H?(X,Tx). For example, to extend
X to first order to X; —Spec(k[z]/(z?)) or X3 —=Spec(Wa(k)), respectively, defines
a class in H2(X,Tx). Similarly, the obstructions to extend a flat and proper scheme
Xn—1 over Spec(k[z]/(z™)) or Spec(W,,(k)) further to a flat and proper scheme A&, over
Spec(k[x]/(z™1)) or Spec(W,,+1(k)) is again a class in H2(X, Tx ). Now, due to Theorem
5.1 and Serre duality, H?(X,Tx) ~ H°(X,Tx)* = 0 and so the deformations of X are
unobstructed.

Remark 5.3. Deligne and Illusie in [142] show that for an arbitrary smooth projective
variety X over k the existence of a flat extension X} — Spec(W2(k)) implies the degenera-
tion of the Hodge Frélicher spectral sequence as well as Kodaira vanishing H*(X, L*) = 0
for ¢ > 0 and any ample line bundle L, cf. Remark 2.1.9 and Proposition 2.3.1.

Note that the proposition in particular implies that for any K3 surface X over a perfect
field k of characteristic p > 0 there exists a smooth formal scheme

X —Spf(W(k))
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with special fibre Xy ~ X. Whether this formal lift is algebraizable, i.e. whether it can
be extended to a smooth proper scheme over Spec(W(k)), is a priori not clear. The
only general method to approach this question is Grothendieck’s existence theorem, see
for example Illusie’s account of it [174, Thm 8.4.10|. It asserts that X —Spf(W(k))
is algebraizable to a smooth and proper scheme X —>Spec(W (k)) if there exists a line
bundle £ on the formal scheme X with ample restriction £|x, to the closed fibre. This
naturally leads to a deformation theory for K3 surfaces endowed with an additional line
bundle, which we discuss next.

5.3. Indeed, the deformation theory becomes more subtle if a polarization of the
K3 surface X or just a non-trivial line bundle L on it is taken into account. We consider
the deformation functor

(5.1) Def x 1): (Art/W)—(Sets)

parametrizing X —- Spec(A) and ¢ := Xy —> X as above and, additionally, line bundles
L on X such that ¢*L ~ L|y,. This new deformation functor is obstructed by classes in
H?(X,0x) ~ k which are indeed non-trivial in general. This has been observed already
for £ = C in Section 6.2.4. For other fields k, the situation is similar when one restricts
to deformations of (X, L) over k. Note, however, that for char(k) = p > 0 the space
H?(X,Ox) is p-torsion and so for each order n a possible obstruction to deform £, on
X,, —Spec(k[x]/(x™*1)) to order n + 1 is annihilated by passing to L£},.

The more interesting question concerns the lifting of (X, L). This is addressed by the
following result due to Deligne [142, Thm. 1.6].

Theorem 5.4. Let X be a K3 surface over a perfect field of characteristic p > 0 with
a non-trivial line bundle L. Then the deformation functor (5.1) with W = W(k) is
pro-representable by a formal Cartier divisor

Def(X, L) C Def(X),
which is flat over Spf(W (k)) of relative dimension 19.

Thus, Def(X, L) C Def(X) is defined by one equation and, by flatness, this equation
is not divisible by p, so that the closed fibre Def (X, L)g is still of dimension 19. To prove
the flatness, one has to ensure that the one equation cutting out Def(X, L), which cor-
responds to the one-dimensional obstruction space H?(X,Ox), is not the one describing
Spf(k[[x1, ..., z20]]) C Spf(W (k)[[z1,...,220]]). In other words, one needs to show that
L cannot be extended to a line bundle on the universal deformation of X as a k-scheme
which lives over Spf(k[[x1, ..., z20]]).

However, as Def (X, L) — Spf(W (k)) is a priori not smooth (but see Remark 5.7 below),
a lift of L to any given lift X —Spf(W (k)) of X might not exist. Instead, Deligne proves

Corollary 5.5. Let X —Spf(W(k)) be a formal lift of a K3 surface X ~ Xy and let L
be a line bundle on X. Then there exists a complete DVR W (k) C W', finite over W (k),
such that L extends to a line bundle on the formal scheme X Xyy ) Spf(W') —=Spf(W').
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The aforementioned existence result of Grothendieck allows one to conclude immedi-
ately the following liftability result.

Corollary 5.6. Let X be a K3 surface over a perfect field endowed with an ample line
bundle L. Then there exists a complete DVR W (k) C W', finite over W (k), and a smooth
proper scheme

X —Spec(W)
together with a line bundle £ on X such that Xy ~ X and E\XO ~ L. g

Note that due to the vanishing H'(X,Ox) or, alternatively, due to the injectivity of

the specialization map sp: Pic(&;) = Pic(X) (see Proposition 17.2.10), there exists at

most one extension of L to any given lift X.

Remark 5.7. Ogus | , Cor. 2.3] proves that in fact most K3 surfaces admit projec-
tive lifts to Spec(W (k)). Combined with the Tate conjecture, which has been proven since
then (see Section 17.3), one finds that for any K3 surface X over an algebraically closed
field k of characteristic p > 2 there exists a smooth and projective scheme X —= Spec(W (k))
with closed fibre Xy ~ X.

More precisely, Ogus proves [475, Prop. 2.2| that Def(X, L) —Spf(W(k)) is smooth
whenever L is not a p-th power and X is not ‘superspecial’. The superspecial case is
dealt with separately, see [475, Rem. 2.4] and also [370, Thm. 2.9]. This applies to all

K3 surfaces of finite height.

5.4. For any K3 surface X over a field of characteristic p > 0 the first Chern class
induces an injection

NS(X)/p- NS(X) > NS(X) ® k> Hip(X),

which, moreover, leads to an injection NS(X)/p - NS(X)— NS(X) ® k= H(X,Qy)
unless X is supersingular, cf. Proposition 17.2.1. In [367] Lieblich and Maulik observed
that this is enough to lift the entire Picard group. See Section 18.3 for the notion of the
height of a K3 surface.

Proposition 5.8. Let X be a K3 surface over a perfect field k of characteristic p > 0.
Assume that X is of finite height. Then there exists a projective lift X —Spec(W (k)),
Xy ~ X, such that the specialization defines an isomorphism

NS(X,) => NS(X).

Remark 5.9. Charles [109, Prop. 1.5] and Lieblich and Olsson [369, Prop. A.1] prove
a version that covers supersingular K3 surfaces as well: For a K3 surface X over a perfect
field k of characteristic p > 0 and line bundles L1,..., L, with p < 10 and L; ample there
exists a complete DVR W (k) C W, finite over W (k), and a projective lift X — Spec(W")
such that the image of the specialization map NS(&,) —NS(X) contains L1, ..., L.
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References and further reading:
We have not discussed bundles on special K3 surfaces like elliptic K3 surfaces. We recommend

Friedman’s book [183]. Spherical bundles, in particular on double planes, have been studied by
Kuleshov in [330, |. The existence of stable bundles on K3 surfaces has been treated by
Kuleshov and Yoshioka in [332, |, cf. Section 10.3.1.

Questions and open problems:

What is known about stability and simplicity of the tangent bundle for char(k) > 0? I am not
aware of any result in this direction apart from H°(X, 7x) = 0.

The result of Rudakov and Safarevié, see Proposition 4.6, shows that in positive characteristic
the existence of a non-trivial vector field implies unirationality of the K3 surface. I wonder if
this can be turned into a completely algebraic (not using Hodge theory) proof of H(X,7Tx) = 0
in characteristic zero. In fact, if H%(X,7x) # 0 then the reduction in all primes would be
unirational and this might show that X itself is unirational, which is absurd in characteristic
zero.t!

It would be interesting to find a purely algebraic proof of Corollary 4.13 only relying on the

stability of Ty and H°(X, Tx).

T As Matthias Schiitt points out, one could maybe use Bogomolov—Zarhin who show that ordinary
reductions have density one. One would need to check that they do not use H°(X,7x) = 0 and that
there is no problem with deforming to a K3 surface defined over a number field.



CHAPTER 10

Moduli spaces of sheaves on K3 surfaces

After having studied special sheaves and bundles on K3 surfaces in Chapter 9, we now
pass to the study of all sheaves on a given K3 surface. This naturally leads to moduli
spaces of (stable) sheaves. A brief outline of the general theory can be found in Section
1. In Section 2 the tangent space and the symplectic structure of the moduli space of
sheaves on K3 surfaces is discussed. Low-dimensional moduli spaces and the Hilbert
scheme, viewed as a moduli space of sheaves, are dealt with in Section 3.

1. General theory
Most of the material recalled in this first section is covered by |264].

1.1. Let X be a smooth projective variety over a field k which for simplicity we
assume algebraically closed. The moduli space of sheaves that is best understood is the
Picard scheme Picx representing the functor (Sch/k)® — (Sets) mapping a k-scheme S
to the set {L € Pic(SxX)}/~, where L ~ L&p*M for all M € Pic(5), see e.g. |80, |
In particular, the k-rational points of Picx form the Picard group Pic(X).

The Picard scheme itself is neither projective nor of finite type, but it decomposes as

Picx = |_| Pic§
with projective components. Here, Picl)? parametrizes line bundles on X with fixed
Hilbert polynomial P € Q[t] with respect to a chosen ample line bundle O(1) on X.

Note that the Hilbert polynomial P(L, m) := x(X, L(m)) of a line bundle on X can be
computed via the Hirzebruch—Riemann—Roch formula as

X(X,L(m)) = /ch(L)ch((’)(m))td(X).

Obviously, the expression only depends on ¢;(L) and (X, O(1)).

The naive question this theory raises is the following: If one generalizes the Picard
functor as above to the functor of higher rank vector bundles or arbitrary coherent sheaves,
is the resulting functor again representable?

The following two examples immediately show that care is needed when leaving the
realm of line bundles.

Example 1.1. Consider on P! the bundles E,, :== O(n) ® O(—n), n > 0. First observe
that h°(E,) = n + 1. In particular the bundles F,, are pairwise non-isomorphic. On the
other hand, they are all of rank two with trivial first Chern class ¢;(E,) = 0. All higher
Chern classes of E,, are trivial for dimension reasons.

189
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Suppose there exists a moduli space parametrizing in particular all bundles F,,. Since
hY(E) > m is a closed condition, the infinitely many bundles F,, would lead to a strictly
descending chain of closed subschemes, which obviously excludes M from being of finite
type. Thus, fixing the Hilbert polynomial or even all numerical invariants does not ensure
that a moduli space, if it exists at all, is of finite type.

Example 1.2. i) On P! the extension group Ext!(O(1),0(-1)) = H'(P', O(-2)) is
one-dimensional. Hence, there exists for any A € k a unique (up to scaling) non-trivial
extension 0 —O(—1) — E)\ — O(1)—=0. In fact, these bundles together form a vector
bundle £ on A x P! such that the restriction to {\} x P! is isomorphic to Ej.

It is easy to see that for A # 0 all bundles are isomorphic to each other, in fact
E\ ~ O @® O. On the other hand, Ey ~ O(—1) & O(1).

Thus, if the moduli functor of higher rank bundles on P! were represented by a scheme
M , then the universality property would induce a morphism A! — M mapping all closed
points A # 0 to the point 2 € M corresponding to O @ O and the origin 0 € A! to the
point y € M given by O(—1)@® O(1). Thus, if z # y, which would be the case if M really
represented the functor, then M cannot be separated.

ii) A similar example can be produced on an elliptic curve C' by considering extensions
of the form 0—= O —= E) — 0 —0 with A € H(C,0) ~ k.

1.2. From the above examples it is clear that for sheaves other than invertible ones,
extra conditions need to be added in order to construct a well-behaved moduli space.
This condition is stability. As there are several notions of stability, let us for now call the
extra condition just (x). Then we are interested in

M: (Sch/k)° — (Sets),
S += {Ee€Coh(SxX)|FE Sflat,Vs € S: P(Es) = P, (x) for Es}/~.

Here, E4 denotes the restriction of E to the fibre {s} x X, P is a fixed Hilbert polynomial
(see Section 1.3 below), and ~ is as before defined by the action of Pic(S).

Definition 1.3. The functor M is corepresented by a scheme M if there exists a
transformation M —= M = hjs (functor of points) with the universal property that any
other transformation M —= N with N € (Sch/k) factorizes over a uniquely determined
M—N,ie.

M—M

.

We say that M is a moduli space for M.

‘2-(

Recall from Section 5.1 that a coarse moduli space satisfies the additional requirement
that the induced M(k)— M (k) is a bijection. For a fine moduli space one needs the
even stronger condition M —> M, which is equivalent to the existence of a universal
family £ on M x X. Allowing the map M(k)— M (k) to contract certain sets, i.e. to
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map different sheaves on X to the same point in M, eventually solves the non-separation
problem hinted at in Example 1.2.

1.3. In Section 9.3.1 we have already encountered p-stability. So one could try
to define the additional condition (x) as p-(semi)stability. This works perfectly well for
smooth curves which was the starting point of the theory, see e.g. Mumford’s classic [442].
However, in higher dimensions the better notion is (Gieseker) stability. It has (at least)
three advantages over p-stability: i) fewer objects are identified under M (k) — M (k),
ii) the translation to GIT-stability is more direct, and iii) stability for torsion sheaves
makes sense.

Before we can properly define stability, let us recall some facts on Hilbert polyno-
mials. For an arbitrary projective scheme X with an ample line bundle O(1) the Hilbert
polynomial of a sheaf F is

P(E,m) = x(E(m)) = Zai(E)m,—.

Here, d = dim(F) = dimsupp(F) and ay,...,aq € Z. For a sheaf E of rank r and
Chern classes c1, ¢ on a smooth surface X this becomes

P(E,m) = /<T+C1+(:%—2202) <1+mH—|—mZ(2H)2>td(X)

2
= T(g)mQ +m((H.c1) +r(H.c1(X))) + const,
where we write H for the first Chern class of O(1).

Note that rk(E) = a4(E)/aq(Ox) for a sheaf E of maximal dimension d = dim(X).
For sheaves of smaller dimension the role of torsion free sheaves is played by pure sheaves.
A coherent sheaf E of dimension d is called pure if dim(F') = dim(FE) for every non-trivial
subsheaf F' C E. Thus, a sheaf of maximal dimension is pure if and only if it is torsion

free.

Definition 1.4. The reduced Hilbert polynomial of a sheaf E is defined as
P(E,m)
Eom)=———"—-+.
A coherent sheaf F is called stable if E is pure and
p(F,m) < p(E,m), m>0,
for all proper non-trivial subsheaves ' C F.

A sheaf is called semistable if only the weak inequality is required. Recall that the
inequality of polynomials f(m) < g(m) for m > 0 is equivalent to the inequality of their
coefficients with respect to the lexicographic order.

Let us spell out what stability means for sheaves on surfaces.

i) Suppose F is a sheaf of dimension zero, i.e. its support consists of finitely many closed
points. Then P(E,m) = const and hence p(E,m) = 1. Clearly, such a sheaf is always
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pure and semistable. It is stable if and only if E ~ k(z) for some closed point z € X.
ii) For a vector bundle E supported on an integral curve C' C X one easily computes

that p-stability of E on C' is equivalent to stability of E viewed as a torsion sheaf on X.

iii) If £ is of maximal dimension two, then

m? (H.c1(F)) (H.c1(X)) ap(E)
E = — .

p(B,m) = == +m <rk(E)(H)2 T > rk(E)(H)?

Hence, E is stable if and only if F is torsion free and for all non-trivial proper subsheaves

F C E one of the two conditions hold:
(H.ci1(F)) (H.c1(E))

(1.1) rk(F") rk(E)
(He(F) _ (He(B)) 2(F) _ ao(E)
(1.2) rk(lF) = rk(lE) and rlS(F) rlS(E) '

The slope of a torsion free sheaf E is by definition u(E) = (}i'lf(lgj)). As p-stability is

defined in terms of inequality (1.1) in Section 9.3.1, this immediately yields

Corollary 1.5. The following implications hold for any torsion free sheaf:

w-stable = stable = semistable = p-semistable. O

1.4. Analogously to results on p-stability observed in Section 9.3.1, one can show
that stability of a pure sheaf F of dimension d is equivalent to either of the two conditions:

e p(F,m) < p(E,m), m > 0, for all non-trivial proper subsheaves F' C E with pure
quotient F/F' of dimension d or
e p(E,m) < p(G,m), m > 0, for all non-trivial proper quotients E—=G.

Moreover, Hom(F1, E2) = 0 if Ey, Ey are semistable with p(E1, m) > p(Ea, m), m > 0.
If F is stable, then End(E) is a division algebra and hence isomorphic to k. (Recall, we
are assuming k = k.)

Proposition 1.6. Let E be a semistable sheaf. Then there exists a filtration

OCEyC...CE,=F

such that all quotients E;+1/E; are stable with reduced Hilbert polynomial p(E, m). The
isomorphism type of the graded object

JH(E) = P Ei1/E;
1s independent of the filtration.

The filtration itself is called the (or rather a) Jordan—Hdélder filtration and is not unique
in general.

Definition 1.7. Two semistable sheaves E and F are called S-equivalent if JH(E) ~
JH(F).
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1.5. The following result is only needed for K3 surfaces or families of K3 surfaces,
but it holds for arbitrary projective varieties.

Theorem 1.8. For fized Hilbert polynomial P the functor

M: (Sch/k)° — (Sets),
S += {Ee€Coh(SxX)]|FES-flat, P(Es) = P, E5 semistable}/ .

1s corepresented by a projective k-scheme M. The closed points of M parametrize the
S-equivalence classes of semistable sheaves with Hilbert polynomial P.!

The result in this generality is due to Maruyama and Simpson. The boundedness in
positive characteristic was proved by Langer. For more on the history of this result see

[264].

Example 1.9. We have described already the stable sheaves of dimension zero. This
immediately yields the following explicit description of a moduli space. Let P be the con-
stant polynomial n. Then the moduli space M corepresenting M is naturally isomorphic
to the symmetric product S™(X). See [264, Ex. 4.3.6].

The first step in the construction of the moduli space in general consists of showing that
adding stability produces a bounded family. (Note that in Example 1.1 the bundles are
indeed not semistable except for Fy.) In particular there exists ng such that for all E €
M(k) and all n > ng the sheaf E(n) is globally generated with trivial higher cohomology.
Thus, for any E € M(k) there exists a point in the Quot-scheme Quoti/‘/@O(_n) of the
form [V ® O(—n)—=E]. Here, V is a vector space of dimension P(n). For the notion
of the Quot-scheme see [174, , |.

The next step involves the construction of the Quot-scheme as a projective scheme. For
this, one chooses a high twist and maps [V ®O(—n) — E] to the point [V & H°(X, O(m—
n)) —=H°(X, E(m))] in Gr == Gr(V @ H*(X, O(m — n)), P(m)).

Next, one has to prove, using the Hilbert—Mumford criterion, that the (semi)stability
of the sheaf E is equivalent to the GIT-(semi)stability of the point [V ® O(—n)—=E] in
Quot§ JV@O(-n) with respect to the natural GL(V)-action and the standard polarization
on Gr. In the last step, one has to twist all sheaves once more in order to control also all
potentially destabilizing quotients.

Remark 1.10. Note that the general result of Keel and Mori (see [287] and Section
5.2.3) on quotients of proper linear group actions can be applied here as well, but only
to the stable locus. Their result proves that there exists a separated algebraic space that
is a coarse moduli space for the subfunctor M?® C M of stable sheaves. The properness
of the group action can be deduced from a result of Langton [264, Thm. 2.B.1].

IThere is the following relative version of this result: If X —.S is a projective morphism of k-
schemes of finite type and O(1) is a relative ample line bundle on X, then the analogously defined
moduli functor M: (Sch/S)° — (Sets) is corepresented by a projective S-scheme M —=S. See [264,
Thm. 4.3.7].
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1.6. If M has a fine moduli space M as in Theorem 1.8, then applying the isomor-
phism M > M to Spec(k[z]/x?) shows that the tangent space T;M at a point t € M
corresponding to a stable sheaf E € M(k) is naturally isomorphic to Ext!(E, E). If M
is only a coarse moduli space (in a neighbourhood of t), this is still true but one needs
to argue via the Quot-scheme.

Proposition 1.11. Let M be the moduli space of M and let t € M be a point corre-
sponding to a stable sheaf E € M(k).

(i) Then there exists a natural isomorphism
T,M ~ Ext'(E, E).
(ii) If Ext®(E, E) = 0, then M is smooth att € M.

(i4i) If the trace map Ext®(E, E)— H*(X,0) is injective and Picx is smooth at the
point corresponding to the determinant det(E), then M is smooth att € M.

PROOF. The moduli space M is constructed as a PGL(V')-quotient of an open sub-
scheme
R C Q = Quot;}/‘/®o(_n)
Moreover, over the stable part M*® C M, which is also open, the quotient morphism
RS - MS
is a principal bundle.
The tangent space T,Q at a quotient ¢ = [V ® O(—n) —= E] € Q(k) is naturally iso-

morphic to Hom(K, F),? where K is the kernel, and the obstruction space is Ext!(K, E).
Now apply Hom( , E) to the exact sequence

0—>K—>V ®O(—n)—=E—=0.

Using the vanishing H*(X, E(n)) = 0, i > 0, one immediately obtains an isomorphism
Ext!(K, E) == Ext?(E, E), proving (ii), and an exact sequence

0 — End(E) — Hom(V ® O(-n), E) -* Hom(K, F) — Ext!}(E, E) — 0.

Since the image of o describes the tangent space of the PGL(V')-orbit, this yields (i).

(iii) The trace map for locally free sheaves can be defined in terms of a Cech covering.
For arbitrary sheaves one first passes to a locally free resolution. Consider the obstruction
class

0(E,A) € Ext%(£,€ Q1) ~ Ext} (E,E @ I)
to lift an A = A/I-flat deformation £ of £E® A/m ~ E to an A-flat deformation, where, as

usual, we assume m - I = 0. Then according to Mukai [426, (1.13)] the image of o(€, A)
under the trace map is o(det(€), A). If Picx is smooth at det(F), the latter vanishes. [

2This is the sheaf analogue of the classical fact that the tangent space of the Grassmannian at a
point corresponding to a subspace U C V is isomorphic to Hom(U, V/U).
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2. On K3 surfaces

From now on X is a K3 surface over a field k£ and for simplicity we continue to assume
that k is algebraically closed. Then the Picard scheme Picx consists of reduced isolated
points. Indeed, if ¢ € Picx (k) corresponds to a line bundle L on X, then

Ext'(L,L) ~ H'(X,0)=0.?

Moduli spaces of sheaves other than line bundles are more interesting. The most
influential paper on the subject is Mukai’s [427]| which contains a wealth of interesting
results. To start, let us fix a Mukai vector instead of the Hilbert polynomial. Recall from
Section 9.1.2 that the Mukai vector v(E) of a sheaf E is

v(E) = (tk(E),c1(E), cha(F) + tk(E)) = (rk(E),c1(E), x(F) — rk(E)).

For k = C the Mukai vector is usually considered as an element in H*(X,Z) and otherwise
in the numerical Grothendieck group (see Sections 12.1.3, 16.1.2, and 16.2.4):

N(X) = K(X)/~.

By definition Ey ~ Ej if x(E1, F) = x(Esq, F') for all F' € Coh(X). Note that for k = C,
the numerical Grothendieck group N (X) is naturally isomorphic to H*(X,Z)N(H®(X)®
HYY(X) ® HY(X)), see Section 16.3.1.

Since P(E,m) = x(E(m)) = —(v(E),v(O(—m))) (see (1.4) in Section 9.1.2), the
Mukai vector determines the Hilbert polynomial. Conversely, if E is an S-flat sheaf on
S x X with S connected, then v(Ej) is constant. Indeed, x(Es, F) is constant for all F
on X.

Thus, instead of fixing the Hilbert polynomial, it is more convenient, at least for K3
surfaces, to fix the Mukai vector. So we shall fix v = (r,l,s) € N(X) and consider
the moduli functor M(v) of semistable sheaves with its moduli space M (v). The open
(possibly empty) subscheme parametrizing stable sheaves shall be denoted

M(v)* € M(v),

which is a coarse moduli space for M(v)®. Note that although we are not using the
Hilbert polynomial to fix the numerical invariants of the sheaves, the polarization still
enters the picture via the stability condition. Thus, implicitly M (v) depends on H. When
we want to stress this dependence, we write My (v).

2.1. For the following discussion see also Section 9.1.2. Due to Serre duality, the
local structure of moduli spaces of sheaves on K3 surfaces is particularly accessible. In-
deed, for any sheaf E on a K3 surface X one has Ext?(E, E) ~ End(E)*. Thus, if F is

3The behavior of the Picard group under base field extension is interesting (cf. Chapter 17). For
example, if a line bundle L lives only on X/ for some field extension k’/k, the argument still works, for
then Ext'(L, L) ~ H' (X}, ) = 0. Here we may even allow k not algebraically closed.
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a stable (and hence a simple) sheaf, one finds Ext?(E, E) ~ k. In fact, Serre duality in
degree two is described by composition and the trace, i.e. the pairing

Ext?(E, E) x End(E) — Ext?(E, E) —~= H%(X,0) ~ k

is non-degenerate. In particular, the trace tr: Ext*(E, E) — H?(X,0) is Serre dual to
the natural inclusion H°(X,0)—=End(E), A\ - id and hence non-trivial, see [426,
Sec. 1].4 Thus, Proposition 1.11 applies and shows that at a point ¢ € M (v)® correspond-
ing to a sheaf E the moduli space M (v)* is smooth of dimension

dim M (v)® = dim Ext!(E, E).

As remarked before, the Picard scheme of a K3 surface consists of isolated reduced points,
for H'(X,0) = 0, and is thus in particular smooth. For higher rank sheaves the moduli
spaces are often not discrete anymore. Since for E € M (v)*

X(E,E) =) (-1)"dim Ext!(E, E) = 2 — dim Ext'(E, E)
and, on the other hand, x(E, E) = —(v,v), one finds

Corollary 2.1. FEither M(v)® is empty or a smooth, quasi-projective variety of dimen-
sion 2 + (v, v). O

2.2. As an interlude, let us state a few observations on the existence of a universal
sheaf. The existence usually simplifies the arguments, but is often not essential for any
particular result one wants to prove for the moduli space.

i) If there exists a vector v € N(X) with (v,v') = 1, then the moduli space M (v)*
is fine, i.e. there exists a universal family £ on M (v)® x X. We briefly indicate the
arguments needed to prove this assertion, but refer to | , Sec. 4.6] for the details.
Indeed, on Quotl; IVeO(=n) X X and hence on R® x X there always exists a universal
quotient V ® (Ogrs ¥ Ox(—n))—=E&. The naturally GL(V)-linearized sheaf £ descends
under the action of GL(V') on R? to a sheaf on M (v)® x X if and only if the kernel of
GL(V)—PGL(V) (i.e. the center of GL(V)) acts trivially on &, which it does not, as
it is actually of weight one. If now there exists a complex of coherent sheaves F' with
v(F) = —v/, then the natural linearization of the line bundle L(F') := det p.(€ ® ¢*F™*)
on R* is of weight 1 = (v,v’). Hence, the center of GL(V') acts trivially on the linearized
sheaf p*L(F)* ® &€, which therefore descends to a universal sheaf on M*(v) x X.

ii) However, even when no v' € N(X) with (v,v’) =1 is available, a twisted(!) universal
sheaf on M x X := M(v)* x X always exist. To explain this notion, recall that by
Luna’s étale slice theorem (cf. Section 5.3.3), there exists an étale (or analytic, in the
complex setting) covering | JU; C R® of M. Denote by &; the restriction of £ to U; x X.

“We remark again, see page 168, that implicitly ones fixes a trivializing section of wx in all of this.
A priori, the pairing only gives natural isomorphisms Ext'(E, E) ® H°(X,wx) ~ Ext> *(E, E)* and
Ext'(E,F) ~ Ext* (E, E ® wx)".
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On the intersection (U; x s Uj) x X the two sheaves & and &; differ by the line bundle
Lij = psHom(&;, E;) so that

gj|(Ui><MUj)><X = (‘:i‘(U'LXMUj)XX ®p*£l]

By refining the covering | JU;, we may assume that there exist &;;: £;; —> Oy,;, which
together with the natural isomorphisms L;, >~ L;; ® L, over the triple intersections Uy,
give rise to ok = (& @ i) 0 5561 € I'(Ujjk, O*) defining a Brauer class o € Br(M). By
construction, the sheaves & on U; x X descend to an {aijk} X 1-twisted sheaf on M x X.
See Section 16.5 for some comments on twisted sheaves.

In Caldararu’s thesis [94, Prop. 3.3.2|, using arguments of Mukai in [427, Thm. A.6|,
the reasoning is closer to i) by changing the sheaves &; by linearized line bundles of weight
one. Via Hodge theory, so in the complex setting, the obstruction class a € Br(M)
is by [94, Thm. 5.4.3| identified as a generator of the kernel of a natural surjection
Br(M)—=Br(X), i.e.

(2.1) 0— (o) —Br(M)—Br(X)—0.

Here, M = My (v)® is assumed to be smooth, projective, and two-dimensional. See (5.6)
in Remark 11.5.9 for a special case.

Note that neither the universal nor the twisted universal sheaf is unique, e.g. they can
always be modified by line bundles on M (v)®. More precisely, if £ is a (twisted) universal
sheaf on M(v)® x X then so is £ ® p*L for any line bundle £ on M (v)*. In ii) this
ambiguity is already contained in the choice of the trivializations &;;.

2.3.  We can now come back to the tangent bundle of the moduli space. The descrip-
tion of the tangent space of the moduli space at stable points provided by Proposition
1.11 generalizes to the following.

Corollary 2.2. Suppose there exists a universal family € over M(v)® x X. Then there
is a natural isomorphism Tyy(yys —> 8xt},(8, £).

PROOF. Here, p: M(v)* x X — M (v)* denotes the projection and Ext}(£, E) denotes
the relative Ext-sheaf. For example, if £ is locally free, then €xt:})(€ ,E) ~ R'p.(E* ®E).
To shorten notation, we write M = M (v) and M*® = M (v)*.

Roughly, one should think of the isomorphism Tjzs —> Extll,(é',é‘) as obtained by
gluing the isomorphisms TyM* > Ext!(&;,&;). Since the dimension of Ext!(&;, &)
stays constant over M®, these spaces are indeed given as the fibres &L‘tll,(é' ,E) ® E().

A better way to define the Kodaira—Spencer map inducing the isomorphism, is to use
the Atiyah class A(E) € Ext!(E,£@ Qs x). Its image in HO(M?, Ext}(E,E)®@Qys) can
be interpreted as a natural map Tyys %Extzl,(é' ,€) which fibrewise yields the isomorphism
T,M* == Ext!(&;,&). For details see [264, 10.1.8]. d

Remark 2.3. The existence of the universal family is not needed for the corollary. Al-
though £ might not exist (or exists only étale locally), the relative Ext-sheaves Extl (€, €)
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always do. For example, if all sheaves parametrized by M (v)® are locally free, then £*® &
on the Quot-scheme exists and descends to M (v)* x X.

Alternatively, one can work with a twisted universal sheaf as introduced before. The
twists of the two factors in the relative Ext-sheaf cancel each other out (similarly to
twists by a line bundle coming from the moduli space), so that Ea:t;(g ,€) becomes a
well-defined untwisted sheaf.

Once Tr(v)s —= &Etll)(é' , &) is constructed, one can globalize Serre duality (cf. Propo-
sition 9.1.1) to a non-degenerate alternating pairing

TM(U)S X TM(’U)S o Sxt;(c‘:,g) X Sxt}o(é‘,é’)%(’)M(v)s.

Corollary 2.4. The moduli space of stable sheaves M(v)® is endowed with a natural
regular two-form o € H(M (v)?, Q?\/[(v)s) which is everywhere non-degenerate. O

This was first observed by Mukai in [426]. In fact, the two-form exists more generally
on the moduli space of simple sheaves on X (which, however, is in general not separated).
Moreover, the two-form is closed, which can be deduced from an explicit description using
the Atiyah class, cf. [264, Ch. 10].

2.4. The condition that the moduli space is smooth and parametrizes isomorphism
classes of sheaves (and not merely S-equivalence classes) is essentially equivalent to the
non-existence of properly semistable sheaves. Thus, it is important to understand under
which conditions on the Mukai vector v and the polarization H semistability is equivalent
to stability.

A torsion free semistable sheaf E fails to be stable if there exists a proper saturated
subsheaf F' C F with

p(F,m) = p(E,m)
or, in other words, if (tk(F)v(E) — rk(E)v(F),v(O(m))) = 0 for all m. The latter is
equivalent to:
(22) ) (€mrH) =0 and i) tk(F)(x(E) - 1k(E)) = tk(E) (x(F) — k(F)),
where {g p = 1k(F)ci(E) — rk(E)ci (F).

Let us now fix the Mukai vector v € N(X). It can be uniquely written as v = muvg with
m € Zsg and vg € N(X) primitive, i.e. vg cannot be divided further or, equivalently,
m is maximal. Let us first consider the case m = 1, i.e. v itself is primitive. Then if
i) and ii) hold for all H, then (rk(E)/rk(F))v(F) = v(E) = v = vg, which is absurd as
rk(F) < rk(F). This leads to the following result.

Proposition 2.5. Assume v = (r,{,s) € N(X) is primitive. Then, with respect to a
generic choice of H, any semistable sheaf E with v(E) = v is stable. Hence, My (v) =
My (v)®, which is smooth and projective of dimension (v,v) + 2 if not empty.

The polarization is generic if it is contained in the complement of a locally finite union
of hyperplanes in NS(X)g.
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PROOF. For the case of torsion free sheaves, i.e. rk > 0, the proof is in [264, App.
4.C|. The argument given above only shows that for a generic choice of H equalities i)
and ii) in (2.2) can be excluded for subsheaves F' C E with a fixed Mukai vector v(F).
To complete the proof, one shows the following two things:

Firstly, if E is py-semistable and F' C E is pg-destabilizing, then
(2.3) (¢pp.H) = 0 and either £ p = 0 or (—1k(E)?/4)A(v) < ng,F < 0.
Here, A(v) = A(E) = 2rk(E)ca(E) — (tk(E) — 1)c1(E)?. See [264, Thm. 4.C.3|. The
proof uses the Hodge index theorem and the Bogomolov inequality for F'.

Secondly, the union of walls

We = {H € NS(X)gr ample | £, H satisfying (2.3)}

is locally finite. See [264, Lem. 4.C.2].
The case of torsion sheaves has been dealt with by Yoshioka in | , Sec. 1.4], but see
also the thesis [650] by Zowislok. Let us show the existence of a generic H in this case.

If v(E) = (0,¢,s) with £ # 0 and hence (¢.H) > 0 for all ample H (the case £ = 0 being
trivial), then s = x(F) and p(E,m) =m+ x(E)/(¢.H).

As Mpy(v) = Mpg(v.ch(H)) via E+—FE(H), one can assume that s # 0. Thus, E
is semistable if x(F)/(¢(.H) < x(E)/(¢.H) for all F C E with v(F) = (0,¢,x(F)). If
equality holds for a proper subsheaf F and all H, then ¢/ = (x(F)/x(E))-¢. If supp(E) =
> - n;C; and supp(F) = > m;C;, then clearly m; < n; and hence x(F)/x(E) < 1. But if
v is primitive, then this implies x(F) = x(F), ¢’ = £, and hence m; = n;. From the latter
one deduces that F/F is torsion and hence x(E) — x(F') = x(E/F) > 0. Contradiction.
The local finiteness of the wall structure is proven as in the case r > 0. O

Remark 2.6. If v = mvgy with vg primitive and m > 1, then M (v) is expected neither
to coincide with M (v)® nor to be smooth. In [279] Kaledin, Lehn, and Sorger show that
for (vg,vo) > 2 the moduli space M (v) is still locally factorial, i.e. all local rings are UFD,
and in particular normal. The same result holds for (vg,vg) =2 and m > 2.

2.5. The theory is not void, i.e. these moduli spaces are not all empty. But this
is a highly non-trivial statement. For general results on the existence of stable sheaves
on algebraic surfaces see references in | , Ch. 5|. Roughly, for arbitrary surfaces one
can prescribe rk(E) and det(E) and prove existence of p-(semi)stable vector bundles for
large ca(E) > 0. For K3 surfaces the situation is better due to the following result.

Theorem 2.7. Let X be a complex projective K3 surface with an ample line bundle H.
For any v = (r,¢,s) € Z®NS(X) & Z with (v,v) > —2 and such that r > 0 or £ ample
(or, weaker, (£)?> > —2 and (£.H) > 0), there exists a semistable sheaf E with v(E) = v.

i) Mukai in [427, Thm. 5.1&5.4] showed that for primitive v = (r, ¢, s) with » > 0 and
(v,v) = 0 there exists a pp-semistable sheaf E with v(E) = v. If H = ¢, then E
can be chosen to be pp-stable. These sheaves are first constructed on special (so-called
monogonal) K3 surfaces by the methods explained in Section 9.3 and then deformed to
sheaves on arbitrary K3 surfaces.
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Note that once a u-(semi)stable sheaf E has been found, taking the kernel of surjections
n
E— P k()
i=1

yields a p-(semi)stable sheaves with Mukai vector (r,¢,s —n). However, this does not
produce p-semistable sheaves for all possible Mukai vectors, as ((r, ¢, s—n), (r,{,s—n)) =
(v,v)—2rn = —2rn. Also note that the primitivity of v is not essential for the construction
of u-semistable sheaves, as p-semistability of E implies p-semistability of E®".

ii) The existence of stable sheaves with (v,v) = —2 is due to Kuleshov, see Remark 3.3.

iii) The result in the above form is implicitly part of a result by Yoshioka [641, Thm. 8.1]
which asserts that Mg (v)* and Hilb{**/2*1(X) are deformation equivalent for primitive
v. Once more, the actual construction is done on special elliptic surfaces. General
deformation theory yields the result for all K3 surfaces. Originally, for » = 0 it was
assumed that £ is ample, but in [643, Cor. 3.5 the hypothesis was weaken to just (¢)% >
—2 and (¢.H) > 0, which implies that ¢ is effective.

In principle, the arguments should go through for arbitrary algebraically closed fields.
However, since global deformations to elliptic K3 surfaces are used, details would need to
be checked in positive characteristic, but the irreducibility of the moduli space proved by
Madapusi Pera in [385] should be enough. It would be highly desirable to produce stable
bundles and sheaves more directly, but no techniques seem to exist that would reproduce
the theorem in full generality.

3. Some moduli spaces

Let us consider moduli spaces of dimension zero and two and those that are provided
by Hilbert schemes of points on K3 surfaces.

3.1. In analogy to the case of Picx, one can study rigid sheaves. Suppose t € M (v)*
corresponds to a rigid sheaf E, i.e. Ext!(E, E) = 0. Then t is a reduced isolated point of
M (v). Note that in this case, (v,v) = —2. Indeed,

(v,v) = —x(E, E) = — dim Ext’(E, E) — dim Ext*(E, E)

and Ext?(E, E) ~ Ext’(E, E)* ~ k, by Serre duality and stability of E.°
The moduli space M (v)® for a (—2)-vector v is not only discrete, it in fact consists
of at most one point. Note however that in general My (v)® may parametrize different

sheaves for different polarizations H. The beautiful argument goes back to Mukai, see
[264, Thm. 6.16].

Proposition 3.1. If (v,v) = —2, then M (v)® consists of at most one reduced point. If
M(v)s # 0, then M(v)* = M(v).

5Note that for numerical considerations of this sort k& = k is crucial.
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PROOF. Suppose E,F € M(v)®. Then x(E,F) = —(v(E),v(F)) = —(v,v) = 2.
Hence, Hom(E, F) # 0 or Hom(F, E) ~ Ext?(E, F)* # 0. Since E and F are both stable
with the same Hilbert polynomial, this yields £ ~ F. The same argument also applies
when only F is stable, which proves the second assertion. O

Remark 3.2. If r > 0, then a stable rigid sheaf is automatically locally free. Indeed
such a sheaf F is torsion free and isomorphic to the kernel of a surjection E** —= S with
S of dimension zero. A quotient of this form can be deformed such that the support of .S,
which is the singularity set of E, actually changes. Hence, E itself deforms non-trivially
which contradicts Ext!(E, E) = 0, see [264, Thm. 6.16] for details.

Remark 3.3. The existence of simple rigid bundles is non-trivial. Suppose v is a Mukai
vector with r > 0 and (v,v) = —2. Then there indeed exists a (usually non-unique) sheaf
E with v(F) = v such that F' is rigid and simple. This result is due to Kuleshov [330].
The sheaf is automatically locally free and for p(X) = 1 even stable, as explained by
Mukai in | , Prop. 3.14]. The existence is proved by first constructing such a bundle
explicitly on a special (elliptic) K3 surface and then deforming it to any K3 surface.
For generic polarization the bundle can even be assumed stable. See Section 2.5 for the
general existence statement.

3.2. Let v € N(X) with (v,v) = 0. Then M(v)® is empty or smooth and two-
dimensional. The analogue of Proposition 3.1 is the following result, again due to Mukai.

Proposition 3.4. Let (v,v) = 0 and let M; C M(v)® be a complete connected (or,
equivalently, irreducible) component. Then M; = M(v)* = M (v).

PROOF. For the detailed proof see [264, Thm. 6.1.8]. Let us here just outline the
main steps under the simplifying assumption that there exists a locally free universal
family £ on My x X. The reader should have no problem modifying the arguments to
also cover the general case.

Consider a semistable sheaf F on X with v(F) = v, and let us compute Rip,(¢*F®E*),
where p and ¢ denote the two projections from Mj x X. Fibrewise one has H' (X, FRE;) =
Ext!(&,F) =0 fori = 0,2 and F % &. Since (&, F) = —(v(&),v(F)) = —(v,v) = 0,
in fact H/(X,F ® &) = 0 for all i whenever F' % &. Thus, if the point [F] € M(v)
corresponding to F is not contained in My, then Rip,(¢*F @ £*) = 0 for all i.

On the other hand, one shows that Rip,(¢*F ® £*) = 0 for i = 0,1, even when
t = [F] € M, and that

(3.1) R*p (¢*F ® £*) @ k([F])—=H*(X,F ® £) ~ Ext*(F, F)

is surjective. The latter assertion follows from standard base change theorem | ,
III.Thm. 12.11]. For the vanishing of Rip.(¢*F ® £*), i = 0,1, one however needs to
use more of the proof of the base change theorem, which shows the existence (locally)
of a complex of locally free sheaves K® : 0—=K" —=K! — K2 — ... with H!(K®) ~
Rip,(¢*F ® £*). This can be combined with the observation above that the support of
the sheaves R'p,(¢*F ® £*) is contained in the point [F] as follows. For i = 0 one uses
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the inclusion R%p,(¢*F ® £*) C K into the torsion free sheaf K to conclude vanishing.
From this, one deduces a short exact sequence

0— K" —Ker(d')—R'p,(¢"F @ £*) —0.
However, since in the exact sequence
0—Ker(d') —K! —TIm(d') —0

the sheaf Im(d') is torsion free and K! is locally free, the sheaf Ker(d') must be locally
free as well. Now use that the quotient of the locally free sheaves Ker(d') by KU is either
trivial or concentrated in codimension < 1. Thus, R'p.(¢*F ® £*) = 0.

Finally, use the Grothendieck-Riemann-Roch formula (see [234, App. A])

ch(Rp«(¢*F @ £)) = ps {ch(¢*F ® £%)¢*td(X)} = p. {ch(ﬁ*)q*v(F)q*\/td(X)} .

The right hand side only depends on € and v(F’), whereas the left hand side is trivial for
[F] ¢ My and equals ch(R?p.(¢*F ® £*)) # 0 otherwise (use (3.1)). This contradiction
shows M (v) \ M; = (. O

Corollary 3.5. Assume v = (r,¢,s), r > 0, is primitive with (v,v) = 0. Assume that
¢ is effective if r = 0 or, equivalently, that ((.H) > 0. Then for generic H, the moduli
space M(v) is a K3 surface.

PROOF. Indeed, by Mukai’s result (see Corollary 2.4 and Proposition 2.5) and The-
orem 2.7 one knows that M := M (v) is a smooth projective irreducible surface endowed
with an everywhere non-degenerate regular two-form o € H°(M,Q3,). Hence, wyr ~ Oyy.

Thus, it remains to prove that H'(M, O) = 0. If one works over k = C, then one could
study the correspondence H*(X,Q) —> H*(M,Q) which is given by the cohomology
class ch(€)/td(X x M), cf. Proposition 16.3.2. Or, one uses the Leray spectral sequence

EY = H'(M,Ext)(£,€)) = Ext'(&,€),

which immediately yields H'(M,O)< Ext!(£,€). The vanishing of the latter is how-
ever not so easy to prove. Eventually, both arguments reduce to a statement about the
composition of certain Fourier—Mukai equivalences, see | , Lem. 6.1.10].

From a derived category point of view one could argue as follows, cf. the proof of
Proposition 16.2.1. The functor ®¢: D*(M) > DP(X), Grq.(p*G ® &) is fully
faithful, which can be shown using a criterion of Bondal and Orlov, see | , Prop.
7.1] or Proposition 16.1.6. In fact, it is an equivalence, for X and M are smooth sur-
faces with trivial canonical bundle (use another criterion of Bondal and Orlov, see | ,
Prop. 7.6] or Lemma 16.1.7). See Proposition 16.2.3 for more details. This then al-
lows one to reverse the role of X and M and compute Ext!(&£,&) via the spectral se-
quence By = HI(X, Ext)(£,E)) = Ext™(£,€). Since HY(X,0) = H*(X,Tx) = 0 and
Tx ~ é’xt}l(é’,c’f), this immediately shows Ext!(£,£) = 0 as required, see Proposition
16.2.1 for more details. If a universal family £ is not available, replace it in the above
arguments by a twisted universal sheaf. O
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Example 3.6. In [264, Ex. 5.3.7] one finds the following example. Let X C P3 be a
general quartic and let v = (2,Ox(—1),1). Then M(v) ~ X, where the isomorphism is
given by mapping a sheaf F' to the point x € X, the ideal sheaf I, of which is the quotient
of a uniquely determined (up to the natural GL(3)-action) injection F' &= O%®. In other
words, the isomorphism is given by the shift of the spherical twist I, +—=Tp(I;)[1] (cf.
Section 16.2.3). There are other examples where the two-dimensional moduli space is
isomorphic to the original K3 surface, but this is not typical.

Remark 3.7. Let us mention another result which may convey an idea of how a K3
surface X is related to the K3 surface that is given by some moduli space M (v). Assume
that X is a complex projective K3 surface and M (v) = M (v)?® is two-dimensional. Then
there exists a natural isomorphism

(3.2) HY (M), Z) ~ vt /Z v

respecting the Hodge structures of weight two and the quadratic forms. Here, v+ C
H (X,Z) is endowed with the Mukai pairing and the Hodge structure of K3 type given
by H*9(X) C v¢. The result is due to Mukai, see [264, Thm. 6.1.14]. It is remarkable
that it holds without assuming the existence of a universal sheaf.’

For a fine two-dimensional moduli space M (v) = M (v)® with a universal family £ one
deduces (3.2) from the Hodge isometry

(3.3) H(M®v),Z) == H(X,Z), ar—q.(p*a.v(£))

between the full cohomologies endowed with the Mukai pairing. See also Proposition
16.3.2 for an analogous result for derived equivalent K3 surfaces. Indeed, once (3.3) has
been proved, use that under this isomorphism v is the image of [pt] € H*(M (v),Z), for
the image of the skyscraper sheaf of a point [E] € M (v) under DP(M (v)) ~ DP(X) is E,
and then use that v /Z - v ~ [pt]*/Z - [pt] ~ H*(M(v),Z).

A concrete realization of (3.2) is described by Corollary 11.4.7.

3.3. After moduli spaces of dimension zero and two, Hilbert schemes are the most
accessible ones. Recall that for P = n or equivalently v = (0,0,n), the moduli space
M (v) is isomorphic to the symmetric product S™(X), see Example 1.9. If n > 1, then
M(v)® = 0.

Let us now consider v = (1,0,1 —n). Then any E € M (v) is a torsion free sheaf of
rank one and hence of the form I; ® L with Z C X a subscheme of dimension zero and
L € Pic(X), see Section 9.1.1. Note that a torsion free sheaf of rank one does not contain
any non-trivial subsheaf with torsion free quotient and that it is therefore automatically
stable with respect to any polarization. Using the exact sequence

0—Iz9 L—L—0z7—0,

60ver an arbitrary algebraically closed field k£, when a priori one cannot speak of the period of X
and M (v), the same proof at least shows that the two lattices NS(M (v)) and v*/Z - v (with v the
orthogonal complement in N (X)) are isometric.
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one finds
v=0v(E)=v(Iz®L)=v(L) —v(0z) = (1,c1(L),c}(L)/2+ 1 — h’(Oz)).

Hence, L ~ Ox and h%(Oz) = n. This observation links the moduli space M (v) =
M(1,0,1 —n) to the Hilbert scheme Hilb™(X) of subschemes Z C X of length n. Recall
that Hilb"(X) represents the functor

Hilb% : (Sch/k)°—(Sets)

that maps a k-scheme S to the set of all S-flat closed subschemes Z C S x X with
geometric fibres Z; C X of length n, cf. Section 5.2.1.

Proposition 3.8. Mapping a subscheme Z C X to its ideal sheaf Iz induces an iso-
morphism
Hilb"(X) = M(1,0,1 —n).

PROOF. Sending Z C S x X in Hilb%(S) to its ideal sheaf Tz, which defines an
element in M(1,0,1 — n)(S), defines a functor transformation

Hilb% —> M(1,0,1 — n).

Conversely, if E'€ M(1,0,1—n)(S), then the spaces Hom(E, Oy x) glue to an invert-
ible sheaf M := Hom,(E, Osxx) on S and the naturally induced map E®@p*M — Ogx x
is fibrewise an embedding and hence F ® p*M ~ Tz for some Z € Hilb%(S). Since
E ~ E® p*M, this yields an inverse map. O

Remark 3.9. It can be shown that Hilb"(X) admits a unique (up to scaling) regular,
everywhere non-degenerate two-form o, i.e. the one given by Corollary 2.4 is unique up to
scaling. Moreover, H°(Hilb"(X), 22" is spanned by o' and H°(Hilb"(X), Q%**1) = 0.

For k = C this is equivalent to Hilb"(X) being simply connected. See [267] or, for a
direct argument, [264, Thm. 6.24]. The result is due to Beauville [44] and to Fujiki for
n=2.

3.4. Moduli spaces of stable sheaves on K3 surfaces were for a long time hoped to
produce higher-dimensional irreducible symplectic manifolds in abundance. A smooth
projective variety M (or a compact Kéhler manifold) is called irreducible symplectic if
HO(M, Q?\/[) is spanned by an everywhere non-degenerate two form o, i.e. o induces an
isomorphism 7Ty —> Qs and is unique up to scaling, and M does not admit any non-
trivial finite étale covering. The Hodge structure of weight two H?(M, Z) of an irreducible
symplectic (projective) manifold M plays the same central role in higher dimensions as
H?(X,Z) for K3 surfaces. It can be endowed with a natural quadratic form, the Beauville—
Bogomolov form. For a survey on irreducible symplectic manifolds see [249] and Lehn
[357].

The existence of the symplectic structure on the moduli space, due to Mukai, was a
very promising first step. However, the irreducibility, i.e. the uniqueness of the two-form
and the simply connectedness, was difficult to establish. In some cases, this could be
shown by relating a higher rank moduli space to the Hilbert scheme. For example, for
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a Mukai vector v = (r,¢,s) with ¢ primitive it was shown (in [212] for » = 2 and by
O’Grady in [463] for r > 2) that for generic H the moduli space My (v) is an irreducible
symplectic projective manifold whose Hodge numbers equal those of the Hilbert scheme
of X of the same dimension. This was later generalized by Yoshioka in [641] to the case
that only v is primitive and allowing torsion sheaves.

However, moduli spaces of stable sheaves do not provide really new examples, which
was first observed in [248], where birational irreducible symplectic manifolds are shown
to be always deformation equivalent.

Theorem 3.10. Suppose v = (r,£,s) is a primitive Mukai vector and H is generic.
Assume r >0 (orr =0 and ((.H) > 0) and (v,v) > —2. Then My(v) is an irreducible
symplectic projective manifold deformation equivalent to Hilb<”’”>+2(X). Moreover, if
(v,v) > 0, then there exists a Hodge isometry H*(Mpy(v),Z) ~ v*.

The deformation equivalence to the Hilbert scheme was proved in [248, Cor. 4.8] for
vy primitive and later by Yoshioka in [641, App. 8] in general. For r = 0 see [643, Cor.
3.5]. For primitive v and generic H it was computed explicitly for Mg (v) by O’Grady
[463] and Yoshioka [640].

We cannot resist to state here Gottsche’s formulae expressing the Betti and Euler
numbers of all Hilb"(X) (and then for all moduli spaces My (v) covered by Theorem
3.10) simultaneously, using the corresponding generating series:

oo 4n 0 -1
DD bi(HIb (X)) gt = (H (1—t7%g™) (1 —¢™)*(1 - thm))

n=0 i=0 m=1

0 0 -1
S e(Hilb (X))g" = (H (1- qm>24> .
n=0 m=1

A similar formula exists for the Hodge numbers. We refer to Gottsche’s original article
[210] for comments and proofs.

References and further reading:

The Picard scheme and moduli spaces of stable sheaves also exist for varieties over non-
algebraically closed fields (after étale sheafification if one wants to have a chance to represent the
functor). The construction is compatible with base field extensions.

There is one other series of examples of irreducible symplectic projective manifolds, also dis-
covered by Beauville. They are obtained as the fibre of the summation Hilb" ! (A4) — A, where
A is any abelian surface. For n = 1 this gives back the Kummer surface associated with A.

O’Grady studied moduli spaces Mg (v) with non-primitive v. In one case he could show that
although the moduli space is singular, it can be resolved symplectically. This indeed leads to an
example of an irreducible symplectic projective manifold of dimension 10, which is truly new, i.e.
topologically different from Hilb®(X) and generalized Kummer varieties. By work of Kaledin,
Lehn, and Sorger [279] and by Choy and Kiem [116] we know that O’Grady’s example is the
only one that admits a symplectic resolution. This follows almost immediately from the result
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mentioned in Remark 2.6. In [279] one also finds a generalization of Mukai’s irreducibility result
to the case of non-primitive vectors: If M (v) has a connected component parametrizing purely
stable sheaves only, then it equals this component. Singular two-dimensional moduli spaces are
studied in great detail [479].

Two-dimensional fine moduli spaces of stable sheaves on a K3 surface X are also called Fourier—
Mukai partners of X, because the Fourier—-Mukai transform

DP(X)—=D"(M), Fr—p.(¢*F ® )

defines an equivalence of triangulated categories. In fact, all Fourier—Mukai partners are of this
form. The number of isomorphism classes of Fourier—-Mukai partners of a fixed K3 surface X is
finite, but with X varying it is unbounded. See the articles by Hosono et al [245] and Stellari
[572] and the discussion in Chapter 16.

A finer study of moduli spaces of (Bridgeland stable) complexes on K3 surfaces has just begun.
See [264] for some comments and references and the recent preprints [40, 41, ]

Questions and open problems:

It is still an open question whether moduli spaces of stable sheaves on a fixed K3 surface,
maybe with additional conditions on the prescribed Mukai vectors, are derived equivalent as
soon as their dimensions coincide. This is even open for cases where the moduli spaces are known
to be birational (except for dimension two and four).

The link between the Brauer groups of a K3 surface and of a non-fine moduli space as expressed
by (2.1) has only been proved using Hodge theory and so is a priori only valid for complex
projective K3 surfaces. Is there a purely algebraic argument for it?



CHAPTER 11

Elliptic K3 surfaces

The literature on elliptic surfaces is vast. Elliptic surfaces play a central role, both
in complex geometry and in arithmetic. We restrict ourselves to the case of elliptic K3
surfaces and do not hesitate to take short cuts whenever possible. The discussion of the
Jacobian fibration of an elliptic K3 surface from the point of view of moduli spaces of
sheaves on K3 surfaces is not quite standard. Popular sources for elliptic surfaces include,
among many others, [32, , , , |.

1. Singular fibres

We shall begin with the definition of an elliptic K3 surface and a classical existence
result. The main part of this section reviews Kodaira’s classification of singular fibres of
elliptic fibrations of K3 surfaces.

1.1. In the following X is an algebraic K3 surface over an arbitrary algebraically
closed field k. To simplify, we shall exclude the cases char(k) = 2,3 from the start. Most
of what is said holds verbatim for non-projective complex K3 surfaces. We will explicitly
state when this is not the case.

Definition 1.1. An elliptic K3 surface is a K3 surface X together with a surjective
morphism 7: X —P! such that the geometric generic fibre is a smooth integral curve of
genus one or, equivalently, if there exists a closed point ¢ € P! such that X is a smooth
integral curve of genus one.

The morphism 7: X —P! itself is called an elliptic fibration of the K3 surface X and
it is automatically flat (use [234, IL.Prop. 9.7]). In particular, for the arithmetic genus
of all fibres X; C X one has p,(X:) =1 — x(Ox,) = 1. We shall abusively speak of the
smooth fibres of m: X —=P! as elliptic curves, although we do not assume the existence
of a (distinguished) section and the fibres, therefore, come without a distinguished origin.

Example 1.2. i) Let X be the Kummer surface associated with the product of two
elliptic curves F; X FEs, see Example 1.1.3. Then the two projections induce two natural
elliptic fibrations 7;: X — F;/4 ~ P! In fact, X has many more, as explained by Shioda
and Inose [565, Thm. 1].

ii) Consider a general elliptic pencil of cubics in P? as an elliptic fibration 7: P2 P!
of the blow-up of the nine fixed points P2—>P2. To have a concrete example in mind,
consider the Hesse (or Dwork) pencil x3 + x3 + 3 — 3\ - w122

Thanks to Matthias Schiitt for detailed comments on this chapter.

207
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A double cover X —P? branched over the union Fy, U F}, of two smooth fibres of
7 describes a K3 surface, which can also be obtained via base change with respect to
a double cover P! —P! branched over tg,t; € P! or as the minimal resolution of the
double plane branched along the sextic described by the union Fy, U Fy, C P2

iii) The Fermat quartic X C P3, x% +...+ :U§ = 0, admits many elliptic fibrations, see
Example 2.3.11.

The generic K3 surface is not elliptic but elliptic ones are rather frequent. In fact,
the following result for £ = C combined with Proposition 7.1.3 implies that elliptic K3
surfaces are parametrized by a dense codimension one subset in the moduli space of all
K3 surfaces.

Proposition 1.3. Let X be a K3 surface over an algebraically closed field k with
char(k) # 2,3.
(i) Then X admits an elliptic fibration if and only if there exists a non-trivial line
bundle L with (L)? = 0.
(ii) If p(X) > 5, then X admits an elliptic fibration.
(iii) The surface X admits at most finitely many non-isomorphic elliptic fibrations.

PROOF. For the first part see Remark 8.2.13. In order to prove the second, use the
consequence of the Hasse-Minkowski theorem saying that any indefinite form of rank
at least five represents zero, see [544, IV.3.2|. Then apply (i). For (iii) see Corollary
8.4.6. O

As we are only considering algebraic K3 surfaces in this chapter, an elliptic K3 surface
X satisfies p(X) > 2. A K3 surface with 2 < p(X) < 5 may or may not admit an elliptic
fibration. For non-projective complex K3 surfaces (ii) and (iii) above may fail.

Remark 1.4. Similarly, a K3 surface X admits an elliptic fibration with a section if
there exists an embedding U = NS(X). For complex projective K3 surfaces this is the
case, e.g. if p(X) > 12, see Corollary 14.3.8. As it turns out, elliptic K3 surfaces (with
a section) are dense in the moduli space of all complex (not necessarily algebraic) K3
surfaces and also in the moduli space of polarized K3 surfaces, see Remark 14.3.9.

1.2. Before passing to the classification of singular fibres of elliptic fibrations of K3
surfaces, let us state a few general observations.

Remark 1.5. i) If 7: X —C' is a surjective morphism from a K3 surface X onto a
curve C, then C is rational. So C' ~ P! if C is smooth. Indeed, after Stein factorization,
we may assume m,Ox ~ O¢ and C smooth. Then the Leray spectral sequence yields an
injection H'(C,O¢) = H'(X,Ox) = 0 and hence C ~ P*,

i) If 7: X —P! is an elliptic fibration of a K3 surface, then not all fibres of 7 can be
smooth. Indeed, if 7 were smooth, then R'7,Z ~ Z? (as P! is simply connected) and
hence Leray spectral sequence would yield the contradiction H'(X,Z) ~ Z2. Here we
assume that X is a complex K3 surface, but the same argument works in the algebraic
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context using étale cohomology. Alternatively, one could use Leray spectral sequence to
deduce the contradiction e(X) = e(P!) - e(X;) = 0.

iii) Any smooth irreducible fibre of an arbitrary surjective morphism 7: X —P! from
a K3 surface X is automatically an elliptic curve. Indeed, for a smooth fibre X;, t € P!,
one has O(X;) ~ 7*O(1) and hence O(X})|x, ~ Ox,. Therefore, by adjunction formula
wx, = @ Xy -

iv) An arbitrary surjective morphism 7: X —P! has a geometrically integral generic
fibre if and only if Op1 >~ m,Ox. In this case, also the closed fibres X; are integral for
t € P! in a non-empty Zariski open subset, see [27, Chap. 7]. In characteristic zero, the
generic fibre is smooth by Bertini (see [234, IIL.Cor. 10.9]) and, therefore, 7: X —P!
is an elliptic fibration. This is still true in positive characteristic # 2,3. Indeed, by
a result of Tate the geometric generic fibre is either smooth or a rational curve with
one cusp. Moreover, the latter cannot occur for char(k) # 2,3. See [27, Thm. 7.18| or
[438, , | and the proof of Proposition 2.3.10.

The next result holds true more generally (modified appropriately) for arbitrary (even
non-projective complex) elliptic surfaces. The first part is known as the canonical bundle
formula (see e.g. [32, V.12] or [183, Thm. 7.15|) and an important consequence of it
should in the general context be read as x(Ox) = deg(R'm.Ox)*.

Proposition 1.6. Let 7: X —P! be an elliptic K3 surface.
(i) Then m.Ox ~ Op and R'7,Ox =~ Op1(—2).
(ii) All fibres X, t € P, are connected.
(i1i) No fibre is multiple (but possibly non-reduced).
(v) (Zariski’s lemma) If Xy = Zle m;C; with C; integral, then (C;.X;) = 0. Moreover,
(3> n;C;)? <0 for all choices n; € Z and equality holds if and only if nq/mq = ... =
ng/my.

PROOF. Consider the short exact sequence 0—O(—X;)—Ox —0Ox, —0 and
the induced exact sequences

0—k~ H°X,0x)—H°X;,0x,) —H' (X,0(-X;)) —H'(X,0x) =0

0=H'(X,0x)—=H'(X;,0x,) — H*(X,0(-X;)) — H*(X,0x) ~ k—=0.

The generic fibre X; is an elliptic curve and thus h°(X, Ox,) = h'(Xt, Ox,) = 1. There-
fore, H'(X,0(—X;)) = 0 and H?(X,O(—X;)) ~ k?. But H' (X, O(—X;)) is independent
of t which in turn implies h°(X;, Ox,) = h'(Xt, Ox,) = 1 for all t € PL. This is enough to
conclude that the natural map Op1 — 7, Ox is an isomorphism and, using | , IIT.Thm.
12.11], that R'7,Ox is invertible. Write R'm,Ox ~ O(d) and use Leray spectral sequence
to show k ~ H%(X,Ox) ~ H'(P', R'7,0Ox) and hence d = —2.!

1Alternatively, one can use relative (Grothendieck—Verdier) duality to conclude. Indeed, taking coho-
mology in degree —2 of Rr.wx [dim(X)] =~ (Rm.O)* @wp1 [dim(P')] yields 7.Ox ~ (R'7.Ox)*@0p1 (—2).
More concretely, the fibrewise trace map H'(X;,wx,) — k glues to an isomorphism R'7.w, —= Op1,
but wr ~ wx ® T wp ~ 77 O(2). This approach is applicable to general elliptic surfaces.
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Stein factorization [234, III.Cor. 11.5] yields connectedness of all fibres. This could also
be concluded directly from Zariski’s connectedness principle, see [234, III.Exer. 11.4] or
[373, Thm. 5.3.15], or even more directly from h°(X;, Oy,) = 1.

Suppose a fibre X; is of the form mC, m > 2 (with C possibly reducible). Then use

0—O((m — 1)C) —O(X;) — O(Xy)|c —0,

O(Xp)le = Oc, W(X,0(Xy)) = hO(PL,O(1
H(PL,0(1))— H'(X,0(X})) — H°(C, O) is not zero, to deduce h®(X, O((m—1)C)) =
1. But by Riemann-Roch x(X, O((m—1)C )) =2, as (0)%? = (1/m)*(X;)? = 0, and hence
hO(X,0((m — 1)C)) > 2, for h2(X,O((m —1)C)) = 0 for m > 2. Contradiction. (See
also Remark 2.3.13 for a slightly different proof.)

For Zariski’s lemma use that for any fibre O(X;)|x, ~ Ox,. So, O(X})|c;, ~ O¢, and
thus (C;.X;) = 0. The second assertion can be rephrased by saying that the intersection
form is semi-negative definite on €@ Z[C;] with radical ) m;[C;]. The first part can be
seen as a consequence of the Hodge index theorem, see Section 1.2.3. To prove the full
statement, we introduce the notation ¢;; == (C;.C;) and a;j == m;mjc;;. Clearly, a;; > 0
for i # j and Zj a;j = (m;C;.Xy) = 0 for fixed i and similarly ), a;; = 0 for fixed j.

If now C = Z n;C; and n; == ni/mi, then

2 § : § :— = § :— = \2
= nmjcij = nmjaij = — (nl - n]-) aij S 0.

1<j

)) = 2, and the fact that the composition
is

This shows again semi-negativity of the intersection form and, moreover, using connec-
tivity of X; that (C)? < 0 except for iy = ... = fy. O

Combined with Section 2.1.3 this yields

Corollary 1.7. Either a fibre X; of an elliptic fibration X —P! is irreducible (and
in fact integral) or a curve of the form X; = Zle m;C; with (—2)-curves C; ~ P! and
(my,...,mg) = (1).

Moreover, if £ > 2, then (C;.C;) <1 for all i,j, whereas (C1.C3) =2 for £ = 2.

PRrROOF. The corollary can also be deduced directly from Section 2.1.4. Indeed, if
X;=C+ ', then 0—0O(C) —O(X;) —O(Xy)|cr —=0 shows h%(X,0(C)) = 1.

For the last part observe that (C; + C;j)? < 0 for £ > 2, which yields the result. For

¢ = 2, the equation (m;Cy +m2C2)2 = 0 has up to scaling only one solution: m; = mo =1

and (C1.Cy) = 2. O

One can similarly show that for ¢ > 3 there are no cycles of length three as then
(C1+Cy+C3)? < 0. But this can also be read off from the description of the dual graphs
to be discussed next.

1.3. The following table lists all possible fibres of an elliptic fibration of a K3 surface.
See Theorem 1.9 for the precise statement.
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I smooth elliptic Q ZO o e=0
I; rational curve with DP >Q Zo o e=1
11 rational curve with cusp > AO o e=2
I X A e=3
Is Q Al =0 e=2

1\Y >K ZZ 1i>01 e=4
In23 An,1 O<Z_O_Z>3 e=n

1 1
1 1
* N
20 | S| Dr R et
1 1

IT* Es e=10

I B, ] e=9

v+ Es e=8

1 2 3 2 1

The first step in the classification of the singular fibres is pure lattice theory and
describes the dual graph of the singular fibres. Recall that the vertices of the dual graph
of a curve ) m;C; correspond to the irreducible components C; and two vertices Cj, C;
are connected by (C;.Cj) edges. Note that the dual graph a priori does not take into
account the multiplicities m;.

For the following recall the definition of extended Dynkin diagrams and, in particular,
that a graph of type Zn, D,, and E,, has n+ 1 vertices. See Section 14.0.3 and the table
below.

Corollary 1.8. Let X; = Y. m;C; be a fibre of an elliptic fibration 7: X —P! of a
K38 surface. Then the dual graph of Xy is one of the extended Dynkin diagrams A,, Dy,
E6, E7, or Eg.

PROOF. This is a consequence of a general classification result, see [32, 1.2] for the
precise statement and references or [412, 1.6] or Section 14.0.3. It can be applied once
the fibre X is known to be connected and two components C;, C; intersect in at most one
point (and there transversally). The case of two irreducible components, i.e. X; = C1+Co
with (C1.C2) = 2, has to be dealt with separately. O
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The dual graph of X; does not always determine the isomorphism type of the curve
X;. But this only happens for fibres with up to five ireducible components. Those can
be described explicitly.

e [rreducible fibres X, are either smooth elliptic or rational curves with one singular
point which can be an ordinary double point or a cusp. This follows immediately from
pa(X¢) = 1. Note that the dual graph is in all three cases A (although this notation is
not commonly used). The three cases are called I, Iy, resp. II.

o Two irreducible components: If X; has two irreducible components, then by Corollary
1.7 one knows X; = C1+ Cy with C; and C5 meeting either in one point with multiplicity
two (type III) or in two points with multiplicity one (type Iz). The two types are not
distinguished by their dual graph which is Aj in both cases.

e Three irreducible components: If X; has three irreducible components, then X; =
C1 + C5 + Cs and any two of the curves C; meet transversally in one point. Moreover,
either all three curves meet in the same point (type IV) or the intersection points are
all different (type I3). Note that again the dual graph, which is AVQ, cannot distinguish
between the two types.

e Five irreducible components: For type I the isomorphism type is defined by the
choice of the four points on the central component. The graph for this one-parameter
family of choices is always 54.

In particular, if X; = Y m;C; is a singular fibre, then any two of the curves C; meet

transversally in at most one point and no three meet in a single point with the exception
of the fibres of type Iy, III, and IV.

1.4. The next result was proved by Kodaira for complex (also non-projective) sur-
faces in | , Thm. 6.2] and was later confirmed by work of Néron and Tate in positive
characteristic, see [445, |

Theorem 1.9. The isomorphism types of the singular fibres Xy = > m;C; of an elliptic
K3 surface m: X —P' are classified by the table above. The vertices are labelled by the
coefficients m; and the last column gives the topological Fuler number.

PROOF. It remains to determine the multiplicities m; of the components of a singular
fibre X; = Y m;C;. Since the radical of the intersection form on € Z[C;] is spanned by
> > m;[C;] and no fibre is multiple, it suffices to prove that with the multiplicities m; as
given in the theorem one indeed has (3" m;C;)? = 0. This is straightforward to check. [J

Remark 1.10. Observe that if one removes a vertex of multiplicity one in one of
the extended Dynkin graphs, one obtains a usual Dynkin graph of type A,, D,, or E,,
respectively. Also, using Zariski’s lemma and the known bounds for the Picard number
p(X) <20 and < 22 (depending on the characteristic), one can bound n in the fibres of
type I, and I},

Example 1.11. i) Consider the natural elliptic fibration 7: X — FE1/4+ ~ P! of the
Kummer surface X associated with the product of two elliptic curves E; x Eo. The
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only singular fibres are over images of the four two-torsion points. The fibre of (E; X
E5)/+— E1/+ over such a point is Fy/+ ~ P! and contains four of the sixteen singular
points of (Ey x E3)/+, which have to be blown up when passing to X. Hence, X —P!
has four singular fibres, all four are of type Ij. Shioda and Inose [565, Thm. 1| describe
elliptic fibrations on X with other types of elliptic fibres, e.g. IT* and IV*.

ii) Let us come back to Example 1.2, ii) and consider a pencil of cubics in P? spanned
by a smooth cubic C and another cubic D. The isomorphism type of the fibres X; of the
elliptic fibration P2 P! (and then also of X —=P!) corresponding to D depends on the
singularities of D and how D and C intersect. Suppose D intersects C' transversally (in
nine points), then for D integral the fibre F' is of type Io, Iy, or II. If D is allowed to
have two or three components, one can realize Is and III or I3 and IV, respectively.

For the Hesse pencil 23 + x3 + 23 — 3\ - mox122 the fibration P2 —P! has four singular
fibres, in particular for A = oo the fibre is easily seen to be the union of three lines. The
same holds for A = 1, (3, C32 All other fibres are smooth. Hence, X —P! is an elliptic
K3 surface with eight singular fibres, all of type Is.

Remark 1.12. The possible configurations of singular fibres is restricted by the global
topology of the K3 surface. Let us demonstrate this for K3 surfaces over C in terms of
the classical topology. Using the additivity and multiplicativity of the topological Euler
number one finds

(1.1) 24 =e(X)=) e(Xy),

where the sum is over all singular fibres (in fact e(X;) = 0 for smooth X;). The Euler
number e(X;) only depends on the type Ij, II, etc., which is recorded in the above table.
For example, if X; is of type IIT*, then e(X;) = e(III*) = 9. In particular, there can be
at most two fibres of type IIT*.

The generic elliptic K3 surfaces has only singular fibres of type I; (see [184, 1.1.4]) and
exactly 24 of those: 24 = 24 - ¢(I;). In Example 1.11, i) we found 24 = 4 - ().
In [414] Miranda and Persson study elliptic K3 surfaces (with a section) with fibres of

type I, only. (These fibres are the only semistable fibres and so elliptic K3 surfaces of
this type are called semistable.) Now, combine the Shioda—Tate formula, see Corollary
3.4, with equation (1.1), which in this case reads > n; = 24. One finds that there are at
least six singular fibres. It turns out that there are 1242 tuples (nq,...,ns), s > 6, with
Y- n; =24 and all except for 135 can indeed be realized. See also [412, X.4].

2. Weierstrass equation

Every elliptic surface with a section can be reconstructed from its Weierstrass model.
We present the beautiful theory for K3 surfaces only. For details and the general situation
the reader is referred to [280, |.
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2.1. Let us briefly recall some of the standard facts on elliptic curves. An elliptic
curve is by definition a smooth connected projective curve E of genus one over a (not
necessarily algebraically closed) field K with E(K) # () or, equivalently, a smooth pro-
jective curve E over K which is isomorphic to a curve in ]P’%( defined by a cubic equation
which on the affine chart z # 0 takes the form

(2.1) v+ arzy + asy = 2 + asx® + asx + ag.

See e.g. [373, Cor. 7.4.5]. Note that E given by (2.1) has a distinguished K-rational
point [0 : 1 : 0] which is taken as the origin. Conversely, for any p € E(K) the line bundle
O(3p) is very ample and defines an embedding E < P%.

If char(K') # 2,3, which is assumed throughout, a linear coordinate change transforms
(2.1) into the Weierstrass equation

(2.2) y? = 2 + agx + ag
or more commonly into
(2.3) y? = 42® — gow — g3.

The pair (g2, g3) is well-defined up to the action of (A*, %), A\ € K*. The discriminant
is in this notation defined as

A(E) = —16(4a3 + 27a2) = g5 — 2743.

It is independent up to scaling by 12th powers in K. An equation of the form (2.2) defines
a smooth curve if and only if A(E) # 0. For example, y? = 2% and y? = 23 — 32 + 2
define rational curves with one cusp and one ordinary double point, respectively.

The j-invariant of E is defined as
(4ad)® _ 1795 . 95 ’

A(E) A(E)

which indeed only depends on E and not on the particular Weierstrass equation. Con-
versely, if K is algebraically closed or, more precisely, if (as/a})*, (ag/ak)'/® € K, then
J(E) = j(E') implies E ~ FE’, see [566, II1.1].

Consider a field K with a discrete valuation v. Then (2.1) for an elliptic curve E over
K is called minimal if v(a;) > 0 for all 4 and v(A(E)) is minimal. Thus, if v(a;) > 0 and
v(A(E)) < 12 (or v(g2) < 4 or v(g3) < 6), then the equation is minimal. See [566, VIL.1]
for a converse. For K = k(t) and an equation y? = 423 — gox — g3 these assumptions say
that go, g3 € k[t] and A(E) € k[t] has order of vanishing < 12 (or the analogous condition
for g9 or g3). The minimality condition eventually translates into the Weierstrass fibration

J(E) = —1728 -

associated with an elliptic K3 surface having only simple singularities, see below.

2.2. Consider an elliptic K3 surface m: X —P!. A section of 7 is a curve Cy C X
with 7|, : Co > P!. Thus, a section meets every fibre transversally. In particular, it
meets a singular fibre X; = Y m;C; in exactly one of the irreducible components Cj,
(and in a smooth point!) for which, moreover, m;, = 1. Note that then by Kodaira’s
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classification of singular fibres the reduced curve »_, ., C; is an ADE curve (i.e. its dual
graph is of ADE type) which therefore can be contracted to a simple surface singularity.”

Let us assume that a section of 7 exists and let us fix one Cy C X. The exact sequence
0—0Ox —0(Cy)—0O¢,(—2)—=0 induces the long exact sequence

0—= Op1 —m,0(Cy) — Op1 (—2) — R'1,0x —0,

where the vanishing R'7,O(Cp) = 0 is deduced from the corresponding vanishing on the
fibres. Note that m,O(Cp) is a line bundle, as h%(X;, O(p)) = 1 for any point p € X; in
an arbitrary fibre X;. (It is in fact enough to test smooth fibres, as m,O(Cy) is clearly
torsion free.) Thus, the cokernel of Op1 —7m.0O(C)) is torsion, but also contained in the
torsion free Op1 (—2). Hence,

Opr ~ 1,0(Ch) and Op1(—2) ~ R'm,Ox
(the latter confirming (i) in Proposition 1.6). Similarly, using the short exact sequences
0—0O(Cy) —0(2Cy) —O¢,(—4)—0
and
0—0(2Cy) —0O(3CyH) — O, (—6) —0
one proves
W*O(2CO) ~ O]pl(—é‘:) D Opl and W*O(BCO) ~ OPI(—4) D OPI(—G) &) O]Pvl = F.
Thus, the linear system O(3Cy)|x, on the fibres X; (or rather the natural surjection
™ F = "1, 0(3Cy) —= O(3C))) defines a morphism
p: X —P(F")
with ¢*O(1) ~ O,(3Cp), which is a closed embedding of the smooth fibres and contracts
all components of singular fibres X; that are not met by Cp. (It is not difficult to see that

O(3Cp) is indeed base point free on all fibres.) The image X is the Weierstrass model of
the elliptic surface X:

X 2 X = p(X)— P(F¥)
\ /
[F)l
The surface X has at most simple singularities and is indeed just the contraction of all
ADE curves obtained by removing the unique component in every singular fibre met by
the section Cy. The fibres of X —P! are either smooth elliptic or irreducible rational
with one cusp or one ordinary double point. Fibrations of this type with a section are
called Weierstrass fibrations.

In order to determine O(X) of the hypersurface X C P(F*), use the adjunction formula
Ox ~wgx =~ (wp(p+) ®0O(X))| ¢ and the relative Euler sequence expressing wp(p+) to show

2 _also called rational double point, du Val, canonical, or Kleinian singularity, cf. Section 14.0.3.
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O(X) ~ 0,(3) @ p*Op1(12). Thus, X C P(F*) is described by one equation which can
be viewed as a section

f € HY(P(F),05(3) @ p" Op1(12)).

Now use HO(P(F*), 0,(3) @ p*Op1(12)) ~ HO(P!, S3(F) ® Op1(12)) and view z, y, and
z as the local coordinates of the direct summands Opi (—4), Op1(—6), and Op1 of F.
In this sense, a Weierstrass equation (2.3) Y2z = 4a3 — goxz? — g323 with coefficients

(2.4) g2 € HO(P*, Op:1(8)) and g3 € HO(P', Op1(12))

can be seen as a section of p,Op(3) ® Op1(12). For example, go is here interpreted as a
section of Op1(8) = [222]O(—4)p1 ® Op1(12). The discriminant in this situation is the
non-trivial section
A= g3 —27g35 € H'(P', Opi(24)).

Applying the standard coordinate changes, one can always reduce to the situation that f
has this form and (go, g3) is unique up to passing to (A*ga, A\%g3), A € k*. Moreover, since
X has at worst simple singularities, there is no point of P! in which go vanishes of order
> 4 and g3 vanishes of order > 6. See e.g. [412, II1.3] or [280] for details. The proof
relies on a detailed analysis of singularities of the double cover in Remark 2.2 below.

Remark 2.1. The construction can be reversed. Suppose g2 and g3 as in (2.4) with
A # 0 are given such that for the vanishing order one has min{3v(g2),2v(g3)} < 12 in
every point of P!. Then the Weierstrass equation (2.3) defines a surface X C P(F*)
with at worst simple singularities. Its minimal desingularization X — X is a K3 surface
which admits an elliptic fibration given by 7: X — X —P!. It comes with a section Cy

obtained by the intersection with P(Op:1(6)) C P(F*). See |577, I1.4] for more details.

Remark 2.2. Similarly one studies the surjection 7*m,O(2Cy) —= O(2C)) which gives
rise to a cover X —F; = P(Op1(4) ® Op1) of degree two. See [412, II1.2] for the
description of the branching curve.

It is sometimes convenient to describe an elliptic K3 surface not in terms of its Weier-
strass equation, but, for example, by an equation of the form y? = x(2? + az +b). In this
case a € HO(P',O(4)) and b € H'(P!, O(8)).

2.3. To relate the discussions in the previous two sections, let us now consider the
generic fibre of an elliptic fibration 7: X —P!:

E=X,= ' (n).

Then E is a smooth curve of genus one over K = k(n) ~ k(t). Moreover, 7 admits a
section if and only if E(K) # (). More precisely, E(K) is naturally identified with the set
of sections of 7, cf. Section 3.2 below.

Suppose a section Cy of 7 is fixed and f € HY(P(F*), Op(3) ® p*Op1(12)) is an induced
Weierstrass equation. In order to use f to describe the generic fibre E one needs first to fix
a point in P! or rather a section 0 # s € H°(P!, Op1 (1)) defining a local parameter at this
point. Then s8¢y, s712¢g3, and s 2%A are contained in the function field K. Moreover,
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the Weierstrass equation for F obtained in this way is minimal for the valuation of K
given by the chosen point in P!. Note that j(FE) can be directly read off from go €
HO(P', Op:1(8)) and A € HO(P!, Op1(24)) by interpreting g3 /A as a rational function.
Typically the isomorphism type of the smooth fibres of an elliptic K3 surface X —P*
varies. Whether this is indeed the case is encoded by the j-invariant. The smooth fibres
of 7 are all isomorphic if and only if j(E) € k. In this case, m: X —P! is called isotrivial.

Example 2.3. i) The Kummer surface associated with the product of two elliptic
curves Fy x Fy comes with a natural elliptic fibration 7: X —P! = /1, see Example
1.11, i). Clearly, this family is isotrivial, as all smooth fibres are isomorphic to Fy. In
particular, the j-invariant of the generic fibre E over K = k(n) ~ k(t) is j(F) = j(E2) € k
and so the two elliptic curves E and Fs X K over K have the same j-invariant but become
isomorphic only after passage to an appropriate extension of K, namely, k(E;)/K.

After a coordinate change on P!, one can assume that F;—E; [+ =~ P! ramifies
over 0,1,00, and A\. Up to scaling, the discriminant function is the polynomial A =
(2021(20 — Zl)(ZO — )\Zl))ﬁ.

ii) Consider an elliptic K3 surface associated with the Hesse pencil 2 + 23 + 23 — 3\ -
Tox1r2 as in Example 1.2, ii). Then depending on the quadratic base change P! —P!,
t = [to : t1]—[A(t) : 1] the j-invariant is given by

3 3
j(t) = 27 (A(t;(é)(;)_lr 8)> :

Here, [A(¢) : 1] has to be chosen such that ramification does not take place over oo, 1, (3, or
(3. Computing the Weierstrass equation for this example is actually a little cumbersome,
but knowing that there are eight fibres of type I3 (see Example 1.11, ii)) is enough to
write down A (depending on the quadratic base change). In any case, the Hesse pencil
induces an elliptic K3 surface that is not isotrivial.

2.4. Since A € H(P!, Op1(24)), an ellliptic fibration 7: X —P! of a K3 surface X
has 24 singular fibres if counted properly. For example, for the Kummer surface associated
with E7 X Es we have seen that there are only four singular fibres, which are all of type
I, but each one has to be counted with multiplicity six. This is a general phenomenon.
If X; is a singular fibre of type If, then A vanishes of order six at ¢. More generally, the
order of vanishing é of A at ¢ is determined by the type of Xj:

Iop | L [II|IOI|IV | I,>2| Iy |II*|III*|IV®
0101123 ] 4 n |n+6|10] 9 8

See [412, IV.3] for proofs. One obviously has

(2.5) > o =24,

tepP!
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which should be seen as the analogue of (1.1). In fact, comparing the above table with
the one in Theorem 1.9 reveals that

e(X,) = 8(t).

This can be seen as a consequence of the local versions of the formulae x(Ox) =
—deg(R'71,0x) and e(X) = 12 - x(Ox) = deg O(24).

It turns out that the type of a fibre Xy, together with the value j(t) of the j-function
and the multiplicity with which it is attained determine the germ of the family X —P!
near Xy, see | , VL.1|, where one also finds a description of the monodromy groups
around these fibres.

2.5. Let m: X —P! be an elliptic fibration with a section Cy C X. Then all smooth
fibres X; come with a distinguished point and hence a group structure. This still holds
for the smooth part of a singular fibre. More precisely, if X; = > m;C; is an arbitrary
fibre and X{ C X; denotes the open set of smooth points, then X] has a natural group
structure. Note that all components C; with m; > 1 have to be completely discarded
when passing to X,. The idea for the construction is to use local (complex, étale, etc.,
depending on the situation) sections through smooth points z,y of a fibre X; and add
the two sections on the generic smooth fibre. The resulting section then intersects X; in
a point z + y, which has to be smooth again. If X’ C X is the open set of m-smooth
points, then the fibres of X’ —=P! are the X/ and the construction gives rise to a group
scheme structure on X’ over P!,

For example, for a fibre of type I, i.e. a nodal rational curve, or a fibre of type II, i.e. a
rational curve with a cusp, one finds the multiplicative group G,, and the additive group
G, respectively. It coincides with the classical group structure on the smooth points of
a singular cubic in P2.

Note that the fibre X] might be disconnected. Its connected component (X})°, con-
taining the intersection with Cy and the group of components X//(X})°, can be read off
from Kodaira’s table in Theorem 1.9.

Corollary 2.4. For the smooth fibres of the w-smooth part X' —=P! one of the following
holds:
(i) (X})° = X; is a smooth elliptic curve for type Iy or
(it) (X4)° =~ Gy, and X, /(X})° ~ Z/nZ for type I,>1 or
(111) (X1)° =~ Gy for all other types with X|/(X])° ~ Z/27Z for type 111 and I1T*, X[/(X})° ~
(Z)27)? for type It,, X,/(X})° =~ Z/3Z for type IV and IV*, and X[/(X})° ~ {1}
for type I and II*. O

Remark 2.5. i) One could similarly treat the Weierstrass model X —P!. The fibres
of the resulting smooth fibration X’—=P! are either smooth elliptic or of isomorphism
type G, or G,. In fact, X] ~ (X])°.

ii) The m-smooth part X’'—=P! of the elliptic K3 surface 7: X —P! is the Néron
model of the generic fibre ¥ = X, and has a distinguished universal property: Any
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rational map Y — X’ over P! of a scheme Y smooth over P! extends to a morphism, see
e.g. [18].

3. Mordell-Weil group

For this section we recommend the articles by Cox [132] and Shioda [562], see also
Shioda’s survey article [563]. Throughout we consider an elliptic K3 surface 7: X —P!
with a section Cy C X. In particular, Cyp ~ P* and (Cp)? = —2. The generic fibre of 7 is
denoted as before

E:=X,=1"1(n).

It is an elliptic curve over the function field K = k(n) ~ k(t) of P!. The origin op € E(K)
is chosen to be the point of intersection with Cj.

Recall that the set of sections of 7: X —P! is naturally identified with the set E(K)
of K-rational points of E by mapping a section C' to its intersection with . Conversely,
the closure p C X of a point p € E(K) defines a section of m, for example, o = Cj.

E(K) <= {C—=X |n: C = PY}

3.1. A divisor D =) n;C; on X is called vertical if all components are supported
on some fibres, i.e. the images 7(C;) are closed points. In particular, if D is vertical, then
(D.X;) = 0. An irreducible curve C is horizontal if |c: C —=P! is surjective, e.g. any
section is horizontal.

Restriction to the generic fibre yields a group homomorphism

Div(X)—=Div(E)

the kernel of which consists of vertical divisors. As the function fields of X and F coincide,
one also obtains a homomorphism

Pic(X)—=Pic(F),

the kernel of which is the subgroup of all line bundles linearly equivalent to vertical
divisors.

For an arbitrary L € Pic(X), let d, := (L.X;) be its fibre degree. Then the line bundle
Lig ® O(—dr, - og) is a degree zero line bundle on the elliptic curve E and thus, by
Abel’s theorem, isomorphic to O(pr, — og) for a unique point py, € E(K). For example,
if L = O(Cy), then pr, = og. More generally, if L = O(C) for a section C C X of
7: X —P!, then pr, is the point of intersection of C' and E.

For arbitrary L we shall denote by pr, C X the section corresponding to the point
pr € E. Then

(3.1 L= 0(p1) ® O((d = 1)Co) © O(nX) @ 0 (3 miCi)

with n = (L.Cy) + 2(dr, — 1) — (pr..Cp) and C; are certain irreducible fibre components
not met by the section Cj.
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3.2. The set of sections of 7 is endowed with the group structure of E(K) (with the
origin og). This gives rise to the following

Definition 3.1. The Mordell-Weil group MW (X) of an elliptic K3 surface m: X —P!
is the set of sections or, alternatively,

Although not reflected by the notation, MW (X) depends of course on the elliptic
fibration 7: X —P!.
With this definition, the map L+—=py, is easily seen to define a group homomorphism

NS(X) ~ Pic(X) —MW(X),

which is surjective, because py, = p for L = O(p).
The following result holds more generally, e.g. for minimal regular elliptic surfaces, and
is an immediate consequence of the above discussion.

Proposition 3.2. There exists a short exact sequence
0—A—NS(X)—MW(X)—0,

where A is the subgroup generated by vertical divisors and the section Cy. In particular,
the Mordell-Weil group is a finitely generated abelian group. O

Remark 3.3. That the Mordell-Weil group is finitely generated is reminiscent of the
Mordell-Weil theorem asserting that F(K) is a finitely generated group for any number
(or, more generally finitely generated) field K, see [173, Ch. VI]. But the result also
shows that the elliptic curves F over K, e.g. for K = C(t), appearing as generic fibres of
an elliptic K3 (or regular elliptic) surface are rather special.

Corollary 3.4 (Shioda-Tate). Let m: X —P! be an elliptic K3 surface with a section
Co C X and let ry denote the number of irreducible components of a fibre Xy. Then

(3.2) p(X) =2+ (r—1) + kMW(X).

Proor. It suffices to prove rk A = 2+, (r; — 1), which is a consequence of Zariski’s
lemma, see Proposition 1.6. Indeed, the intersection form restricted to the part generated
by the components of the singular fibres not met by the section has rank ), (r; —1). The
hyperbolic plane generated by the fibre class X; and the section Cj is orthogonal to it
and, of course, of rank two. O

Example 3.5. If X is the Kummer surface associated with the product E; x Es of
two elliptic curves viewed with its elliptic fibration X —P! = E;/., then the Shioda—
Tate formula yields p(X) = 18 + rk MW(X). In particular, if E; and Ey are isogenous,
then rk MW (X)) > 0 (which can also be verified more explicitly by looking at the section
induced by the graph of an isogeny).
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Remark 3.6. If char(k) = 0, then p(X) < 20 and the Shioda-Tate formula shows
that for an elliptic K3 surface with a section fibres of type I, and I}, can only occur for
n <19 and m < 14.

That the same bound still holds in positive characteristic # 2, 3, although one only has
p(X) < 22, was shown in by Schiitt and Shioda in [532, |. There one also finds a
classification of elliptic K3 surfaces realizing the maximal singular fibres I19 and Ij,.

Remark 3.7. Assume char(k) = 0. An elliptic K3 surface 7: X —P! with a section
is called extremal if rk A = 20 or, equivalently, if p(X) = 20 and MW (X)) is a finite group.
Extremal elliptic K3 surfaces have been classified in terms of lattices by Shimada and
Zhang in [554]. There are 325 cases. For many of them explicit descriptions have been
found by Schiitt in [533]. Note that every K3 surface with p(X) = 20 admits a Shioda—
Inose structure, see Remark 15.4.1, i.e. a rational map of degree two onto a Kummer
surface which in this case is associated with the product of two isogenous elliptic curves
E x E" and hence itself elliptic (but not extremal). See also [488] where Persson studies
the analogy between extremal elliptic K3 surfaces and maximizing double planes, cf.
Section 17.1.4.

In the proof of the Shioda—Tate formula we have seen already that A can be written
as a direct orthogonal sum (cf. Example 14.0.3):

A=U®R.

The hyperbolic lattice U is spanned by the classes of a fibre X; and the section Cy and the
orthogonal R is the negative definite lattice spanned by all fibre components not met by
Cy. Note that by Kodaira’s classification R is a direct sum of lattices of ADE type. For
example, for the canonical elliptic fibration of a Kummer surface X — E; /4 associated
with E7 X FEs the lattice R is isomorphic to DEM.

Remark 3.8. i) Specialization yields for every closed fibre X; a natural map
MW(X) ~ E(K)— Xy,

which in geometric terms is obtained by intersecting a section with X;. Its image is
contained in the smooth part of X;. For smooth fibres X, this is a group homomorphism.
Moreover, in characteristic zero the map induces an injection on torsion points

MW(X)torsC—> Xt

or, in other words, two distinct sections whose difference is torsion on the generic fibre
never meet. This can be proved by associating with any torsion section C'; a symplectic
automorphism fc, : X —> X, see Remark 15.4.6. Alternatively, one can use the follow-
ing argument which proves that a torsion section C] cannot intersect Cj in any smooth
fibre. Locally around a smooth fibre Xy, a complex elliptic K3 surface X —P! can be
written as C/(Z+7(t)Z) x A. The point of intersection z(t) of C; with X, is contained in
Q+ 7(t)Q and if Cy and C intersect in Xy, in the same point, then x(tp) = 0 and hence
x(t) = 0 locally if C1 is a torsion section. A similar argument applies for the intersection
with singular fibres, see [412, VII.Prop. 3.2].
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If char(k) = p > 0, specialization is still injective on the torsion part prime to p, but
may fail in general, cf. [473].

ii) The torsion subgroup can also be controlled via the restriction to the group of
connected components of all fibres which yields an injective group homomorphism

N[VV(‘X)torsc—> H X{/(Xé)o

Indeed, if C'1 is a torsion section of order k, then kCy € A = U @ R can be written as
kC1 = aCy + b[X¢] + . Intersecting with [X;] yields a = k, from which one concludes
b = k((Cy.C1) + 2) by further intersecting with Cy. Finally, if C; and C{ intersects the
same connected component of each fibre, then (C.ar) = 0. This leads to the contradiction
—2k = 2k((Cy.C1) + 1), unless Cp = C. For an alternative proof see Lemma 3.10.

3.3. The map that sends a point p € F(K) to the line bundle O(p), which was used
to prove the surjectivity of NS(X)—=MW/(X), is in general not additive. In fact, the
quotient MW (X) = NS(X)/A is in general not even torsion free, i.e. A C NS(X) might
not be primitive. Since A C NS(X) is a non-degenerate sublattice, the orthogonal direct
sum A @ A+ C NS(X) is of finite index. Moreover, A* is a negative definite lattice with
rk A+ = 1k MW(X) given by (3.2) and discriminant (see (14.0.2))
disc NS(X)

disc A
The projection NS(X ) —= MW (X) yields a surjection AQ@Aé ~ NS(X)g—>MW(X)g
with kernel Ag and, therefore, a natural injection of groups

MW (X) /MW (X )tors <> MW (X)g = Ag C NS(X)g.

disc At = S(NS(X): A@ A1)2

The intersection form ( . ) on NS(X)g induces a non-degenerate quadratic form on
MW (X) /MW (X)os.

Definition 3.9. The Mordell-Weil lattice of an elliptic K3 surface 7: X —P! is the
group MW (X)) /MW (X )ors endowed with (. ) == —(. ).

Warning: The quadratic form ( . ) on MW(X) really takes values in Q and not neces-
sarily in Z.

So calling MW (X)) /MW (X )tors a lattice is slightly abusive. But it can easily be turned
into a positive definite lattice in the traditional sense by passing to an appropriate positive
multiple of ( . ) (this has been made explicit by Shioda [562, Lem. 8.3]) or by restricting
to a distinguished finite index subgroup. More precisely, let

MW (X)? ¢ MW(X)

be the subgroup of sections intersecting every fibre in the same component as the given
section Cyp. Since by the discussion in Section 2.5 the component of a singular fibre met
by Cy (or rather its smooth part) is a subgroup, this really defines a subgroup.

Lemma 3.10. The subgroup MW (X)? is torsion free and of finite index in MW (X).
Moreover, { . ) restricted to MW (X)? is integral, even, and positive definite.
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PROOF. Suppose C € MW(X)? is n-torsion. Then L := O(n(C — Cp)) is linearly
equivalent to a vertical divisor. As C and Cj intersect the same component of every
fibre, (L.D) = 0 for every vertical curve D. But then (L)? = 0 and by Zariski’s lemma,
Proposition 1.6, (iv), L = O(¢X;). Now use (L.C) = ¢ = (L.Cy) to deduce n(—2 —
(Cp.C)) = n((C.Cy) +2). Thus, if n were non-zero, then (C.Cy) = —2, which is absurd
unless C = (.

To prove finite index, observe first that MW (X)" is contained in the kernel of the map

(3.3) MW (X)—=Ar = R*/R

which is induced by NS(X)—R*/R (restriction of the intersection form). If C' €
MW (X) does not meet a singular fibre X; = > m;C; in the same component as Cj,
say (C.C;) = 1 but (Cy.C;) = 0, then m; = 1 and by using that R is an orthogonal
direct sum of lattices of ADE type one proves (C. ) # 0 in R*/R, see [412, VIIL.2|.
Hence, MW (X)? is the kernel of (3.3) and, thus, of finite index. Alternatively, use that
if N :=][|X//(X})°|, then N -C € MW(X)° for all C € MW(X).

For C € MW(X)?, one finds

C=(Co— (24 (C.C0)X1) ®ac € Ad AL € NS(X).

Thus, the intersection form restricted to MW (X)? is indeed integral, as for C,C’ €
MW (X)? one has (C.C") = —(ac.ac') € Z and (C,C) = —(ac)? € 2Z. By Hodge index
theorem, (, ) has signature (1, p(X)—1) on NS(X) and as A contains a hyperbolic plane,
it is negative definite on A*L. O

The bilinear form on MW (X)? can be written explicitly as
(C.C") =2+ (C.Cy) + (Cp.C") — (C.C").
The induced quadratic form
MW(X)?—Z, C+=(C.C) =4+ 2(C.Cy)
s (up to a factor two) the restriction of the canonical height (as introduced by Manin
[387] and Tate [591])
hpxc: EUK)/E(K)iors— Q.
The requlator of E over K (or of the elliptic surface X) is by definition
Rp/k = Ry = disc (MW(X) /MW (X)tors) = det (. ) € Q.

A more Hodge theoretic approach to the Mordell-Weil group goes back to Cox and
Zucker in [133]. In particular, they observe

|disc NS(X)| = - |disc 4],

|MW torS|2 Hnt |MW )tors,2
where n; is the number of components of the fibre X; appearing with multiplicity one
(which in fact equals |disc R;| due to [556, Lem. 1.3]). See also [565, Lem. 1.3| for the
case MW (X )tors = MW (X).
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The Mordell-Weil lattice is a positive definite lattice of rank
0 < Tk MW(X) < tkNS(X) — 2.
Hence, Tk MW (X)) < 18 in characteristic zero and < 20 in positive characteristic.

Remark 3.11. i) In characteristic zero, all values 0 < rk MW(X) < 18 are realized.
This has been proved by Cox in [132] using surjectivity of the period map. Explicit
equations for rk # 15 have been given by Kuwata [340] and for rk = 15 by Kloosterman
[296] and Top and De Zeeuw [599].

ii) The torsion group MW (X )iors is a finite group of the form Z/nZ x Z/mZ, use
e.g. Remark 3.8. As every element in MW(X) defines a symplectic automorphism of
X, one knows n,m < 8 in characteristic zero, c¢f. Remark 15.4.5. Moreover, as Cox
shows in [132, Thm. 2.2] whenever MW (X )ors # 0 for a (non-isotrivial) elliptic fibra-
tion, then tk MW (X) < 10. More precisely, he gives a complete and finite list for non-
trivial MW (X )0 and for the possible Mordell-Weil ranks in each case. For example, if
MW (X )tors =~ Z/87Z, then tTk MW (X)) = 0.

The computation hinges on the observation that MW (X )5 is a subgroup of Ag, which
is a direct sum of discriminant groups of lattices of ADE type. See also [412, VII.3].%

iii) The opposite of extremal elliptic K3 surfaces (see Remark 3.7) in characteristic zero
are elliptic K3 surfaces 7: X —P! with tk MW(X) = 18. Those have been studied by
Nishiyama [456] and Oguiso [468].

iv) In [458] Nishiyama proves that the minimal (v.v), for non-torsion v € MW (X), for
all elliptic K3 surfaces in characteristic zero is %. The minimum is attained for certain
very special K3 surfaces of Picard rank 19 and 20.

4. Jacobian fibration

The previous section dealt with elliptic K3 surfaces with a section. What about those
that do not admit a section? They do exist and here we shall explain how one can pass
from an elliptic K3 surface 7: X —P! without a section to one with a section. This is
achieved by looking at the relative Jacobian J(X)—=P!. In Section 5 we shall discuss
the Tate-Safarevic group which conversely controls all elliptic K3 surfaces with the same
Jacobian.

In Sections 4.1 and 4.2 7: X —P! is assumed to be an algebraic elliptic K3 surface
over an algebraically closed field k. In Section 4.3 we add comments on the non-algebraic
case.

4.1. We consider an elliptic K3 surface 7: X —P! and introduce the relative (com-
pactified) Jacobian J(X)—=P!. Jacobians of elliptic surfaces are usually studied via
Picard functors and Néron models, see [3, , |. Let us sketch this first, before
later viewing the construction from the point of view of moduli spaces of stable sheaves.

3Is there a deeper relation between Cox’s finite list of possible torsion groups MW (X )sors and Mazur’s
result that for an elliptic curve over Q the torsion group E(Q)¢ors is isomorphic to Z/nZ, n =1,...,10,12
or Z/2Z X Z/nZ,n =1,...47
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The latter approach in particular shows that J(X) is again a K3 surface, without first
analysing the fibres of J(X'), and allows one to control the period of J(X).

Start with an elliptic K3 surface m: X —P! and consider its generic fibre £ = X, as
a smooth genus one curve over the function field K ~ k(t) of P!. The Jacobian Jac(E) is
again a smooth genus one curve over K representing the étale sheafification of the functor

Pic%: (Sch/K)°—(Ab), S—=Pic’(E x S)/~,

where Pic’(E x S) is the group of line bundles which are of degree zero on the fibres
of E x §—S and the equivalence relation ~ is generated by the natural action of
Pic(S). The existence of Jac(E) is a fundamental fact, which we take for granted. See
[234, Ch. IV.4] for the assertion over an algebraically closed field and [174, Part 5|
for a general discussion. In particular, there exists a natural functor transformation
Pic% —= Jac(F) which, moreover, yields isomorphisms Pic%(S) <> Morg (S, Jac(E)) as
soon as Pic%(S) # 0. So, for example, Jac(E)(K) = Pic’(Ex) and Jac(E) coarsely
represents PicOE. See Section 5.1 for the notion of coarse moduli spaces.

Note that E might not have any K-rational points. However, Jac(FE) always has, as
[Op] € Jac(E)(K). So, Jac(E) is a smooth elliptic curve over K. Also recall that in
general a Poincaré bundle on E x Jac(E) may only exist after an appropriate base field
extension.

The residue field k() of the generic point { € Jac(FE) is a finitely generated field
extension of K of transcendence degree one and thus of transcendence degree two over
k. Tt can therefore be realized as the function field of a surface over k. The natural
inclusion K & k(&) corresponds to a dominant rational map of such a surface to P
The Jacobian

J(X)—P!
of the original elliptic fibration X —P"! is then defined as the unique relatively minimal
smooth model. In particular, its function field K (J(X)) is just k(&) = K (), where &
is regarded as the generic point of the surface J(X) and, simultaneously, of the elliptic
curve Jac(FE) over K. The uniqueness is important and is used throughout.

Alternatively, one could first look at the relative Jacobian fibration

Jac(X/P!) —P!
coarsely representing (or representing the étale sheafification of) the functor
(Sch/PYY° —(Sets), Tr=Pic®(X xp1 T)/~.

Due to the existence of reducible fibres, Jac(X/P!) is in general not separated. The
existence as an algebraic space is due to a general result by Artin (see [80, Sec. 8.3]), but
presumably, in the situation at hand it is in fact a (non-separated) scheme.

The fibre of Jac(X/P') —=P! over a closed point ¢ € P! is Jac(X;) and over the generic
fibre one recovers Jac(E).* So, J(X) —=P! can also be seen as a relatively minimal smooth

4As it turns out, 7: Jac(X/P') —=P" is locally smooth (but not separated). This can be proved by
a standard argument from deformation theory. For L a line bundle on X; and the inclusion i: X, C s X
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model of Jac(X/P')—=P!. Note that in both descriptions one sees that J(X)—P!
admits a natural section, either given as the closure of the point [Og] € Jac(E) in J(X)
or by interpreting Ox € Pic’(X) as a section of Jac(X/P!) —P!.

Remark 4.1. Similarly, one defines elliptic surfaces
J4(X)—P!

for arbitrary d as the unique relatively minimal smooth compactification of J acd(X /P1)
coarsely representing T+ Pic?(X xp1 T') /.~ or of Jac?(E) coarsely representing the func-
tor S+=Pic?(E x S)/~. However, for d # 0 it comes without a (natural) section.

Remark 4.2. Note that the rational map that sends x € X; to Ox,(x) extends by
minimality to an isomorphism

X = JH(X).
To be more precise, the ideal sheaf of x € X, is locally free if and only if x € X,

is a smooth point of the fibre X; (and in particular not contained in a multiple fibre
component). Hence, x+ Oy, (z) is regular on the m-smooth part X' C X.

Definition 4.3. The index dy of an elliptic fibration 7: X —P! is the minimal fibre
degree dy = (C.[Xy]) of a curve C C X such that 7: C—=P! is finite.

Equivalently, the index dy is the smallest positive deg(L|x,) = (L.X:), L € Pic(X).
Indeed, if (L.X;) > 0, then H°(X, L(nX;)) # 0 for n>> 0.

Thus, 7: X —P! admits a section if and only if dy = 1. Also note that a complex
elliptic K3 surface is projective if and only if dy < oo. Indeed, if D is a divisor of positive
fibre degree, then (D + nX;)? > 0 for n > 0, cf. page 16 or Remark 8.1.3. See Section
4.3 for more on the non-projective case.

Remark 4.4. Let C C X be of degree dy over P'. Then the rational map that sends
L € Pict(X;) to LeO(C)|x, € Pic?™¥(X;) extends to an isomorphism of elliptic surfaces

JHX) = Jitdo(X).
In particular, if 7: X —P! admits a section, then
X = J4X)
for all d.

In this sense, the above construction yields at most dy different elliptic surfaces

(X)) =J(X), IMX)~X,..., JP (X)),

applying Homx,( , L) to the exact triangle L[1] —i"i.L —> L and using adjunction yields the exact
sequence

Extk, (L, L) — BExtX (i L, i L) —= Ext%, (L, L) — Ext%, (L, L).
The morphism in the middle can be interpreted as differential of % at [L]. However, for the locally free
L on the curve Xy, one has Ext%, (L, L) ~ H*(X;,Ox,) =0, i.e. # is smooth at [L].
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Although, these surfaces are usually different, one can nevertheless show that
(4.1) JUX), ~ X,

for all d and all closed ¢ € P'. This is clear for smooth fibres, because then J¢(X); =~
Pic?(X;) ~ X, (over the algebraically closed field k), and for elliptic surfaces with a
section, because then in fact J¢(X ) ~ X for all d. For singular fibres, one reduces to
the case with a section by constructing a local (analytic, étale, etc.) section through a
smooth point of the fibre X;. Here one uses that an elliptic fibration of a K3 surface does
not admit multiple fibres. So in fact there exists an open (analytic or étale) covering of
P! over which X —P! and J¢(X)—=P! become isomorphic.
Also note that
JIUX)) = J(X)

for all d. Indeed, both elliptic surfaces come with a section and all their fibres are
isomorphic. More algebraically, if £ = X, then all Eq := Jacd(E) are torsors under the
elliptic curve Ey := Pic’(E) by Ey x Eq—Ey, (M, L)+ M ® L. However, the curve
E, is a torsor under only one elliptic curve, namely its dual, and hence Ey —> Pic® (Eq),
see [407, Thm. 7.19] or [566, X.Thm. 3.8] and also Section 5.1.

Finally we remark that there are natural rational maps from X to all J(X),...,J%~1(X):

X -->JYX)

obtained by mapping a line bundle L of degree one on a smooth fibre X; to L¢. Use
J(X) ~J%(X) toget X -->J(X).

4.2. Let us now explain how to use moduli spaces of stable sheaves to give a modular
construction for the compactification J(X) and not only for the open part Jac(X/P!).
This directly proves that J(X) and in fact all J(X) are K3 surfaces. Moreover, it allows
one to control their Picard groups and their periods.

Recall from Chapter 10 the notation My (v) for the moduli space of semistable sheaves
F on X with Mukai vector v(F') = v, where semistability is measured with respect to the
polarization H. If one thinks of a line bundle L € Pic?(X;) on a fibre X; as a sheaf on
X, ie. as F :=14,L, one is led to choose

v=uvg =0v(iL) = (0,[Xy], d).

Here, [X{] is the class of the fibre X;. It is not hard to see that any line bundle L on a
smooth fibre X; gives rise to a sheaf i, L on X that is stable with respect to any H. This
yields an open immersion

(4.2) Jacd((X/Pl)reg) > MH(’l}d),

where (X/P1),eq is the union of all smooth fibres.

For all choices of d the Mukai vector vy = (0, [X}],d) is primitive and hence for generic
H the moduli space My (vg) is a K3 surface, cf. Proposition 10.2.5 and Corollary 10.3.5.
But then My (v) can be taken as the unique minimal model of J¢(X).
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Summarizing one obtains the following which can also be deduced from [131, Thm.
5.3.1], cf. Proposition 5.4.

Proposition 4.5. For alld, the Jacobian fibration of degree d associated with an elliptic
K38 surface m: X —=P1 defines an elliptic K3 surface J4(X)—=P!. O

Remark 4.6. i) The embedding (4.2) can in general not be extended to a modular
embedding of Jac(X/P!) into My (v). Indeed, a line bundle L on a reducible fibre X;
does not necessarily define a stable sheaf i,L on X.

ii) The choice of a generic polarization is essential. For example, if X; of type Iy and H
restricts to O(1) on each component, then the fibre of My (vg) —=P! over ¢t is of type Iy,
see |94, Thm. 6.3.11]. Choosing a generic polarization blows up the node which results
in a Io-fibre as needed to ensure J(X); ~ X;.

Combining J¥(X) ~ My (vg) with Remark 10.3.7 yields

Corollary 4.7. Let X —P! be a complex projective elliptic K3 surface and let vg =
(0,[X¢],d), d # 0. Then there exists an isometry of Hodge structures

(4.3) H*(JUX),Z) ~ v} |Z - vy
In particular, p(J4(X)) = p(X) for all d. O

Although d = 0 is explicitly excluded, the result nevertheless describes also the Hodge
structure and Picard group in this case. Indeed, J(X) ~ J%(X) for dy the index of the
elliptic fibration and hence:

(4.4) H*(J(X),Z) ~vi [Z - vg,.

In [289] Keum used the Hodge isometry described by (4.4) to define a lattice embed-
ding NS(X) — NS(J(X)), ar—=((a.[X¢])/do, o, 0) € ij/Z - vg, the cokernel of which
is generated by (0,0,1). Since dg - (0,0,1) € NS(X) under this identification and dj is
minimal with this property, one finds (cf. Section 14.0.1)

(4.5) disc NS(X) = d2 - dise NS(J(X)).
This immediately yields the following result due to Keum [289)].

Corollary 4.8. If disc NS(X) of an elliptic K3 surface m: X —P' is square free, then
T admits a section. O

It is not difficult to generalize (4.5) to arbitrary d # 0 by describing a common over-
lattice for NS(X) and NS(J¢(X)). Eventually, one finds

(4.6) disc NS(X) = g.c.d.(d, dp)? - disc NS(J¢( X)),

which sometimes excludes two Jacobians of different degrees J% (X) and J%(X) from
being isomorphic K3 surfaces. See also Example 16.2.11.
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Remark 4.9. As explained above, J¢(X)—=P! can be described as moduli spaces.
However, the moduli space is not always fine, i.e. there does not always exist a universal
sheaf P on X x J¢(X). In fact, general existence results (see [264, Cor. 4.6.7] or Section
10.2.2) assert that a universal family exists whenever the index dy and d are coprime. In
this case there exists an equivalence of derived categories

(4.7) DP(X) ~ DP(J4(X)),

see Example 16.2.4.

A universal sheaf always exists étale locally and the obstruction to glue these locally
defined universal sheaves yields a class oy in the Brauer group of J¢(X), see Section
10.2.2. We shall get back to this shortly, see Remark 5.9. In any case, see Section 16.4.1,
this then yields an equivalence

(4.8) DP(X) ~ DP(J4(X), ag).

The equivalence can also be interpreted as saying that X is a fine moduli space of ag-
twisted sheaves on J¢(X).

All these observations hold true over any algebraically closed field k, which leads to the
next remark.

Remark 4.10. The assertions on the Néron—Severi group still hold for elliptic K3
surfaces over arbitrary algebraically closed fields. For d and dy coprime, this can be
deduced directly from the equivalence DP(X) ~ DP(J¥(X)) and the induced isometry
between their extended Néron—Severi groups

N(X) =~ N(JY(X)),

see Example 16.2.11. This in particular shows that (4.6) continues to hold for elliptic K3
surfaces over arbitrary algebraically closed field at least for g.c.d.(d,dp) = 1.

4.3. The above algebraic approach is problematic when it comes to non-projective
complex elliptic K3 surfaces 7: X —P!. Nevertheless, it is possible to define the relative
Jacobian J(X)—=P! and all its relatives J¢(X)—=P! also in the complex setting.

Plainly, we cannot work with the Jacobian of the generic fibre and so cannot define
J(X) as the relatively minimal model of it. One can however restrict to the open part
of all smooth fibres m: (X/P1);ee —=P! and define J((X/P!),ee) as the total space of
R'7,O/R'7m,Z. Then one still needs to argue that a (relatively minimal) compactifi-
cation yielding J(X)—=P! exists, which is not granted on general grounds. Kodaira’s
approach is to say that locally analytically X —P! has sections, as elliptic K3 surfaces
come without multiple fibres, and every (local) elliptic fibration with a section is its own
Jacobian fibration. The remaining bit is to glue the local families according to the cocycle
for R'm.Z. We refer to [32, | and the original paper by Kodaira [305].

And there is little doubt that using the twisted version (4.8) it can be proved for all d # 0 and
hence proving (4.5) for arbitrary k. Equality of their Picard numbers for arbitrary d # 0 is easier to
show.
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A priori, it should be possible to define the J¢(X)—=P' as a moduli spaces of sheaves
on the fibres of X —P" as explained in Section 4.2. However, the theory of moduli spaces
of sheaves (especially of torsion sheaves as in our case) on non-projective manifolds has
not yet been sufficiently developed to be used here.

5. Tate—Safarevi¢ group

The Tate-Safarevi¢ group of an elliptic K3 surface Xo—P! with a section parametrizes
all elliptic (K3) surfaces X —P! for which Xo—=P! is isomorphic to the Jacobian fi-
bration J(X)—=P!. The notion is modeled on the Tate-Safarevi¢ and the Weil-Chatelet
group of an elliptic curve, which shall be briefly recalled. The difference between the two
groups, however, disappears for K3 surfaces. The algebraic and the complex approach to
the Tate-Safarevic group are quite similar, but in the latter context also non-algebraic
surfaces are parametrized. Both versions are presented, using the occasion to practice
the different languages.

5.1. Let us start with the Weil-Chételet group of an elliptic curve Ey over a field
K, where K later is the function field k(t) of P with k algebraically closed (or a finite
field).
A torsor under FEjy is a smooth projective curve of genus one over K together with a
simply transitive action
Eyx E—EFE, (p,x)—p+x.

Isomorphisms of Fy-torsors are defined in the obvious manner. In particular, F is iso-
morphic to the trivial torsor Fy if and only if E(K) # (. Then the Weil-Chdatelet group
is the set

WC(Ey) = {F = Eyp-torsor}/~.
This groups contains the Tate-Safarevi¢ group ITI(Ey) as a subgroup, which is in general
a proper subgroup. As in our applications both groups coincide, we do not go into the
definition of ILI(Eyp).

If E is an Ep-torsor, then Ey ~ Jac(F) as algebraic groups. Indeed, choose any
x € E(K') for some finite extension K'/K and define Ey > Jac(E), p—=Og((p+z) —
x), which is an isomorphism over K. For an isomorphism f: E > E’ of Ey-torsors
this isomorphism changes by f.. Conversely, if a group isomorphism Ey —> Jac(FE),
p+—> Ly, is given, then define Fy x E—E, (p, )y with y the unique point satisfying
O(z) ® L, ~ O(y). This turns E into an Ep-torsor. As a result, one obtains a natural
bijection
(5.1) WC(Ey) ~{(E,p) | p: Ey = Jac(E)}/~,

where (E, ) ~ (E', ') if there exists an isomorphism f: E —> E’ with f,op =¢'. A
cohomological description of the Weil-Chételet group is provided by the next result.

Proposition 5.1. There exists a natural bijection

(5.2) WC(Ey) ~ HY(K, Fy).



5. TATE-SAFAREVIC GROUP 231

Here, H'(K, Ey) = H'(Gal(K/K), Eo(K)) is the Galois cohomology of Ey, where K
denotes the separable closure of K.

PROOF. For any Ep-torsor E the Galois group G := Gal(K/K) acts naturally on
E(K). If z € E(K), then G— FEy(K), g—>p, with g - = p; + z defines a continuous
crossed homomorphism and thus an element in H'(G, Eq(K)). Choosing a different
point 2’ € E(K) the crossed homomorphism differs by a boundary. Hence, there is a
well-defined map WC(Ep) — H(G, Ey(K)).

Conversely, a crossed homomorphism G — Ey(K), gDy, yields for all g an isomor-

phism ¢,: Ey x K—=Ey x K, ¢4(x) = py + . The isomorphisms ¢, satisfy the cocycle
condition ¢y - (g-¢n) = @gn and thus define a descent datum, which in turn yields £ over
K that splits the descent datum after extension to K. Note that one does not really need
the full machinery of descent at this point, as smooth curves are uniquely determined by
their function field and it suffices to construct K (E) by descent. See [407, Ch. IV.7| or
[566, Ch. X] for details and references. O

The right hand side of (5.2) has the structure of an abelian group. The induced group
structure on the left hand side has the property that the product E3 of two FEjy-torsors
Eq, Ey comes with a morphism ¢: E; x Fy— FE3 satisfying ¢¥(p + z1,q + z2) — (p +
q) + ¥ (z1,22), see |566, p. 355].

Remark 5.2. Let E be an Eop-torsor and so Jac(E) ~ Ey. Then, Jac?(E) (see Section
4.1) admits canonically the structure of an Ey-torsor, i.e.

Jac(E) € WC(Jac(E)).

Using the group structure of WC(Ey) and writing E ~ Jac!(E), one finds that [Jac?(E)] =
d-[E] € WC(Ep). Indeed, Jach (E) x Jac® (E) —= Jac® T92(E), (L, M)+ L® M satisfies
the above property with respect to the natural action of Jac(E).

The Weil-Chéatelet group can be defined more generally for any group scheme, e.g. for
the smooth part X of a singular fibre X; of an elliptic K3 surface 7: X —=P!, see Section
2.5. So, in particular, one can speak of WC(X/). However, over an algebraically closed
field k this group is trivial and only when put in families it becomes interesting. It leads
to the notion of the Weil-Chételet group of an elliptic surface, see below.

5.2. Let m: Xo—=P! be an elliptic K3 surface with a section Cyp C Xy. We shall
work over an algebraically closed field k, but the arguments remain valid for k = IF,.
Consider the open set X, C X of m-smooth points as a group scheme X(’)%}P’l, see
Section 2.5. A torsor under X{, is defined similarly to the absolute case as a smooth
fibration X’ —=P! with a group action

X)) xp1 X' —= X,
making the fibres X] torsors under (X{));. The set of all X{-torsors is the Weil-Chételet

group of Xy, but due to the absence of multiple fibres, it equals the Tate-Safarevi¢ group
of Xy and we shall, therefore, not distinguish between the two.
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Definition 5.3. The Tate—Safarevi¢ group® of an elliptic K3 surface 7: Xo—=P! with
a section is the set of all torsors under the group scheme X, — Pl

(X)) = {(X'—P') = (X —=P")-torsor}/~.

The next result is the converse of Proposition 4.5. It allows us to interprete I11(Xp) in
terms of Jacobian fibrations.

Proposition 5.4. Let X —P! be a relatively minimal elliptic surface such that its
Jacobian X = J(X)—=P! is a K3 surface. Then X is a K3 surface itself.

PROOF. There are various approaches to the assertion. The first one is to view X as
a moduli space of twisted sheaves on Xy, cf. Remarks 4.9 and 5.9. This, in the spirit of
the arguments used to prove Proposition 4.5, would essentially immediately show that X
is a K3 surface.

The second approach uses the observation that étale locally J(X) and X are isomorphic
if in addition one assumes the existence of local sections also for X, i.e. that X — P! has
no multiple fibres. This then implies e(J(X)) = e(X) = 24 and hence R'm,Ox ~ O(—2).
(In | , Prop. 5.3.6] this is proved without the additional assumption on X.) The general
canonical bundle formula for elliptic fibrations yields wx ~ Ox. Moreover, x(Ox) = 2
and hence h'(X,Ox) = 0. Altogether this indeed proves that X is a K3 surface.

For yet another approach in the case of complex K3 surfaces see Remark 5.15. [l

For the following note that by definition the generic fibre E of a torsor X’ —P! under
X} —P! is a torsor under the generic fibre Fy of Xo—=P! and so J ac(F) ~ Ejy.

Corollary 5.5. Let m: Xq—=P"! be an elliptic K3 surface with a section and let Ey be
its gemeric fibre.
(i) Taking the generic fibre of a torsor under X,—=P! (the open part of m-smooth
points) defines an isomorphism

II(Xo) == WC(Ep).

(i) The Tate—Safarevié group II(Xy) can be naturally identified with the set of pairs
(X, @) with X —P! an elliptic K3 surface and an isomorphism ¢: Xq > J(X)
over P! respecting the group scheme structures on X} and J(X)'.

PROOF. (i) An Ey-torsor E is trivial if and only if it admits a K-rational point.
Similarly, a (X{—=P!)-torsor X’ —P! is trivial if and only if it admits a section. Now,
if the generic fibre F of X’ admits a K-rational point, then its closure in X’ defines a
section. Hence, X'+ FE defines an injection II(Xy) — WC(Ey).

To prove surjectivity, one considers the relatively minimal model X —P! of an Ey-
torsor E. Then J(X) ~ Xy and, hence, X is a K3 surface. However, for an elliptic K3
surface 7: X —P! the m-smooth part X’ is a torsor under J(X)’. This is the global
version of the observation (4.1) that X; ~ J(X), for all ¢.

6The name respects the correct alphabetic order in Cyrillic.
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(ii) Combine (5.1) with (i) and the proposition. Once more, one uses the uniqueness
of the minimal model to extend Ey ~ Jac(E) to an isomorphism Xy ~ J(X). O

The reason behind the isomorphism between the Weil-Chételet groups of the surface
and the generic fibre is the absence of multiple fibres in an elliptic fibration of a K3
surface. The situation is more involved for arbitrary elliptic surfaces.

Proposition 5.6. Let m: Xqg—=P! be an elliptic K3 surface with a section Cy C Xo.
Then there exist natural isomorphisms

I11(Xo) ~ H?*(Xo,Gn) ~ Br(Xp).

PROOF. The proof, inspired by the discussion of Friedman and Morgan in [184], is
split in three parts. See also | , Ch. 5.3]. We work in the étale topology.
i) There exists a natural isomorphism

(5.3) H?*(Xo,G,,) ~ H (P!, R'7,G,,).

This holds without the assumption that there exists a section and follows from the
Leray spectral sequence EY? = HP(P!, Rim,G,,) = HPT9(Xy,G,;,) and the following
facts: mG,y, =~ Gy, (which is proved similarly to m.0x, =~ Op1), R2mG,, = 0 (see [225,
II.Cor. 3.2]), and HY(P!,G,,,) = 0 for ¢ > 2 (see [140, IIL.Prop. 3.1]).

ii) Denote by Xy the sheaf of étale local sections o: U— X of X —P! or, equiva-
lently, of X;,—=P!. Since the latter is a group scheme, Xj is indeed a sheaf of abelian
groups on P!. Then

(5.4) II(Xo) ~ H (P, Xp).
This is the relative version of Proposition 5.1 and proved analogously.

iii) The sheaf R'm,G,, is associated with the presheaf U+ Pic(X¢ xp1 U). Using this,
one defines a natural sheaf homomorphism

Xy— R'7,G,,, oc—0O(a(U) — Colv).

Here, o is a section of X)—=P! over the étale open set U and o(U) and Cp|y are
considered as divisors on Xy Xp1 U. This sheaf homomorphism is injective, because
different points on smooth fibres are never linearly equivalent, and in fact induces an
isomorphism

(5.5) HY(P', &) =~ HY(P', R'71.G,,).

To prove this, note first that the subgroups of vertical divisors in Pic(Xy xp1 U) form a
subsheaf of R'7,G,, concentrated in the finitely many singular values t € P! of 7. Hence,
HY(PY R'7,G,,) = HY (P!, R'7.Gy/vert). Now the cokernel of the induced injection
Xo & R'7.G,, /vert is just Z, measuring the fibre degree. Taking H' yields (5.5), as
HL(PLZ) =0 and H°(P, R'1.Gy, /vert) —=Z is surjective, for O(Cp) 1.
Composing (5.3) with (5.5) and (5.4) proves the first isomorphism of the proposition.
For the second see Section 18.1.1. g

Corollary 5.7. The Tatefgafarevz'é group I1(Xy) is a torsion group.
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PROOF. This can, of course, be seen as a consequence of I11(Xy) ~ H%(Xo,G,,), as
the latter is known to be torsion, see Example 77.1.4.

However, one can also argue geometrically as follows: Let (X, ¢) € ITI(Xj), i.e. X —P!
is an elliptic K3 surface with ¢: Xo —> J(X). Then d - [(X, )] is represented by
J4X)—=P' (see Remark 5.2) and J%(X) ~ J(X) if dy is the index of the elliptic
fibration X —P!, see Remark 4.4. Hence, [(X, )] € II1(Xj) is of finite order dividing
dp. (In fact, it is of order exactly dy, see Remark 5.9.) O

Despite this result, III(Xj) is difficult to grasp. For complex K3 surfaces the analytic
description of the Brauer group gives some insight, but over other fields, e.g. finite ones,
the Tate-Safarevi¢ group remains elusive.

Remark 5.8. In the proof of the proposition we used the sheaf of étale local sections
Xp of the elliptic K3 surface m: Xo—=P! and the isomorphism II1(Xy) ~ H (P!, Xp), see
(5.4). On the other hand, the Mordell-Weil group MW (Xj) is by definition H°(P*, X)),
so Mordell-Weil group and Tate-Safarevi¢ group are cohomology groups of the same
sheaf on P'. Let us elaborate on this a little more.

Fibrewise multiplication by n yields a short exact sequence

0— Xp[n] — Xy — A —0,

where Xp[n] is the sheaf of sections through n-torsion points in the fibres. Taking the
long exact cohomology sequence gives the exact sequence

0—MW(Xg)/n - MW (Xy) — H' (P!, Xy[n]) —I11(X)[n] —0.

Here, III(Xy)[n] C II(Xp) is the subgroup of elements of order dividing n. The coho-
mology H'(P!, Xy[n]) linking MW (Xj) and II1(X,) is the analogue of the Selmer group
of an elliptic curve for the elliptic K3 surface 7: Xo—=P!. So one could introduce

S™(Xo) = H'(P', Xo[n))
and call it the Selmer group of the elliptic surface m: Xg—=P!.

Remark 5.9. For a € ITI(X)), let m: X, —=P! be the associated elliptic K3 surface
together with the natural isomorphism J(X,) ~ Xy. The techniques in the proof of
Proposition 5.6 yield an exact sequence, see also [225, (4.35)] or [20, Prop. 1.6/,

0—4&p ‘>R17T*Gm/vert —7—0,
which splits for trivial a. For general «, taking cohomology one obtains an exact sequence
Pic(X o) —Z—T1I(Xg) — H' (B', R'm.G /o).

By definition, the image of Pic(X,,) —Z is generated by the index dp and the boundary
of 1 € Z/dyZ yields o € III(Xy). In particular, dy is the order of o € III(Xj) ~ Br(Xj).

Moreover, as in the proof of Proposition 5.6, one obtains the short exact sequence
(5.6) 0— (o) —Br(Xy) —Br(X,) —0.
This is a special case of (2.1) in Section 10.2.2.
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Viewing J(X,) ~ Xo as the moduli space of sheaves on X, the class a can also be
interpreted as the obstruction class to the existence of a universal sheaf on Xy x X, and
hence by (4.8)

DP(Xp, o) ~ DP(X,).

Donagi and Pantev in [154] generalized this equivalence to

(5.7) DP(X3,a) ~ DP(X,, B),

for arbitrary a, 8 € III(Xy). Here, @, 3 denote their images under the natural maps
Br(Xo) —Br(X3) and Br(Xo) —Br(X,), respectively.

The following special case of (5.7) has been observed earlier. Consider the ellip-
tic K3 surface J4(X,). As has been explained before, there is a natural isomorphism
J(JU(X,)) ~ J(Xa) ~ Xo. Thus, J4(X,) corresponds to some class 3 € I11(X;) and in
fact B = da. Therefore, in this case /3 is trivial and (5.7) becomes DP(J4(X), ag) ~ DP(X)
with X = X, and ag = &, as in (4.8).

Remark 5.10. The famous conjecture of Birch and Swinnerton-Dyer (see the an-
nouncement as one of the Clay Milllenium Problems by Wiles in [633]) predicts that for
an elliptic curve over a number field K the rank of the Mordell-Weil group E(K) equals
the order of the L-series L(E,s) at s = 1. Its generalization links the first non-trivial
coefficient of the Taylor expansion of L(F),s) to the order of the Tate-Safarevic group
[II(E). In particular, ITI(E) is expected to be finite.

The function field analogue of it leads to the conjecture that for an elliptic curve E
over Fy(t) the Tate-Safarevi¢ group ITI(E) should be finite. Combined with Proposition
5.6 it therefore predicts that for an elliptic K3 surface Xo—=P' over F, the Brauer group
Br(Xp) is finite. This has been generalized by Artin and Tate to the conjecture that the
Brauer group of any surface over a finite field should be finite, see Tate’s | , Sec. 1]
and the discussion in Section 18.2.2, especially Remark 18.2.9.

5.3. We change the setting and consider complex elliptic K3 surfaces 7: X —P!.
Recall that X is projective if and only if its index (cf. Definition 4.3) dj is finite. In partic-
ular, an elliptic K3 surface Xq—=P! with a section Cj is always algebraic. Analogously
to the definition of ITI(X() in the algebraic setting one has:

Definition 5.11. The analytic Tate—Safarevi¢ group [1I*" (Xo) of a complex elliptic K3
surface Xo—=P! with a section is the set of elliptic K3 surfaces 7: X —P! such that
the m-smooth part X’ —P! is endowed with the structure of an X} — P! torsor.

We stress that, although X is algebraic, an elliptic K3 surface X representing an
element in II1*"(X() may very well be non-algebraic. However, as in Proposition 5.4, X
is automatically a K3 surface. Arguing via moduli spaces of twisted sheaves is tricky
in the non-algebraic setting, but the fact that X and J(X) are locally (this time in the
analytic topology) isomorphic fibrations still holds. See also Remark 5.15.

Most of what has been said above in the algebraic setting holds true in the analytic
one, by replacing étale topology, cohomology etc., by their analytic versions. However,
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there are also striking differences, as becomes clear immediately. Firstly, the proof of
Proposition 5.6 goes through in the analytic version and the asserted isomorphism then
reads (see also [514, Ch. VIL8|)
(5.8) II**(Xo) =~ H*(Xo, 0%, )-
In fact, the intermediate isomorphisms (5.4), (5.4), and (5.5) also hold:

I (X) = H(PL, A3") = H' (P, R'7.0%,) = H*(Xo, O%, ).
Here, XZ™ denotes the sheaf of analytic sections of Xo—=P1L.

Corollary 5.12. For a complex elliptic K3 surface Xo—=P! with a section there exists
a short exact sequence

0—NS(Xg) — H?*(Xo, Z) — H*(Xo, Ox,) —II*"(X() —0.
In particular,
L™ (X)) ~ C,72>7(Xo),
PrOOF. This follows from the exponential sequence, H3(Xy,Z) = 0, and (5.8). O

Remark 5.13. The standard comparison of the analytic cohomology of O* with the
étale cohomology of G, relates the analytic with the algebraic Tate—Safarevi¢ group. As
a motivation, start with the well-known

(5.9) H'(X0,Gn) = H' (X0, O%,)-

The two sides are naturally isomorphic to Pic(Xy), which is the same for both topologies.
However, in degree two this becomes

HQ(XOa Gm) =~ HZ(XO7 Oﬁ(o)tors
and hence
(510) ]—H(XO) = H—[an(XO)tors‘

To prove (5.10), we use the usual comparison morphism &: H?(Xg, G,,) — H?(X, 0%, )
the Kummer sequence 0— u,, —G,,, —G,, —0, and the fact that étale and analytic
cohomology coincide for finite abelian groups. This then yields immediately that & sur-
jects onto the torsion of HQ(XO,O}O). To prove injectivity, apply (5.9) and the fact
that H?(Xg, G,,) is torsion. (The latter follows from Corollary 5.7 for elliptic X, but of
course holds in general for the Brauer group of a smooth surface, see Section 18.1.1.)

In particular, one finds (see Section 18.1.2)

I1(Xo) ~ (Q/Z)?2~r(X0),
The identification
]_H(Xo) ~ H_[an(Xo)tors C H_[an(Xo)

can also be explained geometrically. Clearly, one has a natural inclusion II(Xy) C
ITT*"(Xy) and we have remarked already that ITI(X() is torsion. On the other hand, if
X —=P! defines a torsion class in II1*"(Xp), then there exists a finite d > 0 such that
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J4(X) admits a section, see proof of Corollary 5.7. This section gives rise to a line bundle
of degree d on each fibre which then can be shown to glue to a line bundle L on X.
Moreover, m.L ® Op1(n) for n > 0 admits non-trivial global sections. Interpreted as
sections of L@ 7*Op1(n), their zero sets are divisors on X of positive fibre degree. Hence
X is algebraic and, therefore, is contained in II(X).

Remark 5.14. Note that for a non-algebraic elliptic K3 surface X —P! its generic
fibre E is ill defined. However, as J(X)—=P! is always algebraic, Jac(E) makes perfect
sense nevertheless.

Remark 5.15. The surjection
HQ(X()a OX()) ‘»H2(X07 O;(O) = Hlan(XO)

allows one to write down (however, not effectively) a family of elliptic surfaces over the
line C ~ H?(Xy, Oy,) parametrizing all elliptic surfaces X —P! with J(X) ~ Xj.

A sketch of the argument can be found in | , Ch. 1.5], it roughly goes as follows:
Pick a fine enough open cover P! = [ JU; such that classes in

H?*(Xy,0x,) ~ H' (X, R'7.0x,)

can be represented by sections of R, Oy, over U; N U; and such that for every singular
fibre X; there exists a unique U; containing t. Now use

1 an
R 7T>}<(9)(()‘UiﬁUj ‘»XO ‘UiﬁUj

to translate the glueing maps over U; N U; defining X by the section of AG" obtained as
images of classes in H?(Xy,Ox,). This yields new elliptic surfaces and one checks that
their classes in ITI*"(Xg) ~ H?(X, O%,) are given by the image under the exponential
map Hz(X(), OXO) ‘>H2(X0, O}o)'

It is worth noting that the family constructed in this way really is a family of elliptic
surfaces, i.e. it comes with compatible projections to P'. Also note that this approach
to I1I*"(X() shows that all elliptic surfaces X —P! in III*"(Xj) (and so in particular
all in II1(Xy)) are deformation equivalent to Xo—=P! and, therefore, are K3 surfaces as
well. This is an alternative argument for Proposition 5.4 when k = C. In this family, the
algebraic surfaces are dense, because

]_H(XO) ~ (Q/Z)22—P(X0) C H_[an(XO) ~ C/Z22_p(X0)
induced by HQ(XO,Q) s HQ(XO,R)‘>>H2(X0, Ox,) =~ C is dense.

References and further reading:

In practice, it can be very difficult to determine or describe all elliptic fibrations of a given K3
surface. This is only partially due to the automorphism group. For Kummer surfaces associated
with the Jacobian Jac(C') of a generic genus two curve C' this was recently studied in detail
by Kumar in [337]. For elliptic fibrations of Kummer surfaces associated with a product of



238 11. ELLIPTIC K3 SURFACES

elliptic curves see [342, , ] and [295] for elliptic fibrations of a generic double plane with
ramification over six lines.

Is a semistable (i.e. only I,,-fibres occur) extremal elliptic K3 surface determined by its configu-
ration of singular fibres? This question has been treated by Miranda and Persson [414] and Artal
Bartolo, Tokunaga, and Zhang [12], in the latter article one finds more on the possible Mordell-
Weil groups. In [339] Kuwata exhibits examples of elliptic quartic surfaces with Mordell-Weil
groups of rank at least 12.

The description of NS(J(X)) by Keum [289] was motivated by Belcastro’s thesis [56]. However,
in the latter J(X) was linked to a moduli space of bundles with Mukai vector (do, [X¢],0). The
relation between the two approaches can be explained in terms of elementary transformations as
in Section 9.2.2 or, more abstractly, by the spherical twist T, see Section 16.2.3.

Questions and open problems:

To the best of my knowledge, not all of the statements for complex elliptic K3 surfaces that
should hold as well in positive characteristic have actually been worked out in full detail, see e.g.
Remarks 3.11 and 4.10.

It would be interesting to compute periods of non-projective (X —=P!) € III**(X,).

As mentioned in Section 4.3, there are things left to check to view J¢(X) as moduli space of
sheaves in the non-algebraic setting.



CHAPTER 12

Chow ring and Grothendieck group

This chapter starts with a quick review of the basic facts on Chow and Grothendieck
groups. In particular, we mention Roitman’s result about torsion freeness, which we
formulate only for K3 surfaces, and prove divisibility of the homologically trivial part.
Section 2 outlines Mumford’s result about CH?(X) being big for complex K3 surfaces
and contrasts it with the Bloch—Beilinson conjecture for K3 surfaces over number fields.
This section also contains two approaches, due to Bloch and Green—Griffiths—Paranjape,
to prove that CH?(X) grows under transcendental base field extension. The last section
discusses more recent results of Beauville and Voisin on a natural subring of CH*(X) that
naturally splits the cycle map.

1. General facts on CH*(X) and K(X)

We consider an algebraic K3 surface X over an arbitrary field k and study its Chow
ring CH*(X) and its Grothendieck group K (X). In this first section we recall standard
definitions and results and explain what they say for K3 surfaces.

1.1. The ultimate reference for intersection theory and Chow groups is Fulton’s
book [190]. A brief outline summarizing the basic functorial properties of the Chow ring
can be found in [234, App. A].

For an arbitrary variety Y over a field k, a cycle of codimension n is a finite linear
combination Z = Y n;[Z;] with n; € Z and Z; C Y closed integral subvarieties of
codimension n. The group of all such cycles shall be denoted Z"(Y).

Let v: V—=V C Y be the normalization of a subvariety V C Y. Recall that two
divisors D, D" on V, i.e. cycles of codimension one on the normal variety V, are linearly
equivalent if D — D’ is a principal divisor (which for Cartier divisor is equivalent to
O(D) ~ O(D’)). In this case, the image cycles Z := v, D and Z' := v, D’ on Y are called
rationally equivalent. The equivalence relation generated by this is rational equivalence
and is denoted Z ~ Z'.

The Chow group of cycles of codimension n on a variety Y is by definition the group
of all cycles of codimension n modulo rational equivalence:

CHM(Y) = Z"(Y)/...

For a smooth variety Y the map D+ O(D) yields an injection CH!(Y)<— Pic(Y)
(by definition rational equivalence equals linear equivalence for codimension one cycles),
which is in fact an isomorphism for integral Y, see [234, II.Prop. 6.15]. One can define
the first Chern class c;: Pic(Y) —CH(Y)) as its inverse.

239
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For a smooth quasi-projective variety Y it is possible to define the intersection of cycles
modulo rational equivalence which endows

CH*(Y) :== @ CH"(Y)

with the structure of a graded commutative ring. For two subvarieties Z, Z’ C Y meeting
transversally this is given by the naive intersection Z N Z’. If the two subvarieties do not
intersect transversally or even in the wrong codimension, one needs to deform them first
according to Chow’s moving lemma (for algebraically closed k) which requires working
modulo rational equivalence, cf. [190, Ch. 11| or [617, 21.2]. Another approach to the
intersection product uses deformation to the normal cone.

If Y is of dimension d, then any Z € CH?(Y") can be written as a finite sum Z = 3" n;[y;]
with closed points y; € Y. The degree of Z is then defined as

deg (Z ni[%]) = nilk(yi) : K,
which does not depend on the chosen representative. It defines a group homomorphism
deg: CHY(Y) —7Z,
the kernel of which is denoted
CHY(Y )y == Ker <deg: CHY(Y) %Z) .

Let us now specialize to the case that Y is a K3 surface X. For dimension reasons one
has
CH*(X) = CH(X) @ CH'(X) ® CH?*(X).
Clearly, CH(X) ~ Z, which is naturally generated by [X], and CH!(X) ~ Pic(X) via
the first Chern class.

Remark 1.1. For k = k rational equivalence of O-cycles can be understood more ex-
plicitly as follows. A cycle Z of codimension zero is rationally equivalent to 0 if there
exists a morphism f: P! —S"(X) such that f(0) — f(co) = Z. The equivalence rela-
tion generated by this condition really is rational equivalence. Here, S™(X) denotes the
symmetric product of the surface X, cf. Section 10.3.3, and the cycle f(t) is > [z;] if the
image of t under f is the point (z1,...,z,) € S™(X), see [190, Ex. 1.6.3| or [437].

The intersection product with CH’(X) = Z is obvious and for dimension reasons
CH?(X) intersects trivially with CH!(X) @ CH?*(X). Thus, the only interesting intersec-
tion product on a surface X is

CH'(X) x CH'(X) — CH?*(X).

If C1,Cy C X are two curves, then [C1] - [C2] € CH?(X) can be described as the image
v«[D] under the normalization v: C1 —C; C X of any divisor D with O(D) ~ v*O(Cy).

IFor a complex non-projective K3 surface X it might happen that X does not contain any curve,
and in this sense Z'(X) = 0 and CH'(X) = 0, but nevertheless one could have Pic(X) # 0. For example,
consider a K3 surface with Pic(X) = NS(X) generated by a line bundle L with (L)? = —4, cf. Example
3.3.2.
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Note that in this case, deg([C1] - [C2]) = degO(D) = (C;.C3), see Section 1.2.1. In
Section 3, we shortly return to the intersection product of codimension one cycles and
describe its image in CH?(X).

1.2. The really mysterious part of the Chow ring of a K3 surface is CH?(X). (See
Section 17.2 for a discussion of the group CH'(X) ~ Pic(X).) If X contains a k-
rational point, then deg: CH?(X) —=Z is surjective. Otherwise its image is a finite index
subgroup. In any case, the essential part of CH?(X) is the kernel CH?(X)j.

The following observation, although stated here only for K3 surfaces, holds in full
generality, see e.g. [190, Ex. 1.6.6].

Proposition 1.2. If k is algebraically closed, then the group CH?(X)g is divisible.

PRrOOF. Clearly, CH?(X) is generated by cycles of the form [2] — [y] with z,y € X.
Choose a smooth irreducible curve z,y € C C X. Then O(z —y) € Pic’(C). The abelian
variety Pic?(C) is divisible, for multiplication by n defines a finite and hence surjective
morphism Pic?(C') —=Pic?(C). The push-forward of a divisor corresponding to the n-th
root of O(x — ) yields (1/n)([z] — [y]) € CH*(X). O

The next theorem, originally due to Roitman [509], is much harder. It is again only a
special case of a completely general statement that involves the Albanese variety (which
is trivial for K3 surfaces).

Theorem 1.3. If k is separably closed, then CH?(X) is torsion free.

PROOF. See Roitman’s original article [509] and Bloch’s version [65, 66] showing that
there is no torsion prime to the characteristic. The general statement was established by
Milne [404]. A brief account was given by Colliot-Théléne in [120], but see also Voisin’s
[617, Sec. 22.1.2] in the complex setting. O

Summarizing, for a K3 surface over an algebraically closed field the Chow groups
CH’(X) ~ Z, CH'(X) ~ Pic(X) = NS(X) ~ 72°X) | and CH?(X)
are torsion free. Moreover, the degree map yields an exact sequence
0—CH?*(X)o—CH?*(X)—=Z—>0

with CH?(X)g a divisible group.

Remark 1.4. The torsion of CH?*(Y) for arbitrary surfaces has been studied intensively.
For a survey see [120]. We only briefly mention the following results applicable to K3
surfaces. So, we shall assume that X is a K3 surface over an arbitrary field k, although

the following results hold under more general assumptions.
i) If £ is prime to the characteristic of k, then CH?(X)[¢>°] (the part of CH?(X) anni-

hilated by some power of ¢) is a subquotient of H3,(X,Q/Z(2)), see [120, Thm. 3.3.2].
ii) If k is a finite field, then the torsion subgroup of CH?(X) is finite, cf. [120, Thm.
5.2] and [124]. See also Proposition 2.16, asserting that in fact CH?(X) is torsion free in

this situation.
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iii) I am not aware of any finiteness results or instructive examples for the torsion of
CH?(X) for a K3 surface X over a number field or over F,(t). See the comments at the
end of this chapter.

1.3. The Grothendieck group K(Y) of a variety (or a noetherian scheme) Y is the
free abelian group generated by coherent sheaves F' on Y divided by the subgroup gene-
rated by elements of the form [Fy| — [F}] — [F3] whenever there exists a short exact
sequence 0— F} — F» — F3—0. Elements of K(Y) are represented by finite linear
combinations > n;[F;] with n; € Z and F; € Coh(Y).

By the very construction, K(Y) is in fact a group that is naturally associated with
the abelian category Coh(Y"). Indeed, for an arbitrary abelian category A one defines its
Grothendieck group K (.A) as the quotient of the free abelian group generated by objects
of A by the subgroup generated by elements of the form [As] — [A1] — [A3] for all short
exact sequences 0 — A; —= Ay — A3 —=0. Note that in particular [4] = [4'] in K(A)
if A~ A" and [A @ B| = [A] + [B]. Thus, clearly

K(Y) = K(Coh(Y)).

There is yet another categorical interpretation of K(Y') which relies on the bounded
derived category DP(Y) := DP(Coh(Y)) viewed as a triangulated category. For an arbi-
trary (small) triangulated category D one defines K (D) as the quotient of the free abelian
group generated by the objects of D modulo the subgroup generated by elements of the
form [Ag] — [A1] — [A3] for all exact triangles Ay — Ay — A3 — A;[1]. For the notion of
a triangulated category and, in particular, of exact triangles see | , | and Section
16.1.1. Since the identity A = A gives rise to an exact triangle A—0— A[1] — A[1],
one has [A[1]] = —[4] for all objects A. As any object in the bounded derived category
DP(A) of an abelian category A admits a finite filtration with ‘quotients’ isomorphic to
shifts of objects in A, there is a natural isomorphism K (DP(A)) ~ K(A). Applied to our
case, one finds

K(Y) = K(Coh(Y)) ~ K(D®(Y)).

For a smooth and quasi-projective variety Y, the Grothendieck group can equivalently
be defined as the free abelian group generated by locally free sheaves modulo short exact
sequences as before. Indeed, any coherent sheaf on Y admits a finite locally free resolution
0—F,— ... —Fy—=F—=0 and thus [F] = Y (—1)![F;]. The advantage of working
with locally free sheaves only is that the tensor product induces on K(Y') the structure
of a commutative ring by

[F]-[F] = [F ® F'].

The Grothendieck group and the Chow group can be compared via the Chern character.
The Chern character defines a ring homomorphism

ch: K(Y)—CH*(Y)q.

(Recall that for abelian groups G we use the shorthand G = G®7Q.) The Chern classes
c;(F) of a coherent sheaf I itself are elements in CH*(Y), but the Chern character ch(F)
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has non-trivial denominators in general. However, it induces a ring isomorphism
ch: K(Y)Q — CH*(Y)Q
Observe that ch(Oz) = [Z] mod CH**"™(Y') for any subvariety Z C Y of codimension n.

1.4. Let us come back to the case of a K3 surface X. Then the Chern character of
a sheaf F on X is given as
(cf — 2¢2)(F)
5 .
Here, rk(F') is the dimension of the fibre of F' at the generic point n € X, i.e. rk(F) =
dim g (x)(Fy), and ¢1(F) = c1(det(F)). If F is globally generated and locally of rank two,
then co(F) can be represented by [Z(s)], where Z(s) is the zero locus of a regular section

ch(F) = 1k(F) + c1(F) +

s € H(X, F). Proposition 1.2 can be used to show that Chern characters of sheaves on
K3 surfaces are in fact integral, at least for k = k.

Corollary 1.5. Let X be a K3 surface over an algebraically closed field k. Then the
Chern character naturally defines an isomorphism of rings

ch: K(X) => CH*(X).

PROOF. By the Riemann-Roch formula deg(c;(L)?) = (L)? is even. Thus, for alge-
braically closed k it is divisible by two in the image of the surjection deg: CH?*(X) —Z.
On the other hand, by Proposition 1.2 the kernel of deg, i.e. CH?(X)g, is divisible for
k = k and hence (1/2)c1(L)? exists uniquely, due to the absence of torsion in CH?(X),
see Theorem 1.3.

Next we prove that ch: K(X)— CH*(X) is surjective. Indeed, the generator 1 = [X]
of CHY(X) equals ch(Ox) and [z] = ch(k(z)) for all closed points 2 € X. Thus CH(X)®
CH?(X) is contained in the image. As (1/2)c1(L)? € CH?*(X) for all L € Pic(X) and
ch(L) = 1+ c1(L) + (1/2)c1(L)?, all first Chern classes c1(L) are in the image of the
Chern character, i.e. CH!(X) C Im(ch).

To prove injectivity, one shows that for any smooth surface Y there are natural iso-
morphisms

rk: FOK(Y)/F'K(Y) = Z,
c1: FIK(Y)/F?K(Y) == Pic(Y), and co: F2K(Y) => CH*(Y).

Here, F'K(Y') is the subgroup generated by sheaves with support of codimension > i. In
particular, ch: K(Y)—CH*(Y)q is always injective. See [190, Ex. 15.3.6]. O

It would be interesting to find a direct proof for the torsion freeness of K (X).

2. Chow groups: Mumford and Bloch—Beilinson

After these general results, we now pass to things that are more specific to K3 surfaces.
In fact, although we shall state the results for K3 surfaces only, often the condition
py(X) == h°(X,wx) > 0 suffices.
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2.1. We start with a celebrated result of Mumford for K3 surfaces over C (or over
any uncountable algebraically closed field of characteristic zero). In [437] he disproves
an old claim of Severi that the group of 0-cycles modulo rational equivalence is always
finite-dimensional by showing that the dimension of the image of the natural map

op: X" X Xn%CHQ(X)Oa ((1‘1,. . .,CCn),(yl,. . '7yn)) — Z([xl] - [yl])

cannot be bounded. To make this precise, we need a few preparations. See [617] for
details and more general results.
Clearly, the map o,,: X™ x X" —CH?(X)g factorizes over the symmetric product

on: S"(X) x S"(X)—CH*(X)
and we shall rather work with the latter.

Proposition 2.1. The fibres of the map o, : S™(X)xS™(X)—=CH?(X)q are countable
unions of closed subvarieties. Moreover, there exists a countable union Y C S™(X) X
S™(X) of proper subvarieties such that for all points (Z1, Z2) in the complement of Y the
mazximal dimension of o, 0, (21, Z2) is constant.

PROOF. The very rough idea goes as follows. Cycles Z1, Zo € S™(X) that define the
same class o € CH?(X)g are obtained by adding cycles of the form divo(f) + D and
diveo(f) + D to Z; and Zs, respectively. Here, f is a rational function on some curve C'
in X, divo(f) and divee(f) are its zero and pole divisor, and D is just some divisor on C.

These data are parametrized by certain Hilbert schemes and thus form a countable set
of varieties. For more details see [617, Lem. 22.7]. O

Let now f, be the dimension of the generic fibre o, '0,,(Z1, Z2) in the sense of the
proposition. Although the image of o,, does not have the structure of a variety, one can
talk about its dimension.

Definition 2.2. The image dimension of ¢ is defined as
dim(Im(oy,)) = dim(S"™(X) x S™(X)) — fn = 4n — fp.
The following result then says that the ‘dimension’ of CH?(X)g is infinite.

Theorem 2.3 (Mumford). For a complex K3 surface X one has
lim dim(Im(oy,)) = oco.

PrOOF. The key idea is the following. The fibres of o, are countable unions of
subvarieties. The generator of H°(X, Q%() induces a non-degenerate regular two-form on
X"™x X™ which is symmetric and hence descends to a generically non-degenerate two-form
on S™(X) x S™(X). (Restrict to the smooth part to avoid the singularities.) Morally
(but not literally!), the components of the fibres of o,, tend to be rationally connected, for
they parametrize rationally equivalent cycles. Since a rationally connected variety does
not admit any non-trivial two-form (see [310, IV Cor. 3.8|), the components of the fibres
should be of dimension at most (1/2) dim(S™(X) x S™(X)). O
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Remark 2.4. Tt turns out that for general surfaces CH?(X)g is finite dimensional if
and only if oy, is surjective for large n, see [617, Prop. 22.10|. Furthermore, this condition
for a K3 surface is equivalent to CH2(X)g = 0 or, still equivalent, to Jac(C) —s=CH?(X),
for some ample curve C C X. The latter is the notion of finite-dimensionality used by
Bloch in [66]. So K3 surfaces over C have infinite dimensional CH?(X).

2.2. In contrast to Mumford’s result for K3 surfaces over C (or, more generally,
uncountable algebraically closed fields of characteristic zero) the situation is expected to
be completely different for K3 surfaces over global fields, e.g. over number fields.

Conjecture 2.5 (Bloch—Beilinson). If X is a K3 surface over a number field k (i.e. a
finite field extension of Q), then the degree map defines an isomorphism

CH*(X)g ~ Q.
If X is a K3 surface over Q, then CH?(X) ~ Z.

This is only a special case of much deeper conjectures generalizing the conjecture of
Birch and Swinnerton-Dyer for elliptic curves, see |55, 67, |. However, there is
essentially no evidence for this conjecture. There is not a single K3 surface X known
that is defined over a number field and has CH?*(X)g ~ Q. In fact, it seems we do not
even have examples where any kind of finiteness result for CH?(X )o has been established.
As shall be briefly mentioned below, CH?(X)q often contains torsion classes which after
base change to Q become trivial.

Remark 2.6. It is expected that the conjecture fails when one replaces Q by the
minimal algebraically closed field of definition. But to the best of my knowledge, there
has never been given an explicit example for this, i.e. there does not seem to be known an
example of a K3 surface X defined over an algebraically closed field k with trdegg(k) > 0
and not over any field of smaller transcendence degree with CH?(X) # Z.

Remark 2.7. There is a different set of finiteness conjectures due to Bass.” For a
smooth projective variety X over a field £ which is finitely generated over its prime field,
the Grothendieck group K (X) is conjectured to be finitely generated, see [34, Chap. XIII].
Note that this in particular predicts that for a K3 surface over a number field CH?(X)
should be finitely generated, but (up to torsion) the conjecture of Bloch—Beilinson is
more precise. A priori Bass’s conjectures do not explain why passing from a number
field to Q the rank of CH?*(X) does not increase. On the other hand, Bass’s conjectures
also predict that CH?(X) is finitely generated for fields which are finite extension of
Q(t) or Fp(t1,t2) (or other purely transcendental extensions of the prime field of finite

transcendence degree). Compare this to the results in Sections 2.3 and 2.4.

2In [ , App. B] one finds an example due to Schoen of a K3 surface X over some finite extension
of Q(t) that cannot be defined over Q and for which CH?(X)y is of infinite rank. However, this example
becomes isotrivial after passing to the algebraic closure of Q(¢). Thanks to Stefan Schreieder for pointing
this out.

3T wish to thank Jean-Louis Colliot-Théléne for the reference and explanations.
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Example 2.8. Note that while we do not have a single example confirming the Bloch—
Beilinson conjecture, we have plenty of examples confirming the conjecture of Bass. For
example, it is not difficult to show that CH?(X) ~ Z for the generic fibre X = X, of the
universal quartic X C |O(4)| x IP’%. So, here the base field is the finitely generated field
k(n) = Q(t1,...,t34)." Note also, that considering the same situation over C yields an
example of a K3 surface with CH?(X) ~ Z over the field C(ty,...,t34), which certainly
is not finitely generated.

2.3. The Chow group can change under base field extension. Suppose a K3 surface
X is defined over a field k and & C K is a field extension. The pull-back defines a natural
homomorphism
CH"(X)—CH"(Xg), Z+=Zg.

Clearly, CH’(X) =~ CH®(Xf) and CH! (X))~ CH!(X[), see Section 17.2.1. In degree
two the map is in general neither injective nor surjective. However, its kernel is purely
torsion, due to the following easy

Lemma 2.9. For any field extension k C K the pull-back map
CH?*(X)q “ CH*(Xk)q
15 injective.

ProoOF. Consider first a finite extension k C K. Then the natural projection 7: Xg—X
is a finite morphism of degree [K : k] and thus satisfies

mra=[K: k]«

for all « € CH*(X). This is a special case of the projection formula, see e.g. [234, p.
426]. Hence, if 7*a € CH?(Xf) is zero, then o € CH?(X) was at least torsion. This
proves the result for any finite (and then also for any algebraic) field extension. Below
we reduce the general result to this case.

Let now k C K be an arbitrary field extension k C K. If Z € CH?(X) is in the kernel
of the pull-back CH?(X)—=CH?(Xf), then Z becomes trivial after a finitely generated
field extension £ C L C K. Indeed, the rational equivalence making Zx trivial over K
involves only finitely many curves C; and rational functions on them. The finitely many
coefficients needed to define these curves with the rational functions generate a field L.
In fact, we may assume that L is the quotient field of a finitely generated k-algebra A
and the curves C; are defined over A. Now think of X as the generic fibre of the ‘spread’
X X Spec(A) —Spec(A). In particular, for any closed point a € Spec(A) the restriction
of Zgpec(a) to the fibre X x Spec(k(a)) is rationally equivalent to zero by means of the
restriction of the curves C;. As k(a) is a finite field extension of k and the restriction
of Zgpec(a) to the fibre over a is nothing but Zj ), this shows by step one that Z was
torsion. (|

e emphasize again, that no explicit examples of K3 surfaces over a number field seems to be
known for which CH?(X) is finitely generated.
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Note that for finite Galois extensions K/k with Galois group G, the cokernel of the
base-change map CH?(X)—=CH?(Xg)® is torsion (see [120, §2] and compare this to
the discussion in Section 17.2.2), i.e.

CH?*(X)q = CH*(Xk)§.
The following result due to Bloch, see [66].

Proposition 2.10. Let X be a K3 surface over an arbitrary field k such that p(X Xj
k) < 22. If K = k(X) denotes the function field of X, then

CH?*(X)g—CH*(Xk)g
18 not surjective.

PROOF. The construction of an extra cycle is very explicit. Consider the diagonal
A C X x X and its restriction Ak to the generic fibre Xx = X x Spec(K) C X x X
of the second projection. One now proves that [Ax] € CH?*(Xk)g is not contained in
CHQ(X )o- For this, one can certainly pass to the algebraic closure of k and, therefore,
we may simply assume k = k.

Suppose it was, i.e. [Ax] = Y. n;z] in CH?*(Xf)g for certain n; € Q and closed
points z; € X with their associated classes [r;] € CH*(X)g C CH?*(Xk)g. In other
words, there exist curves C; C X and rational functions f; € K(C;) such that Ax =
Y nixi + Y dive, (fi) as cycles on X C X x X. Taking the closure in X x X yields

(2.1) A=Y "n({zi} x X)+) Di+V
as cycles on X x X. Here, V C X x X does not meet the generic fibre (and therefore
does not dominate the second factor) and D; = divg, (f;) with C; the closure of C;.

Both sides of the equation can be viewed as cohomological correspondences. In char-
acteristic zero one could pass to the associated complex surfaces and use singular coho-
mology. Otherwise use f-adic étale cohomology, ¢ # char(k).

Clearly, [A]. is the identity on H%(X,Q.(1)). On the other hand, [{z;} x X]. acts
trivially on HZ(X,Q¢(1)) for degree reasons and the D; are rationally and hence homo-
logically trivial.” Thus, id = [A]x = [V]..

Under the assumption p(X) < 22, the first Chern class induces a proper inclusion
NS(X)g, C HZ(X,Qu(1)), cf. Section 17.2.2. Since the image of V under the second
projection is supported in dimension < 1, the image of [V], is contained in NS(X)q,.
Contradiction. O

Remark 2.11. Clearly, in characteristic zero the assumption on the Picard group is
superfluous. One always has p(X xj, k) < 20, which can be proved by Hodge theory over
C, see Sections 1.3.3 or 17.1.1.

However, for K3 surfaces in positive characteristic the case p(X xj k) = 22 may occur
and the above argument breaks down. In fact, it was conjectured and has now been proved

At this point one uses that the cycle map factors through the Chow ring and, in this case more
precisely, that CH*(X x X) — H%, (X x X,Q¢(2)) is well-defined.
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by Liedtke in [371] that for a K3 surface X the condition p(X x k) = 22 is equivalent to
X being unirational, see Proposition 17.2.7 and Section 18.3.5. Any unirational surface
satisfies CH?(X)g ~ Q and, since a unirational variety remains unirational after base
change, the Chow group does indeed not grow after passage to Xjx) or any other field
extension.

As an immediate consequence, we obtain the following weak form of Mumford’s result,
cf. Theorem 2.3.

Corollary 2.12. Let X be a K3 surface over C. Then dimg CH?*(X)g = oo.

PROOF. Indeed, X is defined over the algebraic closure kg of a finitely generated
extension of Q, i.e. X = Xy X, C, and by choosing inductively k; to be the algebraic
closure of K(X¢ X, ki—1) and embeddings kg C k; C ... C C one obtains a strictly
ascending chain of vector spaces

CH?(Xo0)g & CH?(Xo X, k1)g C - - € CH?(Xg X, C)q- .

Remark 2.13. i) The same arguments show that for every K3 surface X over an
algebraically closed field k of infinite transcendence degree over its prime field, one has
dimg CH?(X)g = oo provided that p(X) < 22.

ii) In fact, Bloch uses similar methods to prove the full result of Mumford, i.e. that there
is no curve C' C X (possibly disconnected) such that Pic?(C)—CH2(X)y is surjective,
cf. Remark 2.4. For details see [66, App. Lect. 1].

In characteristic zero, an analogous construction can be used to show that the Chow
group increases already after base change to an algebraically closed field of transcendence
degree one. The following is based on the paper by Green, Griffiths, and Paranjape [215]
and works more generally for surfaces with py # 0.

Proposition 2.14. Let X be a K3 surface over a field k of characteristic zero. If K
is an algebraically closed extension of k with trdeg,(K) > 1, then

CH*(X)g—CH*(Xk)g
18 not surjective.

PROOF. Similar to the proof of Proposition 2.10, one constructs a certain cycle Z C
X x C, whose generic fibre over C' defines a class that is not contained in the image of
the pull-back CHQ(X)Q%CHQ(XMC))Q. Here, C is a smooth curve with function field
kE(C). For the following we can assume that k is algebraically closed of finite transcendence
degree with an embedding k£ C C, which allows us to use Hodge theory for the complex
manifolds X¢ and Cg¢.

The cycle Z is constructed as follows. Firstly, consider the diagonal A C X x X and
its action [A], on H*(X¢, Q). In degree two it respects the decomposition H?(X¢, Q) =
Pic(Xc)g @ T(Xc)g. Here, T(Xc) is the transcendental lattice, cf. Section 3.2.2. On
Pic(X¢)g one can describe [A], as the action of a cycle of the form )" m;(C; x D;) with
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curves Cj, D; C X and m; € Q. Since Pic(X) ~ Pic(X¢) (cf. Lemma 17.2.2), we may
assume that indeed these curves exist over k. Now, fix a closed point z € X and let

Yi=A-> mi(Cix D;) — {z} x X.

Viewed as a correspondence from the second to the first factor, it acts trivially on
H*(X¢,Q) and Pic(X) and as the identity on the transcendental part T(Xc). Now
pick a smooth curve C' C X and let Z be the pull-back of Y under the natural inclusion
XxCCXxX.

One checks that Z is homologically trivial, i.e. 0 = [Z],: H*(Cc, Q) — H*(X¢, Q). For
example, for the generator [C] € H°(Cc,Z) one computes, using the projection formula,
that [Z].[C] = [Y]«[C], where on the right hand side [C] € H?(X¢,Z) is contained in
the Picard group and hence [Y],[C] = 0. A similar argument works for the generator of
H?(Cg¢, 7). Furthermore, the image of H'(Cc,Z) is contained in H3(X¢,Z) and hence
trivial.

As a homologically trivial cycle, Z on the complex threefold X¢ x C¢ is the boundary
OT" of a real three-dimensional cycle I' C X¢ x Cc. This yields a map

(2.2) HZ(X(C) le(C@)%(C, (a,ﬁ)l—>/rp}a A pefB,

which is well-defined up to classes in H3(X¢ x C¢,Z). In other words, we are considering
the Abel-Jacobi class of Z in the intermediate Jacobian J?(X¢ x C¢), see [617, Ch. 12].
At this point one has to check that the pairing (2.2) is non-trivial on T((X¢) x H(C¢)
(up to integral classes) for sufficiently generic C. In fact, it suffices to choose a generic
member of a pencil on X. For the details of this part of the argument see [215].

The rest is similar to the arguments in the proof of Proposition 2.10. Suppose Z ) €
CH2(Xk(C))@ is of the form ) m;z; for certain closed points z; € X. Since Z is homo-
logically trivial, one automatically has > n; = 0. Then the closure of Z in X x C is of
the form

> nil{z} xC)+ ) Di+V
with [D;] = 0 in CH?(X x C) and such that the image of V under X x C'—=C consists
of a finite number of points. This is the analogue of (2.1).

The Abel-Jacobi map is defined on the homologically trivial part of CH*(X x C)
and in particular trivial on the rationally trivial cycles D;. One now shows that also
Y ni({x;} x C) and V are trivial under the Abel-Jacobi map. More precisely, they
define trivial pairings on T(X¢) x H'(C¢). Indeed, a cycle I'y C X¢ x C¢ with g =
Y ni({zi} x Cc) can be obtained, by connecting the points x; € X by real paths v and
then taking the product with C¢. Clearly, the integral fl“o is then trivial on classes of
the form a A 3, as the two-form « vanishes when restricted to the paths ~.

As the vertical cycle V lives over finitely many points y; € C, it is of the form ) m;(C; x
{y;}). Using paths v C C¢, one constructs a cycle I'y with 0I'y = V¢ with components

6This construction is inspired by Murre’s decomposition of the diagonal for surfaces, see | |.
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of the form C; x . Now use that T'(X¢) is contained in the kernel of the restriction map
H?(Xc,Q)— H?(C;,Q) to deduce that fCVX,Y aAp=0foral aecT(Xc). O

As we shall briefly mention below, the assumption on the characteristic is essential, e.g.
for k = Fp the result does not hold, cf. Remark 2.18.

Remark 2.15. Passing to an algebraically closed extension of transcendence degree
one not only makes the Chow group bigger, but one even expects CHQ(X )o to become
infinite-dimensional right away. An explicit example has been worked out by Schoen
[527]: For the Fermat elliptic curve E over Q it is shown that CH?((E x E)@)o is
infinite-dimensional, i.e. not concentrated on a curve, see Remark 2.4.

Summarizing one can say that cohomological methods can be used to prove non-
triviality of classes, but there are no techniques known, cohomological or other, that
would prove triviality of cycles in an effective way, i.e. that potentially could lead to a
proof of the Bloch—Beilinson Conjecture 2.5.

2.4. Let us add a few comments on the situation over finite fields. The following is
a folklore result.

Proposition 2.16. Let X be a smooth projective variety of dimension n over a finite
field k. Then CH™(X)g is torsion (and in fact finite). In particular, if X is a K3 surface,
then CH?(X)g is torsion (and in fact trivial).

PRrROOF. For any cycle Z = > n;[z;] € CH"(X), there is a curve C C X defined
over some finite extension &’ of k such that all points z; are contained in C(k’). For
simplicity we shall assume that C' is smooth, otherwise work with its normalization. If Z
is of degree zero, i.e. Z € CH"(X)o, then Z defines a k’-rational point of PicO(C’), where
C' := C x}, k'. However, the group of k'-rational points of Pic®(C”) is finite for a finite
field ¥’. Hence, Z as an element in Pic’(C’) must be torsion. Since the push-forward
CH*(C") — CH*(X}y) is additive, this shows that Z € CH" (X} ) is torsion. Since the
kernel of CH"(X)— CH"(X}/) is torsion by Lemma 2.9, this proves the assertion.

To prove finiteness of CH"(X)g and triviality of CH?(X), for K3 surfaces, one uses a
result of Kato and Saito, cf. [120, Thm. 5.3], which describes CH" (X)), as the kernel of
the natural map 7°(X) —> 7, which is trivial for K3 surfaces. Alternatively, at least for
the (-torsion, one can use that CH?(X)[(] <= H%(X,Z(2)) due to a result of Colliot-
Théléne, Sanscu, and Soulé [124, Cor. 3. O

Corollary 2.17. Let X be a K3 surface over F,. Then CH*(X) ~ Z.

Proor. Let z,y € X be closed points. Then there exists a finite field extension I,

of F), such that X and z,y are defined over Fy, i.e. there exists a K3 surface Xq over I,

with X = Xg xp, I_Fp and such that z,y are obtained by base changing some [F-rational

points xg,yo € Xo. Thus, the class [2] — [y] € CH?(X)g is contained in the image of
CH?(X0)o—= CH?(X)o.

However, by Proposition 2.16, CH?(Xj)g is torsion and hence [z] — [y] € CH?(X), is

torsion. Theorem 1.3 then shows CH?(X)o = 0 and thus CH?(X) ~ Z. O
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Remark 2.18. The Bloch—Beilinson conjecture predicts properties of cycle groups over
global fields. In particular, it would say that for a K3 surface over finite extensions of
[F,(t), the group CH?(X)y is torsion. Equivalently, one expects that for a K3 surface over
the algebraic closure of F,(t) the group CH?(X)y is trivial.

Note that in particular Proposition 2.14 is not expected to generalize to positive charac-
teristic even for K3 surfaces with p(X) < 22, cf. Remark 2.11. Schoen shows in [527,
Prop. 3.2 that for a K3 surface X over [, that is dominated by a product of curves (e.g.
a Kummer surface) the Chow group is just Z after base change to the algebraic closure
of Fp(t). This holds true for all K3 surfaces which are finite-dimensional in the sense of
Kimura—O’Sullivan, see [260].

3. Beauville-Voisin ring

Due to Mumford’s result, the Chow group CH?(X) of a complex K3 surface X is infinite-
dimensional, see Theorem 2.3. Besides this fact, very little is known about CH?(X).
In this section we discuss a result of Beauville and Voisin showing that the cycle map
CH*(X)— H*(X,Z) can be split multiplicatively by a natural subring R(X) C CH*(X).
Moreover, the ring R(X) contains many interesting characteristic classes of bundles that
we have encountered earlier.

3.1. Let X be a complex algebraic K3 surface.
Definition 3.1. The Beauville—Voisin ring
R(X) c CH*(X)
is the subring generated by the Chow—Mukai vectors
v(L) == ch(L)/td(X) € CH*(X)
of all line bundles L € Pic(X).

Theorem 3.2 (Beauville-Voisin). Let X be a complex algebraic K3 surface. Then the
cycle map CH*(X) — H*(X,Z) induces an isomorphism of rings

R(X) == H(X,Z) ® NS(X) @ H*(X,Z).
The theorem, or rather its proof sketched below, is spelled out by
Corollary 3.3. There exists a distinguished class (the Beauville-Voisin class)
cx € CH*(X)

of degree one with the following properties.
(i) If x € X is contained in a (possibly singular) rational curve C C X, then [z] = cx.
(ii) For any L € Pic(X), one has ¢3(L) € Z - cx C CH*(X).

(ZZZ) CQ(X) :240)(. O
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PROOF. Since Pic(X) ~ NS(X), the cycle map R(X)—H*(X,Z) is injective in
degree at most one. Thus, only the injectivity of R?(X)—= H*(X,Z) needs to be proved.
We only present an outline of the main arguments and refer to [52] for the details.

The first step of the proof consists in showing that the classes ¢ (L)? € CH?(X) for
line bundles L € Pic(X) are all contained in a subgroup of CH?(X) of rank one. This
is equivalent to showing that for two line bundles L1, Ly the classes c¢1(L1)? and c;(Lz)?
are linearly dependent. Since Pic(X) is spanned by ample line bundles, it is enough to
prove this for Ly and Ly ample.

Now use the theorem of Bogomolov and Mumford (see Theorem 13.1.1 and Corollary
13.1.5) which implies that any ample divisor is linearly equivalent to a sum of rational
curves. Since any ample curve is 1-connected by Remark 2.1.7, it suffices to show that
for irreducible rational curves C1, Cy, C3 C X, the products

C;.C; = c1(0(C)).c1(0(Cy)) € CH*(X)

are linearly dependent. As all points on an irreducible rational curve C' are rationally
equivalent, one has ¢1(O(C)).c1(O(C;)) = (C.C;) - [z] for any point z € C.

This first part of the proof in particular shows that all points x € X contained in some
rational curve are rationally equivalent, i.e. they all define the same class [z] € CH?(X).
This class is taken as the Beauville—Voisin class cx.

The second part of the proof, more involved and using elliptic curves, shows that
c2(X) = 24ex. Since vOH(L) = exp(ci(L)).(1 4 c2(X)/24), this clearly would prove the
assertion of the theorem.

The key to this part is the following property of the class cx, cf. [52, Cor. 2.3|: For
a point xo contained in some rational curve (and thus [z9] = cx) let i and j be the
embeddings X — X x X, x+—=(z,x0) and x+—= (zg, ), respectively. Then for all £ €
CH%*(X x X)

(3.1) A =i"¢+ "¢ +nex,

where n = deg(A*¢ — i*¢ — j°¢). As for & = [A] one has A*¢ = co(X), this proves
the claim. We do not attempt to prove (3.1) here, but see below for examples where
c2(X) € Z - cx can be checked easily. O

Example 3.4. In the first version of [52] Beauville listed a number of specific examples
of K3 surfaces for which co(X) € Z-cx is easy to prove. Those include elliptic K3 surfaces,
Kummer surfaces, and quartic hypersurfaces. For example, for a quartic X C P2 the
normal bundle sequence 0 —=Tx — Tps|x — O(4)| x —=0 and co(P?) = c2(O(1)%*) (use
the Euler sequence) immediately yield c2(X) € Z-c2(O(1)|x). For a Kummer surface one
simply uses the fact that away from the 16 rational curves C1, ..., Cig corresponding to
the 16 two-torsion points, the tangent bundle of X is, after pull-back to the blow-up of the
abelian surface in the two-torsion points, isomorphic to the tangent bundle of the abelian
surface. The latter is trivial and thus only points on the C;, i = 1,...,16, contribute to
c2(X). However, as explained in the proof, [x] = cx for any point contained in a rational
curve.
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Note that if X satisfies p(X) > 3 and contains at least one smooth rational curve, then
the existence result of ample rational curves can be avoided altogether, as then NS(X) is
in fact spanned by classes of smooth rational curves, see Corollary 8.3.12.

Remark 3.5. As all points on rational curves z € C C X represent the same distin-
guished class [z] = cx, one might ask for a possible converse. Curves with this property
have been introduced as constant cycle curves in [260]. Although they enjoy many prop-
erties of rational curves, they need not always be rational.

3.2. In [255] the result of Beauville and Voisin has been generalized to a statement
on spherical objects in DP(X) = DP(Coh(X)).

Definition 3.6. An object F € DP(X) is called spherical if Ext'(E, E) ~ k for i = 0,2
and zero otherwise, see Section 16.2.3.

Example 3.7. Since H!(X,0) = 0, any line bundle L on a K3 surface is spheri-
cal. Also, if C C X is a smooth(!) rational curve, then all O¢(i) are spherical. Ev-
ery rigid bundle F, i.e. a bundle with no non-trivial deformation or, equivalently, with
Ext!(E, E) = 0, is spherical provided it is simple. In particular, stable rigid bundles are
spherical. It is known that for any class § = (r,¢,s) € H*(X,Z) ® NS(X) @ H*(X,Z)
with (6,8) = (£)2 — 2rs = —2, there exists a spherical complex E € D(X) with Mukai
vector v(E) = J. See Section 10.3.1 for comments on the existence of spherical bundles.

We state the following theorem without proof. It was proved in [255] for p(X) > 2
and using Lazarsfeld’s result that curves in primitive linear systems on K3 surfaces are
Brill-Noether general, see Section 9.2. Voisin in [621] gives a more direct argument for
spherical vector bundles not relying on Brill-Noether theory and also covering the case
p(X)=1.

Theorem 3.8. The Chow-Mukai vector of any spherical object E is contained in the
Beauwville-Voisin ring, i.e.

vHN(E) = ch(E) - (1,0,¢cx) € R(X) c CH*(X).

The interest in this generalization stems from the fact that the set of spherical objects
in DP(X) is preserved under linear exact autoequivalences of D?(X), which is not the
case for the set of line bundles. In [255] it was seen as evidence for the Bloch—Beilinson
conjecture for K3 surfaces over number fields, because a spherical object on X¢ for a K3
surface X over Q is always defined over Q.

For a K3 surface X over Q, base change CH*(X ) — CH*(X¢) should identify CH*(X)
with the Beauville-Voisin ring R(X). This would clearly prove Conjecture 2.5.

References and further reading:
For a K3 surface X over a field k # k the Chow group CH? (X)) might have torsion. It would
be interesting to have some explicit examples. We recommend [120] for a survey on the general
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question concerning torsion in Chow groups. It is generally believed that for a number field & the
torsion should be finite. This has been shown for surfaces with p;, = 0 by Colliot-Théléne and
Raskind [123] and Salberger [518] and for certain surfaces of the form F x E with E an elliptic
curve by Langer and Saito [348]. It is not clear what to expect for other fields. In particular, in
[21] Asakura and Saito give examples of hypersurfaces of degree > 5 in P? over p-adic fields such
that for every ¢ # p the -torsion in CH?(X) is infinite. It is not clear whether this also happens
for d = 4, i.e. for quartic K3 surfaces. Note that it is conjectured that over p-adic fields CH?*(X)g
is the direct product of a finite group and a divisible group. The ¢-divisibility for almost all ¢
was shown by Saito and Sato in [516], see also [122]. Already in [502] Raskind finds examples
of K3 surfaces over p-adic fields such that the prime to p torsion of CH? (X)o is finite, see also
[121]. For questions on the torsion of CH?(X) for varieties over finite fields see the article [124]
by Colliot-Théléne, Sansuc, and Soulé.

The results of Section 3 are part of a bigger picture. It seems that the conjectured Bloch
filtration of CH*(X) for arbitrary varieties admits a natural splitting in the case of hyperkéhler or
irreducible symplectic manifolds. This has been put forward by Beauville in [49] and strengthened
and verified in a series of examples by Voisin in [620].

It is an interesting problem to decide which points on a K3 surface X are rationally equivalent
to a given point xg. Maclean in her thesis [383] shows that for a generic complex projective
K3 surface X and generic xg € X the set {z | x ~ z(} is always dense in the classical topology
independent of whether [29] = cx or not, cf. Theorem 13.5.2. But note that the set is not expected
to have any reasonable topology. For example, when X is defined over a finitely generated
field K C C, then Autg(C) acts on X(C) in a highly non-continuous way but leaves the set
{z | [x] = ¢x} invariant.

We have not touched upon the general finiteness conjecture of Kimura and its applications
in the case of K3 surfaces, see e.g. [486]. Also, we have left untouched the results confirming
the Bloch—Beilinson conjectures for symplectic automorphisms acting on Chow groups, see e.g.
[258, 263, 622].

We have also omitted the cohomological approach, which describes CH2(X ) as the Zariski co-
homology H?(X, K3) with Ky the sheaf associated with U+ K5(U) (Milnor K-theory). Passing
to the formal version of it, cf. Section 18.1.3, leads to the definition of the ‘tangent space’ of
CH?(X) as H*(X,0x) ® Qg for a K3 surface X defined over a field k of characteristic zero.
See Bloch’s lecture notes [66] for details.

Questions and open problems:

It would be interesting to find a different approach to the torsion of CH?*(X) via the torsion of
K(X) in the case of non-separably closed fields k. Nothing seems to be known in this direction.
More generally, it would be interesting to see whether viewing CH*(X) as K(X) or K(DP(X))
sheds new light on certain aspects of cycles on K3 surfaces. For example, in [256] it is shown
that the Bloch—Beilinson conjecture is equivalent to the existence of a bounded t-structure on
the dense subcategory spanned by spherical objects.

In [616] Voisin conjectures that for a complex projective K3 surface X and any two closed
points 2,y € X the two points (z,y), (y,x) € X x X satisty [(z,y)] = [(y,z)] in CH*(X x X).
This has been proved in [616] for interesting special cases, but the general assertion remains
open.



CHAPTER 13

Rational curves on K3 surfaces

For this chapter we highly recommend the paper [68] by Bogomolov, Hassett, and
Tschinkel and Hassett’s survey [237]. All K3 surfaces in this chapter are projective. As
an introduction, we shall discuss in detail the two main conjectures concerning rational
curves on K3 surfaces: There exist infinitely many rational curves an on arbitrary K3
surface, and all rational curves on the general K3 surface are nodal.

0.1. Let us begin with the following observation. Suppose there is a family
CcBxX,(C,CX (beB)

of rational curves on a surface X parametrized by some variety B such that C— X is
dominant. Then there exists a dominant rational map D x P! — - X with D a curve.
In characteristic zero this would imply kod(X) < kod(D x P!) = —oo. This is absurd
if X is a K3 surface. Thus, rational curves on K3 surfaces in characteristic zero do not
come in families.

The assumption on the characteristic cannot be dropped, but even in positive charac-
teristic K3 surfaces that admit families of rational curves are rare and should be regarded
as very special.

Example 0.1. Consider the Fermat quartic 9361 + i+ 23 —HU% = 0 over an algebraically
closed field k of characteristic p = 3(4). It is unirational, i.e. there exists a dominant
rational map

P? - > X

or, equivalently, the function field K(X) of X admits a (non-separable) extension K (X) C
k(Ty,Ty) ~ K(P?). This example was first studied by Tate in [588, | who showed
that in this case p(X) = 22. A detailed computation of the function field can be found
in Shioda’s article [557] or Section 17.2.3, see also [237| for further examples. Shioda
in fact observed that any unirational (or, a priori weaker, uniruled) K3 surface over an
algebraically closed field has maximal Picard number 22, see Proposition 17.2.7. The
converse has recently been proved by Liedtke in [371], answering a question by Artin in
[16, p. 552], see Section 18.3.5.1

Parts of this chapter are based on a seminar during the winter term 2011/12. I wish to thank
the participants, in particular Stefanie Anschlag and Michael Kemeny, for stimulating discussions and
interesting talks on the subject.

1As was pointed out to me by Christian Liedtke, it is a priori not clear that a uniruled K3 surface
is in fact unirational, but see the arguments in the proof of Proposition 9.4.6.
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Therefore, naively one would rather expect a K3 surface X to contain only finitely many
rational curves, unless X is very special. However, the above discussion only excludes the
existence of families of rational curves, not the existence of discrete and possibly infinite
sets of them. And indeed, as we shall see, this is what seems to happen.

0.2. The following conjecture has proved to be a strong motivation for a number of
interesting developments over the last years. It is trivial for unirational, or equivalently
supersingular, K3 surfaces, but it is otherwise as interesting in positive characteristic as
it is in characteristic zero.

Conjecture 0.2. Every polarized K3 surface (X, H) over an algebraically closed field
contains infinitely many integral rational curves C' linearly equivalent to some multiple of
H.

Note that it is not even known whether every polarized K3 surface (X, H) admits an
integral rational curve linearly equivalent to some multiple nH at all.

Remark 0.3. A weaker question would be to ask for infinitely many integral rational
curves without requiring the curves to be linearly equivalent to a multiple of the fixed
polarization. This provides more flexibility when p(X) > 2. As we shall see, Conjecture
0.2 has been verified for many K3 surfaces, but even the weaker version is still open in
general.

Example 0.4. Here are two concrete examples of K3 surfaces containing infinitely
many integral rational curves. Both, however, are not typical, as the curves are smooth
and thus not ample.

i) For the following see [68]. Let C be a smooth curve of genus two over an algebraically
closed field of characteristic # 2. Consider a hyperelliptic involution n: C = C, so
7: C—=C/(n) ~PL. Pick a ramification point zo € C, i.e. n(x¢) = w0, and let

i: O Pic®(C), z+—=0O(z — x0)

be the induced closed embedding. For n € N we denote by C), the image of C' under the
morphism
Pic’(C) —Pic’(C), L+ L™
The standard involution L+ L* on Pic’(C) acts on C), via 1. Indeed, O(x — zo)* =~
O(n(x) — x0), as O(x + n(z)) ~ 7*O(1) ~ O(2z¢). Hence, the image of C,, under the
quotient
Pic’(C) —Pic’(C)/ +

is a smooth rational curve and so is its strict transform in the Kummer surface X as-
sociated with the abelian surface Pic’(C). Note that this indeed yields infinitely many
rational curves in X, for L+ L" does not respect C, i.e. Cy, # C,, for m # n. (For
example, one could use that C' C Pic?(C) is ample and thus its pull-back under the n-th
power cannot split off a component isomorphic to C.)
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In fact, any Kummer surface contains infinitely many rational curves, see |68, Ex. 5.
The example is also interesting from the point of view of rational points. Bogomolov and
Tschinkel show in [70, Thm. 4.2] that for k = F,, p # 2, every point on X is contained
in a rational curve.

ii) Every elliptic surface X —P! with a zero section Cy C X and a section C' C X that
is of infinite order (e.g. as point in the generic fibre or as an element in the Mordell-Weil
group MW (X)), see Section 11.3.2) contains infinitely many rational curves. Indeed, the
multiples C,, := nC (with respect to the group structure of the fibres) yield infinitely
many smooth rational curves.

Equivalently, C' can be used to define an automorphism fo: X > X of infinite order
by translation in the fibres, see Section 15.4.2, and the infinitely many rational curves
can be obtained as the image of C' under the iterations of fc.

More generally, K3 surfaces X with infinite Aut(X) often provide examples of K3
surfaces with infinitely many rational curves, see Remark 1.6.

0.3. To the best of my knowledge, there is no general philosophy supporting Con-
jecture 0.2. However, it does fit well with other results and conjectures. The following
two circles of considerations should be mentioned in this context, see also [96].

i) Smooth complex projective varieties X with trivial canonical bundle are conjectured
to be non-hyperbolic. Even stronger, one expects that through closed points x € X in
a dense set there exists a non-constant holomorphic map f: C— X. Any rational or
elliptic curve yields such a holomorphic map. Thus, if the union of all rational curves is
dense in X, then X is indeed non-hyperbolic in the stronger sense.

It is known that K3 surfaces are indeed non-hyperbolic in this strong sense, but this is
proved via families of elliptic curves, see Corollary 2.2, although rational curves also play
a role. In fact, it has been conjectured that complex K3 surfaces are dominable, i.e. that
there exists a holomorphic map

C?—X
such that the determinant of the Jacobian is not identical trivial, see [93]. This is true
for some K3 surfaces, e.g. Kummer surfaces (which involves showing the non-trivial fact
that the complement of any finite subset of a torus C2/T is dominable), but remains an
open question in general.

ii) Lang conjectured that the set
X(k)c X

of k-rational points of a variety X of general type defined over a number field k& should
not be Zariski dense. A stronger version predicts the existence of a proper closed subset
Z C X such that for any finite extension K/k, the set of K-rational points X (K) is up
to a finite number of points contained in Z.

So it is natural to wonder what happens for X not of general type, e.g. for a K3 surface.
The general expectation, known as potential density, is that for a K3 surface X defined

over a number field &, there always exists a finite extension K /k such that X (K) is dense
in X.
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The relation between rational points and rational curves on K3 surfaces is not com-
pletely understood. It is not excluded and sometimes even conjectured (Bogomolov’s
logical possibility) that through any point x € X(Q) there exists a rational curve. This
would of course imply the existence of infinitely many rational curves and prove the
Bloch—Beilinson conjecture for K3 surfaces, see Section 12.2.2. It is not clear whether
one should expect that rational curves defined over some finite extension K /k are already

dense, but it would of course imply potential density.

0.4. The second question that shall be discussed in this chapter is concerned with
‘good’ rational curves and asks, more specifically, whether every rational curve can be
deformed to a nodal one on some deformation of the underlying K3 surface. Since a
smooth rational curve has negative self-intersection, nodal curves are the least singular
rational curves that can be hoped for in an ample linear system.

Conjecture 0.5. For the general polarized K3 surface (X, H) € My(C) all rational
curves in the linear systems [nH| are nodal.

Since the Picard group of the general (X, H) is generated by H, the conjecture simply
predicts that all rational curves on X are nodal. One could be more optimistic and relax
‘general’ to ‘generic’, see Section 0.5 for these notions.

Conjecture 0.2 was triggered by the Yau-Zaslow conjecture, which gives a formula,
invariant under deformations of (X, H), for the number of rational curves in |H| counted
with the right multiplicities dictated by Gromov—Witten theory. The YauZaslow con-
jecture was verified under the assumption that all rational curves are nodal. See Section
4 for more details and references.

Remark 0.6. Let C' C X be a nodal integral rational curve with J nodes and let
P'~C—C
be its normalization. Then (cf. Section 2.1.3)
1= \(0g) = X(Oc) +6.
For C € |nH| with (H)? = 2d this shows
§=n2d+1.

For reducible curves the number of nodes increases. For example if C = C1+C5 € [nH|
is the sum of two smooth rational curves C; ~ P! intersecting transversally, then C is a
nodal rational curve with § = n%d + 2 nodes.

0.5. To conclude the introduction we elaborate on the difference between generic
and general. A certain property for polarized K3 surfaces holds for the generic (X, H) if it
holds for all (X, H) in a non-empty Zariski open subset of the moduli space M. It holds
only for the general (X, H) if it holds for all (X, H) in the complement of a countable
union of proper Zariski closed subsets.

So, p(X) = 1 for the general complex polarized K3 surface X € My, but not for the
generic one. Also, if for one polarized K3 surface (Xo, Hp) the linear system |Hp| contains
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a nodal rational curve, then the same is true for the generic (X, H) € My, cf. Section
2.3 However, if all (infinitely many) rational curves on X are nodal, this a priori only
implies that the same is true for the general complex polarized K3 surface (X, H) € M.

Special care is needed if the ground field k is countable. Then in principle a countable
union of proper closed subsets could contain all k-rational points. Also, if the polarized
K3 surface corresponding to the scheme-theoretic (geometric) generic point n € My has
a certain property usually does not imply that also the generic fibres (X, H) in the above
sense have the same property.

1. Existence results

We shall outline the standard argument to produce rational curves on arbitrary com-
plex projective K3 surfaces by first constructing special nodal, but reducible, ones on
particular Kummer surfaces. The resulting curves are linearly equivalent to the primi-
tive polarization, but a more lattice theoretic and less explicit construction allows one to
also prove the existence of integral rational curves linearly equivalent to multiples of the
polarization, at least on the generic K3 surface.

We shall as well discuss the situation over arbitrary fields and state, but not prove,
Chen’s result on nodal rational curves.

1.1. The first result we have to mention is generally attributed to Bogomolov and
Mumford and was worked out by Mori and Mukai in [421]. Note that (iii) below cannot
be found in [421], but it was apparently known to the experts that essentially the same
arguments proving (i) and (ii) would yield (iii) as well, see [68].2

Theorem 1.1. (i) Every polarized K3 surface (X, H) € M4(C) contains at least one
rational curve C € |H|.
(it) The generic polarized K3 surface (X, H) € Mg(C) contains a nodal integral rational
curve C € |H|.
(iii) For fixed n > 0, the generic polarized K3 surface (X,H) € My(C) contains an
integral rational curve C € |nH|.

PRrROOF. To prove (i), one starts with a Kummer surface Xy associated with an abelian
surface of the form E; x Fo. We choose elliptic curves E7 and F such that there exists
an isogeny : F1— Fo of degree 2d + 5. To be completely explicit, one could take
E,=C/((2d +5)Z + iZ) and Ey = C/(Z + iZ) with ¢ the natural projection.

Let now I' :=T', C E1 x E3 be the graph of ¢ and let

Cl C Xop
be the strict transform of its quotient I'/1 by the standard involution on E; x Es. Note

that T' contains (exactly) four of the 16 fixed points and that, therefore, C; ~ P!. Next

ZMaybe it was actually stated for the first time by Chen in [112]. The proof there uses more
complicated arguments which in fact prove the existence of one nodal(!) integral rational curve in [nH|
for the generic (X, H). This does not come out of the proof reproduced here.
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consider the strict transform
Cy C Xy

of the quotient (E; x {0})/+. The four two-torsion points of F; yield the fixed points of
the involution and, therefore, Cy ~ P! as well.

Thus, X contains two smooth rational curves Cy,Cy, for which, of course, (C1)? =
(C3)? = —2. To compute (C; + Cs)?, one observes that the transversal intersection
I'N(E1 x {0}) consists of the 2d+5 points ¢~ 1(0). The order of the subgroup F[2] of two-
torsion points of F; contained in ¢~ !(0) must divide 2d+5 and 4. Thus, F1[2]Nyp~1(0) =
{0}. The point 0 does not contribute to (C;.C3), as under the blow-up Xo—(E; X
Es)/+ the two curves (E7 x {0})/+ and I'/+ get separated over the corresponding point.
However, all others do and, hence, (C7.C3) = d + 2. Thus,

Ci+CyCX

is a reducible rational nodal curve with (Cy + Cs)? = 2d.

A further analysis reveals that C7 4+ C5 is big and nef (but not ample). Indeed, (C; +
C3.D) > 0 for all curves D # C; and (C1+C5.C;) = d > 0 (but some of the 16 exceptional
curves of Xog—(E; x E3)/+ are not met).

Also, the class of C7 + (5 is primitive, as the intersection numbers of C7 + C5 with the
fibres of the projections

X0—>E1/:|: and X0—>E2/:|:

are 2 and 2d + 5, respectively.

Now use deformation theory for C; 4+ Cy C Xp, to be explained in Section 2.2, to
conclude that C; + Cy deforms sideways to a curve in |H| on the generic (X, H) € Mjy.
In fact, as rational curves can only specialize to rational curves, this yields that every
complex polarized K3 surface (X, H) € M, contains a (possibly non-nodal) rational curve
in |H|.

For (ii) just note that being nodal and irreducible is an open property and thus it suffices
to find one (X, H) with this property. Going back to (i), one observes that (X, H) is
provided by a small deformation C' C X of C1 4+ Cy C X for which p(X) = 1.

(iii) We follow [68]. Ideally, one would like to argue as above and construct a specific K3
surface Xy containing two smooth integral rational curves C, C intersecting transversally
and such that O(C7), O(Cy) are linearly independent in NS(X)® Q, with C; +C2 = nHy
where Hy is primitive and (Hp)? = 2d. Then, C; + Cy would again be a nodal rational
curve (with n?d + 2 nodes) that deforms sideways to a curve C' € |[nH| on the generic
deformation (X, H) of (Xo, Hp).

Since p(X) = 1 for general X and thus only multiples of O(Hy) deform, the components
C1,Cy cannot be specializations of curves on X. Therefore, C' would automatically be
an integral nodal rational curve.

Unfortunately, an explicit construction of C; + Cy C Xy with these properties is not
available. Instead, one has to argue using abstract existence results, which has the con-
sequence that the curves Cp, Cs are not known to intersect transversally. This makes the
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deformation theory more complicated and the resulting deformation C' € |[nH| on X is
not known to be nodal. Details concerning the deformation problem for the non-nodal
curve are contained in [68], but see Remark 2.6.

Let us work out the details of how to find Cq + Cy C Xg. First realize the lattice with

intersection matrix
-2 nd
nd 2d

(with respect to a basis x,y) as a primitive sublattice I' C A of the K3 lattice A =
Eg(—1)®2 @ UP3. For example, take

r=e; — f1 and y = ndfi + (e2 + df2),

where e, fi and e, fo are the standard bases of the first two hyperbolic planes Uy & U,
in U®3. It is easy to see that I' C A is indeed primitive. Then consider the moduli space
of marked lattice polarized K3 surfaces

Nr ={(X,¢) | p: H*(X,Z) == A, o7 () C Pic(X)}/~,

which (modulo certain non-Hausdorff phenomena) can be identified with the intersection
of the period domain D C P(A¢) with P(Fé), cf. Sections 6.3.3, 7.2.1, and the papers by
Dolgachev [148] and Beauville [47].

Next apply the surjectivity of the period map to produce a marked K3 surface (Xo, ¢)
with ¢~1(T") = Pic(Xo). Then p~!(y) € Pic(Xp) is a class of square 2d. Using Corollary
8.2.9, we may assume that p~!(y) = [Ho] with Hy nef. Since ()? = —2 and (z.y) > 0,
the class [C1] = ¢~ 1(z) € Pic(Xj) is effective and can thus be written as [C] = >_[D;]
for integral curves D; C Xy. In particular, (D;.Hy) > 0. Suppose [C4] is not represented
by an integral curve. Then there is one component, say Di, which is contained in the
shaded region representing the set {a[C1] + b[Hy] | b <0, a > —2b/n}:

Hy
Cy

Hy

The second inequality is expressing (D1.Hg) > 0. In particular, (D;)? < 0 and, there-
fore, (D1)?> = —2 (see Section 2.1.3), which for D; # Cj leads to the contradiction
a? — 1 = abnd + b*d < —b3d.

Hence, [C1] can indeed be represented by a smooth integral rational curve, i.e. Oy ~ P!
A similar computation shows that H is not orthogonal to any (—2)-class and hence ample.

Finally, if X, has been found with NS(Xy) = Z[C1] + Z[Hy], C1 ~ P!, and Hy ample,
then one shows that n[Hy| — [Ci] can be represented by a smooth rational curve Cs.
As its intersection with Hy is positive and (nHy — C1)? = —2, the class is effective,
i.e. represented by a curve Co with irreducible components D; (possibly occurring with
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positive multiplicities). Then (D;.Hy) > 0 and, if D; # C1, also (D;.Cy) > 0. At least one
component Cy, say Di, has a class in the shaded region representing {a[C1]+ b[Hp] | b >
—(an)/2, a =—1,-2, b€ [0,n]}:

Cy

If a = —2, then [D1] = —2[C1] +n[Hy] and hence (D1)? < —2, which is absurd. Hence,
[D1] = —[C1] + b[Hp] with 0 < b < n. Therefore,

[D1)? = b*2d — b2nd — 2 = 2bd(b — n) — 2 < —2

with equality only if b = n. Since (D1)? > —2 (as for any integral curve), this shows
b =n. Thus, [D1] = n[Hp] — [C1], i.e. Co = Dj is smooth and irreducible. O

Corollary 1.2. The general complex polarized K3 surface (X, H) € My contains in-
Sfinitely many integral rational curves linearly equivalent to some multiple nH .

PRrROOF. For each n > 0, there exists a dense open dense set U,, C My such that every
(X, H) € U, admits an integral rational curve C € |[nH|. Thus, the assertion holds for
all (X, H) € N\Un. O

The ‘integral’ is added to avoid counting a given rational curve C infinitely often by
taking multiples nC. Of course, the corollary is equivalent to the assertion that there
exist infinitely many reduced rational curves.

1.2. In Theorem 1.1 the K3 surfaces are assumed to be defined over C. However,
in characteristic zero, the (finitely generated) field of definition k of a given polarized K3
surface (X, H) can always be embedded into C.

Remark 1.3. Since rational curves on K3 surfaces in characteristic zero are rigid, every
rational curve in [nH| on X is in fact defined over k, cf. the arguments in Lemma 17.2.2
and Section 16.4.2. This shows that Theorem 1.1 holds for K3 surfaces defined over
arbitrary algebraically closed fields of characteristic zero. Note however that Corollary
1.2 for countable fields, for example k = Q, is a void statement, cf. Remark 3.6.

Using the liftability of K3 surfaces from positive characteristic to characteristic zero (cf.
Section 9.5), one can obtain rational curves in positive characteristic as specializations of
rational curves in characteristic zero. As specialization could turn irreducible curves into
reducible or non-reduced ones, only the existence of finitely many rational curves can be
obtained in this way, i.e. only (i) in Theorem 1.1 is a priori known in full generality. One
might try to adapt the proof of (ii) to the case of positive characteristic at least under
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the assumption that the K3 surface can still be deformed to a Kummer surface of the
required type. Presumably, p|2d would need to be excluded for this.

Corollary 1.4. Let (X, H) be a polarized K3 surface over an algebraically closed field
k of arbitrary characteristic. Then |H| contains a rational curve. g

In [358] Li and Liedtke explain how the lifting to characteristic zero can be used to
cover the case that H is only big and nef. This and the fact that for any effective line
bundle L on a K3 surface there exist rational curves C; such that L = H + > n;C; with
ni > 0 and H nef (and hence either also big or satisfying (H)? = 0 in which case H
is linearly equivalent to an effective sum of rational curves, cf. the proof of Proposition
2.3.10 and Remark 2.3.13) can then be used to show the following statement, cf. [69,
Prop. 2.5, Rem. 2.13] and [358, Thm. 1.1].

Corollary 1.5. Let L be a non-trivial effective line bundle L on a K3 surface over
an algebraically closed field. Then there exists a curve in |L| which can be written as an
effective sum of (possibly singular) rational curves. O

One might also want to compare the corollary with Kovacs’s result in [325], see Corol-
lary 8.3.12, saying that for p(X) > 3 there are either no smooth rational curves at all or
the closure of the effective cone is spanned by them.

Remark 1.6. In [69] Bogomolov and Tschinkel prove the weak version of Conjecture
0.2, cf. Remark 0.3, for K3 surfaces with infinite Aut(X), cf. Example 0.4, ii), and elliptic
K3 surfaces.® In both cases, the rational curves are in general not linearly equivalent to
some nH.

i) If Aut(X) is infinite, cf. [69, Thm. 4.10], then one roughly proves that there is at
least one integral rational curve C such that O(C) in Pic(X) has an infinite orbit under
the action of Aut(X). Using Corollary 1.5, this eventually boils down to lattice theory.
If X is known to contain one smooth rational curve, then it contains infinitely many by
Corollary 8.4.7.

ii) For elliptic K3 surfaces see [69, Sec. 3] and [237, Sec. 3.2]. To illustrate the idea,
assume X —=P! is an elliptic fibration with a section Cy C X that serves as the zero
section. Assume furthermore, that there exists another rational curve C' C X for which
the intersection C' N X; with some smooth fibre X; contains a non-torsion point. Con-
sider its images C,, under the map f": X — X fibrewise given by multiplication with n.
Clearly, all curves C), are rational and, as C is a non-torsion section, they are pairwise
different. The main work in [69] consists of proving that any elliptic K3 surface X —P!
is dominated by an elliptic K3 surface X’ —=P! satisfying these additional assumptions.

Note that for a K3 surface X which is elliptic or has infinite Aut(X'), the Picard number
p(X) is at least two. However, just assuming p(X) > 2 seems not quite enough to confirm
the weak version of Conjecture 0.2. Although in this case there exists an infinite number

30riginally, p < 19 was assumed, but see [68, Rem. 6].
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of primitive ample classes H; for which Theorem 1.1 proves the existence of rational
curves C; € |H;|, they could a priori all be linear combinations of just a finite number of
rational curves. However, this does not happen for the general (X, H) of Picard number
p(X) > 2 as remarked in [70, Rem. 4.7].

1.3. One would like to have to deal only with rational curves that are nodal. In
Theorem 1.1, (ii) the existence of at least one nodal rational curve in |H| was deduced
for generic (X, H). But one could ask whether maybe every rational curve in |H| for
generic (X, H) is nodal. Also, what about nodal rational curves which are not primitive,
i.e. which are contained in |nH| with n > 17 These questions have been dealt with in
Chen’s papers [112| and [113]. The results, which partially answer Conjecture 0.5, are
summarized as follows.

Theorem 1.7. For K3 surfaces over C one has:

(i) For generic (X, H) € My, every rational curve in |H| is nodal.
(ii) For given n > 0, the generic (X, H) € My contains an integral nodal rational curve
in |nH|.

Chen’s arguments in [112] are based on the degeneration of K3 surfaces to the union
of two rational surfaces. Its main result is (ii), but also (i) is discussed. The deformation
theory is more involved than in the approach outlined above and in Section 2 below.

In his sequel [113] degenerations of rational curves to curves on particular elliptic K3
surfaces are studied. This eventually allows Chen to prove (i), which should be seen as a
strengthening of Theorem 1.1, (ii).

Similarly to Corollary 1.2 one obtains

Corollary 1.8. The general complex polarized K3 surface (X, H) € My contains in-
Sfinitely many integral nodal rational curves linearly equivalent to some multiple nH. [

2. Deformation theory and families of elliptic curves

The deformation theory of curves on K3 surfaces has various flavors. A curve C C X
can be deformed as a subvariety of X and the deformation theory is then completely
described by the linear system |O(C)|. More insight is gained by viewing C' as the image
of a morphism f: C—~CcCX , e.g. from the normalization of C. Eventually, also X can
be allowed to deform. We briefly sketch the basic principles and mention the results that
are used in the context of this chapter.

2.1. If C C X is a possibly singular curve contained in a K3 surface X, then the
first order deformations of C' in X are parametrized by H"(C, N /x), Where

NC/X = 00(0) >~ O(C)‘C
is the usual normal bundle Tx|c/7¢ if C is smooth. The obstructions would a priori
live in H'(C, NC/X), but this space is often trivial and in any case all obstructions are

trivial, for deformations of C' C X are described by the linear system |O(C')| which is of
dimension h%(C,N¢/x) = h%(X,0(C)) — 1, as H'(X,0x) = 0.
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Proposition 2.1. Let X be a K3 surface over an algebraically closed field of charac-
teristic zero. Suppose there exists an integral nodal rational curve C' C X of arithmetic
genus g > 0. Then there is a one-dimensional family of nodal elliptic curves in |O(C)|.

PROOF. The curve C is a stable curve of arithmetic genus g = (C)?/2+ 1 and, as C
is rational, it has g nodes, see Remark 0.6. Let [C] € M, be the associated point in the
moduli space of stable curves, see [10, |. As being stable is an open property, there
exists an open set C' € U C |O(C)| parametrizing integral stable curves. Let

0: U—M,

be the induced classifying morphism. Then ¢[C] is contained in the locus of stable curves
with at least ¢ — 1 nodes, which is of codimension g — 1, see [10, Ch. XI] or [231, p.
50]. Hence, as |O(C)| is of dimension at least g, there exists a one-dimensional subvariety
C € B C U parametrizing only nodal curves with at least g — 1 nodes. However, if (Y,
b € B, has more than g — 1 nodes, then C} is rational. As X cannot be dominated by
a family of rational curves, the generic C%, b € B, has exactly ¢ — 1 nodes and hence be
elliptic. O

Corollary 2.2. Let X be a K3 surface over an algebraically closed field of characteristic
zero. Then there exist morphisms

)Z'—p»X

g

B

with X a smooth surface, p: X—=Xa surjective morphism, and q: X-—>Ba fibration
for which the generic fibre Xb is a smooth elliptic curve and such that p: Xb*>X 18
generically injective.

In other words, any K3 surface in characteristic zero is dominated by a family of smooth
elliptic curves.

PROOF. Due to Theorem 1.1, (ii), the generic K3 surface (X, H) € My(C) admits a
nodal integral rational curve C' € |H|. Proposition 2.1 thus applies and yields a family
C— B C |H| with generic fibre C} a nodal elliptic curve. Let X —C be the resolution
of the normalization of the surface C. Then the generic closed fibre )~(b over B is the
normalization of C, and hence a smooth elliptic curve.?

Inspection of the proof of Proposition 2.1 reveals that the argument works very well in
families, i.e. over the open subset U C My (or an appropriate finite cover of it) of (X, H)
containing a nodal integral rational curve in |H|. Specialization to surfaces in My \ U
yields the assertion for all K3 surfaces. Indeed, the elliptic curves may specialize to curves
with worse singularities and possibly to reducible ones. However, as in characteristic zero

no K3 surface is covered by a family of rational curves, this still yields a dominating

4Usually, one mentions simultaneous resolutions at this point, which would involve passing to a finite
cover of the base B. However, in the case of families of curves this is not necessary.
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family of elliptic curves. If the generic fibre )Z'b is reducible, one has to pass to a finite
cover of B to get irreducible fibres. Observe that in this last step one might end up with
elliptic curves not linearly equivalent to any multiple nH. O

Note that reduction to positive characteristic also essentially proves the assertion for
K3 surfaces over algebraically closed fields k with char(k) > 0. However, specializing
might turn a dominating family of elliptic curves into a dominating family of rational
curves. Of course, a family of rational curves can always be dominated by a family of
elliptic curves, which, however, would not map generically injectively into X anymore.

2.2. If instead of a single K3 surface X one considers a family of K3 surfaces
m: X—05,

say over a smooth connected base S, and a curve C' C X = A} in one of the fibres, then
the situation becomes more interesting. We only consider the case that H' (X, O(C)) = 0,
which holds if e.g. C is ample. Moreover, we assume that there exists a line bundle L on X
with L|x ~ O(C). Then the deformations of C' in the family 7: X — .S are parametrized
by the projective bundle

P =P(r.L)—S

which, due to H*(X,O(C)) = 0, is fibrewise the linear system |L|x,| on &; and hence of
dimension dim(P) = dim(S) + g, where g = (C)?/2 + 1.

It is straightforward to adopt the arguments in the proof of Proposition 2.1 to show
that any nodal integral rational curve C' € |H| on X = A}y deforms sideways to a nodal
integral rational curve on the generic fibre A;. In order to complete the proof of Theorem
1.1, (i), we shall however discuss the slightly more complicated case of a nodal rational
curve

C=Ci+0C;,Cc X=X,

given as the union of two smooth rational curves C'1, Cs intersecting transversally in g+ 1
points, e.g. the curve on the Kummer surface associated with £y x E5 constructed in the
proof of Theorem 1.1. Then C is a stable curve and thus corresponds to a point in the
moduli space Mg of stable curves of genus g = (C')2/2 + 1. We now repeat the proof of
Proposition 2.1.

Being stable is an open property and thus there exists an open neighbourhood [C] €
U C P parametrizing only stable curves in nearby fibres &;. The universality of Mg
yields a classifying morphism ¢: U —= M,. Then ¢[C] is contained in the locus of stable
curves with at least g nodes, which is of codimension g, see [10, Ch. XI| or [231, p. 50].
Hence, there exists a subvariety [C] € T C U parametrizing curves with at least g nodes
and such that dim(7") > dim(.S).

Since C' as a curve with at least g nodes does not deform within X = A} (they would
all be rational), it must deform sideways to curves Cy C X; with at least g nodes, i.e.
T — S is dominant.
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If ¥—S and C C X = X are now given such that p(X;) = 1 for general ¢t € S and
C primitive, then C; must be integral. This yields integral nodal rational curves in the
general (and hence in the generic) fibre A;. The argument is taken from [68|. For a more
local argument, which in fact underlies the bound for the dimension of the nodal locus
see [32, VIIL.Ch. 23|.

2.3. Let us now turn to stable maps. For the purpose of this chapter it suffices to
consider stable maps of arithmetic genus zero. By definition this is a morphism

fC—X

with only finitely many automorphisms and such that C' is a connected projective curve
with at most nodal singularities and p,(C) = 0. Thus, the irreducible components
C1,...,C, of C are all isomorphic to P!, the intersection of two components is always
transversal, and there are no loops in C. Some of the components might be contracted
by f, although stable maps of this type are of no importance for our discussion.

Clearly, the image of such a stable map f: C— X is a rational, possibly singular,
reducible, or even non-reduced curve in X. In characteristic zero or if X is not uniruled,
the image f(C') cannot be deformed without becoming non-rational. However, the map
f itself can nevertheless have non-trivial deformations. But, although the isomorphism
type of C' may change, the components keep being isomorphic to P?.

There exists a moduli space My(X, 3) of stable maps f: C'— X of arithmetic genus
zero and such that f,[C] € NS(X) equals the given class 8. We need a relative version
of it. To simplify the discussion, we shall henceforth work in the complex setting. Then
one can alternatively fix 3 as a cohomology class in H?(X,Z).

For a family of complex K3 surfaces X — S and 8 € H?(X,Z), let My(X /S, 3) denote
the relative moduli space of stable maps. Thus, the fibre of

Mo(X/S, ) —S

over t is just Mo(Ay, B¢). In particular, if 8 is a non-algebraic class on A}, then the fibre

is empty.
It is known that M(X' /S, 3) admits a coarse moduli space which is projective over
S, cf. [191]. The construction as a proper algebraic space over S is easier and can

be deduced from a standard Hilbert scheme construction and general existence results
for quotients, e.g. the Keel-Mori result, c¢f. Theorem 5.2.6. In the discussion here we
completely ignore the necessity of introducing markings in order to really obtain stable
curves. But in any case, the global structure of My(X/S, ) is of no importance for
our purpose. The only thing that is needed is the following dimension count, which can
be obtained from deformation theory for embedded rational curves or for maps between
varieties, see [68, , | or [263, Prop. 2.1] for a short outline also valid for higher
genus.
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Theorem 2.3. The dimension of each component of the moduli space Mo(X /S, B) of
stable maps to a family of K3 surfaces X —=S is bounded from below:

dim(Mop(X/S, 5)) > dim(S) — 1.

Remark 2.4. The theorem works as well for families of K3 surfaces X —S in mixed
characteristic. In fact in [68, | it is applied to the spread of a K3 surface X over a
number field K, which is a family of K3 surfaces over an open set S of Spec(Ok).

Geometrically the most instructive case is that of a universal deformation of a complex
K3 surface X given by
X — S = Def(X),

see Section 6.2. As in the definition of the period map, we may assume that the cohomo-
logy of the fibres is trivialized, so that isomorphisms H?(X;,Z) ~ H?(X,Z) are naturally
given. A class 8 € H?(X,Z) can thus be considered as a cohomology class on all the fibres.
The bound on the dimension given above does a priori not allow one to conclude that
Mo(X /S, ) —=S is surjective even when the fibres are zero-dimensional. And indeed,
if 5 is an algebraic class on X, i.e. of type (1,1), then it stays so only in a hypersurface
Sp C S which via the period map is obtained as the hyperplane section with B+, see
Section 6.2.4. Thus, the image of Mo(X/S,5)—=S is contained in Sz and now the
dimension bound reads

dim(Mo(X /S, 8)) > dim(S) — 1 = dim(Sj)

which under the condition that the fibre My (X, ) is zero-dimensional yields surjectivity
of
MO(X/S7 5)4»55
Following Li and Liedtke [358] we say that a stable map f: C'— X is rigid if Mo (X, )
is of dimension zero in the point [f: C—= X] € My(X, ), but possibly non-reduced. As
a special case of the above we state

Corollary 2.5. Let D C X be an integral rational curve. Then the normalization
f:Pl~D—>DCX
is a rigid stable map. Therefore, if [D] stays in NS(X;) for a family X —S, then
f: Pl— X deforms sideways to f;: P'—=X; to the generic fibre. O

Note that in order to really obtain a deformation P! x S —=X (over S) one might have
to pass to an open subset of a finite covering of S.

Remark 2.6. Similarly, one can prove that every unramified stable map f: C—X
of arithmetic genus zero is rigid (in the stronger sense that it does not even admit first
order deformations), see [68]. This can be used to complete the proof of Theorem 1.1,
(iii), by considering a stable map

f:C'=CUC,—C = C)+ Cy,
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where C” is the nodal curve constructed as the union of two copies C/ >~ P! intersecting
transversally in one point and f induces C/ —> C; and maps the node to one of the
singularities of C.

A curve D C X has a rigid representative if there exists a rigid stable map f: C— X
with image D (with multiplicities). Thus, an integral rational curve has a rigid represen-
tative and so has a reduced connected union of smooth rational curves Dy + ...+ D,,.
In fact, as it turns out, any rational curve can be rigidified by an ample nodal rational
curve according to the following result proved in [358].

Proposition 2.7. Let Dy,...,D,, C X be integral rational curves (not necessarily
distinct) and let D C X be an integral ample nodal rational curve. Then for some £ < m
the curve £D + D1 + ...+ Dy, has a rigid representative.

For the details of the proof we refer to [358, Thm. 2.9]. The idea is to view ¢D as the
image of a stable map like this:

L

Here, the C; are £ copies of the normalization of D. In a first step, they are glued in

LD

the pre-images of one node such that the resulting morphism is unramified. In the next
step, the normalizations D; of the components D; are glued to the C; depending on the
intersection DN D; and according to certain rules, of which the following drawings should
convey the basic idea.

g My
R

If one of the components D; coincides with D, then it is dropped altogether, which
might lead to £ < m. Note that since D is ample, it really intersects all D; non-trivially.
The final outcome is a stable map that does not contract any component and for which
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the intersection of two components is proper. According to | , Lem. 2.6], such a stable
map is rigid.

3. Arithmetic aspects

This section is devoted to an arithmetic approach towards the existence of infinitely
many rational curves due to Bogomolov—Hassett—Tschinkel and developed further by
Li—Liedtke. First, the geometric part of the argument is explained and then we turn
to the arithmetic aspects that involve reduction to positive characteristic and the Tate
conjecture.

3.1. We begin this part with a result which is implicitly proved but not stated in
[358]. Presenting it first, allows one to concentrate on the geometric ideas of the argument
in [68, | before combining them with more arithmetic considerations.

It is worth pointing out that the proof of the following theorem relies only on the
existence of nodal rational curves in |H| for generic (X, H), see Theorem 1.1, and not on
the more complicated result by Chen, cf. Theorem 1.7, evoked in [358].

Theorem 3.1. Let (X, H) be a complex polarized K3 surface which cannot be defined
over Q. Then X contains infinitely many integral rational curves (not necessarily ample
or linearly equivalent to multiples of H ).

PrOOF. The first step in the proof is to ‘spread’ the given K3 surface and thus view
it as the (geometric) generic fibre of a non-isotrivial family. The second step consists of
showing that the jump of the Picard number in this family gives rise to infinitely many
rational curves in the generic fibre.

i) To fix notation, write (H)? = 2d and consider (X, H) as a C-rational point of My,
the moduli space of polarized K3 surfaces of degree 2d, cf. Section 5.1. For the purpose
of this proof, My is considered over Q. Base change yields the moduli space of complex
polarized K3 surfaces Mg xg C.

The polarized complex K3 surface (X, H) thus corresponds to a closed point of My xgC,
but its image under

Md X@ C %Md

is not closed, as X is not defined over Q. Let us denote by T = {(X,H)} C M, the
Q-variety (or a non-empty open subset of it) obtained as the closure of the image of
(X,H) € My(C). Base changing T yields a subvariety S = T C My xg C and we
denote its generic point by 1 € S. Pass to an irreducible component of S if necessary.

Without using moduli spaces, this can be phrased as saying that a K3 surface X that
cannot be defined over Q can be ‘spread out’ over a positive-dimensional variety over Q
to yield a non-isotrivial family of K3 surfaces with generic fibre X. This can be base
changed to yield a family of complex K3 surfaces, cf. the proof of Proposition 3.2.

The K3 surface corresponding to nn € S, i.e. a K3 surface defined over a certain finite
extension of k(n), can also be obtained directly by base changing X to C C k(n). Note
that there is a bijection between rational curves in X and rational curves in X, = X x¢
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k(n) (or in Xj), due to the rigidity of rational curves on K3 surfaces in characteristic zero,
see Remark 1.3.

Now, by construction, the Picard number p(&;)) of the generic fibre is just p(X). More-
over, using specialization or parallel transport we can view NS(X) as a sublattice of the
Néron-Severi lattice NS(&}) of any closed fibre &}, see Proposition 17.2.10. In this sense,
we shall view the polarization H on X also as a polarization on all the fibres A;.

For any such a family X — S the Noether—Lefschetz locus

So = {t € S(C) | p(%) > p(X)}
is a dense subset of S with S\ Sy # 0, see Sections 6.2.5 and 17.1.3.

ii) We are now going to produce rational curves on &, (and hence on X) by detecting
more and more curves on the special fibres X;. By Corollary 1.5, one knows that for a
dense set of points ¢t € S(C), the fibre A} contains an integral rational curve D; C A}
such that its class D; € NS(&;) is not contained in NS(X) C NS(&;).”

Moreover, the degree (Dy.H) is unbounded and, more precisely, for any N the set ¢ € Sy
with (Dy.H) > N is dense in S. To prove the latter, use that the moduli space

Mor_ (P, X/S)—S

of morphisms f: P! — A&, of bounded degree (f.[P!].H) < N is a scheme of finite type
over S, and that if the normalizations f: P! — D; C &} of all the D; were contained in
it, then one component of Mor. (P!, X' /S) would dominate S, for Sy C S is dense. But
whether f.[P!] is contained in NS(X) C NS(A&;) is invariant under deformations and as
NS(X) = NS(&;) for all t € S\ S, this yields a contradiction.

For each rational curve Dy C A} and n > 0 (depending on t) the divisor nH — Dy
is effective and hence, by Corollary 1.5, linearly equivalent to a sum Dj + ...+ Dy of
integral rational curves. The D; are not necessarily distinct and & may depend on t.

Let now U C My xg C be the dense open substack of polarized K3 surfaces (X', H')
containing an integral nodal rational curve in |H’|, see Theorem 1.1, (ii). We shall first
prove the assertion under the simplifying assumption that UNS # (). Then for any N > 0
there exists a t € UNSy with (D;.H) > N, integral rational curves Dy, ..., Dy C X; such
that Dy + Dy + ...+ Dy, € |nH|, and an integral nodal rational curve D C X} in |H|. By
[358, Thm. 2.9], cf. Proposition 2.7, for some ¢ < k + 1 the curve

¢D+Dy+Di+...+ Dy € |(n+0)H]|

is the image of a rigid stable map Cy—A&; which therefore deforms to a stable map
f: C—=A&j in the geometric generic fibre. Thus, in particular, there exists an integral
component D, of the image f(C) which specializes to a curve in &; that contains Dy
as an irreducible component. This concludes the proof, because then D, is an integral
rational curve on A} of degree

(D,.H) > (Dy.H) > N.

%According to Remark 17.2.13, the cokernel of the specialization NS(X) = NS(&;) = NS(X;) is
torsion free. Hence, p(X) = p(&:) if and only if NS(X) —=> NS(A3).
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Note that we have no control over the linear equivalence class of D, as a component of
the curve f(C) C A which is contained in the linear system |(n + £)H|.

If the open set U of (X', H') with nodal rational curves in |H’'| does not intersect S,
then the argument has to be modified as follows. Through each ¢t € Sy and for Dy C A}
chosen as above, there exists a codimension one subspace S; in Mg Xg C such that the
normalization P! — D; C A; deforms to P' — X, for generic s € S;. Since the closed
complement of U can only accommodate at most finitely many divisors S, we may assume
that for almost all ¢ € Sy the divisor Sy through ¢ intersects U. Then one argues as before
to obtain integral rational curves D¢ C A% of arbitrary high degree in the fibre over the
generic point & € U that specialize to a curve in &; containing D;. Specializing first to a
curve in X may decompose D¢, but one component D, of it still specializes to a curve
in X; that contains D;. This allows one to conclude as before that there exist integral
rational curves in &% of unbounded degree. O

3.2. The following is proved in [68|. As observed in [358], the proof also works if
in addition the Picard number is fixed.

Proposition 3.2. Conjecture 0.2 holds for any algebraically closed field k of charac-
teristic zero if it holds for k = Q.

PrOOF. Any polarized K3 surface in characteristic zero is defined over a finitely
generated field extension of Q. So we may assume that (X, H) is defined over the function
field of an affine variety B = Spec(A) over Q. After shrinking B further if necessary, one
obtains a smooth polarized family

(X,H)—B

with geometric generic fibre X = Aj.

If Conjecture 0.2 holds for K3 surfaces over Q, it holds for all closed fibres A} of
(X,H)—= B. Thus, there exist integral rational curves P* ~ C'—s=C C X, in |nH,| for
arbitrary large n. By Corollary 2.5, these curves deform sideways as rational curves and,
therefore, yield an integral rational curve P! —X; = X. (Il

Remark 3.3. Also the weak version of Conjecture 0.2, not fixing the linear equivalence
class of the curves C, see Remark 0.3, can be reduced to K3 surfaces over Q. For this one
needs the existence of closed points b € B such that the specialization NS(X) —NS(X})
is an isomorphism, see Remark 17.2.16.

The following results prove the conjecture in Remark 0.3 in many cases. It does not,
however, address the stronger Conjecture 0.2, except when the Picard number is one.
The first part is due to Bogomolov, Hassett, and Tschinkel [68] and the second to Li and
Liedtke [358].

Theorem 3.4. Let X be a K3 surface defined over an algebraically closed field k of
characteristic zero. Then X contains infinitely many integral rational curves if one of the
following conditions holds:
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(i) Pic(X) =Z- H with (H)? =2, or
(ii) p(X) is odd.

Remark 3.5. As proved in [358|, the assertion of Theorem 3.4 also holds in the
following situation: char(k) = p > 5, p(X) odd, and X is not supersingular. As since
then supersingular has been proved in [371] to be equivalent to unirational and plenty of
rational curves can be found on unirational K3 surfaces, the last condition is superfluous.

SKETCH OF PROOF OF THEOREM 3.4. First one reduces the assertion to the case of
K3 surfaces defined over a number field K, see Proposition 3.2. Then one considers the
‘spread” X — S of X over an open set S C Spec(Of) with Ok C K the ring of integers.
Eventually one mimics the argument in the proof of Theorem 3.1. The Hodge theoretic
argument to ensure that the Picard number jumps in a dense subset is in the arithmetic
situation replaced by the Tate conjecture. Indeed, for any p € S the fibre &, is a K3
surface over a finite field k(p) (after shrinking S to an open subset, if necessary) and the
Tate conjecture implies that p(XW) is even, see Corollary 17.2.9. Thus, if p(X) is odd,

then the Picard number of the geometric closed fibres XW is always bigger.%

The rest of the proof is then almost identical to the one of Theorem 3.1. Note that in
order to deform the additional rational curves in the special fibres, one still has to make
sure that there are infinitely many fibres that are not supersingular. O

Remark 3.6. Summarizing the above results, one can conclude that the only cases for
which we do not yet know the existence of infinitely many integral rational curves (not
necessarily linearly equivalent to some nH) are:

e K3 surfaces over Q with Picard number p(X) = 2 or 4 and
e K3 surfaces over an algebraically closed field k& with char(k) = 2,3 or p(X) =
0(2).7

Indeed, for p(X) = 1,3 use Theorem 3.4, (ii) and K3 surfaces with p(X) > 5 are elliptic
(cf. Proposition 11.1.3) for which the weak version, cf. Remark 0.3, is known, see Remark
1.6.

In fact, for p(X) = 2 only the case iv) in Section 8.3.2 remains open, as in i)-iii)
either the K3 surface X has infinite Aut(X) (see Corollary 8.4.8) or is elliptic. See also
Example 8.4.9.

In contrast, the stronger Conjecture 0.2 seems to be known only when p(X) = 1.

4. Counting of rational curves

As proved by Chen, cf. Theorem 1.7, for the generic polarized complex K3 surface
(X, H) € My all rational curves in the linear system |H| are nodal and, moreover, there

6When [ | appeared the Tate conjecture was still open, but results of Bogomolov—Zarhin and
Joshi-Rajan were enough to arrange the situation such that it holds for most fibres, cf. | , Thm. 3.1].

"It seems reasonable to expect that the available techniques could prove the existence of infinitely
many rational curves for elliptic K3 surfaces also in positive characteristic, so that also the case char(k) #
2,3 and p(X) > 5 would be settled. But details would need to be worked out.
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always exists at least one. Since there are only finitely many of them, one would like
to know how many there are exactly. The same question makes sense for arbitrary, i.e.
non-generic, (X, H) € My possibly containing non-nodal rational curves in |H|, which
would need to be counted with appropriate multiplicities.

4.1. If C C X is anodal rational curve in |H| (or in some multiple), then C' deforms
with X to all nearby fibres &; parametrized by My, see the discussion in Section 2.2. In
other words, the number n, of nodal rational curves in |H| should be constant for generic
(X, H).

It is customary to use the genus g instead of the degree d. Recall that 2d = 2g — 2.
Then the following formula was conjectured by Yau and Zaslow in [638]:

(4.1) anqg — ﬁ — H(l _ qn)—24'

g>0 n>1

Here, A(q) is the modular form ¢[],~,(1 — ¢")** which can also be written in terms
of the first two Eisenstein series

G2 = (1/60)92 and G3 = (1/140)93
as (see [544, Ch. VIII]):
A(g) = (1/2m)"2(g5 — 2743).
Since g = 0,1 correspond to d = —2 and d = 0, which are certainly not allowed for a
polarized K3 surface, one simply sets ng = 1 and n; = 24. The latter, however, can
be motivated geometrically as follows. The generic elliptic K3 surface 7: X —P! has
exactly 24 singular fibres each of which is a nodal rational curve with one node, see

Remark 11.1.12. So, if in this case one replaces the polarization H by the nef line bundle
7 O(1), the number 24 fits well.

Beauville in [45] succeeded to prove (4.1) under the assumption that all rational curves
in |H| are nodal which later was proved by Chen, see Theorem 1.7. In [45] the number ng
is replaced by the Euler number e(Jac?(C/|H]|)) of the relative compactified Jacobian of
the universal curve C —|H|. Moreover, it is shown that for a non-rational curve C € |H|
the Euler number e(Jac?(C)) is zero and, therefore, does not contribute to n(g). If C
is nodal rational, then indeed e(Jac!(C)) = 1, which proves that both definitions of n,
coincide if all rational curves in |H| are nodal. The contribution for rational but more
singular C' was further discussed by Fantechi, Gottsche, and van Straten in [175].

Remark 4.1. The relative compactified Jacobian Jac?(C/|H|) can be viewed as a
moduli space of simple or in fact stable sheaves on X with support on curves in |H]|,
cf. Section 10.1.5. It is known that these moduli spaces are deformation equivalent
to the Hilbert scheme Hilb"(X) of the same dimension, see Theorem 10.3.10 for the
precise assumptions. In fact, Jac?(C/|H]|) is even birational to Hilb"(X). Now, since the
Euler number of the Hilbert scheme was known (under the name of Gottsche’s formula),
Beauville could deduce (4.1) from [35] and [248]
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4.2. Let us consider the first values of the numbers n, which can be read off from
the Yau—Zaslow formula (4.1)

> ngg? =1+ 24q + 324¢% + 3200¢° + 25650¢" + . ...
920

As mentioned already, nq1 = 24 should be interpreted as the number of singular fibres, all
of type Iy, in a generic elliptic K3 surface.

Next, ng = 324 should be the number of nodal rational curves in |H| for the generic
polarized (X, H) with (H)? =2, i.e. in a double plane

7 X —P?

ramified over a generic sextic curve C' C P? with H = 7*O(1). As H°(X,7*O(1)) =~
H°(P?,0(1)), all curves in |H| are double covers

w: Cp—=1

of some line ¢ C P2. Consider a point € C'N ¢ and let Z € Cy be its unique pre-image.
If the intersection C' N ¢ is transversal, then Cy is smooth in Z. So, in order to obtain a
rational and thus in particular a singular curve Cy € |H|, the line ¢ should be tangent to
at least one point z € C.

Suppose now that Cy is rational. Then the composition with its normalization P! ~
ég%Cg —{ has two ramification points. As the map ramifies over each transversal
point of intersection x € C'N £, there are at most two of those. Note that, in particular,
the 72 flexes do not lead to rational curves.®

So, we are looking for lines ¢ C P? with at most two transversal points of intersection
with C and at least one that is not. Under the genericity assumption on C, these are
exactly the 324 bitangents to a generic sextic, i.e. lines £ C P? that are bitangent to
two points x1,x2 € C and have two further points of intersections z3, 24 € C' (which are
automatically transversal), see [234, Exer. IV.2.3|. As the pre-images T1,72 € Cy are
nodes of Cy, this proves that for generic C' C P? all rational curves in H = 7*O(1) on
the associated double plane 7: X —P? are nodal and there are 324 of them.’

The next case is that of a quartic X C P? and rational curves in |Ox(1)|. By Theorem
1.7, one knows that for a generic quartic all rational curves in this linear system are nodal
(with exactly three nodes) and by (4.1) that there are precisely 3200 of them. All this
seems to have been known classically, going back to Salmon, and can be verified by means
of the Gauss map

v X —=X* o+—T,X.

8According to | , IV.Exer. 2.3], the generic sextic C' C P? contains 72 flexes (or inflection points),
i.e. points x € C such that the intersection multiplicity of T,C with C at x is at least three. Generically
only flexes of multiplicity three occur and a line £ = T,,C' C P? of a flex is not tangent to C' at any other
point.

9Recall that the degree of the discriminant divisor in |Ops(4)| is 108, see Section 17.1.4. Is there a
geometric interpretation for the curious equality 324 = 3 - 1087
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Generically, C, = T, X N X is a curve with a node at z € C, and which is smooth
elsewhere. Along a curve D C X, the curves C,, © € D, have generically two nodes and
along D the Gauss map 7 is of degree two. In exactly 3 - 3200 points x € X, for generic
choice of X C IP3, the curve C, has three nodes. Forgetting the points yields the 3200
nodal rational curves in |Ox(1)].

Remark 4.2. The irreducibility of the Severi variety, i.e. of the moduli space para-
metrizing (X, H,C € |H|) consisting of a polarized K3 surface (X, H) € My and a (nodal)
rational curve C| is conjectured in general. It has been proved for 1 < g :=d+1 <9 and
g = 11, see the paper [117] by Ciliberto and Dedieu. The case g = 2 is classical. For the
computation of the monodromy group in this case see Harris [230].

5. Density results

We conclude by mentioning two density results: One for rational curves, building upon
ideas of Bogomolov and Tschinkel, and another for points realizing the same rational
equivalence class.

5.1. The existence of infinitely many rational curves on K3 surfaces of Picard num-
ber one in particular proves that for all complex polarized K3 surfaces (X, H) € My in
the complement of a countable union of hypersurfaces, the union of all rational curves
(which can even be assumed to be linearly equivalent to nH for some n) is Zariski dense.
This is strengthened by the following theorem of Chen and Lewis [115].

Theorem 5.1. For (X, H) € My(C) in the complement of a countable union of nowhere
dense subsets, the union of all rational curves in |J |nH| is analytically dense.

The first step in the argument is an improvement of a technique of Bogomolov and
Tschinkel showing the existence of infinitely many rational curves on an elliptic K3 surface
with a non-torsion section, see Remark 1.6. Translating by a non-torsion section certainly
gives an infinite number of rational curves, which automatically form a Zariski dense
subset, but only if the non-torsion section hits the generic closed fibre in a sufficiently
generic point this set is also dense in the classical topology.

Instead of simply translating in the fibres, Chen and Lewis map a point p in a generic
fibre X; to the point ¢ for which Ox,(q) ~ H|x,(—((H.X:) — 1)p), where H is a given
ample line bundle. The existence of an elliptic K3 surface that is generic in this sense
is proved by a dimension argument on a degeneration. In order to get density on the
generic K3 surfaces, one rigidifies the rational curves on these elliptic K3 surfaces and
uses again the theory of stable maps.

5.2. Theorem 5.1 compares nicely with the following result of Mclean [383]. See
Chapter 12 for more on CH?(X).

Theorem 5.2. For a generic complex projective K8 surface X and an arbitrary point
x € X, the set

{y | [2] = [y € CH*(X)}
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is analytically (and hence Zariski) dense in X .

PROOF. For a general K3 surface X the Picard group Pic(X) is generated by an
ample divisor H. By Theorem 1.1, (ii) there exists a nodal rational curve in |H| and
hence by Proposition 2.1 a covering family of elliptic curves C— B. Since H generates
Pic(X), all curves C; are in fact integral.

The construction works in families and one can therefore assume the existence of such
a family not only for a general polarized K3 surface (X, H) but in fact for a generic one.
Now use Theorem 1.7 to deduce the existence of an integral nodal rational curve in [2H]|.
By applying Proposition 2.1 again, one finds another one-dimensional covering family
D — B’ of curves of geometric genus < 1.

Let now x € X be an arbitrary point on such a generic polarized K3 surface (X, H)
and choose one of the fibres, say Dg, that contains x. A priori, Dy might be reducible,
so choose an irreducible component D C Dy that contains x. Since the normalization D
is either P! or smooth elliptic, the set Sp, of points y € D with [y] = [z] in CH*(X) is
analytically and hence Zariski dense in D. Here one uses that CH?(X) is torsion free by
Roitman’s Theorem 12.1.3.

Now choose for every y € Sp, a curve y € Cy and use as above that the set of points
z € Cy with [y] = [2] in CH?*(X) is analytically dense in C,. A priori it might happen
that D = C,. However, as the curves C, are ample, we may choose them such that this is
not the case for most y. Then, since [y] = [z], this proves the assertion. Note that at this
point one uses the irreducibility of all curves C,, since otherwise it could happen that D
is a component of one fibre Cy and thus C, could be Cy independently of y. 10 O

References and further reading:

Benoist’s talk in the Bourbaki seminar [57] contains a survey of parts of the material covered
in this chapter.

In [214, Part B| Green and Griffiths prove that K3 surfaces of low genus are not hyperbolic.
They outlined a completely geometric approach towards the existence of rational and elliptic
curves on K3 surfaces that relies on a detailed understanding of the dual surface. To my knowl-
edge, this has not been pursued any further. In | R | Halic proposes a more geometric
approach to Chen’s result, see Theorem 1.7, (ii), on nodal (rational) curves on generic K3 sur-
faces.

Alternative proofs of the Yau—Zaslow formula (4.1) have been given by Bryan and Leung in
[87] and by Chen in [113]. In fact, in [87] the authors prove a generalization of (4.1) to higher
genus (but still curves in the primitive linear system |H|) conjectured by Gottsche [211]. Tt
is expected that for general (X, H) € M, all rational curves C' € |[nH| are nodal. Although
this has not been proved yet, an appropriate generalization of the Yau—Zaslow formula (4.1) for

10The result should hold without any condition on X and can be proved if [x] = cx by modifying
the above arguments, see [621, Lem. 2.3]. In fact, in [383] also z is assumed generic, but this can be
avoided by interchanging the role of the two families C and D as done here.
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Gromov—Witten invariants for non primitive classes, i.e. n > 1, has been proved by Klemm,
Maulik, Pandharipande, and Scheidegger [294], cf. the survey [482] and references therein.

There are related classical numerical problems. For example, Segre in [539] asks how many
lines can a quartic X C IP? contain? Of course, the very general quartic in characteristic zero
does not contain any line. It turns out that the maximal number of lines on an arbitrary smooth
quartic is 64, which is achieved for the Fermat quartic. See [72, | for more details and a
discussion of the possible configuration of these lines and Sections 3.2.6 and 17.1.4.

Questions and open problems:

It does not seem completely impossible to produce nodal rational curves in [nH| with n > 1
by an explicit construction a la Bogomolov and Mumford as in the proof of Theorem 1.1 and in
this way to provide a more direct argument for Theorem 1.7, (ii).

It seems likely that density of rational curves in elliptic surfaces as proved by Bogomolov and
Tschinkel in [69] continues to hold in positive characteristic, but details would need to be checked.

As mentioned in the introduction, Bogomolov apparently had asked back in 1981 whether
every Q-rational point of a K3 surface defined over a number field lies on a rational curve. There
does not seem to be much evidence for this, but attempts to disprove it have also failed, see for
example the first version of [30]. Of course, this would immediately imply Conjecture 12.2.5.

As a consequence of Lemma 17.2.6 one knows that all smooth rational curves on X x k, of
which there might be infinitely many, live over a finite extension K/k. In many cases, the degree
of K/k can be universally bounded. Is this still true for singular rational curves?



CHAPTER 14

Lattices

Apart from Section 3, this chapter should be seen mainly as a reference. We collect all
results from lattice theory that are used at some point in these notes. We try to give a
readable survey of the relevant facts and a general feeling for the techniques, but we have
often have to refer for details to the literature and for many things to Nikulin’s influential
paper [448]. Only the parts of lattice theory that are strictly relevant to the theory of
K3 surfaces are touched upon, in particular most of the lattices will be even and all will
be over Z. In Section 3 one finds, among others, a characterization of Picard lattices of
small rank and a lattice theoretic description of Kummer surfaces.

Besides Nikulin’s articles and earlier ones by Wall and Kneser, one could consult Dol-
gachev’s survey article [147], Serre’s classic [544], covering the classification of even,
unimodular lattices, and the textbooks | , , , R |, e.g. for the Leech
lattice and its relatives.

0.1. A lattice A is by definition a free Z-module of finite rank together with a
symmetric bilinear form
(.): AXxA—2Z,
which we will always assume to be non-degenerate. A lattice A is called even if

(z)? = (z.z) € 2Z

for all x € A, otherwise A is called odd. The determinant of the intersection matrix with
respect to an arbitrary basis (over Z) is called the discriminant, disc A.

A lattice A and the R-linear extension of its bilinear form ( . ) give rise to the real
vector space Ag = A ®z R endowed with a symmetric bilinear form. The latter can
be diagonalized with only 1 and —1 on the diagonal, as we assumed that ( . ) is non-
degenerate. The signature of A is (n4,n_), where ny is the number of £+1 on the diagonal,
and its index is T7(A) := ny — n_. The lattice A is called definite if either ny = 0 or
n_ = 0 or, equivalently, if 7(A) = +rk A. Otherwise, A is indefinite.

One defines an injection of finite index

in: A— A" .= Homy(A,Z), v+ (z. ).

Alternatively, if A* is viewed as the subset of all z € Ag of the Q-vector space Ag such
that (z.A) C Z, then i, is just the natural inclusion A~ A*“— Ag. The cokernel of
in: A A* is called the discriminant group

Apn = A"/A

279
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of A, which is a finite group of order |disc A|. A lattice is called unimodular if i5 defines an
isomorphism A —=> A* or, equivalently, if Ay is trivial or, still equivalently, if disc A = £1.
The minimal number of generators of the finite group Aa also plays a role and will be
denoted

((Ap) = L(A).

Remark 0.1. It is an elementary but very useful observation that whenever disc A is
square free, then ¢(A) = 0 or 1. Indeed, A, is a finite abelian group and hence of the
form @ Z/m;Z. If disc A and hence |[Ap| = [[m; is square free, then the m; are pairwise
prime and, therefore, Ay >~ Z/|AA|Z.

The pairing ( . ) on A induces a Q-valued pairing on A* and hence a pairing Ap X

Ap—=Q/Z. If the lattice A is even, then the Q-valued quadratic form on A* yields
qr: An—Q/2Z,

which gives back the pairing on Ax. The finite group A together with ga is called the
discriminant form of A

(Ax,qa: An—Q/2Z).
A finite abelian group A with a quadratic form ¢: A—Q/2Z is called a finite quadratic
form. The index 7(A, q) € Z/8Z of it is well-defined as the index 7(A) modulo 8 of any
even lattice A with (Ax,qa) ~ (A, q).!

Two lattices A and A’ are said to have the same genus, A ~ A, if A®Z, ~ ' ® Z,, for
all prime p and AQR ~ A’ ®R (all isomorphisms are assumed to be compatible with the
natural quadratic forms). The latter of course just means that A and A’ have the same
signature.

It is a classical result that there are at most finitely many isomorphism types of lattices
with the same genus, cf. [103, Ch. 9.4] or [300, Satz 21.3]. Moreover, due to [448, Cor.
1.9.4], one knows that two even lattices A and A’ have the same genus if their signatures
coincide and (Aa,qa) =~ (Aar,qar). In particular, for bounded |disc A| and rk A there
exist only finitely many isomorphism types of even lattices, see | , Ch. 9.

0.2. For two lattices A1 and A, the direct sum A; @& Ay shall always denote the
orthogonal direct sum, i.e. (x1 + T2.y1 + Y2)A @A, = (T1.Y1)A, + (T2.y2)A,. Clearly, there
exists an isomorphism Ap,qgr, =~ A, @ Ap, which for even lattices is compatible with
the discriminant forms, i.e.

(AA169A27 QA1@A2) = (AAUqu) 2 (AAza q{\2)'

A morphism between two lattices A; — A is by definition a linear map that respects the
quadratic forms. If Ay & A has finite index, then one proves

(0.1) disc Ay = disc A - (A : Ap)?,
1See e.g. | , Cor. 1&2|. This has two parts. Firstly, any (A, ¢) can be realized as the discriminant
form of an even lattice | , Thm. 6], cf. Theorem 1.5. Secondly, two lattices A; and A2 with isomorphic

discriminant forms are stably equivalent, i.e. there exist unimodular lattices A}, A5 such that A; @ A} ~
Aoy @ Ab, cf. Corollary 1.7. This result in its various forms is due to Kneser, Durfee, and Wall.
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e.g. by using the inclusions A} & A & A* & A},

An injective morphism A; < A is called a primitive embedding if its cokernel is torsion
free. For example, the orthogonal complement Ag := A{- C A of any sublattice A; & A
is a primitive sublattice intersecting A; trivially. Moreover, the induced embedding

A DA A

is of finite index and in general not primitive, not even for primitive A;. More precisely,
as a consequence of (0.1) one finds

(0.2) disc Ay - discAg =discA- (A: A1 @ A2)2.

Two even lattices A1, Ag are called orthogonal if there exists a primitive embedding
A; & A into an even unimodular lattice with AL ~ As.

To give a taste of the kind of arguments that are often used, we prove the following
standard result, cf. [448, Prop. 1.5.1, 1.6.1] or [159, Ch. 3.3|, which in particular shows
that every even lattice A is orthogonal to A(—1), see Section 0.3, iv).

Proposition 0.2. Let A1, Ay be two even lattices.

(i) Then A1 and Ay are orthogonal if and only if (Aa,,qn,) = (Ary, —qA,)-
(i) More precisely, a primitive embedding Ay — A into an even, unimodular lattice A
with A{ =~ Ay is determined by an isomorphism (Ax,,qa,) =~ (A, —qa,)-

PROOF. As a first step one establishes for a fixed even lattice A’ a bijective correspon-
dence between finite index even overlattices A’ C A and isotropic subgroups H C Ay

{NCA|(A:N)<oo}=<—={H C Ay | isotropic}

given by (A" € A)—(A/A c A*/N C A*/N = Ay/). The inverse map is given by
sending H C A/ to its pre-image under A — Ay/.

Check that H is isotropic if and only if the quadratic form on A* restricts to an integral
even form on A. Moreover, by (0.1) A is unimodular if and only if |[H|? = |Ax/|.

Next, with any primitive embedding A; C A into an even unimodular lattice A such
that Ai- ~ A, one associates the finite index sublattice A’ :== A; @Ay C A. The associated
isotropic subgroup is A/(A1 @ A2) C Apr,en, =~ A, ® Ap,. The two projections

A/(A1 D AQ)*>AA“

i = 1,2, are injective, as both inclusions A; C A are primitive. They are surjective if and
only if A is unimodular, as the canonical maps A* —s= A’ are surjective. Thus,

Apy == A(A @ Ag) = An,

changing the sign of the quadratic form. Conversely, the graph of any isomorphism
(AAy, qa,) =~ (Aays —qa,) is an isotropic subgroup H C Ap,ga, which, therefore, gives
rise to a finite index overlattice A1 @ Ao C A. Now, H being a graph of an isomorphism
immediately translates into primitivity of the embeddings A; C A and unimodularity of
A. O
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For the discriminants of two orthogonal lattices one thus finds
(0.3) disc A} = £disc Ao,
where the sign is the discriminant of A, and, using (0.2), |disc A;| = (A : A} & Ag).

0.3. To set up notations and to recall some basic facts, we include a list of standard
examples of lattices that come up frequently in these lectures.

i) By (1), Z, or I; one denotes the lattice of rank one with intersection matrix 1. The
direct sum (1)®™ is often denoted L,. See Corollary 1.3 for the related notation I, ,_.

ii) The hyperbolic plane is the lattice

0 1
U"G Q’

ie.U~7%=7-e®7Z- f with the quadratic form given by ()2 = (f)? = 0 and (e.f) = 1.
Clearly, discU = —1. Other common notations for U are IIy ; or simply H.

Example 0.3. The hyperbolic plane is special in many ways. For example, if U < A
is an arbitrary (not necessarily primitive) embedding, then

A=Uoa U™

Indeed, if for a € A one defines o/ by a = (e.a)f + (f.a)e + o, then o/ € U*. The
same assertion holds for embeddings U®* = A. See also Proposition 1.8.

iii) The Egs-lattice is given by the intersection matrix

2 -1
-1 2 -1
-1 2 -1 -1
-1 2 0
E pu—
8 -1 0 2 -1
-1 2 -1
-1 2 -1
-1 2
and is, therefore, even, unimodular, positive definite (i.e. n— = 0) of rank eight with

disc Eg = 1. See also v) below.

iv) For any given lattice A the twist A(m) is obtained by changing the intersection form
(. ) of A by the integer m, i.e. A = A(m) as Z-modules but

(- )agmy =m- (. )a.
The discriminant of the twist is given by
disc A(m) = disc A - m™?,

which can be deduced from the exact sequence 0—=A/mA—= Ay, —=Ar—=0 of
groups. The latter also shows that, for example,
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We will frequently use (—1) := (1)(—1), which is the rank one lattice with intersection
matrix —1, Z(m) = (1)(m), and Eg(—1), which is negative definite, unimodular and
even. Note that U(—1) ~ U.

v) Lattices that are not unimodular play a role as well. Most importantly, the lattices
associated to the Dynkin diagrams A,,, D,,, Eg, 7, and Eg. Only the last one gives rise
to a unimodular lattice, which has been described above.

To any graph I' with simple edges the lattice A(T") associated with I" has a basis e;
corresponding to the vertices with the intersection matrix given by (e;.e;) = 2 if i = j,
(ej.ej) = —1 if e; and e; are connected by an edge and (e;.ej) = 0 otherwise. So, for
example, A; ~ (2).

In fact, the graphs of ADE type as drawn below are the only connected graphs I' for
which the following holds: Two vertices e;, e; of I' are connected by at most one edge and
the lattice A(T") naturally associated with I' is positive definite.

Geometrically, lattices of ADE type occur as configurations of exceptional divisors of
minimal resolutions of rational double points. Recall that rational double points (or
simple surface singularities, or Kleinian singularities, etc.) are described explicitly by the
following equations:

Ap>1 | 2y + 2l O—O0—0--rnenn o0—0

Dp>q | 22+ y(22 +y"2) Z)O—O ------- o—o
Eq w2+ P+ 2t I
R R N TS S
Ey o T

The exceptional divisor of the minimal resolution of each of these singularities is a curve

> C; with C; ~ P!, self-intersection (C;)* = —2, and for C; # C; one has (C;.C;) = 0

or = 1. The vertices of the dual graph correspond to the irreducible components C; and

vertices are connected by an edge if the corresponding curves C; and C; intersect. The
dual graph is depicted in each of the cases in the last column.

Alternatively, rational double points can be described as quotient singularities C2/G
by finite groups G C SL(2,C). For example, the A,-singularity is isomorphic to the

singularity of the quotient by the cyclic group of order n generated by (% £91> with
&, a primitive n-th root of unity, see | , Ch. 4.6] for more details and references. The

lattice A,, can be realized explicitly as (1,...,1)* C 1,11 = (1)®"FL,

We also record the discriminant groups of lattices of ADE type, see [159]:

A A, Do, Doy | Eg E; Eg
An | Z)(n+1)Z | 2220 2)22 | 2)AZ | Z)3Z | 222 | {0}
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vi) The K3 lattice
A= Eg(—1)®2 @ U®3

is an even, unimodular lattice of signature (3,19) and discriminant —1, which contains
Ag = Eg(—1)®*2 @ U%? @ Z(—24d),
see Example 1.11. The extended K3 lattice or Mukai lattice is
A= Ey(-1)®2 g U,

which is even, unimodular of signature (4,20) and discriminant 1. Also the notations
II319 for A and II4 29 for A are common, cf. Corollary 1.3.

vii) The Enriques lattice is the torsion free part H?(Y,Z)y of H*(Y,Z) of an Enriques
surface Y. The universal cover X —=Y of any Enriques surface describes a K3 surface

X and there exists an isomorphism H?(X,Z) > A such that the covering involution
t: X = Xactson A = Eg(—1)® Eg(—-1)aUaUaU by

[/* : (:C17 T2,X3,T4, .T5) = ($27 X1, —T3,Ts5, 1’4).
Thus, the invariant part is A* ~ Eg(—2) @ U(2) and hence
H*(Y,Z)y ~ FEs(—1) © U ~ 11y 9.

See below for the notation IL,, ,_ . Note that the Lefschetz fixed point formula shows
that the invariant part has to be of rank ten. The easiest way to show that the action *
really is of the above form is by studying one particular Enriques surface and using that
there is only one deformation class.

1. Existence, uniqueness, and embeddings of lattices

In this section we recall some of the classical facts on unimodular lattices and their
generalizations. We cannot give complete proofs, but sometimes sketch ad hoc arguments
that may convey at least an idea of some of the techniques. The standard reference is
Nikulin’s [448|, where one finds many more and stronger results. We restrict to those
parts that are used somewhere in these notes. In particular, the local theory is only
occasionally touched upon.

1.1. We begin with the classical result of Milnor concerning even, unimodular lat-
tices, cf. [409, Ch. II] or [544, Ch. V].

Theorem 1.1. Let (ny,n_) be given. Then there exists an even, unimodular lattice of
signature (ny,n_) if and only if ny —n_ =0(8). If ny > 0, then the lattice is unique.

The key to this theorem is the description of the Grothendieck group of stable isomor-
phism classes of unimodular lattices. It turns out to be freely generated by (£1).

Corollary 1.2. Suppose A1, As are two positive definite, even, unimodular lattices of
the same rank. Then

ANMoU~AU.
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PROOF. Indeed, A; @ U are both even, unimodular lattices of signature (rk A; +1, 1)
and by the theorem the isomorphism type of such lattices is unique. O

Corollary 1.3. Let A be an indefinite, unimodular lattice of signature (ny,n_).
(i) If A is even of index T =ny —n_, then T =0(8) and
A~ E?g & U and A ~ Fs(—1)®%F ¢ U™,
according to the sign of T.

(i1) If A is odd, then
A~ (1) @ (—1)%"-,

In the literature, also the notations I, ,_ and II,, ,_ are used for an odd resp. even,
indefinite, unimodular lattice of signature (n4,n_). So, for example (see Section 0.3)

TLJ',—TL,
Liym ~ (D @ (=1)®" and I, , ~ Ey 5 @U™-,

for ny —n_ > 0.
Example 1.4. i) For complex K3 surfaces this can be used to describe the singular

cohomology H?(X,7) endowed with the intersection pairing as an abstract lattice, cf.

Proposition 1.3.5:
H%*(X,Z) ~ Eg(—1)®? @ U®3,

ii) The middle cohomology of a smooth cubic Y C P® is (see [238, Prop. 2.12]):
HYY,Z) ~Ip10 = ()®* @ (-1)*2 ~ EP? 0 UP? @ (1)®3.
If h € H*(Y,Z) is the square of the class of a hyperplane section, then (h)? = 3 and
ht~ EP o UM @ A,.
One way to show this is to realize h as the vector (1,1,1) € (1)®3 ~ Z®3, the orthogonal
complement of which in (1)®3 is by definition the lattice As. Alternatively, one can argue
that the lattice on the right hand side has discriminant form Z/3Z and, as h™ is indeed
even, Proposition 0.2 (or rather a version of it that also covers the odd lattice (h)) shows

that it is orthogonal to (h) ~ Z(3). However, any unimodular lattice of signature (21, 2)
is necessarily odd by Theorem 1.1 and hence must be isomorphic to Is; o.

These classical results are generalized to the non-unimodular case by the following

Theorem 1.5. Let (ny,n_) and a finite quadratic form (A, q) be given. Then there
exists an even lattice A of signature (n4,n_) and discriminant form (Ax,qa) ~ (A, q) if

(A)+1<ny+n_ and ny —n_=171(A,q)(8).
If 6(A) +2 <ny+n_ and ny >0, then A is unique.

That every finite quadratic form is realized is a result due to Wall [625]. For the general
case see [448, Cor. 1.10.2& 1.13.3|. Nikulin attributes parts of these results to Kneser,
but [298] is difficult to read for non-specialists.
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Remark 1.6. The uniqueness statement can be read as saying that any even, indefinite
lattice A with £(Ax)+2 < rk A is unique in its genus. In [448, Thm. 1.14.2| the condition
L(Ap) + 2 < rkA is only required at all primes p # 2 and if at p = 2 the equality
0((Ap)2) = rk A holds, one requires that (A, ga) splits off (as a direct summand) the
discriminant form of U(2) or of A2(2). A variant relaxing the condition at p # 2 is
provided by [448, Thm. 1.13.2], which is of importance for the classification of Néron—
Severi lattices of supersingular K3 surfaces, see Section 17.2.7.

The non-unimodular analogue of Corollary 1.2 is

Corollary 1.7. Suppose A1 and Ay are two even lattices of the same signature (n4,n_)
and with isomorphic discriminant forms (Aa,,qn,) =~ (Ary, qn,). Then

MUY ~ Ay U
for r > max{(1/2)({(Ap,) +2 —ny —n_),1 —ny}. O
1.2. Concerning embeddings of lattices, we start again with the classical unimodular
case before turning to Nikulin’s stronger versions.

Proposition 1.8. For every even lattice A of rank r and every r < r’ there exists a
primitive embedding
A= U,
For r <1’ the embedding is unique up to automorphisms of Uer,

ProoOF. The following direct proof for the existence is taken from the article by
Looijenga and Peters | , Sec. 2|]. Denote by e;, f;, i = 1,...,r, the standard bases of
the r copies of U. Then define the embedding on a basis a1, ..., a, of A by

1
a;—e; + §(a2az)fz =+ Z(aj.ai)fj.
1<t
An explicit and elementary (but lengthy) proof for the uniqueness can also be found in
[378] or [490, App. to Sec. 6.]. O

The result has direct geometric applications to the surjectivity of the period map for
Kummer surfaces, cf. Corollary 3.20. It is also crucial for the proof of the following
consequence, in which U o' ig replaced by an arbitrary unimodular lattice.

Corollary 1.9. Let A be an even, unimodular lattice of signature (ny,n_) and let Ay
be an even (not necessarily unimodular) lattice of signature (my,m_). If my +m_ <
min{n,n_}, then there exists a primitive embedding

A & AL
If the inequality is strict, then the embedding is unique up to automorphisms of A.

PROOF. Only the case 0 < n4 needs a proof. Also, we may assume that 7 :=
ny —n_ >0, ie. no = min{ny,n_}. Thus, A ~ E;eg @ U®"- by Corollary 1.3. Then
apply Proposition 1.8 to A; which yields a primitive embedding Ay & U®"~ &~ A. For
the uniqueness see [276]. O
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As a consequence of the existence part one obtains a result that is used in the description
of the moduli space of polarized K3 surfaces, see Section 6.1.1. In Section 4.1 we will see
that the assumption 1 < ny in the next corollary cannot be weakened, e.g. the assertion
does not hold for A = Eg(—1)®3 @ U.

Corollary 1.10. Let A be an even, unimodular lattice of signature (ny,n_) with 1 <
ny. Then for any d there exists a primitive £ € A with (£)> =2d. If 1 < n, then £ € A
is unique up to automorphisms of A.?

PROOF. Consider Ay := Z(2d), which is a lattice of signature (1,0) resp. (0,1), de-
pending on the sign of d. Then giving a primitive ¢ € A with (£)? = 2d is equivalent to
giving a primitive embedding A; — A. The assertion follows thus directly from Corol-

lary 1.9.
So strictly speaking, only the case d # 0 follows from the proposition, but see | ,
Thm. 3] which also covers d = 0. O

Example 1.11. The following two examples explain the lattice theory behind a curious
relation between rationality of cubic fourfolds Y C P® and K3 surfaces as suggested by
Hassett in [238&]. In particular, (1.1) below allows one to compare periods of special cubic
fourfolds with periods of polarized K3 surfaces.

i) Let A ~ H?(X,Z) be the K3 lattice and let £ € A be the primitive class of a
polarization of degree (¢)2 = 2d. Then

Ag =1t ~ Eg(—1)®2 0 U2 @ Z(-2d).
Indeed, due to the corollary we may assume that £ = e+df € U in one of the three copies

of U and then use (e +df)* =Z- (e — df) C U.

ii) Using the notation of Example 1.4, we consider a primitive lattice
(h,B) C HY(Y,Z) ~I1 5

of rank two and discriminant 2d. Then it was shown in | , Prop. 5.2.2] that there
exists an £ € A as in i) with

(1.1) (h, B)F = (=1
if and only if 2d is not divisible by 4, 9, or any odd prime p = 2 (3).

Nikulin proves the following much stronger version of Corollary 1.9, see | , Thm.
1.14.4].

Theorem 1.12. Let A be an even, unimodular lattice of signature (n4,n_) and Ay be
an even lattice of signature (my,m_). If my < ny and

(12) E(A1)+2 <rkA—rkAq,
2The assumption that A is unimodular cannot be dropped, but for lattices of the form A = UP2 @ A’

the orbit O(A)- £ of a primitive £ € A is determined by (£)? and the class (1/n)¢ € Aa, where (£.A) = nZ.
This is apparently due to Eichler [161, Ch. 10], but see [222, Prop. 3.3] for a proof in modern language.
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then there exists a primitive embedding Ay~ A, which is unique up to automorphisms

of A.

Remark 1.13. i) In [448] the condition (1.2) is replaced by the corresponding local
condition for all p # 2 and if for p = 2 the equality ¢((A1)2) = rk A — rk A; holds, one
requires ga, to split off (as a direct summand) the discriminant form of U(2) or of A3(2).

ii) The assumption (1.2) clearly follows from the stronger

(1.3) rk A1 +2 <rkA-—rkA;.

Note that the right hand side is just rk A{- once the embedding has been found.
iii) In order to prove that a given primitive embedding A; — A is unique, it is enough
to verify that Af contains a hyperbolic plane

U Af.

Indeed, if so, then by Example 0.3 A{ = U @ U+ and hence ¢(A{) = ¢(U+) <1kUt =
rk A{ — 2. However, ¢(A{) = £(A1) by Proposition 0.2 and, therefore, (1.2) holds.

iv) Note that the assumption m4 < ny cannot be weakened. For example, the embed-
ding U & Eg(—1)® @ U is not unique, see Section 4.1.

Corollary 1.14. Let A be an even, unimodular lattice of signature (n4,n_) and assume
0 # = € A is primitive with (x)? = 0. Then there exists an isomorphism A ~ N’ ® U that
sends x to the first vector of the standard basis e, f of U.

PROOF. Let us first prove this as a consequence of the general theory above assuming
ny > 1. Then the existence of a (unique) primitive embedding U < A follows from
Theorem 1.12 or Corollary 1.9. For the direct sum decomposition use Example 0.3. To
conclude, apply Corollary 1.10 to find an automorphism of A that maps x to e € U.

Now, assuming only n4 > 1 one argues as follows (and in fact more elementary): Since
A is unimodular, there exists a y € A with (z.y) = 1. Then ' = y — ((y)?/2)z still
satisfies (z.y') = 1, but also (/)2 = 0. Thus, U > (z,y') via ez and fr—=1y'. For
the direct sum decomposition use again Example 0.3. ]

It is also useful to know when an even lattice can be embedded at all in some unimodular
lattice. As a prototype, we state [448, Cor. 1.12.3]:

Theorem 1.15. Let Ay be an even lattice of signature (m4, m_). Then there exists a
primitive embedding Ay — A into an even, unimodular lattice A of signature (n4,n_)
if

(i) ny —n_=0(8)

(i1) my < ny
(iii) E(A1) <tk A — l"kAl.

By Proposition 0.2, the existence of an embedding is in fact equivalent to the existence
of an even lattice Ag with signature (ny —my,n_ —m_) and (Aa,,qn,) =~ (Ar,, —qa,)-
Of course, if 0 < n4, then A is unique, cf. Corollary 1.3.
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Remark 1.16. We briefly explain the relation between the two Theorems 1.12 and
1.15. Assume (i), (ii), and (iii) in Theorem 1.15. If my < ny (and hence 0 < n4) and
the stronger (1.2) instead of (iii) holds, then Theorem 1.12 can be used directly. If not,
then the assumptions of Theorem 1.12 hold for A; and A ® U for any even, unimodular
lattice A of signature (n4,n_), the existence of which is due to Theorem 1.1. Moreover,
for two such lattices A and A’ one has A ® U ~ A’ & U by Corollary 1.2. Now Theorem
1.12 implies the existence of a (unique) primitive embedding ¢: Ay = A @& U and to
conclude the proof of Theorem 1.15 one has to show that the projection into one of the
AN with AU ~ N & U yields an embedding A; & A’

Remark 1.17. The more precise version [448, Thm. 1.12.2| of the above theorem
replaces iii) by the weaker £(A;) < rk A —rk A; and adds conditions on the discriminant
at every p for which equality is attained, e.g. if equality holds at p = 2, i.e. £((A1)2) =
rk A — rk Aj, then it suffices to assume that (Aa,, qa,) splits off the discriminant group
of (1)(2). For most applications, but not quite for all, the above version will do.

The following is a very useful consequence of Theorem 1.15, see [448, Thm. 1.12.4].

Corollary 1.18. Let Ay be an even lattice of signature (m4, m_). Assume (n4,n_)
satisfies

(i) i) ny —n_=0(8)

(1)) my < ny

(iti) Tk Ay < 3(ny +n_).
Then there exists a primitive embedding A1 = A into an even, unimodular lattice A of
signature (n4,n_).

PRrROOF. Use ¢(A1) < tkA; < (1/2)(ny +n_) < (ny +n_) —rkAy. If at least one

of these inequalities is strict, Theorem 1.15 applies directly. For the remaining case see
[448]. O

2. Orthogonal group

Next, we collect some standard facts concerning the group of automorphisms O(A) of
a lattice A. So by definition O(A) is the group of all g: A = A with (g(x).g(y)) = (z.y)
for all z,y € A. Clearly, O(A) is a discrete subgroup of the real Lie group O(ARr) ~
O(n4,n_). In particular, if A is definite, then O(Ag) is compact and, therefore, O(A) is
finite.

The theory of automorphs of binary quadratic forms may serve as a motivation. In
modern terms, one considers a lattice A of rank two, which can also be thought of as a
quadratic equation ax? + 2bxy + cy? with a, b, ¢ € Z, and an automorph is nothing but an
element g € O(A) (sometimes assumed to have det(g) = 1). Interestingly, O(A) can be
finite even for indefinite A. In fact, it is finite if and only if d :== —disc A = b*>—ac > 0, is a
square, which is equivalent to the existence of 0 # x € A with (z)? = 0. The idea behind
this assertion is to link elements g € O(A) to solutions of Pell’s equation z* — dy® = 1,
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which has a unique (up to sign) solution if and only if d is a square and otherwise has
infinitely many. See e.g. [103, Ch. 13.3|.

Example 2.1. It is easy to check that
O(U) ~ (Z)27,)2.

Indeed, g € O(U) is uniquely determined by the image g(e) of the first standard basis
vector, which has to be contained in {4e, £f}.

2.1. Let A be alattice. A root of A, also called (—2)-class, is an element § € A with
(6)2 = —2. The set of roots is denoted by A, so

A={5cA|(5)?*=-2}.

The root lattice of A is the sublattice R C A (not necessarily primitive) spanned by A.
For any 6 € A one defines the reflection

s§: x>z + (.0)d
which is an orthogonal transformation, i.e. ss € O(A). Clearly, s; = s_s. The subgroup
W= (ss| € A) CO(A)

is called the Weyl group of A. See also the discussion in Section 8.2.3.
For A = U, the Weyl group is the proper subgroup Z /27 C O(U) =~ (Z/27Z)?* generated
by the reflection s._s: er—f.

Theorem 2.2. Let A be the K3 lattice Es(—1)®2@U®3. Then any g € O(A) with trivial
spinor norm can be written as a product [] ss, of reflections associated with (—2)-classes
0; € A CA.

For the notion of the spinor norm see Section 7.5.4. This is essentially a special case
of results applicable to a large class of unimodular lattices due to Wall [626, 4.7]. More
precisely, Wall proves that O(Eg(—1)" @ U®") is generated by reflections ss with (§)? =
42 for m,n > 2. The result was later generalized to certain non-unimodular lattices by
Ebeling [158] and Kneser [299, Satz 4], which also contains the above stronger form
of Wall’s result only using (—2)-classes. Sometimes the condition det(g) = 1 is added,
which, however, can always be achieved by passing from g to s5o g for some (—2)-class ¢.

Example 2.3. For a definite lattice A, e.g. with A(—1) of ADE type, the orthogonal
group O(A), and hence the Weyl group, is finite. For instance, the Weyl group of 4,,(—1)
is the symmetric group &,,4; and for the lattice Eg(—1), which contains 240 roots, the
Weyl group is of order 2!4.35.52.7 = 41.6!.8! and equals O(Eg(—1)). The quotient
by its center, which is of order four, is a simple group. Similarly, Fs(—1) and E7(—1)
contain 72 and 126, respectively, roots. See [130] for more details and for more examples
of root lattices and Weyl groups of definite lattices not of ADE type, see also Section 4.3.
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Note that frequently the inclusion W C O(A) is proper and even of infinite index. In
Section 15.2 one finds examples where A is NS(X) of a K3 surface X and W C O(NS(X))
is of finite index if and only if Aut(X) is finite, see Theorem 15.2.6. Even from a purely
lattice theoretic point of view it is an interesting question for which lattices the Weyl
group is essentially (i.e. up to finite index) the orthogonal group. For lattices of signature
(1,p — 1) see Theorem 15.2.10.

2.2.  Any g € O(A) naturally induces g* € O(A*) by g*p: z+—=p(g~1x). With this
definition g*|y = ¢ for the natural embedding A “— A*. Hence, g induces an automor-
phism g of Ax. If A is even and, therefore, Ay endowed with the discriminant form gy,
then g respects gp. This yields a natural homomorphism

O(A) —0(44),
which is often surjective due to the next result.
Theorem 2.4. Let A be an even indefinite lattice with ((Apx) +2 <tk A. Then
O(A) —=0(Ax)
is surjective. See |[448, Thm. 1.14.2].

Observe that the assumption ¢(Ax) + 2 < rk A is the same as in Theorem 1.5 so that
A is determined by its signature and (Ax, ga). The result is proved by first lifting to the
p-adic lattices [448, Cor. 1.9.6]. Those then glue due to a result by Nikulin [447, Thm.
1.27].

Let us consider the situation of Proposition 0.2, i.e. let A; C A be a primitive sub-

lattice of an even, unimodular lattice A with orthogonal complement Ay := A;. Using
(Aay,qn,) =~ (Apy, —qa, ), one can identify O(Ap,) ~ O(Ay,). This yields

(2.1) O(A1) —= O(Ay,) ~ O(An,) <—=— O(As)

with r;(g;) = ;.
For future reference we state the obvious

Lemma 2.5. If g € O(A) preserves A1 and hence Ao, then the two automorphisms
gi = gla,, 1 = 1,2, satisfy g1 = g2 in (2.1). O

The converse is also true, due to the next result, see [448, Thm. 1.6.1, Cor. 1.5.2.].

Proposition 2.6. An automorphism g1 € O(A1) can be extended to an automorphism
g € O(A) if and only if g1 € Im(ra). If g1 = id, then g1 can be lifted to g € O(A) with
gla, = id.

PROOF. Let us prove the second assertion. For this observe first that an element
y € Ag = Aj = Mg ® Ay = Ajg & Ay that is contained in A7 & AJ is in fact contained
in A if and only if its class § € Ap, B An, is contained in the isotropic subgroup A/(A1@A2)
(cf. proof of Proposition 0.2). The given g; € O(A1) can be extended to g as asserted if
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and only if for any @ = z1 +x2 € A with ; € A} C Ajg also y := g1(z1) + 22 is contained
in A. Butg:fEAAl@AAQifglzid. O

This has the following immediate consequence

Corollary 2.7. Let A be an even, unimodular lattice and £ € A with (€)% # 0. Then
{9€0(4) [id =g € O(Au)} = gl | g € OA), g(0) =} O

The corollary is relevant for moduli space considerations, see e.g. Section 6.3.2 where
it is applied to £ = e + df € U C Eg(—1)®2 @ U®3. The group on the right hand side is
O(Aq) with Ag = ¢+ in the notation there.

2.3. There is another kind of orthogonal transformations of lattices of the form
A®U with A even. Those play an important role in mirror symmetry of K3 surfaces and
so we briefly mention them here. The example one should have in mind is the K3 lattice
A = Eg(—1)®2 g U®3. Then A & U can be thought of as the Mukai lattice H(X,Z) or
the usual cohomology H*(X,Z) of a K3 surface X.

With e and f denoting the standard basis of the extra copy U (which is (H'® H*)(X, Z)
in the geometric example), one defines a ring structure on A @ U by

etz +puf) Nety+p'f)=AN)e+ Ay +Nz) = (' + Np+ (z.9)) f.
Of course, in the example this gives back the usual ring structure on H*(X,Z).

Next, for any B € A one defines exp(B) := e + B + (Bé—mf € A @ U and denotes
multiplication with it by the same symbol:

exp(B): A U—AaU.
A direct computation reveals

Lemma 2.8. The B-field shift exp(B) is an orthogonal transformation of A® U, i.e.
exp(B) e O(Aa U). O

According to Wall [626], one furthermore has

Proposition 2.9. Let A be an even, unimodular lattice of signature (ny,m_) with
ny > 2. Then O(A @ U) is generated by the subgroups

O(A), O(U), and {exp(B) | B € A}.

The result applies to the extended Mukai lattice and was used by Aspinwall and Mor-
rison in [25] to describe the symmetries of conformal field theories associated with K3
surfaces, see |250] for further references.

3. Embeddings of Picard, transcendental, and Kummer lattices

The above discussion shall now be applied to Picard and transcendental lattices of
K3 surfaces. The first question here is which lattices can be realized at all. Later we
discuss the case of Kummer surfaces and in particular the Kummer lattice containing all
exceptional curves.
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3.1. We start with results for small Picard numbers. As an immediate consequence
of Theorem 1.12 Morrison in [422] proves:

Corollary 3.1. Let N be an even lattice of signature (1,p — 1) with p < 10. Then
there exists a complex projective K3 surface X with NS(X) ~ N. Moreover, the primitive
embedding N = H?(X,Z) is unique up to the action of O(H?*(X,Z)).

PROOF. Let A be the K3 lattice. Then by Theorem 1.12, or rather Remark 1.13, ii),
there exists a unique primitive embedding N — A. Next, choose a Hodge structure of
K3 type on T := N+ and view it as a Hodge structure on A with N purely of type (1,1).
Then by the surjectivity of the period map, Theorem 7.4.1, there exists a K3 surface X
together with a Hodge isometry H?(X,Z) ~ A. Under this isomorphism N &= NS(X).
If now the Hodge structure on T is chosen sufficiently general, i.e. in the complenent of the
countable union J,cp at N D c D C P(T¢) of proper closed subsets, then TV NT = 0
and, therefore, N ~ NS(X). Clearly, X is projective, as by assumption NS(X) ~ N
contains a class of positive square, see Remark 8.1.3. O

The arguments also apply to negative definite lattices IV of rank rk N < 10, only that
then the K3 surface X is of course not projective. See Remark 3.7 for the case rk N = 11.

Remark 3.2. i) The realization problem is more difficult over other fields, even alge-
braically closed ones of characteristic zero. The rank one case for K3 surfaces over number
fields was settled by Ellenberg [166], cf. Proposition 17.2.15, but can also be deduced
from general existence result applicable to higher Picard rank, cf. Remark 17.2.16.

ii) This result definitely does not hold (in this form) in positive characteristic. For
example, the Picard number of a K3 surface over IF'p is always even, see Corollary 17.2.9.
However, if X is a K3 surface over Q such that a lattice N as above embeds into NS(X),
then, as reduction modulo p is injective on the Picard group (see Proposition 17.2.10), it
also embeds into NS(X),) of any smooth reduction X, modulo p.

Corollary 3.3. For a complex projective K3 surface X of Picard number p(X) < 10
the isomorphism type of its transcendental lattice T = T(X) (without its Hodge structure)
is uniquely determined by p(X) and its discriminant form (Ar,qr) =~ (Ans(x), —4NS(x))-

PROOF. Theorem 1.5 can be applied, as £(T)+2 = {(NS(X))+2 < p(X)+2<12 <
rk T(X). 0

Remark 3.4. Transcendental lattices of conjugate K3 surfaces have the same genus.
Recall that for a complex projective K3 surface X and any automorphism o € Aut(C)
the base change X7 := X x¢, C is a again a K3 surface. Then Pic(X) ~ Pic(X7), as
X =~ X7 as schemes and, as the Picard group of a K3 surface determines the genus of its
transcendental lattice, T'(X) and T'(X7) have indeed the same genus.

The converse holds for K3 surfaces with maximal Picard number, i.e. if T'(X) and T'(Y")
of two K3 surfaces have the same genus (or, equivalently, if Pic(X) and Pic(Y’) have the
same genus) and p(X) = 20, then X and Y are conjugate to each other (and consequently
Pic(X) ~ Pic(Y")). This follows from Corollary 3.21 and results by Schiitt and Shimada in



294 14. LATTICES

[ , | showing that the transcendental lattices of conjugate K3 surfaces of maximal
Picard number account for all lattices in a given genus, cf. Remark 3.23.

Interchanging the role of NS(X) and T'(X) in the two previous corollaries yields the
analogous statements for large Picard number. Again, as a consequence of Theorem 1.12
one obtains:

Corollary 3.5. Let T be an even lattice of signature (2,20—p) with 12 < p < 20. Then
there exists a complex projective K3 surface X with T(X) ~ T. Moreover, the primitive
embedding T(X) = H*(X,Z) is unique up to the action of O(H*(X,Z)). O

And as an analogue of Corollary 3.3, one finds

Corollary 3.6. For a complex projective K3 surface X of Picard number 12 < p(X)
the isomorphism type of N := NS(X) is uniquely determined by p(X) and its discriminant
form (AN, qn). O

Remark 3.7. Clearly, similar results can be stated for other lattices. For example,
when N in Corollary 3.1 is of rank p = 11, but one knows in addition ¢(N) < 10, then the
assertion still holds. In fact, Morrison notes in [422, Rem. 2.11] that also every even lattice
of signature (1,10) can be realized as NS(X). However, the embedding into H?(X,Z)
may not be unique. Similarly, if in Corollary 3.6 the Picard number p(X) < 12 but X
admits an elliptic fibration with a section, then the uniqueness is still valid. Indeed, by
Example 0.3 one has NS(X) ~ U @& N’ and hence ¢(NS(X)) = ¢(N') <tk N' = p(X) —2.

Corollary 3.8. If a complex projective K3 surface X satisfies 12 < p(X), then there
exists an embedding U — NS(X) and in fact

NS(X)~U & N'.

In particular, there ezists a (—2)-class 6 € NS(X) and, moreover and more precisely, X
admits an elliptic fibration with a section.

PRrOOF. We follow Kovécs in [325, Lem. 4.1] and apply Corollary 1.18 to Ay = T'(X)
and A = Eg(—1)®2 @ U%2. As indeed 1k T'(X) < 10 = (1/2)rk A, there exists a primitive
embedding T'(X) into some even, unimodular lattice of signature (2,18). However, by
Corollary 1.3 one knows that A is the only such lattice. Hence, there exists a primitive
embedding

T(X) > A ApU~ H*X,Z)

with U C T(X)+ ¢ H*X,Z). But {(T(X))+2 < 1tkT(X)+2 < 12 < p(X) =
rk H%(X,Z) — rk T(X) and hence by Theorem 1.12 the embedding T(X) & H?(X,Z)
is unique up to automorphisms of the lattice H?(X,Z). Therefore, also the natural
embedding T(X) C H?*(X,Z) has the property that there exists a hyperbolic plane
U C T(X)* =NS(X). The direct sum decomposition follows from Example 0.3.
Eventually, let 6 = e — f € U C NS(X), which is a (—2)-class, and use Remark 8.2.13
for the existence of the elliptic fibration. Up to the action of the Weyl group and up to
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sign, the class e is realized as the fibre class of an elliptic fibration and, using (d.e) = 1,
+9 is the class of a section.

If one is only after the (—2)-classes, one could use the existence of an embedding
T(X) ® A1(—1) = H?(X,Z) which exists according to Theorem 1.15 (or rather the
stronger version alluded to in Remark 1.17). g

Remark 3.9. As a consequence of Corollary 3.8 and of the density of the Noether—
Lefschetz locus, see Proposition 6.2.9 and Section 17.1.3, one concludes that elliptic K3
surfaces with a section are dense in the moduli space of (marked) K3 surfaces as well as
in the moduli space My of polarized K3 surfaces.

3.2. The following is a result due to Mukai [427, Prop. 6.2] (up to a missing sign).

Corollary 3.10. Let X and X' be complex projective K3 surfaces with 12 < p(X) =
p(X"). Then any Hodge isometry ¢: T(X) —> T(X') (see Section 3.2.2) can be extended
to a Hodge isometry

¢: H*(X,Z) = H*(X', 7).
Moreover, one can choose @ such that there exists an isomorphism f: X' == X with

¢ =+f"

PROOF. The existence of @ is a purely lattice theoretic question, for NS(X) = T/(X)+
has trivial Hodge structure. Now, (1.3) in Remark 1.13 holds for T'(X) and, hence, the
induced embedding T(X) > T(X') € H*(X',Z) can be extended to H?(X,Z) (as
abstract lattices H?(X,Z) and H?(X',Z) are of course isomorphic).

For the second one we need the Global Torelli Theorem. Due to Proposition 8.2.6 we can
modify any given extension ¢ by reflections ss for appropriate (—2)-classes § € NS(X),
such that @ maps an ample class to an ample class (possibly after a further sign change)
and then Theorem 7.5.3 applies. Note that the reflections s5 do not alter (. O

Remark 3.11. The conclusion also holds for smaller rank. For example, if X is an
elliptic K3 surface with a section, then the existence of a Hodge isometry T'(X) ~ T'(X')
implies X ~ X’. Indeed, then NS(X) contains a hyperbolic plane spanned by the classes
of the fibre and of the section and, therefore, Remark 1.13, iii) applies.

In Chapter 16 we will be interested in derived equivalences between K3 surfaces. This
will require the following modification of the above, which turns out to work without any
restriction on the Picard number.

Recall that the Mukai lattice H(X,Z) is the lattice given by the Mukai pairing ( , ) on
H*(X,Z) (see Definition 9.1.4) together with the Hodge structure of weight two defined
by

HY (X)=H"(X)® H°(X)® HY(X) and H*°(X) = H>°(X).
In particular, the transcendental lattice of H(X,Z) is just T(X) and as abstract lattices

H(X,7) ~ Es(—1)%? @ U
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Corollary 3.12. Let X and X' arbitrary complex projective K3 surfaces. Then any
Hodge isometry ¢: T(X) == T(X') can be extended to a Hodge isometry

¢: H(X,Z) =~ H(X',Z).

PROOF. Remark 1.13, iii) applies, as (H° @ H*)(X,Z) is a hyperbolic plane and the
transcendental lattices of complex projective K3 surfaces are non-degenerate. ]

3.3.  We shall briefly discuss the Kummer lattice K which can be approached in two
ways. It was first studied in [490, App. to Sec. 5| and [446].

The geometric description of K goes as follows: Take an abelian surface A (or a two-
dimensional complex torus) and let X — A/: be the minimal resolution of the quotient
by the standard involution ¢: x+—> — x, i.e. X is the Kummer surface associated with A,
see Example 1.1.3. The 16 exceptional curves P! ~ E; C X and their classes

e; = [E;) € HX(X,Z)
span a lattice of rank 16 which is abstractly isomorphic to A;(—1)%16 ~ (—2)®16,

Definition 3.13. The Kummer lattice K is the saturation of (e;) C H%(X,Z), i.e. the
smallest primitive sublattice of H2(X,Z) that contains all classes e;:

(-2 ~PZ-e; c K C H (X, 7).

Equivalently, K is the double orthogonal (P Z - e;)**. Recall from Section 3.2.5 that
(BZ-e)t = n,H2(A,Z). Here, m: A—= X is the projection from the blow-up in the
two-torsion points of A, which induces a natural inclution H2(A,Z) < H2(A,Z).

An alternative and more algebraic description of the Kummer lattice is available. In-
deed, one can define K as the sublattice K C @ Q - ¢; spanned by the basis e; and
all elements of the form 137, ;- e; with W C F3* a hyperplane. Here, the set {e;} is
identified with the set of two-torsion points of A which in turn is viewed as the Fy-vector
(or rather affine) space (Z/27)%4.

In order to see that both definitions amount to the same lattice, one first observes that
Pz ecKkcK cPZ-(e/2) C H(X,Q),

as (e;)? = —2. For the detailed argument we refer to [32, VIIL. 4,5], [53, Exp. VII], or
[490, Sec. 5].

Note that in particular the geometric description defines a lattice that is independent
of the abelian surface and that @ Z - e; is the root lattice of K.

Proposition 3.14. The Kummer lattice satsfies the following conditions:

(i) The orthogonal complement K+ of K in H?(X,Z) is isomorphic to U(2)®3.
(ii) The inclusion @Z - e; C K has index 2°.
(iii) The lattice K is negative definite with disc K = 26.
(iv) The discriminant form satisfies qx =~ qGUB:(SZ). In particular,

Ag ~ (Z)22)%° and ((K) = 6.
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PROOF. The geometric description of K yields i), for
. H2(A, 7) (@Z ez) c HX(X,Z),

T H*(A,Z) ~ H*(A,Z)(2), and H?*(A,Z) ~ U%3, cf. Section 3.2.5.

Due to (0.3), (i) implies (iii), for clearly disc U (2)®® = —2° and disc H*(X,Z) = —
Also (i) implies (iv), for ¢x ~ —qr1 ~ —qgé) = q[ejaé). Use (0.1) and disc P Z - e; = 216
to deduce (ii) from (i). O

As another application of the general lattice theory outlined in Section 1.2 we state

Corollary 3.15. The primitive embeddings
K > H*(X,Z) and K — H*(X,Z)

are unique up to isometries of H*(X,7Z) ~ Eg(—~1)®2@U®3 and H*(X,Z) ~ Es(-1)®?@
US4, respectively.

PROOF. The assertion for the embedding into the bigger lattice H*(X,Z) follows
directly from Theorem 1.12. For the embedding into H?(X,Z) the finer version of it
alluded to in Remark 1.13, i) and the existence of U ¢ K+ C H?(X,Z) have to be
used. O

See Example 4.8 for an embedding of the Kummer lattice into a distinguished Niemeier
lattice.

Remark 3.16. To motivate the next result, note that a K3 surface X that contains
16 disjoint smooth rational curves C1,...,Cis C X with (1/2) > [C;] € NS(X) is in fact
a Kummer surface. (The existence of the square root is automatic, as we shall explain
below, see Remark 3.19.) Indeed, the existence of the root of O(> C;) can be used
to prove the existence of a double cover X — X ramified over the UCi € X. As the
branch locus is smooth, X is smooth. The inverse images C C X of the curves C; are 16
disjoint (—1)-curve and so can be blown-down X — A to a smooth surface A. Using the
Kodaira—Enriques classification, one shows that A has to be a torus. See the arguments
in Example 1.1.3 and [32, VIII.Prop. 6.1] or [53, Exp. VIII|.

The following result was first stated by Nikulin in [446].

Theorem 3.17. Let X be a complex K3 surface. Consider the following conditions:

(i) The surface X is isomorphic to a Kummer surface.

(i) There exists a primitive embedding K — NS(X).

(i4i) There exists a primitive embedding T(X) = U(2)®3
Then (1) and (ii) are equivalent and imply (iii). If X is also projective, then the converse
holds as well.?

3As Matthias Schiitt points out, (i) and (ii) are also equivalent for non-supersingular K3 surfaces in
char # 2. Indeed, the inclusion K & NS(X) can be lifted to characteristic zero which is enough to
conclude.
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PROOF. By the above discussion, (i) implies (ii). Since by Corollary 3.15 the em-
bedding K = H?(X,Z) is unique up to automorphism, its orthogonal complement is
always isomorphic to U(2)®3. Taking orthogonal complements, one finds that (ii) implies
(ii).

Suppose a primitive embedding T(X) <= U(2)®3 is given. Choose an embedding
U(2)%? = H?(X,Z) with orthogonal complement K. By Corollary 3.5, for which we
need X to be projective, the standard embedding T'(X) C H?(X,Z) differs from the
composition

T(X) = U(2)% = H*(X,7Z)
by an isometry of H?(X,Z) and, therefore, also the former contains K in its orthogonal
complement, i.e. there exists a primitive embedding K & T(X)+ = NS(X). So, (iii)
implies (ii).

The difficult part is to deduce (i) from the purely lattice theoretic statements (ii) or (iii).
We take a short cut by assuming the Global Torelli Theorem 7.5.3 and the surjectivity
of the period map for two-dimensional complex tori. Historically, of course, the Global
Torelli Theorem was first proved for Kummer surfaces, cf. [446] and the comments in
Section 7.6. So, suppose K C NS(X) C H?(X,Z). Again using the uniqueness of the
embedding, one finds an isomorphism K+ ~ U (2)®3, which comes with the natural Hodge
structure of weight two on K. Then there exists a complex torus A and a Hodge isometry
H?(A,7)(2) ~ U(2)® ~ K= (see Section 3.2.4) which can be extended to a Hodge
isometry H2(Y,Z) ~ H?(X,Z), by Corollary 3.10. Here Y denotes the Kummer surface
associated with A. Therefore, X ~ Y and, in particular, X is a Kummer surface. ([l

Example 3.18. The transcendental lattice of the Fermat quartic X C P? defined by
73 + ... + 23 = 0 has been described as T(X) ~ Z(8) @ Z(8) (see Section 3.2.6) which
evidently embeds into U (2)®3. Hence, the corollary can be used to show that the complex
Fermat quartic X is indeed a Kummer surface, which suffices to deduce the result over
arbitrary algebraically closed fields. An explicit isomorphism, following Mizukami, has
been described in [271].

Remark 3.19. In [446] Nikulin also shows that a complex K3 surface is Kummer if
and only if there exist 16 disjoint smooth rational curves Cq,...,Cig C X. Here is an
outline of the argument.? In order to prove that (1/2) 3 C; € NS(X), which is enough
by Remark 3.16, consider the lattice A’ := @7Z - [C;] € H?*(X,Z) and its saturation
AN C A C H*(X,Z) which, due to the proof of Proposition 0.2, is determined by the
isotropic subgroup Fg ~ A/N C Ap ~TFi® Using the exact sequence

0—Ap—=Ap /(AJN)—A* /A" ~ F5—0

and the inequality
0(Ap) = €(AyL) <tk AL =6,
one finds ¢ > 5.

4. .with thanks to Jonathan Wahl for explaining this to me.
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Similarly to the argument based on the Kodaira—Enriques classification in Remark 3.16,
one shows that [I| = 0,8, or 16 for any subset I C {1,...,16} with (1/2)% . ;[Ci] €
NS(X), see |[446, Lem. 3]. An elementary result in coding theory then allows one to
identify A/A’ C Ay ~ Fi0 as the code D (for the notation and the result see [43]) which
by construction contains (1,...,1) € Fi6 ~ A/ ie. (1/2)Y[C;] € A € NS(X).

For the following consequences see Morrison’s [422]| and for part i) also the paper by
Looijenga and Peters [378, Prop. 6.1]. Recall that a Kummer surface X associated with
a torus A satisfies p(X) = p(A) 4+ 16 and if it is algebraic even p(X) > 17.

Corollary 3.20. Let X be a complex projective K3 surface.
(i) Assume p(X) =19 or 20. Then X is a Kummer surface if and only if

T(X) ~ T(2)

for some even lattice T .
(ii) Assume p(X) = 18. Then X is a Kummer surface if and only if

T(X) ~T(2) & U(2)

for some even lattice T of rank two.
(i1i) Assume p(X) =17. Then X is a Kummer surface if and only if

T(X)~T(2) eU((2)*
for some even lattice T of rank one, i.e. T ~ 7(2k).

PROOF. The theorem shows that X is a K3 surface if and only if there exists a primi-
tive sublattice T" C U®3 with T((X) ~ T’(2). The three cases correspond to rk T(X) = 3
or 2, = 4, and = 5, respectively.

If rfk7T(X) = 3 or 2 and T(X) ~ T(2), then use Proposition 1.8, to embed T into
U®3. Conversely, if X is the Kummer surface associated with the abelian surface A, then
T(X)~T(A)(2).

If rkT(X) = 4 and T(X) ~ T(2) ® U(2), then by Proposition 1.8 there exists a
primitive embedding T' < U®? and, therefore, an embedding T'(X) < U(2)®3. Thus,
by the theorem, X is isomorphic to a Kummer surface. Conversely, if X is a Kummer
surface associated with an abelian surface A and p(X) = 18, then T(X) ~ T(A)(2)
and there exists a primitive embedding T/(4) & U®3. Now deduce from Theorem 1.5
applied to T(A) and T @ U, where T := T(A)*(—1)—= U®3, that T(A) ~T o U.

The argument for rk 7'(X) = 5 is similar. O

3.4. The classification of complex K3 surfaces of maximal Picard number p(X) = 20

in terms of their transcendental lattices is particularly simple. This is a result due to
Shioda and Inose [565].

Corollary 3.21. The map that associates with a complex K3 surface X with p(X) = 20
its transcendental lattice T'(X) describes a bijection

(3.1)  {X | p(X) =20} <—{T | positive definite, even, oriented lattice, vk T = 2},
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where both sides are up to isomorphisms.

PROOF. Clearly, by Hodge index theorem, T'(X) of a K3 surface X with p(X) = 20
is a positive definite, even lattice of rank two. It comes with a natural orientation by
declaring real and imaginary part of a generator of T'(X)?Y to be positively oriented in
T(X)g, cf. Section 6.1.2.°

The map X+—=T(X) is surjective by Corollary 3.5. To prove injectivity, suppose
there exists an isometry 7'(X) ~ T(X') that respects the orientation. But then, due
to tkT(X) = rkT(X’) = 2, the isometry is automatically compatible with the Hodge
structures. (The period domain D C P(T¢) for each given lattice T' consists of precisely
two points.) Due to Corollary 3.10, this Hodge isometry extends to a Hodge isometry
H?(X,7) ~ H%*(X',Z) and, therefore, X ~ X' by the Global Torelli Theorem 7.5.3.
(Note that due to Corollary 3.6 we knew already that NS(X) is determined by 7(X).) O

Of course, the set on the right hand side of (3.1) can be identified with the set of
integral matrices of the form

(3.2) <2ba 2bc) with A = b? — 4ac < 0 and a,¢ > 0

up to conjugation by matrices in SL(2,7Z). The largest values of A are —4 and —3, which
have been studied by Vinberg in [614].

Remark 3.22. The proof of the surjectivity in [565] is more explicit. For any T
given by a matrix as in (3.2) a K3 surface X with T'(X) ~ T is constructed as a double
cover of a Kummer surface associated with the abelian surface A = E; X Es, where
E; = C/(Z + 7;,Z) with 71 = (=b+ VA)/2a and 75 = (b + VA)/2.

Furthermore, in [273] Inose showed that X is birational to a quartoc surface given by
an explicit equation f(xg,...,xz3) with coefficients algebraic over Q(j(E1), j(E2)).

Remark 3.23. If instead of the isomorphism type of the lattice T in (3.1) one considers
only its genus, then, as was shown independently by Schiitt | , Thm. 15| and Shimada
[551], on the right hand side one distinguishes the K3 surfaces S only up to conjugation.

Remark 3.24. Due to Corollary 3.20, those K3 surfaces X with p(X) = 20 for which
T(X) is of the form T'(2) are actually Kummer surfaces. In other words, if 7'(X) is of
rank two, then X is a Kummer surface if and only if (a)? = 0(4) for all o € T(X).

Using this characterization of these so called extremal Kummer surfaces enables one
to prove density of complex projective Kummer surfaces, which was important in early
proofs of the Global Torelli Theorem, see Section 7.6.1. So, using the notation in Chapters
6 and 7, this can be phrased by saying that

P:{(X,¢) | X Kummer }—D

has a dense image..

5Observe that the lattice with the reversed orientation is realized by the complex conjugate K3
surface X.
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The proof proceeds in two steps:

i) The set of periods € D C P(A¢) for which the corresponding positive plane P C Ar
(see Proposition 6.1.5) is defined over Q and which has the property that (a)? = 0(4)
for all @ € PN A is dense in D. For the intriguing but elementary proof we refer to [53,
Exp. IX], [32, Ch. VIII], or [378, Sect. 6]. Compare this to similar density results, e.g.
Propositions 6.2.9 and 7.1.3.

ii) From this one immediately concludes: The set of marked K3 surfaces (X, ) € N in
the moduli space of marked K3 surfaces (see Section 7.2.1) for which X is a projective
Kummer surface (of maximal Picard number p(X) = 20) is dense in N.

Remark 3.25. A similar statement can be proved for the polarized case. For any
d > 0 the image of the set of marked polarized Kummer surfaces under

Pdi Ndc—> Dd

is dense in Dy and hence Kummer surfaces are dense in Ny.

In [378, Rem. 6.5] the authors point out a gap in [490, Sect. 6]. However, if [378,
Thm. 2.4] is replaced by the stronger Theorem 1.12 or Remark 1.13 then this gap can be
filled and the arguments in [378] go through unchanged. Indeed, the above arguments
can be adapted to prove the density of rational periods in Dy C P(A4c) with the same
divisibility property. One needs the stronger lattice theory result to ensure that the
orthogonal complement a C Ay of an arbitrary class o € Ay still contains a hyperbolic
plane, cf. proof of [378, Prop. 6.2]. Alternatively, one could use the density in Remark
3.24 combined with the density of abelian surfaces of fixed degree in the space of two-
dimensional tori, cf. [5].

4. Niemeier lattices

Books have been written on Niemeier lattices and the Leech lattice in particular. We
only highlight a few aspects that seem relevant for our purposes. For more information
the reader should consult e.g. [130].

As it fits better the applications to K3 surfaces, we adopt the convention that Niemeier
lattices are negative definite.

4.1. By definition a Niemeier lattice is an even, unimodular, negative definite lattice
N of rank 24. The easiest example is FEg(—1)%3.

Corollary 4.1. Let N be a Niemeier lattice. Then
NoUc~FEy(-1)® o U = 1 2.

Conversely, if 0 # w € Iy 95 is a primitive vector with (w)? = 0, then there exists an
isomorphism Il; o5 ~ N ® U with N a Niemeier lattice and such that w corresponds to
ecU.

PRrROOF. The isomorphism follows from the classification of indefinite lattices, see
Corollary 1.2 or 1.3. The second statement is a consequence of Corollary 1.14. (|
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This gives, at least in principle, a way to construct all Niemeier lattices. It turns out
that there are exactly 24 primitive 0 # w € II; 95 with (w)? = 0 up to the action of
O(I1; 25), which eventually leads to a complete classification. Note that for w as above,
the corresponding Niemeier lattice is isomorphic to w= /(w).

A list of all Niemeier lattices was first given by Niemeier. A more conceptual approach,
which in particular clarifies the role of the root lattices R, is due to Venkov [607]. See
also [130, Ch. 16] or [159, Ch. 3.4] for detailed proofs.

Theorem 4.2 (Niemeier, Venkov). There exist precisely 24 isomorphism classes of
Niemeier lattices N, each of which is uniquely determined by its root lattice R C N which
is either trivial or of rank 24.

As in Section 2.1, the root lattice R C N is the sublattice spanned by all (—2) classes,

SO
R:= (5|6 € N with (§)* = —2) C N.

Note that the root lattice can be trivial, i.e. R = 0. This is the case if and only if N
is the Leech lattice, see Section 4.4 for more on the Leech lattice. In fact, for all other
Niemeier lattices R C N is of finite index. Conversely, each Niemeier lattice, except for
the Leech lattice, can be seen as the minimal unimodular overlattice of the corresponding
root lattice.

The existence of the Leech lattice, i.e. of a Niemeier lattice without roots, can be shown
by a procedure that changes a Weyl vector in a way that forces the number of roots to
decrease.

Remark 4.3. The following is the list of the 24 root lattices R, or rather of R(—1),
can be found in [130, , ]:6
07 A?247 A39127 A@87 AEBG; A®47 A€B37 A?227 A247 D?67 D?Zla D§B37 D%Zv D247 Egyla E®37
AP* @ Dy, AP? @ D$?, AS* @ D, A15 ® Dy, A17 & E7, D1o ® E$?, D16 @ Ds,
A1 & D7 @ Eg

Due to the general classification, R is a direct sum of lattices of ADE type, see Section
0.3, but obviously not all of those that are of rank 24 also occur in the above list.

Later, for example, in Section 15.3.2, we will often explain arguments for the case of
the Niemeier lattice with root lattice Aj(—1)®24.

Remark 4.4. The lattice I1; o5 ~ Fg(—1)®3 @ U has signature (1,25) and the general
theory of Section 8.2 applies. In particular, one can consider the positive cone C C
I1; 25 ® R (one of the two connected components of the set of all x with (x)? > 0) and its
chamber decomposition.

A fundamental domain for the action of the Weyl group W of II; 25, i.e. one chamber
Co C C, can be described in terms of Leech roots. A Leech root is a (—2)-class § € II; 25
such that (d.e) = 1 for e € U the first basis vector of the standard basis of U. Then

6The lattices are usually listed according to their Coxeter number, so that 0, the root lattice of the
Leech lattice, would be the last one in the list and A;(—1)®2* the penultimate.
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one chamber Cy consists of all x € C C Il 25 ® R with (2.5) > 0 for all Leech roots 9.
The closure of every chamber, in particular of Cy, contains precisely 24 primitive classes
0 # w; € II1 25 N OC, i.e. 24 primitive square zero lattice elements are contained in the
boundary of Cy. They give rise to 24 decompositions IIj o5 ~ N; U with the 24 Niemeier
lattices Ny, ..., Nas.

A variant of the above allows one to write down a bijection between the set of all
primitive w € IIj o5 N C with w/{w) isomorphic to the Leech lattice Ny (see below)
and the set of chambers. It is given by

w=Cy = {x | (x.0) > 0if (d.w) = 1},

where on the right hand side all roots ¢ are considered, see [129]. Note that the chamber
decomposition of C is not rational polyhedral. For details and proofs see |76, |.

4.2. The importance of Niemeier lattices in the theory of K3 surfaces becomes clear
by the following consequence of Nikulin’s Theorem 1.15. Note that in the application in
Section 15.3.2 in fact all Niemeier lattices occur, with the exception of the Leech lattice.

Corollary 4.5. Let A1 be a negative definite, even lattice with £(A1) < 24 — rk Ay.
Then there exists a primitive embedding into a Niemeier lattice Ay & N. (|

Sometimes, this version of the corollary is not quite sufficient, but the finer version
alluded to in Remark 1.17 usually is.

Example 4.6. Consider the Néron—Severi lattice NS(X) of a complex projective K3
surface. Then for every Niemeier lattice N there exists a primitive embedding

NS(X) > N@ U ~ Fg(—1)% @ U ~ I 25.
This follows from Theorem 1.15, as NS(X) is even of signature (1, p(X) — 1) and
UNS(X)) = 6(T(X)) <22 p(X) < 26— p(X).

The possibility to embed NS(X) into II; 25 prompts the question how the chamber decom-
positions of the positive cones of the two lattices are related. Very roughly, although the
chamber decomposition of II; 95 is not rational polyhedral, it sometimes (under certain
conditions on the orthogonal complement NS(X )+ C II; 25) induces a rational polyhedral
decomposition of the ample cone.

Example 4.7. For a recent discussion of the following applications to embeddings of
Néron-Severi lattices see Nikulin’s [453].

i) Let A; .= NS(X) of a (non-projective) complex K3 surface X with negative definite
NS(X). In this case /(NS(X)) = 4(T'(X)) < 22— p(X) < 24— p(X) and, therefore, there
exists a primitive embedding

NS(X) > N

into some Niemeier lattice V.
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ii) For a complex projective K3 surface X the result can be applied to A; = ¢+ C
NS(X) for any £ € NS(X) with (£)2 > 0. Again one checks £({+) < ((T(X)) +1 <
22 — rk 1+ < 24 — rk ¢+, So, there exists a primitive embedding

(tC s N

into some Niemeier lattice N. In fact, by applying the corollary instead to A; = ¢+ @
A1(—1) one can exclude the Leech lattice (Kondo’s trick).

Note that in both cases the lattice spanned by (—2)-classes (in NS(X) or in £+, respec-
tively) becomes a sublattice of the root lattice of a Niemeier lattice.

Example 4.8. The Kummer lattice K, see Section 3.3, can be embedded
K<~ N
into the Niemeier lattice N with root lattice A;(—1)®24. See [453, |. The existence

of a primitive embedding into one of the Niemeier lattices follows from Theorem 1.15.

4.3. The Niemeier lattice that is of special interest in the context of K3 surface is
the Niemeier lattice with root lattice R ~ Aj(—1)%24 ~ (—2)®24 It can be constructed
as the set N C Rg of all vectors of the form %Zniei with n; € 7Z and such that
(R1,...,N04) € F24 is an element of the (extended binary) Golay code W C F34, i.e.

W =N/RC R*/R ~F34.

By definition, the Golay code W is a 12-dimensional linear subspace with the property
that for all 0 # w = (w;) € W one has |[{i | w; # 0}| > 8. The subspace W can be
written down explicitly and it is unique up to linear coordinate change, see e.g. [130].

Remark 4.9. The only roots in this Niemeier lattice are the elements +e;. Hence the
Weyl group of N is (Z/27)%%*.

Viewing the symmetric group Gay, as usual, as a subgroup of GL(F3%), one defines the
Mathieu group as (see also Section 15.3.1)
Moy ={0 € Gy | ac(W) =W}
It is a simple sporadic group of order

|Moy| = 244.823.040 = 210.3% . 5.7.11-23.

Proposition 4.10. The orthogonal group O(N) of the Niemeier lattices N with root
lattice R = A1(—1)%?* is naturally isomorphic to

O(N) =~ Moy x (Z,/27)%*.

PROOF. The group &gy x (Z/27)%?* acts naturally on the root lattice R = Aj(—1)%2*
by permutation of the basis vectors e; and sign change e;— —e;. Also, as rk R = 24, any
g € O(N) is determined by its action on the roots and thus O(N) & Ggy x (Z/27)%%4.
By definition of N in terms of R and the Golay code, the image is contained in Mayg X
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(7,/27)%?* and, conversely, every element in Moy x (Z/27)%%** defines an orthogonal
transformation of N. O

For more comments and references concerning O(N)/W (N) for the other Niemeier
lattices N see Section 15.3.1.

4.4. There are various ways of constructing the Leech lattice Ny. The easiest is
maybe the one due to Conway, see | , Ch. 27|, that describes

No(—1) C Il == E$* @ U Cc R*!

as wt/Zw with w == (0,1,...,24,70).

The Leech lattice does not contain any roots and so its Weyl group is trivial. The
orthogonal group O(Np) of the Leech lattice is called the Conway group Cop. The quotient
by its center Coy := Cop/{+£1} is a simple sporadic group of order

|Coy| = 4.157.776.806.543.360.000 = 221 . 39 . 5% . 72. 11 .13 - 23.

The Conway group contains a subgroup isomorphic to the Mathieu group May, cf. [128].

References and further reading:

In papers by Sarti [519, ] one finds explicit computations of Picard and transcendental
lattices of K3 surfaces with p = 19.

A K3 surface is a generalized Kummer surface if it is isomorphic to the minimal resolution
of the quotient A/G of an abelian surface (or a two-dimensional complex torus) A by a finite
group G. The possible groups G, all finite subgroups of SL(2,C), can be classified, cf. [188]: i)
cyclic groups of order 2, 3, 4, or 6, ii) binary dihedral groups (2,2,n = 2,3) (leading to a Dy
and Dy singularity), and iii) binary tetrahedral group (leading to an FEg-singularity). In positive
characteristic the list is slightly longer, see [282] or consult |70, Prop. 4.4]. For a classification
of general finite subgroups G C Aut(A) see Fujiki’s article [188]. In [59] Bertin studies the
analogue K, of the Kummer lattice for G = Z/nZ, n = 3,4,6. Note that rk K,, = 18 in all three
cases. It is proved that a K3 surface is the minimal resolution of A/G if and only if there exists
a primitive embedding K,, &= NS(X) (which is the analogue of Theorem 3.17). A description

of the generalized Kummer lattice in the remaining cases has been given by Wendland [631] and
Garbagnati [198].
Persson in [488] shows that a K3 surface is a ‘maximizing’ double plane if NS(X)q is spanned

by effective curves H, Ey, ..., E1g with (H)? =2, (H.E;) =0, and H irreducible.
Coming back to Example 4.6, one finds bits on the relation between the positive cones in NS(X)
and II; o5, see [76, , |, but I am not aware of a concise treatment of it in the literature.






CHAPTER 15

Automorphisms

Let X be a complex K3 surface or an algebraic K3 surface over a field k. By Aut(X)
we denote the group of all automorphisms X —> X. An automorphism of a complex K3
surface is simply a biholomorphic map and an automorphism of an algebraic K3 surface
over k is an isomorphism of k-schemes.

Then Aut(X) has the structure of a complex Lie group or of an algebraic group, re-
spectively. However, as H°(X, Tx) = 0, it is simply a discrete, reduced group. The same
argument also shows that for a K3 surface X over an algebraically closed field & the
automorphism group does not change under base change, i.e. Aut(X) ~ Aut(X x; K) for
any field extension k C K. For the general theory of transformation groups of complex
manifolds see [304, Ch. III| and in the algebraic context [226, Sec. C.2].

There are two kinds of automorphisms, symplectic and non-symplectic ones. Section 1
treats the group Autg(X) of symplectic automorphisms, mostly for complex K3 surfaces,
and explains that at least for projective K3 surfaces the subgroup Auts(X) C Aut(X) is of
finite index. Section 2 describes Aut(X) of a complex K3 surface in terms of isometries
of the Hodge structure H?(X,Z). This allows one to classify K3 surfaces with finite
Aut(X) for which a classification of the possible NS(X) is also known. Mukai’s result on
the classification of all finite groups occurring as subgroups G C Autys(X) can be found
in Section 3. Concrete examples are constructed in the final Section 4.

1. Symplectic automorphisms

This first section collects a number of elementary observations on symplectic automor-
phisms, crucial for any further investigation.

Definition 1.1. An automorphism f: X = X of a K3 surface is called symplectic if
the induced action on HO(X, Q%) is the identity, i.e. for a generator o € H(X, Q%) one
has f*o =o.

Note that this definition makes sense for complex K3 surfaces as well as for algebraic
ones. One thinks of the two-form o as a holomorphic or algebraic symplectic structure,
hence the name.

The subgroup of all symplectic automorphisms shall be denoted

Auty(X) C Aut(X).

Thanks to Giovanni Mongardi and Matthias Schiitt for detailed comments on this chapter.
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Remark 1.2. For complex K3 surfaces, one can equivalently use the transcendental
lattice T'(X), which by definition is the minimal sub-Hodge structure of H2(X,Z) contain-
ing H2%(X), see Section 3.2.2. As the natural inclusion H°(X, Q%) ~ H*%(X) C T(X)c
is compatible with the action of f, one finds that f is symplectic if and only if f* = id
on T(X). Indeed, one direction is obvious and for the other use that for f symplectic
Ker((f* —id)|p(x)) € T(X) is a sub-Hodge structure containing H*°(X), cf. Lemma
3.3.3.

Remark 1.3. The action of an automorphism f: X —> X on the one-dimensional
space H°(X, Q%) is linear. Therefore, if f is of finite order n, its action on H°(X, Q%) is
given by multiplication by an n-th root of unity ¢ € k. Thus, as there are no non-trivial
p-th roots of unity in a field of characteristic char(k) = p > 0, any automorphism of order
p is in this case automatically symplectic.

1.1. Concerning the local structure of symplectic automorphisms of finite order
of a complex K3 surface the following elementary fact is useful (see also the proof of
Proposition 3.11 for a slightly stronger statement).

Lemma 1.4. Let X be a complex K3 surface. Assume f € Auty(X) is of finite order

= |f| and x € X is a fized point of f. Then there exists a local holomorphic coordinate
system z1, 2y around x such that f(z1,22) = (A\p21, \; 122) with A\, a primitive n-th root
of unity.

PROOF. The following argument has been taken from Cartan’s [102|. Consider a
small open ball around z = 0 € U C C?. We first show that there are coordinates
(21,22) with f(z1,22) = dof - (21,22). Define g(y) = (1/n) 321" ;(dof)™" - f*(y) and
check dog = (1/n) >_1" (dof)"do(f*) = id. Hence, (z1,22) := g(y) can be used as local
coordinate functions around 0. Then note

n

g(fy) = (/)Y (dof)~" f*(y)

=1
= (dof)- ( 1/n) Y (dof)” -f”l(y)> =dof - 9(y)-
i=1

Thus, with respect to the new coordinate system (z1, z2) = g(y), we can think of f as the
linear map dpf and, after a further linear coordinate change, f(z1,22) = (A121, A\222).
Now deduce from f € Auty(X) that det(dof) = 1, i.e. Ay == Ay = \;', and from
|f| = n that A\, is an n-th root of unity. If A* = 1 for some k& < n, then f* = id in
a neighbourhood of x and hence f* = id globally. Contradiction. Hence, every \, is a
primitive n-th root of unity. O

In particular, the fixed point set of a non-trivial symplectic automorphism of a complex
K3 surface consists of a finite set of reduced points. This does not hold any longer in
positive characteristic, see Remark 1.9.

Mukai in [428, Sec. 1] deduces from this the following result, see also [447, Sec. 5].
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Corollary 1.5. Letid # f € Auts(X) be of finite order n == |f|. Then the fized point
set Fix(f) is finite and non-empty. More precisely, 1 < |Fix(f)| < 8 and in fact

(1.1) IFix(f)| = %‘H (1+1>_1,

pln

which in particular only depends on the order n.

PRrROOF. The local description provided by the lemma shows that all fixed points are
isolated, i.e. Fix(f) is finite, and non-degenerate, as A\, # 1 for all x € Fix(f).
Thus, the Lefschetz fized point formula for biholomorphic automorphisms (see [219, p.
426]) applies and reads in the present case

S (=D (fFlrixo) = Y, det(id—dyf)”!

i z€Fix(f)
- ¥ 1
= — ——-
z€Fix(f) <1 Ae)(1 =227

Here, the sum on the right hand side runs over the (finite) set Fix(f) of fixed points of f.
The sum on the left hand side equals 2, for H*(X, Q) is one-dimensional for i = 0,2 (and
trivial otherwise) and the symplectic automorphism f acts as id on H?(X,O). Hence
Fix(f) is non-empty. Since |\;| = 1, one has |1 — Af!| < 2 which immediately proves
2 > (1/4)|Fix(f)], i.e. [Fix(f)| < 8.

If k is prime to n, then Fix(f*) = Fix(f). Therefore, also

1
2 GTowman

z€Fix(f)

and hence

1 1
> Dl =2
_\kY(1 _ 2=k )

z€Fix(f) p(n) (k,m)=1 (1—=Xo)(1 = A7)

where ¢(n) denotes the Euler function. For any primitive n-th root of unity A one has'

1 n? 1
2 aomaon :mH(l‘p?>

(kn)=1 pln

see , Lem. 1.3|), which combined with p(n) =n 1— 1) yields (1.1). O
¥ pln P
The above techniques already yield a weak version of Proposition 2.1:

Corollary 1.6. Let f: X — X be an automorphism of finite order of a complex K3
surface and assume that f* =id on H?(X,Z). Then f is the identity.

IThis looks like a standard formula in number theory, which in | | is deduced by Mdobius inversion
from 3" H((1—=A)(1—A"") 7t = (n? —1)/12. Up to the factor (1/12) the right hand side is the Jordan
totient function Jz. Curiously, the formula does not seem to appear in any of the standard number theory
books.



310 15. AUTOMORPHISMS

PROOF. By assumption, f is in particular symplectic and, hence, the lemma and the
previous corollary apply. If f # id, then the topological Lefschetz fixed point formula

(1.2) YD (i) = IFix(f)]
(see [219, p. 421]) would yield the contradiction 24 = |Fix(f)| < 8. O
Remark 1.7. Corollary 1.6 holds for automorphisms of K3 surfaces over an arbitrary

algebraically closed field k with singular cohomology replaced by étale cohomology, see
[507, Prop. 3.4.2|. See also Remark 2.2.

1.2. For the following see Nikulin’s [447, Sec. 5], where one also finds a discussion
of a number of special cases of finite, cyclic and non-cyclic, symplectic group actions.

Corollary 1.8. If f € Auts(X) is of finite order n, then n < 8.

PROOF. Since f is symplectic, (H'@&H* @ H*?®H*)(X) is contained in the invariant
part H*(X,C)) ¢ H*(X,C). Moreover, for any ample or Kihler class a € H"1(X)
the sum > 0 ,(f%)*a is f-invariant and ample (resp. Kihler) and hence non-trivial.?
Together this shows dim H*(X,C){) > 5. Next, viewing (1/n) 37, (f%)* as a projector
onto H*(X,C)) one finds

> () e x,0) = n - dim H*(X,C)Y),
=1

which due to (1.2) can also be written as 24 + 32" |Fix(f)| = n - dim H*(X,C){/).
Hence, 24 + S."" ' |Fix(f)| > 5 - n, which together with (1.1) yields the result. Indeed,

for example, for n = p the inequality becomes 24 + (p — 1)% > 5-p, ie p < 43/5.
One reduces the general case to n = p by passing to powers of f, but this part of the
argument is not particularly elegant and left to the reader. ([l

Combining Corollaries 1.5 and 1.8 one finds that only the following tuples (n, |Fix(f)|)
for symplectic automorphisms of finite order of a complex projective K3 surface can occur:

n |2 3]4|5]|6]|7]8

Fix(f)] [8] 6 [ 4] 4]2]3]2
p(X)>1]9]13[15 1717|1919

The table has been completed by a lower bound for the Picard number p(X), which
follows from T(X)c € H?(X,C)) and the resulting inequality 24 + Z:le |Fix(f))| =
n-dim H*(X,C)Y) > n-(24rk T(X)+1) = n- (25— p(X)). So, complex K3 surfaces with
symplectic automorphisms tend to have rather high Picard number. In fact, in Corollary
2.12 below we shall see that K3 surfaces of Picard rank p(X) = 1 essentially have no

2This is an observation of independent interest: For any symplectic automorphism f: X —=> X of
finite order there exists a Kahler class a and hence a hyperkéhler structure determined by a hyperkahler
metric g (see Section 7.3.2) that is invariant under f. In particular, f then acts as a biholomorphic
automorphism on the twistor space X (o) —T(a) ~ P*.
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automorphisms at all. See Section 4 for concrete examples of symplectic automorphisms
of finite order and more results on NS(X) in these cases.

Remark 1.9. Dolgachev and Keum in [150, Thm. 3.3| show that the above discussion
carries over to tame symplectic automorphisms. More precisely, for a K3 surface X
over an algebraically closed field k of characteristic p = char(k) > 0 and a symplectic
automorphism f € Auts(X) of finite order n := |f| prime to p exactly the same values
for (n,|Fix(f)|) as recorded in the above table can (and do) occur.

For wild automorphisms, i.e. those f € Aut(X) with p dividing the order of f, the
situation is more difficult. In | , Thm. 2.1], however, it is proved that if there exists
an f € Aut(X) of order p, then p < 11 or, equivalently, for p > 11 no f € Aut(X) exists
whose order is divisible by p.

If X admits a wild automorphism of order p = 11, then p(X) = 2,12, or 22. Ac-
cording to Schiitt [536] the generic Picard number really is p(X) = 2 in this case. In
[151] Dolgachev and Keum give an explicit example of an automorphisms of order 11
in characteristic 11, which then is automatically symplectic, provided by a hypersurface
of degree 12 in P(1,1,4,6) with the automorphism given by translation (to : t1 : x :
y)—(to : to+t1 : ¢ : y), see also Oguiso’s [465].

It is maybe worth pointing out that in the wild case the fixed point set of a symplec-
tic automorphism is not necessarily discrete. See also the more recent article [290] by
Keum where all possible orders of automorphisms of K3 surfaces in characteristic > 3 are
determined.

1.3.  We now attempt to explain the difference between Aut,(X) and the full Aut(X).

Corollary 1.10. Let X be a complex K3 surface and f € Aut(X).

(i) If X is projective, then there exists an integer n > 0 such that f*" =1id on T(X).
(ii) If X is not projective, then f* =id on T(X) or f* has infinite order on T'(X).

PrOOF. The first assertion is an immediate consequence of Corollary 3.3.4. For
the second assertion choose a class a € H?(X,Q) such that its (1,1)-part is a Kéhler
class. If f* has finite order n on T'(X), then the (1,1)-part of the finite sum h =
S (f9* () is still a Kéhler class and its (2,0)-part is f*-invariant. However, if f* # id
on T'(X), then there are no f*-invariant (2, 0)-classes. Indeed, Ker((f*—id)|r(x)) C T'(X)
would contradict the minimality of T'(X). Hence, h must be a rational Kéhler class and,
therefore, X is projective. Alternatively, one can divide X by the action of the non-
symplectic f which gives either an FEnriques surface or a rational surface, see Section 4.3
and [447]. In either case, the quotient and hence X itself would be projective. O

Example 1.11. It can indeed happen that a non-projective K3 surface X admits
automorphisms f: X > X such that f* does not act by a root of unity on H>%(X) or,
equivalently, is not of finite order on 7T'(X). One can use [639] to produce examples on
complex tori and then pass to the associate Kummer surface, cf. | , Rem. 4.8].
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Remark 1.12. Essentially the same argument has been applied by Esnault and Srini-
vas in [171] to prove the following result, which we state only for K3 surfaces: Let (X, L)
be a polarized K3 surface over an algebraically closed field k& and let f € Aut(X). Then
the induced action f* on the largest f-stable subspace V C ci(L)* € H?(X,Q¢(2)),
¢ # char(k), has finite order. However, this does not seem to imply that on a projective
K3 surface in positive characteristic Corollary 1.10 still holds, i.e. that any automorphism
becomes symplectic after passing to some finite power.

Corollary 3.3.4 in fact describes the group of Hodge isometries of 7'(X) as a finite cyclic
group. Hence, Aut(X) of a complex projective K3 surface acts on T'(X) via a finite cyclic
group, i.e. there exists a short exact sequence

(1.3) 1—Auty(X)—Aut(X) — ppm —1,
where Auty(X) acts trivially and p,, faithfully on T'(X).

Remark 1.13. It is also interesting to consider the kernel of Aut(X)—O(NS(X))
which by Proposition 5.3.3 is finite for projective X. Using Proposition 2.1 below, it can
be identified, via its action on T'(X), with a subgroup g, C fiy,. Then n = m if and only
if (1.3) splits. This is the case if NS(X) or, equivalently, 7'(X) is unimodular. It would be
interesting to write down an explicit example in the non-unimodular case where n £ m.

If X is not projective, a similar exact sequence can be written down for any finite
subgroup G' C Aut(X), but then automatically m = 1 due to Corollary 1.10, (ii).

But also for projective X, the possibilities for m are quite limited, see | , Thm. 3.1,
Cor. 3.2].

Corollary 1.14. Let X be a complex projective K8 surface. The order of the cyclic
group iy, in (1.3) satisfies

p(m) < TKT(X) = 22 — p(X)
and in fact o(m) |tk T(X). In particular, m < 66.

PROOF. Let f € Aut(X) act on T(X) by a primitive m-th root of unity ¢,,. Then the
minimal polynomial ®@,,, of (;,, divides the characteristic polynomial of f* on T'(X). Hence,
o(m) = deg @,,, <1k T'(X). In order to prove ¢(m)|rk T'(X), one simply remarks that all
irreducible subrepresentations of p,, on T'(X)qg are of rank ¢(m). Indeed, otherwise for
some n < m there exists an a € T(X) with f"*(a) = a. Then pair a with H*°(X), on
which f™ acts non-trivially, to deduce the contradiction o € HY(X,Z). In other words,
as a representation of p,, one has T'(X) ~ Z[(,]%" with r = 1k T(X)/¢(m). The last
assertion follows from ¢(m) > 21 for m > 66. O

Remark 1.15. In addition, it has been shown by Machida, Oguiso, Xiao, and Zhang
in | , s | that for a given m a complex K3 surface X together with an auto-
morphism f € Aut(X) of order m and such that f* = (,, -id on H*°(X) with ¢, an
m-primitive root of unity exists if and only if p(m) < 21 and m # 60.
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Example 1.16. In [317] Kondo proves more precise results for the case that NS(X) (or,
equivalently, 7'(X)) is unimodular. Then m divides 66, 44, 42, 36, 28, or 12 and actually
equals one of them if p(m) = rkT(X). In the latter case, X is uniquely determined. In
[623] Vorontsov announced restrictions on m in the case that T'(X) is not unimodular.
This was worked out by Oguiso and Zhang in [474], who furthermore, showed that again
X is uniquely determined if ¢(m) = rkT'(X). So, a complete classification of all complex
projective K3 surfaces with ¢(m) = rk T'(X) exists. Note that in [474] and elsewhere the
authors work with p,,, = Ker(Aut(X)—O(NS(X))).

For an explicit example of an automorphism with m = 66 see papers by Kondo and
Keum [317], [319, Ex. 4.9], or [290, Ex. 3.1]. The K3 surface is elliptic of Picard number
two, more precisely NS(X) ~ U, and can be described by the Weierstrass equation
y? =23 +t12 ¢

2. Automorphisms via periods

Describing Aut(X) of a complex K3 surface in terms of the Hodge structure H%(X, Z)
is done in two steps. One first shows that the natural representation is faithful, i.e.
Aut(X) & O(H?(X,Z)), and then describes the image in terms of the Hodge structure
(plus some additional data). As it turns out, up to finite index the group of all Hodge
isometries of H%(X,Z) is the semi-direct product of Aut(X) and the Weyl group W,
cf. Section 8.2.3. As an application, we review results of Nikulin and Kondo on the
classification of complex projective K3 surfaces with finite automorphism group.

2.1. We begin with the faithfulness of the natural representation. The next result
is a strengthening of Corollary 1.6, see [53] or [490].

Proposition 2.1. Let f be an automorphism of a complexr K38 surface X. If f* =id
on H*(X,7Z), then f =id. In other words, the natural action yields an injective map

Aut(X)— O(H*(X,7Z)).

PROOF. Let us first give an argument for the case that X is projective. By assumption
f fixes one (and in fact every) ample line bundle L, i.e. f*L ~ L. However, as we have
seen, automorphisms of polarized K3 surfaces have finite order (see Proposition 5.3.3)
and hence Corollary 1.6 can be applied.

As mentioned in |53, Exp. IX], any f € Aut(X) with f* = id deforms sideways, which
allows one to reduce to the projective case. If one wants to avoid deforming X, one shows
instead that f is of finite order and then applies again Corollary 1.6. To prove |f| < oo,
one either uses a general result due to Fujiki [187] and Lieberman [360] saying that the
group of components of Aut(X) of an arbitrary compact Kéhler manifold X that fix
a Kihler class a € H“!'(X,R) is finite or the following arguments more specific to K3
surfaces: Every Kihler class o € Ky € H'(X,R) is uniquely represented by a Ricci-flat
Kahler class w, see Theorem 9.4.11. The uniqueness of w (which is the easy part of the
Calabi conjecture) yields f*w = w. Writing w = g(I , ) with I the complex structure on
the underlying differentiable manifold M and viewing f as a diffeomorphism of M with
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f*I =1 yields f*g = g, i.e. f can be seen as an isometry of the Riemannian manifold
(M, g). However, O(M, g) is a compact group, see [60] for references. Thus, the complex
Lie group of all f € Aut(X) with f* = id (or, weaker, f*a = «) is a subgroup of the
compact O(M, g). At the same time, it is discrete due to H%(X, Tx) = 0 and hence finite.
The finiteness shows that any f with f* =id is of finite order. O

Remark 2.2. i) Of course, using the usual compatibility between singular and étale
cohomology one can show that for any K3 surface over a field k of char(k) = 0 also the
natural map

(2.1) Aut(X) = O(HZ(X, Zy))

is injective for any prime ¢, see [507, Lem. 3.4.1].
ii) Note that Proposition 5.3.3 is valid in positive characteristic, i.e. any f € Aut(X)
with f*L ~ L for some ample line bundle is of finite order. More precisely, the kernel of

(2.2) Aut(X)—=O(NS(X))

is finite, cf. Remark 5.3.4. In [476] Ogus shows that (2.2) is in fact injective for super-
singular K3 surfaces, cf. Remark 2.5.

iii) By lifting to characteristic zero, Ogus also shows that for K3 surfaces over an
algebraically closed field k of char(k) = p > 2 the natural map

(2.3) Aut(X)— Aut(HZ(X/W))

injective, see [475, 2. Cor. 2.5] and Section 18.3.2 for the notation. This was later used
by Rizov to prove injectivity of (2.1) in characteristic p and for £ # p. Of course, it is
enough to prove this for the finite subgroup of f € Aut(X) with f*L ~ L and this is
precisely [507, Prop. 3.4.2]. See also Keum’s account of it [290, Thm. 0.4].

iv) Suppose X is a K3 surface over an algebraically closed field k. Then for any field
extension K/k base change yields an isomorphism

Aut(X) ~ Aut(X xi K).
This follows from H°(X,7x) = 0. A similar statement holds for line bundles and the

argument is spelled out in this case in the proof of Lemma 17.2.2.

2.2. The next step to understand Aut(X) completely is to characterize it as a
subgroup of H?(X,Z) purely in terms of the intersection pairing and the Hodge structure
on H?(X, 7). The following is the automorphism part of the Global Torelli Theorem, so
a special case of Theorem 7.5.3. The injectivity is just Proposition 2.1.

Corollary 2.3. For a complex K3 surface X the map fr— f* induces an isomorphism
Aut(X) == {g € O(H?*(X,Z)) | Hodge isometry with g(Kx) N Kx # 0}

of Aut(X) with the group of all Hodge isometries g: H*(X,7) ~> H?(X,7) for which
there exists an ample (or Kdihler) class o € H?*(X,Z) with g(a) again ample (resp.
Kibhler). O
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Note that a Hodge isometry g of H%(X,Z) maps one ample (or Kihler) class to an
ample (resp. Kéhler) class if and only if it does so for every. Indeed, a Hodge isometry
that preserves the positive cone Cx also preserves its chamber decomposition. Hence,
either a chamber and its image under g are disjoint or they coincide. Also, for projective
X this condition is equivalent to saying that g preserves the set of effective classes. See
Section 8.1.2 for a discussion of the ample cone.

Combined with the description of the ample cone in Proposition 8.5.5, this implies the
following result (cf. [574, Prop. 2.2|):

Corollary 2.4. The group Aut(X) of a complex projective K3 surface X is finitely
generated.

PRrROOF. Consider the subgroup G C O(NS(X)) of all g € O(NS(X)) preserving the
set Ay = {[C] | C ~P'} and such that g = id on Ayxg(y). This is an arithmetic group
and thus finitely generated [79]. We show that Auts(X) ~ G and, as Auts(X) C Aut(X)
is of finite index (see Section 1.3), this is enough to conclude that also Aut(X) is finitely
generated.

Any f € Auts(X) acts as identity on the discriminant Axgx) = NS(X)*/NS(X),
because this action coincides with the one on Ap(x) under the natural isomorphism
Ans(x) = Ar(x), see Lemma 14.2.5. Furthermore, f* preserves the set A, because
frer=1r-1oyl.

Conversely, every g € G can be extended to an isometry of § of H?(X,Z) that acts
as id on T'(X), see Proposition 14.2.6. But then g is a Hodge isometry which, due to
Corollary 8.1.7, preserves the ample cone. Therefore, § = f* for some f € Aut(X) by
Corollary 2.3 and in fact f € Auts(X). In other words, Auts(X) is isomorphic to G and
thus finitely generated. g

Remark 2.5. i) In [367, Thm. 6.1] Lieblich and Maulik verified that the arguments
carry over to the case of positive characteristic. So, also for a K3 surface X over an
algebraically closed field of positive characteristic Aut(X) is finitely generated.

However, as there is no direct analogue of the Hodge structure on H?(X,Z) and as
automorphisms can in general not be lifted to characteristic zero, there is no explicit
description for Aut(X). However, it is known that the kernel of Aut(X)—O(NS(X))
is finite (see Remark 2.2) and its image has finite index in the subgroup preserving the
ample cone (cf. Theorem 2.6 and Remark 2.8). For supersingular K3 surfaces Ogus proved
that the image equals the subgroup of orthogonal transformations that not only respect
the ample cone, but also the two-dimensional kernel of c1: NS(X) ® k— H'(X,Qy)
(which in this sense plays the role of the (2,0)-part of the Hodge structure for complex
K3 surfaces).

ii) The result also holds true for non-projective complex K3 surfaces, as has been
observed by Oguiso in [470, Thm. 1.5].

2.3. Consider a complex K3 surface X and its Weyl group W C O(NS(X)), i.e. the
subgroup generated by all reflections sjc) with P! ~ C C X, cf. Sections 14.2.1 and 8.2.4.
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The following result was first stated by Pjateckil-Sapiro and Safarevi¢ in [490, Sec. 7]. A
sketch of the argument can be found in the proof of Theorem 8.4.2. It relies heavily on
Corollary 2.3.

Theorem 2.6. Let X be a complex projective K3 surface. Then the natural map
sending f to f* induces a homomorphism

Aut(X)—O(NS(X))/W
with finite kernel and finite cokernel.
Another way to phrase this is to say that
Auty(X) x W € O(NS(X))
is a finite index subgroup. As an immediate consequence one finds (see Corollary 8.4.7)

Corollary 2.7. The group of automorphisms Aut(X) of a complex projective K3 sur-
face is finite if and only if O(NS(X))/W is finite. O

Remark 2.8. Both, Theorem 2.6 and Corollary 2.7, hold for projective K3 surfaces
over algebraically closed fields of positive characteristic, see [367].

For non-projective K3 surfaces, however, the situation is different. As was mentioned
before, the quotient of Auts(X) C Aut(X) may contain elements of infinite order. So, a
priori, it could happen that the kernel of Aut(X)—O(NS(X))/W contains elements of
infinite order, just because NS(X) is too small, e.g. NS(X) = 0. Explicit examples can
presumably be found among those mentioned in Example 1.11.

2.4. It turns out that complex projective K3 surfaces with finite Aut(X) can be
classified. More precisely, their Picard lattices and the groups occurring as Aut(X) can
be (more or less) explicitly described. Due to Corollary 2.7, the question whether Aut(X)
is finite becomes a question on the lattice NS(X) and its Weyl group W C O(NS(X)).

In the following, we let W C O(N) be the Weyl group of a lattice N of signature
(1,p— 1), see Section 8.2.3.

Definition 2.9. By F” one denotes the set of isomorphism classes of even lattices N
of signature (1, p — 1) such that O(N)/W is finite.

The main result is the following theorem due to Nikulin. For the statement and its
proof see the relevant articles [449] and [450] by Nikulin. The second part of the result
is [450, Thm. 10.1.1].

Theorem 2.10. The set F? is empty for p > 20 and non-empty but finite for 3 < p <
19. Every N € FP can be realized as N ~ NS(X) of some K3 surface X.

Example 2.11. The cases p(X) = 1,2 are rather easy and, in particular, the list of
possible lattices NS(X) is infinite in both cases.

i) If p(X) = 1, then the Weyl group is trivial and O(NS(X)) = {£1}. Hence, Aut(X)
is finite by Corollary 2.7, see also the more precise Corollary 2.12. Note that in particular
Z(2d) € F! for all d > 0.
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ii) If p(X) = 2, then according to [490, Sec. 7| (see also [196, Cor. 1]): Aut(X) is finite
if and only if there exists 0 # a € NS(X) with (a)? = 0 or (a)? = —2, see the discussion
in Sections 14.2, 8.3.2, and Example 8.4.9.

In [451] Nikulin carried out the classification for p(X) = 3, in particular |F3| = 26,
see also [454]. The case p(X) = 4 is due to Vinberg and was only published many years
later in [615], where it is also shown that |F*| = 14.

The case p(X) > 5 is treated by Nikulin in [450], see also the announcement in his
earlier paper [449|. The most explicit form of this result can be found in [454, Thm. 1,
2%, see also [319, Thm. 6.2]. From the explicit list given there one sees immediately that
FP is non-empty for all 1 < p < 109.

Note that the theorem in particular says that complex K3 surfaces with p(X) = 20
have infinite Aut(X), which was first shown by Shioda and Inose in [565, Thm. 5]. In
fact, a K3 surface X with p(X) = 20 is a rational double cover of a Kummer surface
Y associated with the product of two elliptic curves E; X Es (see Example 11.1.2 and
Remark 14.3.22) and often X itself is of this form. For Y, translation by a non-torsion
section of Y —=P! = F;/4 is an automorphism of infinite order. The existence of a
non-torsion section follows from the Shioda-Tate formula, see Example 11.3.5. For the
description of Aut(X) for X with p(X) = 20 and small discriminant see the papers by
Borcherds and Vinberg 76, ].

Similarly, for (Shioda) supersingular (or, equivalently, unirational) K3 surfaces, i.e. K3
surfaces with p(X) = 22 (see Section 18.3.5), the group Aut(X) is as well infinite, see
[274].

The following was first observed in [450, Cor. 10.1.3], see also [384, Lem. 3.7]. Note
that there is no analogue for this in positive characteristic or, at least, not over I_Fp as
there the Picard number is always even (see Corollary 17.2.9).

Corollary 2.12. Let X be a complex projective K3 surface with Pic(X) ~Z-H. Then

{id} if (H)? > 2
(24) Aut(X) = { ZJ2Z  if (H)? = 2.

PrOOF. By Corollary 3.3.5, any f € Aut(X) acts as £id on T'(X). On the other
hand, f* = id on NS(X), for the pull-back of the ample generator H has to be ample. But
the action of f* on the discriminant groups Az x) and on Angx) =~ Z/(H )2Z coincide
under the natural isomorphism, cf. Lemma 14.2.5. For (H)? # 2 this excludes f* # id
on T(X). Hence, f* =id on H?(X,Z) and Proposition 2.1 yields the result.

If (H)? = 2, then X is a double plane (see Remark 2.2.4) and the covering involution
i: X == X indeed acts as —id on T'(X). For any other automorphism with f* = —id,
the above argument can be applied to the composition i o f, which shows f = 1. O

An explicit description of all the possible finite Aut(X) was eventually given by Kondo
in [318, Sec. 4], see also [316]. The final result should be read as saying that K3 surfaces

3Thanks to Jiirgen Hausen for this reference.
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with finite Aut(X) are rather special. In particular, all the intriguing finite groups G C
Autg(X) classified by Mukai, see Section 3, can only be realized on K3 surfaces X with
infinite Aut(X).

Theorem 2.13. Suppose Aut(X) of a complex projective K3 surface is finite. Then the
symplectic automorphism group Auts(X) C Aut(X) is isomorphic to one of the following
groups:

{1}, Z)2Z, or &s.

The two cases 15 < p(X) and 9 < p(X) < 14 are treated separately, where the
lower bound for p(X) follows from the table in Section 1.2. For the first case one has
Auts(X) ~ {1}, Z/2Z, or &3, whereas for the second Auts(X) ~ {1} or Z/2Z. The result
as phrased by Kondo in [318] distinguishes instead between the two cases that the index
m of Auts(X) C Aut(X) satisfies m < 2, in which case Aut(X) ~ Auts(X) x Z/mZ, or
m > 2. In the course of the proof Kondo in particular notices that for K3 surfaces X
with finite Aut(X) the lattice NS(X) determines the group Aut(X).

Example 2.14. There are many explicit examples of K3 surfaces with finite automor-
phism groups in the literature. Galluzzi and Lombardo show in [195] that Aut(X) for

NS(X) with intersection matrix (2 d ) with d = 1(2) is isomorphic to Z/2Z.

-2
2.5. We conclude this section by reviewing some examples of K3 surfaces with
infinite automorphism groups.

i) In [628] Wehler considers a K3 surface X given as a complete intersection of the Fano
variety of lines F C P? x P?* on P? with a hypersurface of type (2,2). K3 surfaces of this
form come in an 18-dimensional family and for the general member NS(X) is of rank two

with intersection matrix (Z 3) and Aut(X) = (Z/2Z) x (Z]2Z).

The two generators correspond to the covering involutions o1, o9 of the projections
X —=P? to the two factors. In particular, o, oo are not symplectic, but o1 o o9 is
symplectic (and of infinite order). Compare this example to Corollary 2.12.

ii) In [195, Thm. 4] the result of Wehler is complemented by showing that Aut(X) ~
(Z)2Z) % (Z/2Z) for any K3 surface with NS(X) of rank two and intersection matrix
<Z ;l) with d > 1 odd. For a K3 surface with intersection form <Z _d2> on NS(X)
and d odd it is shown that Aut(X) ~ Z/2Z, see [195, Thm. 3].

iii) According to Bini [61], any K3 surface with NS(X) ~ Z(2nd) & Z(—2n) with n > 2
and d not a square, satisfies Aut(X) ~ 7Z.
iv) A systematic investigation of the case p(X) = 2 was undertaken by Galluzzi, Lom-

bardo, and Peters in [196, Cor. 1]. In particular it is proved that the only infinite Aut(X)
that can occur are Z and (Z/27) x (Z/27.).
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v) In papers by Festi et al and Oguiso [176, | one finds an automorphism f of a
certain quartic X C P3 with p(X) = 2 which is of infinite order and without fixed points.
By Corollary 1.10, some finite power of it is also symplectic. Is f itself symplectic?

vi) As mentioned before, Aut(X) is infinite if p(X) = 20, see [565, Thm. 5|. In this
paper, Shioda and Inose also noted that there exist K3 surfaces with p(X) = 18 and
finite Aut(X). An earlier example can be found in [490, Sec. 7].

In view of Corollary 3.3.5 it seems reasonable to expect that in general automorphism
groups of K3 surfaces with odd Picard number should be easier to study, at least the
kernel of Aut(X)—O(NS(X)) is at most {+1}. See Shimada’s [552| for examples with
p(X) =3.

3. Finite groups of symplectic automorphisms

The goal of this section is to convey an idea of the celebrated result by Mukai [428]
concerning finite groups realized by of symplectic automorphisms of K3 surfaces which
generalizes earlier results of Nikulin [447] for finite abelian groups. We first state the
result and discuss some of its consequences, and later provide the background for it and
present the main ingredients of its proof.

As was noted before, the list of finite groups occurring as Aut(X) or Auts(X) is rather
short, cf. Theorem 2.13. In particular, most of the interesting finite groups occurring as
subgroups of Auty(X) are subgroups of an infinite Auts(X).

Theorem 3.1 (Mukai). For a finite group G the following conditions are equivalent:

(i) There exists a complex (projective) K3 surface X such that G is isomorphic to a
subgroup of Autg(X).

(i) There ezists an injection G = Mas into the Mathieu group Mas such that the
induced action of G on Q= {1,...,24} has at least five orbits.

There are exactly 11 maximal subgroups of finite groups acting faithfully and symplec-
tically on a complex (projective) K3 surface, i.e. that satisfy (i) or, equivalently, (ii). An

explicit list can be found in [428, Ex. 0.4] or [389, Sec. 4|. The orders of these maximal
groups are
(3.1) G| = 48, 72,120, 168, 192, 288, 360, 384, 960

(some appearing twice). They can all be realized on explicitly described K3 surfaces
(namely on quartics, complete intersections, and double covers) with the group action
given on an ambient projective space. The existence can also be proved via the Global
Torelli Theorem and the surjectivity of the period map, see Section 3.3 for comments. An
explicit list of all 79 non-trivial possible finite groups (without making the link to Mas3)
was given by Xiao in [636, Sec. 2], see also Hashimoto’s [236, Sec. 10.2].*

4The list has in fact 81 entries as it also records the discriminant of the invariant part of its action
which is not unique in exactly two cases, cf. | , Prop. 3.8] and Remark 3.14.
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Example 3.2. The complex Fermat quartic has Picard number p(X) = 20 (cf. Section
3.2.6) and thus Aut(X) and Auts(X) are both infinite due to Theorem 2.10 or using the
Shioda-Inose structure [565, Thm. 5|. However, Auts(X) contains the maximal finite
subgroup (Z/47)? x &4 of order 384. Here, (a,b,c,d) € (Z/4Z)* acts by [xg : x1 : 22 :
x3)—[C%xg : (Pxq : (Cao : (%3], where ( is a primitive fourth root of unity. Of course,
this is effectively only an action of (Z/47)% and imposing further a + b+ c+d = 0 yields
a symplectic action of (Z/4Z)%. The factor &4 acts by permutation of the coordinates.
See [428, Ex. 0.4] for more details.

In [469] Oguiso shows that this large finite group essentially characterizes the Fermat
quartic. For a discussion of the group of automorphisms of the polarized (X, O(1)) see
[323] and the references therein.

Remark 3.3. Using the analogue 0— Go—= G — 1,,, —=0 of (1.3) for an arbitrary
finite subgroup G C Aut(X) of a complex projective K3 surface X one finds |G| =
|Go| - m. Corollary 1.14 together with |Gp| < 960 from (3.1) yields the a priori bound
|G| < 960 - 66. However, in [636] Xiao shows the stronger inequality |G| < 5760 by
combining ¢(m)|(22 — p(Y')) for the minimal resolution ¥ — X/Gq (see Proposition
3.11) with p(Y) >tk Lg, + 1 (see (3.6) below).” In [321] Kondo improved this to

|G| < 3840

by excluding the case |G| = 5760. Moreover, he showed that a certain extension G
of Z/4Z by the group My, which satisfies |G| = 3840, acts on the Kummer surfaces
associated with (C/(Z + iZ))*.

Remark 3.4. In positive characteristic the situation is completely different. For exam-
ple, Kondo in [322] shows that any subgroup G C Mas acting on €2 with three orbits can
be realized as a finite group of symplectic automorphisms of a (supersingular) K3 surface
(with Artin invariant one and over an appropriate prime p). Examples include Mj; and
Mss. Moreover, not every finite group of symplectic automorphisms can be realized as a
subgroup of Mos.

For the proof of Theorem 3.1, we shall follow Kondo’s approach in [320], which is more
lattice theoretic than Mukai’s original proof. See also Mason’s [389] for a detailed and
somewhat simplified account of the latter. Only the main steps are sketched and in the
final argument we restrict to the discussion of only one out of the possible 23 Niemeier
lattices, see Section 14.4.

3.1. Let us begin with the necessary background on Mathieu groups and Niemeier
lattices, see also Section 14.4.

The Mathieu groups Miy, Mio, Moo, Moz, and Moy are the ‘first generation of the
happy family’ of finite simple sporadic groups. They were discovered by Mathieu in 1861

5T am sure it must be a purely numerical coincidence that 5760 also comes up in the second deno-
minator of vtd =1 + icz + ﬁ(%g —4cq) + ... of a hyperkéhler manifold.
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in [390], who did most of his work in mathematical physics.® Only Mas and My, are (so
far) relevant for K3 surfaces.
One way to define Myy, which is a simple group of order

|May| = 244.823.040 = 219 .33 . 5. 7.11 - 23,

is to start with the (extended binary) Golay code W C F3*. By definition, the Golay
code is a 12-dimensional linear subspace with the property that |{i | w; # 0} > 8 for all
0 # w = (w;) € W. The subspace W can be written down explicitly. It it is unique up
to linear coordinate change, see e.g. [130].

The symmetric group Soq with its action on Q := {1,...,24} can be viewed as subgroup
of GL(IF%A‘) by permuting the vectors eq, ..., e of the standard basis. Then one defines

Moy = {U € Gy ‘ U(W) = W}

It is known that Moy still acts transitively on €. In fact, it acts 5-transitively on 2, i.e.
for two ordered tuples (i1,...,i5) and (j1,...,J5) of distinct numbers i, jp € Q there
exists an o € Moy with o(ix) = jk, k=1,...,5.

Remark 3.5. Alternatively, M4 can be introduced as the automorphism group of the
Steiner system S(5,8,24). More precisely, a Steiner system 5(5, 8,24) is a subset of P(12)
consisting of subsets M C Q (the blocks) with |M| = 8 and such that that any N C Q
with |N| = 5 is contained in exactly one M € S(5,8,24). Up to the action of G4 on
P(£2), the Steiner system S(5,8,24) is unique and |S5(5,8,24)| = 759. Then

Myy = {0 € Ga4 | 0(5(5,8,24)) = 5(5,8,24) }.
All Mathieu groups can be described in terms of Steiner systems. See [130, Ch. 3 & 10].

The Mathieu group Ma3 is now defined as the stabilizer of one element in €2, say eo4:
My := Stab(egq) C May.
Then Mass is a simple group of index 24 in M4 and thus of order
| Mas| == 10.200.960 = 27 - 3%.5.7-11 - 23.

Clearly, Mag acts 4-transitively on the remaining {1,...,23}. Observe, that apart from
the prime factors 11 and 23 only prime factors p < 8 occur which are the only prime
orders of symplectic automorphisms of a complex K3 surface, see Section 1.1.7

The following observation, which may have triggered Mukai’s results in [428], is a
first sign of the intriguing relation between symplectic automorphisms of K3 surfaces
and groups contained in the sporadic group Moss. Consider the permutation action of
M3 C Msy C Soy on Q%4 (instead of IF%4) and its character. Then one can compute that
for elements o € Ma3 of order up to eight the trace x(o) == tr(o) = || is given by (1.1).

6His obituary [157] contains timeless remarks on fashion in mathematics: ‘He was the champion of
a science that was out of fashion.’

7Curious.ly7 11 comes up as the order of an automorphism of a K3 surface in characteristic 11, but
23 does not according to Keum [290].
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The relation between the Mathieu group Ma3 and Niemeier lattices can be best exem-
plified by a result already stated in Section 14.4.3: The orthogonal group O(N) of the
Niemeier lattices N with root lattice R = A;(—1)®%4 is naturally isomorphic to

(3.2) O(N) ~ My x (Z./22,)%%.

For all Niemeier lattices N the quotients O(NN)/W (N) by the corresponding Weyl group
is known. For example, if the twist R(—1) of the root lattice R of a Niemeier lattice N
is not one of the following AE924 Aeal2 A?S,A?4,D@6 A694 @ D4,E§B4,A?4,A§93, then

O(N)/W(N) is of order at most eight or isomorphic to &4 and hence contained in Mas.
See [320, Sec. 3| for details and references.

3.2. Let now X be a complex K3 surface. Then the same arguments used to prove
Corollary 1.8 also show

Lemma 3.6. For the invariant part H*(X,C)¢ of a finite group G C Auts(X) one
has dim H*(X,C)% > 5 and

Z |Fix(f)| = dim H*(X,C)“,
fGG
where by convention |Fix(id)| = 24.

PROOF. Clearly, (H° @ H*)(X) is invariant under G and, since G is symplectic, also
(H?*Y@ HY?)(X) is. As G is finite, the sum & = > jeq [T is well-defined and non-trivial
for any Kéhler (or ample) class . This shows the first assertion. For the second consider
the linear projector a—(1/|G|) 3. f*a onto H*(X)% to show

|G| - dim H*(X,C)% = > tr(f*| - (x,0) = Y IFix(f)
feG fea
by taking traces and applying the Lefschetz fixed point formula. ([l

The result is again not optimal, e.g. for X projective dim H*(X,C)% > 25 — p(X), as
G acts trivially on T'(X). The following lemma collects further elementary observations,
cf. [447].

Lemma 3.7. For a complex K3 surface X and a finite subgroup G C Autg(X), consider
the orthogonal complement
Lg = (H*(X,2)%)*".
(i) Then Lq is negative definite and without (—2)-classes. Moreover, rk Lg < 19.
(11) The group G acts trivially on the discriminant group Ay, of La.
(i7i) The minimal number of generators of L satisfies £(Lg) < 22 —rkLg.

PROOF. As G C Auty(X), one has T(X) ¢ H?*(X,Z)% and hence Lg C T(X)* C
NS(X), cf. Section 3.3.1. If X is projective, one finds an invariant ample class o €
NS(X)% and, by Hodge index and using Lg C a C NS(X), the lattice L is negative
definite of rank < 19. If X is not projective, one still finds an invariant Kéahler class
a € Kx and, as (H*® @ H%?)(X)g ® Ra is positive definite, L is contained in the
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negative definite orthogonal complement of it. Once more, L is negative definite of rank
< 19.

The lattice Lg does not contain any effective classes, because those would intersect
positively with the invariant ample or Kéhler class . Since for a (—2)-class § € NS(X)
either 0 or —0 is effective, this proves that Lg does not contain any (—2)-classes.

As now Lg is negative definite, H?(X,Z)% is non-degenerate. Indeed, if 0 # = €
H?(X,7)% with (x.y) = 0 for all y € H*(X,Z)%, then x € Lg and hence ()2 < 0. Thus,

Proposition 14.0.2 can be applied and shows that there exists a natural isomorphism
(33) ALG ~ AHQ(X,Z)G7
which right away shows

U(AL,) = U(Ap2(xzye) < Tk H*(X,Z)¢ =22 — 1k L.

Moreover, by Lemma 14.2.5, (3.3) is compatible with the action of O(H*(X,Z)). As G
acts trivially on H*(X,Z)%, it also acts trivially on Af,. O

Corollary 3.8. There exists a primitive embedding
(3.4) Lo® Ai(-1) = N

into a Niemeier lattice N. Moreover, the action of G on Lg extends by id on the ortho-
gonal complement of (3.4) to an action on N.

PRrROOF. Apply Corollary 14.4.5 to Ay := Lg @ A1(—1). The last lemma shows
(3.5) (A1) =40(Lg)+1<24—1k(Lg ® A1(—1)).

So literally Corollary 14.4.5 only applies if for some reason £( H*(X,7Z)%) < 1k H*(X,Z)%,
but the finer version mentioned in Remark 14.1.17 always does, as due to the factor
Aj1(—1) the local conditions at odd primes p as well as at p = 2 are trivially satisfied.
This yields a primitive embedding Lg @ A;(—1) = N.

As the action of G on Lg is trivial on Ar, it can be extended as desired due to
Proposition 14.2.6. U

SKETCH OF PROOF OF THEOREM 3.1. We prove that (i) implies (ii). For the other
direction see Section 3.3. The Niemeier lattice N in Corollary 3.8 is not unique and a
priori all Niemeier lattices with the exception of the Leech lattice can occur. To give an
idea of the proof of Theorem 3.1 we pretend that N is the Niemeier lattice with root
lattice R = A1(—1)®24, see Section 14.4.3.

Then O(N) =~ May x (Z/2Z)%%*, see (3.2), which in particular yields an inclusion
G = Myy x (Z/27)%%*. Suppose there exists an element ¢ € G with o(e;) = —e; for
some 4, then e; € (N)* = Lg. But Lg does not contain any (—2)-class by Lemma
3.7. Hence, G = May. Clearly, the root that corresponds to A;(—1) in the direct sum
L ® A1(—1), which we shall call eqy, is fixed by the action of G. Thus, G = Ma3 =
Stab(e2s4). In order to conclude it remains to show that G has at least five orbits. For
this use tk N© > 5, so that one can choose (the beginning of) a basis of N(g of the
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form ey + ) ;5 a1 i€, ...,65 + > ;55 a5ie; (after possibly permuting the e;). Then for
i#j€{1,...,5} the orbits of ¢; and e; are disjoint.

In the case that the Niemeier lattice in Corollary 3.8 is not the one with root lattice
A1(—1)%24 Kondo finds similar arguments. The important input is an explicit description
of O(N) in all 23 cases. The Leech lattice is excluded by the root in A;(—1) and, in fact,
one quickly reduces to nine of the Niemeier lattices, as the other ones have very small
automorphism group, so that the assertion becomes trivial. ]

Remark 3.9. For generalizations of the result to finite groups of autoequivalences of
DP(X), see [259], it is worth pointing out that embedding Lg @ A;(—1), and not merely
Lg, into some Niemeier lattice IV is crucial for three reasons.

Firstly and on a purely technical level, the factor A;(—1) ensured that the local condi-
tions in Nikulin’s criterion hold when equality holds in (3.5), so that also in this case an
embedding (3.4) can be found.

Secondly, since G acts trivially on A;(—1) it ensures that not only G = My4 but
indeed G ——= Mpy3 exists.

Thirdly, and maybe most importantly, from the extra A;(—1) one deduces that the
Niemeier lattice cannot be the Leech lattice Ny which does not contain any (—2)-class.
If one allowed the Leech lattice at this point, one would get an embedding G —— Coy =
O(Np) into the Conway group Cog which is a group of order |Cop| = 222-3-5%.72.11-13-23
and thus much larger than Mo,.

For the generalization to finite groups of symplectic derived equivalences, see the com-
ments at the end of Chapter 16, it is useful to phrase the above discussion and in par-
ticular Theorem 3.1 in the more general situation of a finite subgroup G C O(H(X,Z))
with invariant part H (X,Z)C containing four positive directions (or, equivalently, with
negative definite orthogonal complement Eg) and without (—2)-classes in Lg. In the
case that G C Autg(X), the invariant part furthermore contains a hyperbolic plane U
(namely (H° @ H*)(X,Z)), which eventually ensures the embedding into Ma3.

3.3. As mentioned before and as claimed by Theorem 3.1, all subgroups G C Ma3
acting with at least five orbits on €2 indeed occur as groups of symplectic automorphisms.
In his original paper [428], Mukai gives an explicit construction for each of the maximal
groups and in the appendix to Kondo’s paper [320] he describes a more abstract argument
that relies on the surjectivity of the period map. Here is a sketch of the latter.

In a first step, one writes down the eleven maximal groups G C Mbs3. For each of them
the action on €2 has exactly five orbits and those can be described explicitly. Then one
considers the natural action of G on the Niemeier lattice N with root lattice A (—1)%2%,
The invariant part N© is of rank five and, therefore, its orthogonal complement N is a
negative definite lattice with rk Ng = 19.

Next, and this is where most of the work is, one has to analyze the discriminant form
(A,q) = (An., —qn,) to show that Theorem 14.1.5 can be applied to (n4,n_) = (3,0)
and (A, q), which thus yields an even positive definite lattice Ay with tkA; = 3 and

(AA1 ) QA1) = (A7 Q)-
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Due to Proposition 14.0.2, the two lattices Ng and A; are orthogonal to each other
inside an even, unimodular lattice A, which then has signature (3,19) and is, therefore,
isomorphic to the K3 lattice. Hence, there exists a finite index embedding

Ng@® Ay C Eg(—1)%2 g U®3

with Ng and Ay primitive.

The surjectivity of the period map (see Theorem 7.4.1) can be used to show that every
Hodge structure of weight two on A; can be realized as the Hodge structure of a K3
surface. More precisely, for any 0 # a € Ajr there exists a K3 surface X with an
isometry H%(X,7Z) ~ Fg(—1)%2 @ U®3 such that (H>? @ H%?)(X)g ~ ot C Ag. If the
line R - o is not rational, then NS(X) ~ N and hence X is a non-projective K3 surface
of Picard number p(X) = 19. In this case, a (up to sign) is a Kéhler class. Otherwise, X
is projective with p(X) = 20, but one might have to apply elements of the Weyl group
to make sure that « is Kéhler, i.e. ample.

The action of G on N¢ induces the trivial action on Ay, and can, therefore, be extended
by ida, to an action of G on H?(X,Z), cf. Proposition 14.2.6. Thus, G is a group of Hodge
isometries. For p(X) = 19 the action of G on H?(X,Z) leaves invariant (H?*°® H%?)(X)
and the Kahler class a. So the Global Torelli Theorem 7.5.3 or rather Corollary 2.3
applies and G can be interpreted as a subgroup of Auty(X).

In order to get an action of G on a projective K3 surface, one argues that any automor-
phism of a non-projective X that leaves invariant the Kéhler class and acts as the identity
on (H?° @ H%?)(X) is an automorphism of each of the fibres of the twistor family, see
Section 7.3.2. This takes care of the Weyl group action mentioned before for the case
that R - « is not rational.

Remark 3.10. i) It is curious to observe that for the existence result only the Niemeier
lattice N with root lattice A1(—1)®?* is involved, whereas in Corollary 3.8 a priori every
Niemeier lattice apart from the Leech lattice can occur.

So every Lg can in fact be embedded into the particular Niemeier lattice Ny with root
lattice A1(—1)®?* but in order to embed Lg @ A;(—1) others are needed. In the derived
setting one rather uses embeddings into the Leech lattice, see Remark 3.9.

ii) The proof also shows that any of the finite groups occurring in Theorem 3.1 can
in fact be realized as a group of symplectic automorphisms acting on a K3 surface X of
maximal Picard number p(X) = 20. This can also be seen as a consequence of the fact
that automorphisms of polarized K3 surfaces specialize, see Section 5.2.3.

3.4. The starting point for Nikulin’s approach to the classification of finite abelian
groups of symplectic automorphisms, which was later extended by Xiao in [636] to the
non-abelian case, is the following proposition. It in particular shows that the set of finite
groups acting faithfully and symplectically on K3 surfaces is closed under quotients.

Proposition 3.11. Let X be a compler K3 surface and G C Autg(X) be a finite
subgroup. Then the quotient X/G has only rational double point singularities and its
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minimal desingularization
Y —X/G

is again a K3 surface. Moreover, if G C G’ is a normal subgroup of a finite G' C Autg(X),
then G' /G acts symplectically on'Y .

PROOF. First, it is an easy exercise to generalize the proof of Lemma 1.4 to see that
for a fixed point x € X of a finite G C Aut(X) there exists a local holomorphic coordinate
system (z1, z2) in which G acts linearly. If G is symplectic, then G C SL(2,C). The local
structure of C2/G for finite subgroups G' C SL(2, C) is of course well known, see e.g. [32,
Ch. II1]. In particular, the canonical bundle of the minimal resolution C2/G—=C?/G is
trivial cf. Section 14.0.3, v). Globally, as wx ~ Ox is G-invariant, this proves that Y has
trivial canonical bundle. In fact, Y has to be a K3 surface, as any holomorphic one-form
on Y would induce a holomorphic one-form on X. The second assertion is clear. ]

Remark 3.12. In the situation of the proposition, let E; C Y be the exceptional
curves, i.e. the irreducible curves contracted under Y — X/G. The lattice spanned by
their classes [E;] € H2(Y,Z) is a direct sum of lattices of ADE type, see Section 14.0.3.
Its saturation shall be called M C H?(Y,Z). Then for Lg = (H?(X,Z)%)* Cc NS(X)
one finds

(3.6) rk L =tk M,

which is of course just the number of components F;. See Whitcher’s account of it | ,
Prop. 2.4].

Note however, that Lg and M are very different lattices. Indeed, by Lemma 3.7 the
former does not contain any (—2)-classes whereas the latter has a root lattice of the same
rank. According to [632, Thm. 2.1] and [197, Prop. 2.4] there is an exact sequence

M —H*(Y,Z)— H*(X,2)¢ — H*(G,Z) —0.

The idea of [447] and [636] is then to study the configuration of the singular points of
X/G to eventually get a classification of all possible finite G C Autgs(X).

The following is the main result of Nikulin’s [447].

Theorem 3.13. There are exactly 14 non-trivial finite abelian(!) groups G that can
be realized as subgroups of Auts(X) of a complex K3 surface X. Moreover, the induced
action on the abstract lattice H*(X,7) is unique up to orthogonal transformations.

Apart from the cyclic groups Z/nZ, 2 < n < 8 the list comprises the following groups:

(Z/22)?, (2/22)°, (Z/2L)", (Z/3Z)%, (Z/AZ)",
7)27 x Z.JAZ, and Z/27 x 7.]6Z.

Remark 3.14. In principle at least, it is possible to describe abstractly the action of
all these 14 groups on the K3 lattice Eg(—1)%? @ U®3. For the cyclic groups see the
article by Garbagnati and Sarti [199] and Section 4.1.
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For non-abelian groups G C Aut,(X) the uniqueness of the induced action on the lattice
H?(X,7) was addressed by Hashimoto in [236]. It turns out that with the exception of
five groups (of which three are among the 11 maximal symplectic groups) the uniqueness
continues to hold also for non-abelian finite groups G C Autg(X). That the action for
non-abelian group actions might not be unique had been observed also in [632, ].

4. Nikulin involutions, Shioda—Inose structures, etc.

In what follows we describe some concrete and geometrically interesting examples of
automorphisms of K3 surface and highlight further results in special situations. For proofs
and details we often refer to the original sources.

4.1. Let f: X = X be a symplectic automorphism of prime order p := |f|. Then
the invariant part H2(X,Z)) and its orthogonal complement

L= (H*(X,z)V)*

can be completely classified as abstract lattices. In fact, the action of f on the lattice
H?(X,7) is independent of X itself (up to orthogonal transformation), cf. Theorem 3.13.

The explicit descriptions of H?(X, Z)<f ) and L can be found in papers by Garbagnati,
Sarti, and Nikulin [199, |. Let us look at the case p = 2 a bit closer.

A Nikulin involution on a K3 surface is a symplectic automorphism ¢: X —> X of order
two. According to Corollary 1.5 a Nikulin involution of a complex K3 surface has eight
fixed points z1,...,28 € X and the quotient X/(¢) has therefore eight A;-singularities.
Thus, the minimal resolution Y — X /(1) has an exceptional divisor consisting of eight
(—2)-curves E; ~ PL.

By the table in Section 1.2, a K3 surface admitting a Nikulin involution has Picard
number p(X) > 9. Moreover, the induced action ¢*: H?(X,Z) ~> H?*(X,Z) (which, as
an abstract isometry, is independent of X) satisfies

H%(X,Z)" ~ Eg(—2) ® U®® and L ~ Eg(-2)

with L ¢ NS(X).
In [203] van Geemen and Sarti show that NS(X') contains Eg(—2)@Z(2d) as a sublattice

(with both factors primitive but not necessarily the sum) and that for general X, i.e.
p(X) =9, one has:

(4.1) NS(X) ~ Eg(—2) @ Z(2d) or (NS(X) : Eg(—2) @ Z(2d)) = 2.

The second case can only occur for d even. The summand Z(2d) corresponds to an ¢-
invariant ample line bundle L. Although invariant, L might not descend to a line bundle
on the quotient X/(¢) (due to the possibly non-trivial action of + on the fibres of L over
the fixed points z;) and this is when NS(X) is only an overlattice of Eg(—2) @ Z(2d) of
index two. The article [203] also contains a detailed discussion of the moduli spaces of
K3 surfaces with Nikulin involution. This was generalized by Garbagnati and Sarti in
[199] to symplectic automorphisms of prime order p.
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Remark 4.1. The following sufficient criterion for the existence of a Nikulin involution

on a complex algebraic K3 surface is due to Morrison, see [422, Thm. 5.7|: If there exists
a primitive embedding

(4.2) By(~1)%2 = NS(X),

then X admits a Nikulin involution. Furthermore, by [422, Thm. 6.3|, (4.2) is equivalent

to the existence of a primitive embedding
(4.3) T(X)— UP3.

Indeed, for example, any embedding (4.3) induces T(X) & U3 = A = Eg(—-1)%2 @
U®3, which by Corollary 14.3.5 is unique and hence (4.2) exists. Note that the existence
of either of the two embeddings is equivalent to the existence of a Shioda—Inose structure,
i.e. a Nikulin involution with a quotient birationally equivalent to a Kummer surface.
Hence, by Proposition 14.1.8 a complex algebraic K3 surface admits a Shioda—Inose
structure if p(X) = 19 or 20.

As for an abelian surface H?(A, Z) ~ U%3 (see Section 3.2.3), the existence of a Shioda—
Inose structure on X is also equivalent to the existence of a Hodge isometry T'(X) ~ T'(A)
for some abelian surface A, see [422, Thm. 6.3].

4.2. Consider an elliptic K3 surface m: X —P! with a section Cy C X. As usual,
for a smooth fibre X; we consider the point of intersection of Cy with X; as the origin of
the elliptic curve X;. Assume now that there exists another section C C X, i.e. a non-
trivial element in MW (X)), see Section 11.3.2. The intersection of C' with X; provides
another point x; € X; which may be torsion or not. We say that C' is a torsion section
of order n if z; € Xy N C is a torsion point of order n for most geometric fibres X; or,
equivalently, if C' € MW(X) is an element of order n.

Definition 4.2. To any section C' € MW (X) one associates
fo: X = X
by translating a point y € X; to xy +y € X, where X; N C = {x;}.
A priori, fc is only a rational (or meromorphic) map, but as K3 surfaces have trivial
canonical class, it extends to an automorphism. Of course, the order of fo equals the

order of C € MW(X) and, in particular, if x; € X; is of infinite order for one fibre X,
then |fo| = oo.

Example 4.3. This provides probably the easiest way to produce examples of K3
surfaces with infinite Aut(X). Indeed, take the Kummer surface associated with F; x Es
and assume p(X) > 18, e.g. Ey ~ F,. Its Mordell-Weil rank is positive due to the
Shioda-Tate formula 11.3.4, cf. Example 11.3.5, and, therefore, X —P! = E; /1 admits
a section C' of of infinite order which yields an automorphism fo with |fo| = co. (A
section C' like this can be described explicitly as the quotient of the diagonal A C E'x E.)

Lemma 4.4. The automorphism fo: X —> X associated with a section C € MW (X)
s symplectic.
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PROOF. We sketch the argument in the complex case. It is enough to prove fio = o,
for some 0 # o € H°(X,Q%), in the dense open set of points x € X contained in a smooth
fibre X;. For the restriction o|x, € H°(X¢, 2% |x,) this amounts to show (f%o)|x, = olx,
in H(X;, Q% |x,)-

Now, let X; C U be an open neighbourhood of the form U ~ R'7,Cy/R'7.Zy such
that Cy N U is the image of the zero section of R'm,Cy;. Then any point z € X; can
be extended to a flat section C, C U which then by translation induces an isomorphism
fe,: U == U. Pulling back o|y via fc, and then restricting back to X; yields a holo-
morphic map

X %HO(XE Q%{|Xt)7 T (fé‘r (O-’U))|Xt’

which, as X is compact, has to be constant. Hence, f¢, (o|v)|x, = f&, (o|v)|x, = olx,-
As C was not assumed to be flat, the section C, associated with the intersection point
r € CN X; might differ from C. Nevertheless, f& (olv)lx, = f&(olv)lx,. This is
perhaps best seen in local coordinates 21, zo with C' and C,, given by holomorphic maps
21— (21,9(z1)) and 21+ (21, 9:(21)), respectively. If o = F(z1,29) - dz; A dze, then
f&o = F(z1,20 + g(21)) - dz1 Adza and f§ o0 = F(21,22 + gz(21)) - d21 A dze. But of
course for x € C'N X; we have F(t,2z + g(t)) = F(t,22 + g.(t)). Hence, (f&o)|x, =
(&, (elv))|x. = olx. O

Remark 4.5. The construction yields an injection
MW (X) & Autys(X),

with its image clearly contained in the abelian part of Auts(X). The inclusion also allows
one to tie Cox’s computation of the order of elements in MW (X (o5, see Remark 11.3.11,
to Corollary 1.8. This shows that in characteristic zero MW (X )sors =~ Z/nZ X Z/mZ
with m,n < 8. In positive characteristic the upper bound has to be modified according
to Remark 1.9.

Remark 4.6. Combining the lemma with Lemma 1.4, one gets an alternative proof for
the fact that distinct sections Cp, C of an elliptic fibration X —=P! that on the generic
fibre differ by torsion, do not intersect, see Remark 11.3.8. Indeed, if C; is a torsion
section, them fo, is a symplectic automorphism of finite order which has only isolated
fixed points. However, if Cy and C; meet a closed fibre X; in the same (automatically
smooth) point, then translation on this fibre is constant and, therefore, X; would be
contained in Fix(fc, ), which is absurd.

Example 4.7. To have at least one concrete example, consider an elliptic K3 surface
X —P! described by an equation of the form y? = z(z2+a(t)z+b(t)). A zero section C
can be given by x = z = 0 and a two-torsion section C by x = y = 0. The K3 surface X
with the associated involution fo: X = X has been studied by van Geemen and Sarti in
[203, Sec. 4] where f¢ is shown to be symplectic, because the quotient X/(fc) turns out
to be a (singular) K3 surface. One also finds that in this case Eg(—2) & Z(2d) C NS(X)
in (4.1) is of index two.
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4.3. Here are the most basic examples of non-symplectic automorphisms of finite
order of complex K3 surfaces. Recall that due to Corollary 1.10 those can only exist on
projective K3 surfaces.

i) Let X —P?2 be a double plane, i.e. a K3 surface given as the double cover of P? ramified
over a (say smooth) sextic, see Example 1.1.3. The covering involution ¢: X —> X is
of order two and, since the generator of H°(X, Q?X) does not descend to P2, ¢+ cannot be
symplectic.

ii) Let t: X == X be a fixed point free involution of a K3 surface X over a field of
characteristic # 2. Then the quotient X := X/(:) is an Enriques surface and every
Enriques surface can be constructed in this way. Due to Corollary 1.5, ¢ cannot be
symplectic and, therefore, H*?(X) = 0. See Section 14.0.3 for a description of the
Enriques lattice H%(X,Z).

Of course, there exist non-symplectic automorphisms of higher order, but at least bi-
rationally their quotients are always of the above form. More precisely, using the classi-
fication of surfaces, one proves

Lemma 4.8. Let f: X == X be a non-symplectic automorphism of finite order. Then
X/(f) is rational or birational to an Enriques surface. O

Remark 4.9. In [315] Kondo proves that any complex K3 surface cover X of an
Enriques surface Y, i.e. a K3 surface with a fixed point free involution, has infinite
Aut(X). However, Aut(Y) might be finite.

As a special case of the results proved by Machida and Oguiso resp. Zhang in | y ],
based on similar arguments as in the symplectic case (see Section 1.1 and Remark 1.15),
we mention:

Lemma 4.10. If f: X = X is a non-symplectic automorphism of prime order p,
then p=2,3,5,7,11,13,17, or 19.

The invariant part NS(X)) = H2(X,Z)) of non-symplectic automorphisms of prime
order p has been completely determined. For p = 2 this is due to Nikulin and the
classification was completed by Artebani, Sarti, and Taki in [14], which also contains a
detailed analysis of the fixed point sets. As it turns out, K3 surfaces with non-symplectic
automorphisms of finite order often also admit symplectic involutions, cf. [146, ].

References and further reading:

Instead of automorphisms one could look at endomorphisms and, more precisely, at rational
dominant maps f: X — X. Recently, Chen [114] has shown that a very general complex pro-
jective K3 surface does not admit any rational endomorphism of degree > 1. In [138] Dedieu
studies an interesting link to the irreducibility of the Severi variety.
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The behavior of Aut(X) under deformations was addressed by Oguiso in [468]. In particular
it is shown that in any non-trivial deformation X —.S of projective K3 surfaces the set {t €
S| |Aut(X:)| = oo} is dense.

In [178] Frantzen classifies all finite G C Auty(X) all elements of which commute with a
non-symplectic involution with fixed points.

Symplectic and non-symplectic automorphisms of higher-dimensional generalizations of K3
surfaces provided by irreducible symplectic manifolds have recently attracted a lot of attention,
see e.g. [50, 71, |

The global structure of an infinite Aut(X) is not completely clear. Borcherds found an example
of a K3 surface for which Aut(X) is not isomorphic to an arithmetic group, see [76, Ex. 5.8] and
also [601, Ex. 6.3].

Automorphisms not only act on cohomology, but also on Chow groups. Standard results in
Hodge theory can be used to show that any non-symplectic f € Aut(X) acts non-trivially on
CH?(X). The converse is more difficult, but for | f| < oo it has been verified in [263, , |

For highly non-projective K3 surfaces X, namely those with p(X) = 0, one knows that Aut(X)
is either trivial or isomorphic to Z, see the survey by Macri and Stellari [384]. More generally,
Oguiso showed in [470] that for any non-projective K3 surface X with NS(X) negative definite
either Aut(X) is finite or a finite extension of Z. If NS(X) is allowed to have an isotropic direction,
then Aut(X) is isomorphic to Z™, n < p(X) — 1, up to finite index (almost abelian).

Liftability of groups of automorphisms from positive characteristic to characteristic zero has
been addressed in a paper by Esnault and Oguiso [170]. In particular, it is shown that there
exist special lifts of any K3 surface that essentially exclude all non-trivial automorphism from
lifting to characteristic zero.

It would be worth another chapter to talk about the dynamical aspects of automorphisms (and
more generally endomorphisms) of K3 surfaces. This started with the two articles by Cantat and
McMullen [100, |, but see also [472] for recent progress and references.

Questions and open problems:

As far as I can see, the relation between Aut,(X) and Aut(X) as discussed in Section 1.3 has
not, yet been addressed in positive characteristic. In general, as mentioned repeatedly, there are
still a few open questions in positive characteristic and over non-algebraically closed fields.






CHAPTER 16

Derived categories

According to a classical result due to Gabriel [192] the abelian category Coh(X) de-
termines X. More precisely, if X and Y are two varieties over a field k£ and Coh(X) —
Coh(Y) is a k-linear equivalence, then X and Y are isomorphic varieties. The situation
becomes more interesting when instead of the abelian category Coh(X') one considers its
bounded derived category DP(X). Then Gabriel’s theorem is no longer valid in general
and, in fact, there exist non-isomorphic K3 surfaces X and Y with equivalent bounded de-
rived categories. In this chapter we outline the main results concerning derived categories
of coherent sheaves on K3 surfaces. As the general theory of Fourier—-Mukai transforms
has been presented in detail in various surveys and in particular in the two monographs
[33, |, we look for ad hoc arguments highlighting the special features of K3 surfaces.

1. Derived categories and Fourier—Mukai transforms

We start with a brief recap of the main concepts of the theory of bounded derived
categories of coherent sheaves, but for a serious introduction the reader is advised to
consult one of the standard sources, e.g. [206, |. For more details on Fourier-Mukai
transforms see [252].

1.1. Let X be a smooth projective variety of dimension n over a field k. By Coh(X)
we denote the category of coherent sheaves on X, which is viewed as a k-linear abelian
category. Note that all Hom-spaces Hom(FE, F') for E, F' € Coh(X) are k-vector spaces of
finite dimension. The bounded derived category of X is by definition the bounded derived
category of the abelian category Coh(X):

DP(X) := D"(Coh(X)),

which is viewed as a k-linear triangulated category.

To be a little more precise, one first introduces the category Komb(X ) of bounded
complexes E®* = ... —E"l = F s> FHl_~ where E' € Coh(X) and E' = 0 for
|i| > 0. Morphisms in KomP(X) are given by commutative diagrams

E* . Ei-1 E! Efl —~ |
igo i@i—l l/cpi l¢i+l
F* . Fi-1 F Pl o
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There exists a natural functor Kom”(X)—=DP(X) which identifies the objects of both
categories, so

Ob(DP(X)) = Ob(Kom" (X)),

and, roughly, inverts quasi-isomorphisms.

Recall that a morphism of complexes ¢: E®*— F* is called a quasi-isomorphism (qis)
if the induced morphisms H'(p): H'(E®)— H'(F*®) between the cohomology sheaves
are isomorphisms in all degrees 1.

However, as an intermediate step in the passage from KomP(X) to DP(X) one con-
structs the homotopy category KP(X). It has again the same objects as Kom®(X), but

Homguw x)(E*, F'*) = Homy, o ) (E*, F*) /

where a homotopy ~ between two morphisms of complexes ¢, : E*— F*® is given by
morphisms h': B —= F'~! with ¢’ —* = hi*! o dl, + di= ' o h'. Tt can be shown that a

morphism E® — F* in DP(X) is an equivalence class of roofs E* L G-~ F* in
KP(X) with 1 a quasi-isomorphism. Two roofs are equivalent if they can be dominated
by a third making all diagrams commutative in KP(X) (so, up to homotopy only). Of
course, at this point a lot of details need to be checked. In particular, one has to define
the composition of roofs and show that it behaves well with respect to the equivalence of

roofs. In any case, the composition
Kom®(X)—KP(X)—DP(X)

identifies the objects of all three categories and, on the level of homomorphisms, one first
divides out by homotopy and then localizes quasi-isomorphisms.
What makes DP(X) a triangulated category is the existence of the shift

E*r—E°[1],

defined by E*[1]" = E**! and diE[l] = —d'I!, and of ezact (or distinguished) triangles. A
triangle in D(X) is given by morphisms E®—= F'* —G*®* —E*[1]. A triangle is exact
if it is isomorphic, in DP(X), to a triangle of the form

A2 BT C(p) —= A1),
where C(¢) with C()? :== A1 @ B’ is the mapping cone of a morphism ¢ in Kom®(X)
and 7 and 7 are the natural morphisms. Again, a number of things need to be checked to
make this a useful notion, e.g. that rotating an exact triangle E® — F* — G* — E*[1],
yields again an exact triangle F'* — G® — E*[1] — F*[1] (with appropriate signs). The
properties of the shift functor and the collection of exact triangles in DP(X) can be turned
into the notion of a triangulated category satisfying axioms TR1-TRA4.

To conclude this brief reminder of the construction of DP(X), recall that there exists a
fully faithful functor

Coh(X) & DP(X)
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satisfying Ext!(FE, F) ~ Hompy (x)(E, F[i]). For this reason we also use the notation
Ext!(E®, F*) == Hompp x)(E®, F*[i]) for complexes E* and F'*°.

1.2. For the following see also the discussion in Section 12.1.3.

The Grothendieck group K(Coh(X)) of the abelian category Coh(X) of, say a smooth
projective variety X, is defined as the quotient of the free abelian group generated by
all [E], with E' € Coh(X), divided by the subgroup generated by expressions of the form
[F] — [E] — [G] for short exact sequences 0—= E — F — G —0.

Similarly, the Grothendieck group K (DP(X)) of the triangulated category DP(X) is the
quotient of the free abelian group generated by all [E®], with E* € DP(X), divided by
the subgroup generated by expressions of the form [F*] — [E®] — [G*] for exact triangles
E*—~F*—>G*—E*[1]. Note that [E*[1]] = —[E*] in K(D?(X)). Using the full
embedding Coh(X) & DP(X) one obtains a natural isomorphism

K(X) = K(Coh(X)) == K(D"(X)),
the inverse of which is given by [E®]— >_(—1)![E%].
The Euler pairing
X(E®*,F*) = (-1)dim Ext'(E*, F*)
is well-defined for bounded complexes and, by using additivity for exact sequences, can
be viewed as a bilinear form x(, ) on K(X). Note that Serre duality implies x(E*®, F*®) =
(=1)"x(F*, E®* ® wx), where n = dim(X).
The numerical Grothendieck group (cf. Section 10.2)
N(X)=K(X)/~
is defined as the quotient by the radical of x(, ). This is well-defined, for if x(E®, F*) =0
for fixed E*® and all F*® then also x(F*, E®) = (—1)"x(E*, F* ® wx) = 0.
From now on our notation does not distinguish between sheaves F' and complexes of

sheaves F'®* — both are usually denoted by just F.

1.3. For a smooth projective variety X of dimension n the composition
S: DP(X) = DP(X), Er—E ® wx|n]
is a Serre functor, i.e. for all complexes E and F' there exist functorial isomorphisms
Hompy (x)(E, F') == Hompy(x)(F, E @ wx|[n])".

This, in particular, yields the more traditional form of Serre duality (cf. the discussion in
Section 9.1.2)

Ext'(E, F) == Ext" "(F,E ® wx)*.

For a K3 surface X the Serre functor is isomorphic to the double shift:

S: BEr—E*[2).
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Grothendieck—Verdier duality, a natural generalization of Serre duality, is crucial for
the following discussion of Fourier-Mukai functors, see [252, Sec. 3.4| for the formulation
and references.

Definition 1.1. Let X and Y be two smooth projective varieties over k and let P €
DP(X x Y). Then the associated Fourier-Mukai transform

® := &p: DP(X)—DP"(Y)
is the exact functor given as the composition of derived functors
B+ Lg*E+— L¢*E @ P+— Rp.(L¢*E @ P),
where ¢ and p denote the two projections to X and Y

Under our assumptions on X and Y, all functors are well-defined and indeed map
bounded complexes to bounded complexes. As all functors on the level of derived cate-
gories have to be considered as derived functors anyway, one often simply writes

Pp(E) =p(¢"E@P).

The kernel P can also be used to define a Fourier—-Mukai transform in the other direction
DP(Y) —DP(X), which, by abuse of notation, is also denoted ®p.

Remark 1.2. For proofs and details of the following facts we refer to [252].
i) A Fourier-Mukai functor ®p: D?(X)—DP(Y") admits left and right adjoints which
can be described as Fourier-Mukai transforms

Dp, , By : DY) —DP(X)
with
Pr =P @p wy[dim(Y)] and Pr = P* ® ¢*wx[dim(X)].
Here, P* denotes the derived dual RHom(P, O).
ii) The composition of two Fourier—Mukai transforms

®p: DP(X)—DP(Y) and ®g: D°(Y)—DP(2)
with P € DP(X x Y) and Q € DP(Y x Z) is again a Fourier-Mukai transform
P == Dg o dp: DP(X)—DP(2).
The Fourier—Mukai kernel R can be described as the convolution of P and O:
R~ 7xz:(TxyP @ 7y, Q),
where, for example, mxy denotes the projection X XY x Z—X x Y.

In the following, X and Y are always smooth projective varieties over a field k. They
are called derived equivalent if there exists a k-linear exact equivalence
DP(X) == DP(Y).
Recall that a functor between triangulated categories is exact if it commutes with shift
functors and maps exact triangles to exact triangles.
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Due to a result of Orlov, any k-linear exact equivalence is isomorphic to a Fourier—Mukai
transform ®p (even for non-algebraically closed fields). This theorem has been improved
and generalized, see [99] for a recent survey and references. So, no information is lost
when restricting to the seemingly more manageable class of Fourier—-Mukai transforms.

Remark 1.3. It seems that there is not a single example of an exact equivalence
DP(X) = DP(Y) known that has been described without using the Fourier-Mukai
formalism.

1.4. To test whether a given exact functor is fully faithful it is often enough to
control the images of objects in a spanning class. A collection of objects Q@ € DP(X) on
a K3 surface is called a spanning class if for all F € DP(X) the following condition is
satisfied: If Hom(E, F[i]) = 0 for all E €  and all 4, then F ~0.!

The following criterion due to Orlov (see [252, Prop. 1.49] for the proof and references)
is often the only method that allows one to decide whether a given functor is fully faithful.

Lemma 1.4. Let ®: D’(X)—=D"(Y) be a Fourier-Mukai transform and let Q C
DP(X) be a spanning class. Then ® is fully faithful if and only if ® induces isomorphisms

Hom(FE, F[i]) == Hom(®(E), ®(F)[i])
forall E,F € Q and all 3.

Example 1.5. Here are the three most frequent examples of spanning classes in DP(X).

i) The set Q = {k(x) | x € X closed} is a spanning class. Indeed, for any non-
trivial coherent sheaf F' and a closed point z € X in its support Hom(F,k(z)) # 0.
For complexes one argues similarly using a non-trivial homomorphism from the maximal
non-vanishing cohomology sheaf of F' to some k(x).

ii) For any ample line bundle L on X, the set € := {L’ | i € Z} is a spanning class.
Indeed, Hom(L?, F) # 0 for any non-trivial coherent sheaf F' and i < 0. For complexes
one argues via the minimal non-vanishing cohomology sheaf of F'.

iii) Let £ € DP(X) be any object and

Et = {F | Hom(E, F[i]) = 0 for all i}.
It is easy to see that Q = {F} U E* is a spanning class.
For the first example of a spanning class, the following result due to Bondal and Orlov

is a surprising strengthening of Lemma 1.4. However, for K3 surfaces one can often get
away without it.

Proposition 1.6. Let ®: DP(X)—=DP(Y) be a Fourier-Mukai transform of smooth
projective varieties over an algebraically closed field k.

Then, ® is fully faithful if and only if Hom(®(k(z)), ®(k(x))) ~ k for arbitrary closed
points z,y € X and Ext'(®(k(x)), ®(k(y))) =0 forx #y ori <0 ori > dim(X).

1Due to Serre duality, the condition is equivalent to: If Hom(F, E[i]) =0 for all E € © and all 4,
then F' ~ 0. This needs to be added if wx is not trivial.
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In order to apply Lemma 1.4 directly, one would also need to ensure that the maps
(1.1) T, X ~ Ext!(k(z), k(z)) —Ext! (®(k(z)), ®(k(z)))

are isomorphisms for all x € X. The map (1.1) compares first order deformations of k(z)
and of ®(k(x)) via ®. This point of view emphasizes that a Fourier-Mukai transform
®p defines an equivalence if P can be seen as a universal family of complexes on Y
parametrized by X and vice versa.

For later use note that for an equivalence ® the isomorphisms (1.1) glue to an isomor-
phism between the tangent bundle and the relative Ext-sheaf:

(1.2) Tx == Extl(P,P).
Similarly, one constructs an isomorphism Ox —> Ext)(P,P). See [252, Ch. 11.1] for
details.

Typically, the hardest part in proving a given functor ®p: DP(X)—=DP(Y) is an
equivalence is in proving that it is fully faithful. That the functor is then an equivalence
is often deduced from the following result, cf. [252, Cor. 1.56].

Lemma 1.7. Let ®: D*(X)—=D"(Y) be a fully faithful Fourier-Mukai transform
which commutes with Serre functors, i.e. ® 0 Sx ~ Sy o ®. Then ® is an equivalence.

PRrROOF. We sketch the main steps of the proof. To simplify notations, write G := ®p,
and H := ®p, for the left and right adjoint of ®. First, one shows that H(F") = 0 implies
G(F) = 0. Indeed, if H(F) = 0, then Hom(E, H(F)) = 0 for all E € DP(X). Using
adjunction twice, Serre duality, and the compatibility of ® with Sy and Sy, one gets
Hom(G(F'),Sx(E)) = 0 for all E and, therefore, by the Yoneda lemma G(F') = 0.

Next, define full triangulated subcategories Dy, Dy C DP(Y) as follows. Let

Dy ==Im(®) = {®(E) | E € D’(X)} and Dy := Ker(H) = {F | H(F) = 0}.

Using the adjunction morphism ® o H —=id, every object F' € DP(Y) can be put in
an exact triangle ®(H(F))—F —F' with H(F') = 0 (use id ~ H o ® for fully
faithful ®). However, then by the first step and adjunction Hom(F’, ®(H(F))[1]) =
Hom(G(F'"), H(F)[1]) = 0 and thus F ~ ®(H(F)) @& F’. This eventually yields a direct
sum decomposition DP(Y) ~ Dy @ Dy. Studying the induced decomposition of Oy and
of all point sheaves k(y), y € Y, one proves Dy = 0, i.e. ®: DP(X) > DP(Y). O

2. Examples of (auto)equivalences

Before attempting a classification of all Fourier—-Mukai partners of a fixed K3 surface
X and a description of the group Aut(DP(X)) of autoequivalences of its derived category,
we prove one basic fact and describe a few important examples which form the building
blocks for both problems.

For the rest of the section, all K3 surfaces are assumed to be projective over a fixed
field k.
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2.1. Let us first show that derived categories of K3 surfaces cannot be realized by
any other type of varieties:

Proposition 2.1. Suppose X is a K3 surface and Y is a smooth projective variety
derived equivalent to X. Then'Y is a K3 surface.

PROOF. Any Fourier-Mukai equivalence ® = ®p: D?(X) > DP(Y) commutes with
Serre functors, i.e. ®oSx ~ Sy o®. Hence, Sy ~ ®oSyod~!. However, as Sy is the shift
E+— FE[2] and ® commutes with shifts, also the Serre functor Sy : F+— F @wy [dim(Y')]
is just F'+—F[2]. Hence, wy ~ Oy, dim(Y) = 2 and, by Enriques classification, Y is
either a K3 or an abelian surface.

To exclude abelian surfaces, one uses the two spectral sequences, where as before p and
q denote the two projections.

(2.1) EY = H'(X,Ext) (P, P)) = Exty{], (P, P)
and
(2.2) EY = H'(Y,Extl (P, P)) = Ext{], (P, P).

Writing &cti(P, P) = Rip.(P*®P), etc., they can be viewed as Leray spectral sequences
for the two projections.
From (2.1) one then deduces the exact sequence

0— H' (X, Exty(P, P)) —ExtX .y (P, P)—H(X,Ext (P, P)) — ...

Using (1.2) and the assumption that X is a K3 surface, one finds H'(X, 538152(73,73)) ~
H'(X,0x) = 0 and H(X,Exth(P,P)) ~ H(X,Tx) = 0. Hence, Exty,(P,P) = 0.
Now using the analogous exact sequence obtained from (2.2) one finds H'(Y,Oy) =
HY(Y, Ext)(P,P))— Extk .y (P,P) = 0 and hence H'(Y,Oy) = 0. Therefore, Y is
indeed a K3 surface.

Alternatively, one can use the induced isomorphism between singular or étale cohomol-
ogy (see Sections 3.1 and 4.3) to exclude Y from being an abelian surface. O

Definition 2.2. Let X be a K3 surface. Any K3 surface Y for which there exists a
k-linear exact equivalence DP(X) ~ DP(Y) is called a Fourier-Mukai partner of X. The
set of all such Y up to isomorphisms is denoted

FM(X) = {Y | D’(X) 2 D"(Y)}/=.
Note that of course X € FM(X) and so this set is never empty.

2.2. Recall the notion of moduli spaces of stable sheaves, see Section 10.2. Suppose
the moduli space My (v) = My (v)® of H-stable sheaves F with Mukai vector v(E) = v
is projective and two-dimensional. Then (v,v) = 0 and Mg (v) is in fact a K3 surface,
see Corollaries 10.2.1 and 10.3.5. Assume furthermore that there exists a universal sheaf
£ on My(v) x X, i.e. that My (v) is a fine moduli space.”

2For k algebraically closed, the moduli space is fine if there exists a v’ € N(X) with (v,v") =1 and
H is generic, see Section 10.2.2.
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Proposition 2.3. The universal family £ on Mg (v) x X induces an exact equivalence
de: DP(My(v)) = DP(X).

PROOF. We may assume that k is algebraically closed, cf. the discussion in Section
4.2. As both, X and Mpy(v) are smooth surfaces with trivial canonical bundle, it suffices
to show that ®¢ is fully faithful, cf. Lemma 1.7. We want to apply Lemma 1.4 using the
spanning class Q = {k(t) | t € My (v)}.

For closed points t; # to, the corresponding sheaves Fy = |1« x and Fa = E[g,14x
are non-isomorphic stable sheaves of the same Mukai vector v. Hence, Hom(E1, E2) =
0 = Hom(Ey, 1) and by Serre duality Ext?(Ey, E2) = 0. As x(E1, Bs) = —(v,v) = 0,
also Ext!(FEy, o) = 0.

If t1 =ty = t and so E1 ~ Ey = FE, one has Hom(FE, F) = k and by Serre duality
Ext?(E, E) = k. Moreover, the induced map T;Mg(v) > Exty(E,E) is an isomor-
phism, see Proposition 10.1.11. ]

One could also reverse the order of arguments by first proving DP(X) ~ DP(My(v))
under the assumption that My (v) = My (v)® is a projective surface and that a universal
family exists. Proposition 2.1 then would imply that My (v) is a K3 surface, cf. Corollary
10.3.5.

Example 2.4. Consider an elliptic K3 surface X —P! and let J(X)—=P! be its
Jacobian fibration of degree d, see Section 11.4.2. As was explained there, J¢(X) ~
My (vg) for vg = (0, [X¢],d) and H generic. The moduli space Mg (vq) = Mg (vg)® is fine
if there exists a vector v with (v,v") = 1. The latter is equivalent to d and the index dy
(see Definition 11.4.3) being coprime. Hence,

D"(J(X)) ~ D"(X)
for g.c.d.(d,dp) = 1.

2.3. Let us exhibit some standard Fourier—Mukai transforms before introducing
spherical twists, responsible for the rich structure of the group of autoequivalences of
derived categories of K3 surfaces.

i) For any morphism f: X —Y the direct image functor f,: DP(X)—=DP(Y) and the

pull-back f*: DP(Y)—=DP(X) (both derived) are Fourier-Mukai transforms with kernel
Or, € Coh(X x Y), the structure sheaf of the graph I'y C X x Y.

ii) If L € Pic(X), then D?(X) == DP(X), Er—L ® E defines a Fourier-Mukai auto-
equivalence with Fourier-Mukai kernel A, L. Here, A: X < X x X denotes the diagonal
embedding.

iii) The shift functor D’(X) % DP(X), E+—=EJ1] is the Fourier-Mukai transform
with kernel Oa[l]. Similarly, the Serre functor for a K3 surface X is the Fourier—-Mukai
transform with kernel Oa[2].
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Definition 2.5. An object E € DP(X) on a K3 surface X is called spherical if

; k ifi=0,2
Ext'(E, E) ~ ’
xt(E, E) { 0 else.
Consider the cone of the composition of the restriction to the diagonal with the trace
Pr :zC’(E*&E%(E*&E)|AL>(’)A> e DP(X x X).

Definition 2.6. The spherical twist
Tg: DP(X) == DP(X)

associated with a spherical object E € DP(X) is the Fourier-Mukai equivalence with
kernel Pg, i.e. Tg = $p,,.

The easiest argument to show that Tg is indeed an equivalence uses the spanning class
{E} U E*+. Tt is straightforward to check that

Tg(E) ~ E[-1] and Tg(F) ~ F for F € E*,

from which the assumptions of Lemma 1.4 can be easily verified. This argument is due
to Ploog and simplifies the original one of Seidel and Thomas, see [252, Prop. 8.6] for
details and references. Note that due to Lemma 1.7 fully faithfulness of T immediately
implies that it is an equivalence.

Example 2.7. i) Any line bundle L on a K3 surface X can be considered as a spherical
object in DP(X), for Ext!(L, L) ~ H'(X,0) = 0. Note that the two autoequivalences,
Ty, and L ® (), associated with a line bundle L are different for all L.

ii) If P! ~ C' C X is a smooth rational curve, then O¢(f) considered as a sheaf on X
or rather as an object in DP(X), is spherical for all £. Obviously, Ext!(Oc(¢), Oc(¢)) is
one-dimensional for £ = 0,2. The vanishing of Ext! can be deduced from (v,v) = —2
for v = v(Oc(£)) = (0,[C], £+ 1) (see below) or, more geometrically, by observing that
Oc¢(¢) really has no first order deformations.

The group of all k-linear exact autoequivalences of Db(X ) up to isomorphisms shall be
denoted

Aut(DP(X)) := {®: D"(X) == DP(X) | k-linear, exact}/~.
2.4. Any Fourier Mukai transform ®: DP(X)—=DP(Y") induces a natural map
N K(X)—K(Y), [Fl—[®(F)).

For ® = f, or ® = L ® () this is of course given by the push-forward f,: K(X)—K(Y)
and the tensor product with L, respectively. For the spherical twist ® = T one has

Ty [F] = [F] = x(F. E) - [E),

i.e. T is the reflection associated with the (—2)-class [E] € K(X).
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For an equivalence ®, one has x(E,F) = x(®(E),®(F)). Thus, the induced ®¥

descends to a homomorphism between the numerical Grothendieck groups
N N(X)—N(Y).

To make this more explicit let us first show that N(X) with the induced pairing x( , )
is isomorphic to the extended Néron-Severi group Z & NS(X) & Z = NS(X) & U with U
the hyperbolic plane. We use the Mukai vector to define a map

K(X) — Z&NS(X)&Z,
[E] +— u(E),
where v(FE) is the Mukai vector of E:
v(E) = (k(E),c1(E),x(E) —rk(E))
— (&(E), c1(E), c1(E)*/2 — ca(F) + 1k(E)).
Recall, (v1,v2) for v; = (r4, 4;, s;) is the Mukai pairing (¢1.02) — r1s2 — s1re, cf. Section
9.1.2. Thus, indeed
N(X)=K(X)/w == Z®NS(X)®Z~NS(X) B U
and we henceforth think of N(X) rather as N(X) =7 & NS(X) & Z.
For a Fourier-Mukai equivalence ®: DP(X) —=DP(Y) the induced homomorphism
N N(X)—N(Y)
sends v(E) to v(®p(F)). In this description the spherical twist Tk acts again as the
reflection associated with the (—2)-class v(E) € N(X):
(2.3) TY : N(X) == N(X), v—v + (v,0(E)) - v(E).
Using the multiplicative structure of N(X), one finds that the tensor product ® = L® ()

acts by ®V: vi—exp({) - v, where exp({) := ch(L) = (1,¢,¢?/2) for £ := ci(L). This is
an example of a B-field shift, cf. Section 14.2.3.

Corollary 2.8. Any equivalence ®: DP(X) == DP(Y) between K3 surfaces induces
an isometry of the extended Néron—Severi lattices

dV: N(X) =~ N(Y).
In particular, p(X) = p(Y). O
Using the Mukai vector of the Fourier—-Mukai kernel of an arbitrary Fourier—-Mukai
transform ®: DP(X)—=DP(Y), one can define a homomorphism ®V: N(X)—=N(Y)

(cf. Proposition 3.2) without assuming ® to be an equivalence. However, ®¥ is in general
neither injective nor compatible with the Mukai pairing.

Corollary 2.9. Any (—2)-class in the numerical Grothendieck group N(X) of a K3
surface over an algebraically closed field can be realized (non-uniquely) as the Mukai vector
v(E) of a spherical object E € DP(X).
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PROOF. According to Remark 10.3.3, any (—2)-class § = (r,¢,s) € N(X) with » > 0
can be realized as v(E) of a rigid simple bundle E. The case r < 0 follows by taking
v(E[l]) for v(E) = —6. If r = 0, then after tensoring with a high power of an ample
line bundle one can assume s # 0. If v(E) = —(s,£,0) (which is still a (—2)-class), then
v(To(E)) = 6. Compare this to the arguments in the proof of Proposition 3.5. O

Remark 2.10. However, in general the usual Néron—Severi lattices NS(X) and NS(Y)
are not isomorphic. In fact, in [467] Oguiso shows that for any n > 0 there exist n derived

equivalent complex projective K3 surfaces X1, ..., X, with pairwise non-isometric Néron—
Severi lattices NS(X1),...,NS(X,,). See also Stellari’s article [572].

Example 2.11. We come back to the Jacobian fibration J¢(X)—=P! of degree d of
an elliptic K3 surface X —P!. For g.c.d.(d,dy) = 1 we have noted in Example 2.4 that
DP(J4(X)) ~ DP(X) and, therefore, N(J(X)) ~ N(X). In particular,

disc NS(X) = disc NS(J4(X)),
confirming (4.6) in Section 11.4.2.

3. Action on cohomology

It is not surprising that for complex K3 surfaces more detailed information about
derived (auto)equivalences can be obtained from Hodge theory. As it turns out, by a
beautiful theorem combining work of Mukai and Orlov, whether two complex projective
K3 surfaces have equivalent derived categories is determined by their Hodge structures.
This is a derived version of the Global Torelli Theorem 7.5.3.

In this section we are mostly concerned with complex projective K3 surfaces. For results
over other fields see Section 4.

3.1. When the integral cohomology of a complex K3 surface X
H*(X,7)=H°X,Z)® H*(X,Z) ® HYX,Z) ~ H*(X,Z) U
is viewed with the Mukai pairing (cf. Section 9.1.2)

(a, B) = (a2.B2) — (a0.B1) — (a.Bo)
and the cohomological grading is suppressed, it is denoted H (X,Z). Tt comes with a
weight-two Hodge structure defined by
HY'(X) = H"Y(X) ® (H* ® HY)(X) and H>°(X) := H**(X),

which is in fact determined by H2(X) and the condition that H%0(X) and H%(X) are
orthogonal with respect to the Mukai pairing.

Moreover, the numerical Grothendieck (or extended Néron—Severi) group can then be
identified as

N(X)~ H" (X)NH(X,Z) = (H""(X) N H*(X,Z2)) ® (H ® H)(X,Z)

and the Mukai vector v(FE) of any complex E € Db({() can be written as v(F) =
(1k(E),c1(E),c1(E)?/2 — c2(E) + rk(E)) € N(X) C H(X,Z). That v(E) is indeed
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an integral class can be deduced from the fact that the intersection pairing on H?(X,Z)
is even or by using c1(FE)?/2 — co(E) + tk(E) = x(E) — rk(E). As it turns out, this still
holds for objects on the product of two K3 surfaces, because of the following technical
lemma due Mukai, see [252, Lem. 10.6].

Lemma 3.1. For any complex P € DP(X x Y) on the product of two K3 surfaces X
and Y, the Mukai vector v(P) = ch(P)\/td(X xY) € H*(X x Y,Q) is integral, i.e.
contained in H*(X x Y, 7).

Proposition 3.2. Let ®p: DP(X) > DP(Y) be a derived equivalence between K3
surfaces X and Y. Then the cohomological Fourier—Mukai transform ot p.(q*a.v(P))
defines an isomorphism of Hodge structures

o H(X,7) =~ H(Y,Z)
which is compatible with the Mukar pairing, i.e. @g is a Hodge isometry.

PROOF. Since by the lemma v(P) is integral, ® maps H*(X,Z) to H*(Y,Z). Note
however that it usually does not respect the grading. Applying the same argument to its
inverse ®p, = ®p, and using that CI%[A = id, one finds that @g is an isomorphism of
Z-modules.

We have to prove that it preserves the Mukai pairing and the Hodge structures. As v(P)
is an algebraic class and thus v(P) € @ H*(X x Y), clearly @2 (H?*9(X)) = H>(Y).
As HY' | H 20 it remains to verify the compatibility with the Mukai pairing, which
for classes in N(X) € H(X,Z) follows from x(E, F) = x(®(E), ®(F)). To prove it for
arbitrary classes in H(X,Z), it suffices to check that (@8 (), B) = (a, @g_l(ﬁ)), which
can be proved by using @;1 = ®p, and applying the projection formula for the two
projections of X X Y on cohomology. See [252, Prop. 5.44] for details. O

Remark 3.3. The cohomological Fourier-Mukai transform ®2 : H(X,7) == H(Y,Z),
atr—=p.(¢*a.v(P)) does indeed extend ®F : N(X)—=N(Y), v(E)—=v(®p(E)). This is
a consequence of the Grothendieck—Riemann-Roch formula applied to the projection
p: X x Y —Y, which shows ch(p«(¢*E @ P))td(Y) = p.(ch(¢*E @ P)td(X x Y)). Note
that the Grothendieck—Riemann—Roch formula is also used for the diagonal embedding
A: X & X x X to show that @gA = id, which was used in the above proof.

Example 3.4. i) For a spherical twist Tg: D?(X) = DP(X) the induced action on
cohomology is again just the reflection

TH = Sy(p): a—=a+ (o, v(E)) - v(E)

in the hyperplane orthogonal to the (—2)-class v(E) € N(X) = H"(X,Z), cf. (2.3). In
particular, T4 is the identity on H?(X,Z) and acts by (r,0,s)—(—s,0,—7) on (H° &
H*)(X,Z). Another important example is the case E = O¢(—1) with C ~ P!. Then T
is the reflection sic, cf. Remark 8.2.10.

ii) The autoequivalence of D?(X) given by E+— L ® E for some line bundle L acts on
cohomology via multiplication with exp(¢) = (1,¢,¢2/2) € HYY(X,Z), where £ = ¢1(L).
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iii) Suppose a K3 surface X is isomorphic to a fine moduli space My (v) = Mg (v)*
of stable sheaves on Y and P = & is a universal family. For the induced equivalence
®g: DP(X) == DP(Y) (see Proposition 2.3) one has ®#(0,0,1) = v, because (0,0,1) =
v(k(t)) for any t € X = My (v)*.

3.2. Using the Global Torelli Theorem 7.5.3, the above proposition has been com-
pleted by Orlov in [480] to yield the following

Proposition 3.5. Two complex projective K3 surfaces X andY are derived equivalent

if and only if there exists a Hodge isometry H(X,Z) ~ ET(Y, 7).

PROOF. We copy the proof from | , Sec. 10.2]. Only the ‘if’ remains to be veri-
fied. So suppose : fI(X,Z) e IA{T(Y7 Z) is a Hodge isometry. It will be changed by
Hodge isometries induced by Fourier—-Mukai equivalences until the classical Global Torelli
Theorem applies. We let v == (1,4, s) :== ¢(0,0,1).

i) Assume first that v = +(0,0,1). As (0,0,1)* = H? @ H*, the Hodge isometry ¢
then induces a Hodge isometry H?(X,Z) —> H?(Y,Z). Hence, X ~ Y by the Global
Torelli Theorem 7.5.3 and, in particular, DP(X) ~ DP(Y).

ii) Next suppose r # 0. Changing ¢ by a sign if necessary, one can assume r > 0.
Then consider the moduli space M = My (v)® of stable sheaves on Y with Mukai vector
v. As (v,v) = ((0,0,1),(0,0,1)) = 0, M is two-dimensional. Using that v is primitive
and choosing H generic, M is seen to be projective and hence a K3 surface, see Corollary
10.3.5. It follows from the existence of v' := p(—1,0,0) with (v,v’) =1 that there exists
a universal sheaf £ on Y x M, see Section 10.2.2. By Proposition 2.3 the Fourier-Mukai
transform ®g: DP(M) <> DP(Y) is an equivalence with ®#(0,0,1) = v. Hence, for the
composition one finds <I>§"1(<p(0, 0,1)) = (0,0,1). Therefore, X ~ M by step i) and in
particular DP(X) ~ DP(M) ~ DP(Y).

iii) If v = (0, ¢, s) with £ # 0, then compose ¢ first with the Hodge isometry exp(ci(L))
for some L € NS(Y) such that s + (c1(L).£) # 0 and then with the Hodge isometry
Tgy, cf. Example 3.4. The new Hodge isometry satisfies the assumption of step ii). As
exp(ci(L)) is induced by the equivalence L ® ( ) and Tgy by the spherical twist T, one
concludes also in this case that DP(X) ~ DP(Y). (Alternatively, one could try to use a
moduli space My (v) for v = (0,4, s) with s # 0 and then argue as in ii), see Proposition
10.2.5. However, for the non-emptiness one would need to add hypotheses on ¢ as in
Theorem 10.2.7.) O

Remark 3.6. The proof actually reveals that for derived equivalent K3 surfaces X
and Y either X ~ Y or X is isomorphic to a moduli space of stable sheaves of positive
rank on Y, i.e. X ~ My, (v)°. In [253] it has been shown that in the latter case X is in
fact isomorphic to a moduli space of p-stable(!) vector bundles(!) on Y.

Using more lattice theory, the above result can also be stated as follows.

Corollary 3.7. Two complex projective K3 surfaces X and Y are derived equivalent
if and only if there exists a Hodge isometry T(X) ~ T(Y') between their transcendental
lattices.
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ProOF. This has been stated already as Corollary 14.3.12. Here is the proof again.

Let ¢: T(X) — T(Y) be a Hodge isometry. We use Nikulin’s Theorem 14.1.12

and Remark 14.1.13, iii) to conclude that due to the existence of the hyperbolic plane
(H° @ H*)(X,Z) in T(X)*+ ¢ H(X,Z), the two embeddings

T(X) = H(X,Z) and T(X)—=> T(Y) <> H(Y,Z)

into the two lattices H (X,Z) and H (Y,Z), which are abstractly isomorphic, differ by an
isometry, i.e. the isometry ¢ extends to an isometry ¢: H(X,Z) —> H(Y,Z). Automat-
ically, @ is also compatible with Hodge structures. O

Similar lattice theoretic tricks, e.g. using the existence of hyperbolic planes in the
orthogonal complement of the transcendental lattice, can be used to show that particular
K3 surfaces do not admit any non-trivial Fourier—Mukai partners.

Corollary 3.8. In the following cases, a K38 surface X does not admit any non-
isomorphic Fourier—Mukai partners, i.e.

FM(X) = {X}.

(i) X admits an elliptic fibration with a section,
(i) p(X) =12,
(111) p(X) > 3 and disc NS(X) is square free.

PROOF. (i) The Picard lattice NS(X) contains a hyperbolic plane U — NS(X)
spanned by X; and a section Cy. Therefore, FM(X) = {X}, see Remark 14.3.11. Note,
however, that for elliptic K3 surfaces without a section the situation is of course different,
see Example 2.4.

(i) Any Hodge isometry T(X) > T(Y) extends to a Hodge isometry H?(X,Z) ~
H?(Y,7Z) and hence by the Global Torelli Theorem X ~ Y. Compare this to Corollary
14.3.10.

(iii) By Remark 14.0.1, A(T(X)) is cyclic, i.e. £(T(X)) < 1, and, therefore, by Theorem
14.1.12 the embedding T'(X) = H?(X,Z) is unique. O

Example 3.9. For a Kummer surface X associated with a complex abelian surface
one therefore has FM(X) = {X}. This observation can be used to prove that for two
complex abelian surfaces A and B and their associated Kummer surfaces X and Y one
has, DP(A) ~ DP(B) if and only if X ~ Y. See the articles by Hosono et al and Stellari
[243, | and the discussion in Section 3.2.5.

Proposition 3.10. Let X be a projective K3 surface over an algebraically closed field
k. Then X has only finitely many Fourier—Mukai partners, i.e.

IFM(X)| < oc.
PROOF. We sketch the argument due to Bridgeland and Maciocia [85] for complex
projective K3 surfaces. For arbitrary fields see the article [369] by Lieblich and Olsson.

First recall that an equivalence D”(X) ~ DP(Y) induces (Hodge) isometries T'(X) =~
T(Y) and N(X) ~ N(Y). From the latter one deduces that NS(X) and NS(Y') have
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the same genus, so that there are only finitely many lattices realized as NS(Y') with
Y € FM(X), cf. Section 14.0.1. Hence, it is enough to show that for any K3 surface X
there are only finitely many isomorphism classes of K3 surfaces Y with D?(X) ~ DP(Y)
and NS(X) ~ NS(Y). Now, H2(Y,Z) of such a Y sits in

T(X)®NS(X) = T(Y) ® NS(Y) € HX(Y,Z) C (T(X) ® NS(X))".

The isomorphism is a Hodge isometry and all inclusions are of finite index. Hence, since
the Hodge structure of H?(Y,Z) is determined by the one on T(Y)@®NS(Y), there are only
finitely many Hodge structures that can be realized as H2(Y,Z). But the isomorphism
type of Y is determined by the Hodge structure H?(Y,Z) due to the Global Torelli
Theorem 7.5.3. O

Remark 3.11. Mukai applies the same techniques in [427] to prove special cases of
the Hodge conjecture for the product X x Y of two K3 surfaces X and Y. More precisely
he proves that any class in H>%(X x Y, Q) that induces an isometry T(X)g —> T(Y)g
is algebraic provided p(X) > 11. In [452]| Nikulin was able to weaken the hypothesis to
p(X) = 5.

3.3. Analogously to the finer version of the Global Torelli Theorem 7.5.3, saying
that a Hodge isometry H?(X,Z) > H?(Y,Z) can be lifted to a (unique) isomorphism if
it maps a Kéahler class to a Kéahler class, one can refine the above technique to determine
which Hodge isometries ¢: H(X,Z) =~ H(Y,Z) are induced by derived equivalences.
The first step, due to Hosono et al [244] and Ploog, is to show that for any ¢ there
exists a Fourier-Mukai equivalence ®p: DP(X) <> DP(Y) with ®Z = ¢ o (+idpp2), cf.
[252, Cor. 10.2]. Here, —idj2 denotes the Hodge isometry of H(X,Z) that acts as id on
(H° @ H*)(X,Z) and as —id on H?(X,Z).

For the next step, one needs to introduce the orientation of the positive directions of
ﬁ(X, 7). Recall that the Mukai pairing on I:T(X, Z) has signature (4,20), in particular,
there exist four-dimensional real subspaces Hx C H(X,R) with ( , )|z positive definite.
Although the space Hx is not unique, orientations of, say Hx C fI(X, R) and of Hy C
H(Y,R), can be compared via isometries ¢: H(X,Z) > H(Y,Z) using the orthogonal
projection ¢(Hx) —> Hy.

In fact, associated with an ample class £ € H>'(X,Z) there is a natural Hx({) C
H(X,R) spanned by Re(c), Im(c), Re(exp(if)), and Im(exp(if)), where 0 # o € H20(X)
and exp(if) = (1,if, —¢%/2). Moreover, Hx (¢) comes with a natural orientation fixed by
the given ordering of the generators. It is straightforward to see that under orthogonal
projections these orientations of Hx (¢) and Hx (¢') for two ample classes (or, more gener-
ally, classes £, ¢’ in the positive cone Cx C H'!(X,R)) coincide. We call this the natural
orientation of the four positive directions of H(X,Z).

Combining the above results with a deformation theoretic argument developed in [266]
one eventually obtains

Tlleorem 3.12. Let X andY be complex projective K8 surfaces. For a Hodge isometry
p: H(X,Z) == H(Y,Z) the following conditions are equivalent:
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(i) There exists a Fourier-Mukai equivalence ®p: DP(X) > DP(Y) with ¢ = ®L.
(i) The natural orientations of the four positive directions of H(X,Z) and H(Y,Z)
coincide under .

For X =Y this has the following immediate consequence.
Corollary 3.13. The image of the map
Aut(DP(X)) — Aut(H (X, Z)), &>
is the subgroup Auwtt(H(X,Z)) C Aut(H(X,Z)) of all orientation preserving Hodge
isometries of H(X,Z). O
3.4. Viewing &+ ® as a representation
p: Aut(DP(X))—= Autt(H(X, 7)),

the study of Aut(DP(X)) reduces to a description of Ker(p). First note that this kernel is
non-trivial. Apart from the double shift E+— E[2], also squares T’ of all spherical twists
Tg are contained in Ker(p) (and usually not, and probably never, contained in Z[2]). Due
to the abundance of spherical objects (recall that all line bundles are spherical) Ker(p)
is a very rich and complicated group. A conjecture of Bridgeland [84] describes it as a
fundamental group. We state this conjecture in a slightly different form following [261,

Sec. 5.
First consider the finite index subgroup

Aut,(DP(X)) € Aut(DP(X))
of all ® with ®7 = id on T(X). The fact that its quotient is a finite cyclic group is
based on the same argument that proves that Auts(X) C Aut(X) is of finite index, see
Section 15.1.3. Observe that all spherical twists T as well as the equivalences L ® ()
are contained in Auty(DP(X)).
Next let D C P(N(X)c) be the period domain as defined in Section 6.1.1. Note that,

as N(X) has signature (2,p(X)), this period domain has two connected components
D = D" U D~ which are interchanged by complex conjugation. Then let

Do:=D\ [ Jd*,
STAN
where A := {6 € N(X) | 62 = —2}. Compare this to Remark 6.3.7. The discrete group

O(N(X)) :={g € O(N(X)) | g =id on N(X)*/N(X)}

acts on the period domain D and preserves the open subset Dy C D. The quotient of
this action is considered as an orbifold or a stack [O(N(X))\ Dp]. The analogy with
the moduli space of polarized K3 surfaces as described in Section 6.4 (see in particular

Corollary 6.4.3 and Remark 6.3.7) is intentional and motivated by mirror symmetry.

Conjecture 3.14 (Bridgeland). For a complex projective K3 surface X there ezists a
natural isomorphism

Aut,(DP(X))/Z[2] = 7 [O(N (X))\ D).
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The advantage of this form of Bridgeland’s conjecture is that it describes the finite index
subgroup Auts(DP(X)) € Aut(DP(X)) as the fundamental group of a smooth Deligne-
Mumford stack, which is very close to the fundamental group of a quasi-projective variety
and in particular finitely generated. In contrast, the original form of the conjecture in
[84] describes Ker(p) as a fundamental group of a complex manifold that is not quasi-
projective and, indeed, Ker(p) C Aut,(DP(X)) is a subgroup that is not finitely generated
anymore.

Remark 3.15. For p(X) = 1 the conjecture has recently been proved by Bayer and
Bridgeland [39]. In this case Kawatani [286] had shown that the conjecture is equivalent
to the statement that Ker(p) is the product of Z (the even shifts) and the free group
generated by all TP% with locally free spherical sheaves FE.

4. Twisted, non-projective, and in positive characteristic

In this final section we consider K3 surfaces that are twisted or defined over fields
other than C or that are not projective. Most of what has been explained for complex
projective K3 surfaces still holds, or at least is expected to hold, for twisted projective
K3 surfaces and for projective K3 surfaces over arbitrary algebraically closed fields, but
non-projective complex K3 surfaces behave slightly differently.

4.1. Let X be a projective K3 surface and let Br(X) be its Brauer group. As
explained in the appendix, to any class @ € Br(X) one can associate the abelian cate-
gory Coh(X, a) of a-twisted sheaves. Its bounded derived category shall be denoted by
DP(X, a). Two twisted K3 surfaces (X, «) and (Y, 8) are called derived equivalent if there
exists an exact linear equivalence DP(X,a) =~ DP(Y,8). The Fourier-Mukai formalism
can be developed in the twisted context and, as proved by Canonaco and Stellari in [98],
any exact linear equivalence between twisted derived categories is of Fourier—-Mukai type.

It is quite natural to consider twisted K3 surfaces even if one is a priori only interested
in untwisted ones. This was first advocated by Caldararu in [94]. Suppose X is a K3
surface and v € N(X) is a primitive Mukai vector with (v,v) = 0. For a generic ample
line bundle H the moduli space of stable sheaves My (v) is a smooth projective surface
and in fact a K3 surface, see Corollary 10.3.5. However, My (v) is in general not a fine
moduli space and, therefore, a priori not derived equivalent to X. The obstruction to
the existence of a universal family is a Brauer class a € Br(Mpy(v)), see Section 10.2.2,
and an X 1-twisted universal sheaf on M (v) x X exists. The analogous Fourier-Mukai
formalism then yields an equivalence

DP(Mir(v),a”") == DP(X),

see [94]. As non-fine moduli spaces do exist, one then is naturally led to also consider
twisted K3 surfaces. In fact, an untwisted K3 surface X usually has more truly twisted
Fourier-Mukai partners than untwisted ones. For example, in [381] Ma proved that a
K3 surface X (untwisted) with Pic(X) ~ Z - H with (H)? = 2d is derived equivalent to
a twisted K3 surface (Y, ) with ord(3) = n if and only if n?|d, cf. Corollary 3.8.
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In order to approach derived equivalences of twisted complex K3 surfaces via Hodge
structures, as done before in the untwisted case, let us first identify the Brauer group
Br(X) of a complex K3 surface X with the subgroup

Br(X) ~ H*(X,0%)ior C HA(X,0%) = H*(X,0x)/H*(X,Z)

of all torsion classes, cf. Section 18.1.2.
Via the exponential sequence, any class a € Br(X) can thus be realized as the (0, 2)-
part of a class B € H?(X,Q), which is unique up to NS(X)g and H?(X,Z):

H*(X,Q)—Br(X), B—ag.

Definition 4.1. The natural Hodge structure of weight two H(X,ap,Z) associated
with a twisted K3 surface (X, ap) is the Mukai lattice H(X,Z) with (p, ¢)-part given by

HPY(X, ap) = exp(B) - H"(X).

Here, exp(B) := 1 + B + B%/2 € H*(X,Q) acts by multiplication on H(X,C) which,
as is straightforward to check, preserves the Mukai pairing. For the abstract version see
Section 14.2.3 and also [254] for a survey of various aspects of this construction and
further references.

More concretely, H 20(X, ap) is spanned by

oc+BAoe H(X)a HY(X,C),
where 0 # o € H*?(X), and its orthogonal complement is
H"(X,ap) = (H** @ H*?)(X,ap)" c H(X,C).

Clearly, H20(X,ap) = H*(X) for B € NS(X)g. Also, multiplication with exp(B)
for B € H2(X,Z) defines an isometry of Hodge structures H(X,Z) ~ H(X,ap,Z).
Similarly, one finds that the isomorphism type of the Hodge structure H (X,ap,Z) only
depends on ap € Br(X) C H?(X, O%) and not on the class B. So we shall simply write
fI(X,a,Z) for the Hodge structure of weight two of a twisted K3 surface. Note that
the natural grading of H*(X,Z) has been lost, so that in general H%(X, o, Z) does not
contain the (or in fact any) hyperbolic plane (H° © H*)(X,7Z).

The following analogue of Proposition 3.5 was proved in [270]. Unlike the untwisted

version, the natural orientation of the four positive directions (cf. Section 3.3) H(X,R),
which via exp(B) is isometric to H(X, ap,R), does matter here.

Proposition 4.2. Two twisted complex projective K3 surfaces (X,«) and (Y, ) are
derived equivalent if and only if there exists a Hodge isometry H(X,a,Z) ~ H(Y,3,7Z)
respecting the natural orientation of the four positive directions.

Remark 4.3. i) Originally it was conjectured that also the analogue of Corollary 3.7
would hold for twisted K3 surfaces, but see [269, Rem. 4.10].

ii) The orientation of the four positive direction matters, as there is in general no Hodge
isometry of H (X, a,Z) similar to —idg2 in the untwisted case that would reverse it.
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iii) The analogue of Proposition 3.10 holds also in the twisted case. So, for a twisted
complex projective K3 surface (X,a € Br(X)) there exist only finitely many isomor-
phism classes of twisted complex projective K3 surfaces (Y, 8 € Br(Y)) with DP(X, ) ~
D" (Y, B).

Remark 4.4. An untwisted K3 surface always admits spherical object, e.g. every line
bundle, even the trivial one, is an example. However, many twisted K3 surfaces do not.
In particular, on any twisted K3 surface (X, a) locally free a-twisted sheaves are all of
rank at least the order of @ € Br(X), see Remark 18.1.3. In this case, one expects the
group Aut(DP(X, a)) to be rather simple and in particular the kernel of

p: Aut(DP(X, o)) —= Aut(H(X, o, Z))

should be spanned by [2]. That this is indeed the case has been proved in [265], which
in particular proves Conjecture 3.14 for all twisted K3 surfaces (X, a) with A = () or,
equivalently, Dy = D.

4.2. It was only in Section 3 that the K3 surfaces were assumed to be defined over
C. We shall now explain how one can reduce to this case if char(k) = 0. First of all, every
K3 surface X over a field k is defined over a finitely generated field kg, i.e. there exists a
K3 surface X over ko such that X ~ Xg xy, k. Similarly, if &p: DP(X) == DP(Y) is a
Fourier—-Mukai equivalence, then there exists a finitely generated field kg such that X, Y,
and P are defined over kg. It is not difficult to show that then the kg-linear Fourier—Mukai
transform ®p,: DP(X() > DP(Yp) is an exact equivalence as well.

Suppose kg is algebraically closed and E € DP(X, Xk, k) is spherical. Then, as for line
bundles (see Lemma 17.2.2), there exists a spherical object Fy € D(Xy) which yields
E after base change to k. Similarly, every automorphism f of Xy Xy, k is obtained by
base change from an isomorphism fy: Xg —> X, over kg, see Remark 15.2.2. Since
analogous statements hold for smooth rational curves and for universal families of stable
sheaves, all autoequivalences described explicitly before are defined over the smaller al-
gebraically closed(!) field k. In fact, as the kernel P of any Fourier-Mukai equivalence
Op: DP(Xg xpy k) == DP(Yy xp, k) is rigid, i.e. Ext!(P,P) = 0 (see the proof of Propo-
sition 2.1), any Fourier—-Mukai equivalence descends to kg. The details of the argument
are spelled out (for line bundles) in the proof of Lemma 17.2.2.

Hence, for a K3 surface X over the algebraic closure kg of a finitely generated field
extension of Q and for any choice of an embedding kg ——= C, which always exists, one
has

Aut(DP(Xo xg, k) =~ Aut(DP(Xp)) ~ Aut(D(Xy xz, C)).

In this sense, for K3 surfaces over algebraically closed fields k with char(k) = 0 the
situation is identical to the case of complex K3 surfaces. Understanding the difference
between autoequivalences of DP(Xg) and DP(X¢ x, k) for a non algebraically closed field
ko is more subtle. It is related to questions about the field of definitions of line bundles
and smooth rational curves, cf. Lemma 17.2.2.
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In [240] Hassett and Tschinkel describe an example with Pic(X) =~ Pic(X X, ko)
admitting a spherical sheaf on X xy, ko not descending to X. The paper is the first one
that studies this type of question systematically (for K3 surfaces). Special emphasis is
put on the question of (density of) rational points. For example, in the article one finds
an example of derived equivalent K3 surfaces DP(X) ~ DP(Y") for which |Aut(X)| < oo
but [Aut(Y)| = co. The recent [22] contains examples of derived equivalent twisted K3
surfaces (X, «) and (Y, 8) over Q with (X, a)(Q) = 0, i.e. the Brauer class is non-trivial
in all Q-rational points, and (Y, 8)(Q) # 0 contrary to an expectation expressed in [240].

4.3. Let us complement the above by a brief discussion of the case of positive
characteristic. For the time being, there is only one paper that deals with this, namely
Lieblich and Olsson’s [369], to which we refer for details.

The following is [369, Thm. 5.1] which can be seen as a characteristic free version of
the first step of the proof of Proposition 3.5. Recall that N(X) ~ Z & NS(X) @ Z with
v(k(x)) = (0,0,1).

Proposition 4.5. Let ®: DP(X) > D®(Y) be a derived equivalence between K3
surfaces over an algebraically closed field k such that the induced map ®: N(X) ==
N(Y) satisfies ®V(0,0,1) = +(0,0,1). Then X ~ Y.

PROOF. As a first step we claim that ® can be modified by autoequivalences of DP(Y')
such that the new ® respects the direct sum decomposition N = Z & NS @ Z. For this,
one rearranges the arguments in the proof of Proposition 3.5: If ®V(1,0,0) = (r, L, s),
then necessarily r = £1 and after composing ® with L* ® ( ) or L ® () one can assume
that ®V(1,0,0) = 4(1,0,0). Then use that NS = (Z ® Z)*.

If k = C, then the Hodge isometry ®H: H(X,Z) =~ H(Y,Z) of any ® that respects
the decomposition N = Z®&NSPZ restricts to a Hodge isometry H?(X,7Z) == H?(Y,7Z).
Hence, X ~ Y by the Global Torelli Theorem 7.5.3.

Let now k be an arbitrary algebraically closed field k of characteristic zero. As X, Y,
and the Fourier—-Mukai kernel of ® are described by finitely many equations, there exist
K3 surfaces X', Y’ over the algebraic closure k' of some finitely generated field kg and
an equivalence ®: DP(X’) = DP(Y”) such that its base change with respect to k' C k
yields ®: DP(X) = DP(Y). Clearly, ®’ still respects the decomposition N = ZGNSHZ.

Next choose an embedding &’ < C. The base change ®{.: D*(X(.) = DP(Y{) of @’
still respects N = Z & NS & Z and, therefore, X ~ Y{.. But as both surfaces X’ and Y’
are defined over &/, also X’ ~ Y” and, therefore, X ~ Y.

In the case of positive characteristic, one first modifies ® further. By composing it
with spherical twists of the form T, (_1) for (—2)-curves P! ~ C C X, one can assume
that ®" maps an ample line bundle L on X to M with M or M* ample on Y, see
Corollary 8.2.9. For this one needs that T, é)vc(—l) is the reflection in the hyperplane
v(Oc(—1))*+ = (0,]C],0)*, cf. Example 2.7. In characteristic zero, this step corresponds
to changing a Hodge isometry H?(X,Z) > H?(Y,Z) to one that maps the ample cone
to the ample cone up to sign.
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The technically difficult part, which we do not explain in detail, is a lifting argument,
that allows one to lift X and Y together with the Fourier-Mukai kernel P € D”(X x Y)
to characteristic zero Px € D?(Xf x Yx). As being an equivalence is an open condition,
®p, : DP(Xg) = DP(Yk) is still an equivalence and it satisfies ®(0,0,1) = 4(0,0, 1).
Hence, X ~ Yx and reducing back to k, while using [394], yields X ~ Y. O

The following corresponds to | , Thm. 1.2], which there was proved using crystalline
cohomology. For the sake of variety, we present a proof using étale cohomology (which
also takes care of the technical assumption char # 2).?

Proposition 4.6. Assume X and Y are K3 surfaces over a finite field ¥, with equiv-
alent derived categories DP(X) ~ DP(Y). Then their zeta functions (see Section 4.4.1)
coincide

Z(X,1) = Z(Y,1)
and, in particular,
| X (Fq)| = [ X (Fq)l.

PROOF. By Orlov’s result, the assumed equivalence ®: DP(X) =~ DP(Y') is a Fourier-
Mukai transform. We let P € DP(X x Y) be its kernel. Its Mukai vector

v(P) € D HE (X %z, Y, Qu(k))
is invariant under the action of the Frobenius, as P is defined over F,. Here, X=X XF, F q
and }7 =Y X]Fq I_Fq.
Reasoning as for complex K3 surfaces with their singular cohomology, one finds that
®p induces an (ungraded) isomorphism

HY(X, Q) & HE(X, Q1)) @ HZ (X, Qe(2))
~ HY(Y, Q)@ HE(Y,Qu(1)) ® Hy, (Y, Qu(2))
which is compatible with the Frobenius action.

If o;; and f;; denote the eigenvalues of the Frobenius action on Hét(X,Qg) and
Hét(Y’ Qp), respectively, then the isomorphism shows

021 02,22 B2,1 32,22
{a0,17 geeey 7a4,1} == {50,17 geeey 754,1}-
q q q q
But, clearly, a1 = fo,1 and a1 = B4, and hence {2 j/q} = {52,;/q}-
Conclude by using the Weil conjectures, see Theorem 4.4.1. O

Remark 4.7. Note that the same principle applies to derived equivalences for higher-
dimensional varieties X and Y over a finite field ;. However, the induced identification
between various sets of eigenvalues of the Frobenius is not enough to conclude equality
of their zeta functions. This corresponds to the problem in characteristic zero that for
derived equivalent varieties X and Y one knows >, _ hPI(X) =3 _ hPI(Y) for
all # but not whether the individual Hodge numbers satisfy h?(X) = h?4(Y).

3This proof was prompted by a question of Mircea Mustata.
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4.4. A complex K3 surface X is projective if and only if there exists a line bundle
L € Pic(X) with (L)?> > 0, see Remark 1.3.4. A very general complex projective K3
surface has Pic(X) ~ Z, whereas the very general complex (not assuming projectivity)
K3 surface has Pic(X) = 0. The category Coh(X) of a complex K3 surface Pic(X) =0
seems to be much smaller than for a complex projective K3 surface, e.g. its numerical
Grothendieck group is

NX)~Z®Z~ (H°® HY)(X,Z).

However, its Grothendieck group K(X) is in fact much bigger, due to the absence of
curves on X. Another way to look at this is to say that, although Pic(X) = 0, moduli
spaces of u-stable vector bundles E with v(E) = v := (r,0, s), in particular det(F) ~ O,
still exist and are of dimension (v, v) +2 = —2rs+ 2 as in the projective situation. They
contribute non-trivially to K(X).

However, as it turns out, Pic(X) = 0 has the bigger impact on the situation. So, it is
not hard to show that under this assumption Ox is the only spherical object in Coh(X)
and in fact, up to shift, in DP(X). Thus, Bridgeland’s conjecture in particular suggests
that Aut(DP(X)) should be essentially trivial, which was indeed proved in [265].

Theorem 4.8. Let X be a complex K3 surface with Pic(X) = 0. Then
Aut(DP(X)) ~Z ® Z @ Aut(X).

The first two factors of Aut(DP(X)) are generated by the shift functor and the spherical
shift Tn. The group Aut(X) is either trivial or Z, see [384]. Note that the same tech-
niques were used in [265] to determine Aut(DP(X)) for the generic fibre of the generic
formal deformation of a projective K3 surface, which is the key to Corollary 3.13 and the
main result of [266].

Remark 4.9. It is worth pointing out that in the non-algebraic setting Gabriel’s the-
orem fails, i.e. the abelian category Coh(X) of a non-projective complex K3 surface does
not necessarily determine the complex manifold X. In fact, in [608] Verbitsky shows that
two very general non-projective complex K3 surfaces X and Y have equivalent abelian
categories Coh(X) ~ Coh(Y).

5. Appendix: Twisted K3 surfaces

It has turned out to be interesting to introduce the notion of twisted K3 surfaces. This
works in both, the algebraic and the analytic setting.

Definition 5.1. A twisted K3 surface (X, a) consists of a K3 surface X and a Brauer
class o € Br(X).

The notion makes sense for arbitrary X and a general theory of sheaves on (X, a), so
called twisted sheaves, can be set up. This is of particular importance for K3 surfaces.

There are various ways of defining twisted sheaves and the abelian category Coh(X, «)
of those, but they all require an additional choice, either of an Azumaya algebra A, of a
Cech cycle representing « or a G,,-gerbe. The following is copied from [254].
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i) Choose a Cech cocycle {a;jx € O*(Uyj)} representing a € Br(X) with respect to an
étale or analytic cover {U;} of X. Then an {ayj}-twisted coherent sheaf ({E;},{vi;})
consists of coherent sheaves E; on U; and ¢;;: Ej|Ul.]. = E¢|Uij such that

pii = id, @ji = @;;', and @i 0 @i 0 Pri = g - id.

Defining morphisms in the obvious way, {a; ;i }-twisted sheaves form an abelian category
and, as different choices of {v;;1 } representing a lead to equivalent categories, this is taken
as Coh(X, ).

ii) For any Azumaya algebra A representing a one can consider the abelian category
Coh(X, A) of A-modules which are coherent as Ox-modules. To see that this category
is equivalent to the above, pick a locally free coherent a-twisted sheaf G and let Ag =
G ® G*, which is an Azumaya algebra representing . For an a-twisted sheaf E (with
respect to the same choice of the cycle representing «), F ® G* is an untwisted sheaf with
the structure of an Ag-module. This eventually leads to an equivalence

Coh(X, Ag) ~ Coh(X, ).

iii) To Azumaya algebras A but also to Cech cocycles {a;j;} representing a Brauer class
o one can associate Gp,-gerbes over X, denoted M4 and My, }, respectively.

The gerbe M 4 associates with T'— X the category M 4(T") whose objects are pairs
(E, ) with E a locally free coherent sheaf on T" and ¢: End(E) ~ Ar an isomorphism of
Orp-algebras, see [208, ]. A morphism (E,4)—(E’ ') is given by an isomorphism
E == FE’ that commutes with the Ap-actions induced by v and v)’, respectively. It is
easy to see that the group of automorphisms of an object (E, ) is O*(T).

The gerbe M{Q’ijk} associates with T'— X the category M{aijk}(T) whose objects are
collections {L;, pi;}, where £; € Pic(Ty,) and ¢ : £j|TUij = ‘Ci|TUij with i@k ok =
ijk, see [363]. A morphism {L;, pi;} —={L}, ¢};} is given by isomorphisms £; = L}
compatible with ¢;; and cp;j. For another construction of a gerbe associated to « see
[134].

Any sheaf F on a G,,-gerbe M — X comes with a natural G,,-action and thus de-
composes as ' = @ F*, where the G,,-action on F* is given by the character A\ \*.
The category of coherent sheaves of weight k, i.e. with ' = F¥, on a G,,-gerbe M is
denoted Coh(M)j. There are natural equivalences

Coh(X, a) = Coh(M4)1 = Coh(My4, 1)1

Moreover, Coh(X,a’) ~ Coh(M_4), ~ Coh(Mya,;,3)e, see [134, , | for more
details.

iv) A realization in terms of Brauer—Severi varieties has been explained in [642]. Sup-
pose E = ({E;},{pi;}) is a locally free {a;j;}-twisted sheaf. The projective bundles
7 P(E;) —U; glue to the Brauer—Severi variety 7: P(F) — X and the relative O, (1)
glue to a {W*a;ji}—twisted line bundle Ox(1) on P(E). As for an {oyj)}-twisted sheaf F
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the product 7*F ® O (1) is naturally an untwisted sheaf, one obtains an equivalence
Coh(X,a) ~ Coh(P(E)/X)

with the full subcategory of Coh(P(E)) of all coherent sheaves F’ on P(E) for which the
natural morphism 77, (F' @ (T* E® Or(1))*) — F'® (7*E ® O, (1))* is an isomorphism.
Note that the bundle 7*E ® Or(1) can be described as the unique non-trivial extension
0—=Op(g) —7"E @ Or (1) —Tp(p) —=0 and thus depends only on the Brauer—Severi
variety m: P(E) — X.

References and further reading:

We have noted in Remark 2.10 that [FM(X)| can be arbitrarily large. In fact even the number
of non-isometric Néron—Severi lattices realized by surfaces in FM(X) cannot be bounded. We
have also noted that under certain lattice theoretic conditions [FM(X)| = 1, cf. Corollary 3.8.
There are also results that give precise numbers, e.g. in | y | Oguiso et al prove that
[FM(X)| = 27(D=1 for a K3 surface with NS(X) ~ Z - H such that (H)?> = 2d. Here, 7(d)
is the number of distinct primes dividing d. See also Stellari [572] for similar computations in
the case of p(X) = 2 and Ma [380] for an identification of FM(X) with the set of cusps of the
Kahler moduli space. For a polarized K3 surface (X, H) one can ask for the subset of FM(X) of
all Y that admit a polarization of the same degree (H)2. The analogous counting problem was
addressed by Hulek and Ploog in [247].

The discussion of Aut(DP(X)) in Section 3.4 is best viewed from the perspective of stability
conditions on DP(X), a notion that can be seen as a refinement of bounded ¢-structures on DP(X).
See the original paper by Bridgeland [84] or the survey [261].

In analogy to Mukai’s description of finite groups of symplectic automorphisms of a K3 surface
reviewed in Section 15.3 a complete description of all finite subgroups G C Auts(DP(X)) fixing
a stability condition has been given in [259)].

Triangulated categories that are quite similar to the bounded derived category DP(X) of a K3
surface also occur in other situations. Most prominently, for a smooth cubic fourfold Z C P°
the orthogonal complement Az C DP(Z) of Oz, Oz(1), and Oz(2) is such a category. It has
been introduced by Kuznetsov in [343] and studied quite a lot, as it seems to be related to the
rationality question for cubic fourfolds. Although the Hodge theory of Az has been introduced,
see [2, ], and Ay is a ‘deformation of DP(X)’ , basic facts like the existence of stability
conditions on Az, have not yet been established.

Questions and open problems:

It is not known whether for a spherical object E € DP(X), or even for a spherical sheaf
E € Coh(X) the orthogonal E-+ contains non-trivial objects. If yes, which is expected, this
would be a quick way to show that T2" is never a simple shift for any k # 0.

If p(X) = 1, then Mukai shows in [427] that any spherical sheaf F with rk(E) # 0 is in fact
a p-stable vector bundle. One could wonder if for p(X) > 1 any spherical sheaf is u-stable with
respect to some polarization. Is there a way to ‘count’ spherical vector bundles with given Mukai
vector v?
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It would be interesting to have an explicit example of two non-isomorphic K3 surfaces X and
Y over a field K with DP(X) ~ DP(Y) (over K) with X; ~ Y. A related question is whether
Proposition 3.10 remains true over non-algebraically closed fields (of characteristic zero).

Of course, the main open problem in the area is Conjecture 3.14 for p(X) > 1.






CHAPTER 17

Picard group

As remarked by Zariski in [648], ‘The evaluation of p [the Picard number| for a given
surface presents in general grave difficulties’. This is still valid and to a lesser extent also
for K3 surfaces. The Picard number or the finer invariant provided by the Néron—Severi
lattice NS(X) is the most basic invariant of a K3 surface, from which one can often read
off basic properties of X, e.g. whether X admits an elliptic fibration or is projective. Line
bundles also play a distinguished role in the derived category DP(X), as the easiest kind
of spherical objects, and for the description of many other aspects of the geometry of X.

In this chapter we collect the most important results on the Picard group of a K3
surface. A number of results is sensitive to the ground field, whether it is algebraically
closed or of characteristic zero. Accordingly, we first deal in Section 1 with the case of
complex K3 surfaces, where the description of the Picard group reduces to Hodge theory,
which nevertheless may be complicated to fully understand even for explicitly given K3
surfaces. Later, in Section 2, we switch to more algebraic aspects and finally to the Tate
conjecture, the analogue of the Lefschetz theorem on (1, 1)-classes for finitely generated
fields. In the latter two parts we often refer to Chapter 18 on Brauer groups. These two
chapters are best read together.

1. ... of complex K3 surfaces

We start out with a few recollections concerning the Picard group of complex K3
surfaces.

1.1. For any K3 surface X, complex or algebraic over an arbitrary field, the Picard
group Pic(X) is isomorphic to the Néron-Severi group NS(X). In other words, any line
bundle L on a K3 surface X that is algebraically equivalent to the trivial line bundle Ox
is itself trivial, see Section 1.2. For projective K3 surfaces, a stronger statement holds:
Any numerically trivial line bundle is trivial. So, in this case

Pic(X) ~ NS(X) ~ Num(X),

see Proposition 1.2.4. For complex non-algebraic K3 surfaces the last isomorphism does
not hold in general, see Remark 1.3.4.

Let us now consider arbitrary complex K3 surfaces, projective or not. Then the Lef-
schetz theorem on (1, 1)-classes yields an isomorphism

Pic(X) ~ NS(X) ~ HY(X,Z) = H'"Y(X)n H*(X,Z).

Thanks to Frangois Charles and Matthias Schiitt for detailed comments on this chapter.

359
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As hb1(X) = 20, this in particular shows that
(1.1) Pic(X) ~ Z&PX) with 0 < p(X) < 20.

Moreover, as we shall see, every possible Picard number is attained by some complex K3
surface.

Complex K3 surfaces with maximal Picard number p(X) = 20 are sometimes called
singular K8 surfaces, although of course they are smooth as all K3 surfaces. In the
physics literature, they are also called attractive K3 surfaces, see e.g. [24]. As outlined
in Section 14.3.4, complex K3 surfaces with p(X) = 20 can be classified in terms of their
transcendental lattice.

Remark 1.1. If X is projective, then 1 < p(X) and the Hodge index theorem asserts
that the usual intersection pairing on H?(X,Z) restricted to NS(X) is even and non-
degenerate of signature (1, p(X) — 1), cf. Proposition 1.2.4.

In general, the number of positive eigenvalues can never exceed one, but can very well
be zero. Even worse, there exist K3 surfaces such that NS(X) ~ Z - L with (L)? = 0,
e.g. elliptic K3 surfaces without any multisection, see Example 3.3.2, and so NS(X) is
degenerate with neither positive nor negative eigenvalues.

Remark 1.2. Also recall that every K3 surface X is Kéhler, cf. Section 7.3.2, and that
X is projective if and only if there exists a line bundle L such that ¢;(L) is contained in
the Kahler cone Kx or, a priori weaker but equivalent, that there exists a line bundle L
with ¢ (L) contained in the positive cone Cx or simply satisfying (L)? > 0.

Another sufficient condition for the projectivity of X is the existence of a line bundle
L with c¢1(L) € 9Cx \ Kx. Indeed, if L is not nef, then by Theorem 8.5.2 there exists a
(—2)-curve C with (C.L) < 0 and thus (L"(—C))? > 0 for n > 0.

1.2. It is rather difficult to decide which lattices of rank < 20 can be realized as
NS(X). For any complex K3 surface X, the lattice NS(X) is even with at most one
positive eigenvalue and with at most one isotropic direction, which immediately leads to
the following rough classification

Proposition 1.3. Let X be a complex K3 surface. Then one of the following cases
occurs:
(i) signNS(X) = (1,p(X) — 1), which is the case if and only if X is projective or,
equivalently, trdeg K (X) = 2.
(ii) The kernel of NS(X)—=Num(X) is of rank one and Num(X) is negative definite.
This is the case if and only if trdeg K (X) = 1.
(111) NS(X) is negative definite, which is the case if and only if K(X) ~ C. O

The last assertion has been first observed by Nikulin in [447, Sec. 3.2]. For higher-
dimensional generalizations to hyperk&hler manifolds see [97].

For the reader’s convenience we list the following results that have been mentioned in
other chapters already:
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i) Any even lattice N of signature (1,p — 1) with p < 11 can be realized as NS(X), see
Corollary 14.3.1 and Remark 14.3.7.

ii) For a complex projective K3 surface X of Picard number p(X) > 12 the isomorphism
type of N := NS(X) is uniquely determined by its rank p(X) and the discriminant group
(AN, qn), see Corollary 14.3.6.

iii) The last fact in particular applies to the case of K3 surfaces with p(X) = 20. Then
the transcendental lattice T' := T'(X) is a positive definite, even lattice of rank two which
uniquely determines X up to conjugation, see Corollary 14.3.21 and Remark 14.3.4. The
discriminant group (A, gr) uniquely determines NS(X).

iv) If X is of algebraic dimension zero, i.e. K(X) ~ C, then there exists a primitive
embedding NS(X) & N into some Niemeier lattice, see Example 14.4.7.

v) If N is an even lattice of signature (1, p — 1) such that its Weyl group W(N) C O(N)
is of finite index, then N ~ NS(X) for some K3 surface X, see Theorem 15.2.10.

1.3. Let f: X— 5 be a smooth proper family of complex K3 surfaces over a con-
nected base S, e.g. an analytic disk. Recall from Proposition 6.2.9 that the Noether—
Lefschetz locus

NL(X/S)c S
of all points ¢t € S with p(X;) > po is dense if the family is not isotrivial (i.e. locally the
period map is non-constant). Here, pg is the minimum of all Picard numbers p(X;).
Let now S be simply connected and fix an isomorphism R?f,Z ~ A of local systems.
Then for 0 # o € A the locus {t | « € H(X})} is either S, empty, or of codimension
one. This process can be iterated. For any p > pg the set

S(p) ={t|p(Xe) =2 p} C S
is a countable union of closed subsets of codimension < p — pp.

For the universal family of marked K3 surfaces X — N (see Section 6.3.3), the picture
becomes very clean. In this case

N(20) Cc N(19) C...C N(1) =NL(X/N)C N

defines a stratification by countable unions of closed subsets with dim N(p) = 20 — p.
Moreover, N(p+ 1)\ N(p) = {t | p(X¢) = p+ 1}. Applying Proposition 6.2.9 repeatedly
shows that N (20) C N(7) is dense for all 0 <7 < 20.

Let a € Kx be a Kihler class and X (o) —T () =~ P! the associated twistor space, see
Section 7.3.2. A fixed isometry H?(X,Z) ~ A induces a marking of the family and hence
a morphism 7T'(a) = N. For very general a € Kx, i.e. not contained in any hyperplane
orthogonal to a class 0 # ¢ € H%'(X,7Z), the twistor line is not contained in the Noether—
Lefschetz locus N(1) = NL(X/N) and so p(X(a);) = 0 for all except countably many
teT ().

The polarized case can be dealt with similarly. If X — Ny is the universal family of
marked polarized K3 surfaces (see Section 6.3.4), then Ny = Ny4(1) and

Nd(20) C Nd(lg) C...C Nd(l) = Ny
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with dim Ng(p) = 20 — p. Again, Ny4(2) is dense in Ny(1) = Ny and more generally
Na(p+1)in N(p), p=1,...,19.

Remark 1.4. However, there exist examples of of families of K3 surfaces for which
the Picard rank does not jump as possibly suggested by the above. For example, there
exist one-dimensional families of K3 surfaces f: X —S for which p(X;) > po + 2 for
all t € NL(X/S). For an explicit example see [466, Ex. 5|, for which py = 18. This
phenomenon can be explained! in terms of the Mumford-Tate group. Roughly, for any
family X — S that comes with an action of a fixed field K on the Hodge structures
given by the transcendental lattices T'(X})g, the Picard number p(X;) can only jump by
multiples of [K : Q]. Indeed, T'(X;)q is a vector space over K and hence dim T'(X;)g =
di - [K : Q). Therefore p(X;) =22 —d; - [K : Q.

1.4. The Néron—Severi lattice of a complex K3 surface X can be read off from its
period, but it is usually difficult to determine NS(X') or the period of X when X is given
by equations (even very explicit ones). There is no general recipe for doing this, but the
computations have been carried out in a number of non-trivial examples.

Kummer surfaces. For the Kummer surface X associated with a torus A, the existence
of the Kummer lattice K C NS(X), see Section 14.3.3, shows that p(X) > 16. If A is
an abelian surface, then p(X) > 17 and, in fact, for general A this is an equality. For
arbitrary A one has

p(X) =16 + p(A).

For the Kummer surface X associated with a product E; x FEs of elliptic curves this
becomes
18 if By A Eo
(1.2) p(X)=14¢ 19 if By ~ Ey without CM
20 if B4 ~ Ey with CM.
Also recall from the discussion in Section 14.3.3 that a complex K3 surface is a Kum-
mer surface if and only if there exists a primitive embedding of the Kummer lattice
K~ NS(X) or, slightly suprisingly, if and only if there exists 16 disjoint smooth ratio-
nal curves Cq,...,Ci C X.
Quartics. Due to the discussion above, the very general complex quartic X C P3 satisfies
p(X) =1 and in fact Pic(X) =Z - O(1)|x.
On the other hand, recall from Section 3.2.6 that the Fermat quartic X C P3, x3 +
...+ x4 =0, has p(X) = 20. In fact, NS(X) is generated by lines £ C X and

NS(X) ~ Eg(-1)" @ U & Z(-8) & Z(-8).

The detailed computation has been carried out by Schiitt, Shioda, and van Luijk in [538].

Las I learned from Frangois Charles.
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The Fermat quartic is a member of the Dwork (or Fermat) pencil:
X CPg, $é++l‘§*4tHIEl = 0.

Note that X; is smooth except for t* = 1 and t = oo (which at first glance is surprising as
the discriminant divisor in |Ops(4)| has degree 108 by [205, 13.Thm. 2.5]). Generically
one has p(X;) = 19, but p(X;) = 20 for an analytically dense set of countably many
points t € PL. In fact, if p(X;) = 20, then ¢t € P}(Q), see Proposition 2.14. The Néron—
Severi lattice of the very general X; has been described by Bini and Garbagnati in [62],
e.g. its discriminant group is isomorphic to (Z/87Z)? x Z/4Z. Using Section 14.3.3, one
can show that all X; are Kummer surfaces, see [62, Cor. 4.3].

Kuwata in [339] studied quartics of the form
X = Xoyn CP?, ¢1(20,21) = do(a2, 73).

After coordinate changes one can assume that ¢;(z,y) = yz(y — x)(y — \iz) with \; €
C\{0,1}. If E;, i = 1,2, are the elliptic curves defined by > = ¢;(1, x), then the Kummer
surface associated with E; x FEs is birational to the quotient of X by the involution
v: (T xy i wy i x3)—(zo 1 x1 1 —T2 1 —x3):

X/L ~ (El X EQ)/j:.

(So, X has a Shioda-Inose structure.) This allows one to use (1.2) to compute p(Xx, x,)-
In particular, p(X), »,) > 18. In [339, Prop. 1.4] it is proved that the number of lines
¢ C X is 16,32,48, or 64 depending on j(E;).

In [73] Boissiére and Sarti later showed that the vector space NS(X,)®@Q of X == X »
is spanned by lines if and only if i) A & Q; ii) A € {—1,2,1/2,e>™/3 ¢=27/3}  or iii)
AeQ\ {—1,2,1/2,e*>m/3 ¢=2m/3} and p(X,) = 19. Furthermore, the lattice NS(X}) is
generated by lines only in case ii).

Explicit equations tend to have coefficients in Q or Q, but it was an open problem
for a long time (apparently going back to Mumford) whether there exists a quartic with
p(X) = 1 with algebraic coefficients. We come back to this in Section 2.6. Over larger
fields, quartics with p(X) = 1 can be found more easily. For example, the generic fibre of
the universal quartic X —|O(4)| is a K3 surface over Q(t1,...,t34) of geometric Picard
number one.

Double planes. The very general double plane X —P2, see Example 1.1.3, satisfies
p(X) = 1. This can either be deduced from a general Noether—Lefschetz principle for
cyclic coverings as e.g. in [90, | or from counting dimensions and realizing that the
family of double planes modulo isomorphisms is of dimension 19, as is the moduli space
Ms> of polarized K3 surfaces of degree two.

If the branching curve of X —P? consists of six general lines, the minimal resolution
of the double cover is a K3 surface of Picard number p(X) = 16. The exceptional curves
over the 15 double points of the double cover (over the 15 intersection points of pairs

@®15

of lines) span a lattice inside NS(X) isomorphic to Z(—2)®*>. For some observations on

Picard groups of K3 surfaces appearing as minimal resolutions of singular double covers of
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P? branched over a sextic, especially those with maximal Picard number 20, see Persson’s
article [488]. Using the density of K3 surfaces of maximal Picard number p(X) = 20 in
the moduli space Ms of polarized K3 surfaces of degree two, one concludes that there do
exist smooth double planes ramified over a smooth sextic with maximal Picard number.

Complete intersections. Recall from Example 1.1.3 that besides quartics the only
other non-degenerate complete intersection K3 surfaces are either complete intersections
of a quadric and a cubic in P* or of three quadrics in P?. As for quartics and double
planes, the very general complete intersection K3 surface X satisfies p(X) = 1.

In [83] Bremner studies rational points on the hypersurface defined by u§ + u$ + u§ =
vS + 1§ + 0§ by relating it to a particular intersection X = Q1 N Q2 N Q3 C P® of three
quadrics. The Picard rank of this particular X (over C) is 19, see also [341].

Elliptic K3 surfaces. The description of the Néron—Severi lattice of an elliptic K3
surface X —P! with a section can essentially be reduced to the description of its Mordell-
Weil group MW (X) via the short exact sequence

0—A—NS(X)—MW(X)—0,

where A is the subgroup generated by vertical divisors and the section, see Proposition
11.3.2.

For the general elliptic K3 surface with a section Cy there exists an isometry NS(X) ~ U
that maps X; and Cy + X; to the standard generators of the hyperbolic plane U. The
Picard group of a general, in particular not projective, complex elliptic K3 surface is
generated by the fibre class, and so p(X) = 1 with trivial intersection form, i.e. NS(X) ~
7(0).

2. Algebraic aspects
Let now X be an algebraic K3 surface over an arbitrary field k. Then
Pic(X) ~ NS(X) ~ Num(X) ~ Z®X) with 1 < p(X) < 22

is endowed with an even, non-degenerate pairing of signature (1, p(X)—1), see Proposition
1.2.4, Remark 1.3.7, and Section 2.2 below. Which lattices can be realized depends very
much on the field k. Moreover, the Néron—Severi lattice can grow under base change to
a larger field. We pay particular attention to finite fields and number fields.

Before starting, we mention in passing a characteristic p version of the injectivity
c1: NS(X) &= HV(X) for complex K3 surfaces, see Section 1.3.3. As HY!'(X) and
also the de Rham cohomology HgR(X ) are vector spaces over the base field, the first
Chern class must be trivial on p - NS(X). For a proof of the following statement, see
Ogus’ original in [475, Cor. 1.4] or the more concrete in [511, Sec. 7| or [604, Sec. 10].

Proposition 2.1. For any K3 surface over a field of characteristic p > 0 the first
Chern class induces an injection

c1: NS(X)/p - NS(X)— Hig(X).
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Moreover, its image is contained in F 1H§R(X ) and if X is not supersingular, it induces
an injection NS(X)/p - NS(X) & HY(X) = HY(X, Qx).

2.1. For a field extension K/k base change yields the K3 surface X = X x; K
over K and for every line bundle L on X a line bundle Lg on Xg, the pull-back of L
under the projection Xx —=X. By flat base change, H (X, Lx) = H(X,L) @ K.
Using that L is trivial if and only if H°(X, L) # 0 # H°(X, L*) and similarly for Ly,
one finds that base change defines an injective homomorphism

(2.1) PiC(X)C—> PiC(XK>, L}—>LK,
which is compatible with the intersection pairing.
Lemma 2.2. If k is algebraically closed, then the base change map (2.1) is bijective.

PROOF. Defining a line bundle M on X involves only a finite number of equations.
Hence, we may assume that K is finitely generated over k and, therefore, can be viewed
as the quotient field of a finitely generated k-algebra A. Also, as k is algebraically closed,
any closed point ¢ € Spec(A) has residue field k(t) ~ k. Localizing A with respect to
finitely many denominators if necessary, we may in fact assume that M is a line bundle on
X4 = X xSpec(A) and thus can be viewed as a family of line bundles on X parametrized
by Spec(A).

Consider the classifying morphism f: Spec(A) —Picx for this family, see Section
10.1.1. The Picard scheme Picy of a K3 surface X is reduced and zero-dimensional,
as its tangent space at a point [L] € Picx (k) = Pic(X) is Ext}(L, L) ~ HY(X,0) = 0,
see Section 10.1.6. Thus, f is a constant morphism with image a k-rational point of Picx.
Therefore, M is a constant family and, in particular, M ~ Lk for some L € Pic(X). O

In Section 16.4.2 the assertion of the lemma has been applied to the more general class
of spherical objects in the derived category DP(Xf). The proof is valid in this broader
generality, replacing Picx be the stack of simple complexes.

Definition 2.3. The geometric Picard number of a K3 surface X over a field k is
p(X3), where k is the algebraic closure of k or, equivalently, p(Xx) for any algebraically
closed field K containing k.

Clearly, any K3 surface X over k can be obtained by base change from a K3 surface X
over some finitely generated field ko. By the lemma Pic(X )< Pic(Xj) ~ Pic(X x ko).
If char(k) = 0, one can choose an embedding ko~ C, which yields an injection

Pic(X )& Pic(Xg x ko)~ Pic(Xy x C).
In particular, in characteristic zero every K3 surface X satisfies p(X) < 20 by (1.1).
Remark 2.4. For a purely inseparable extension K/k of degree [K : k| = ¢ = p"
the cokernel of the base change map Pic(X) “— Pic(Xg) is annihilated by p™ and so

p(X) = p(Xk). Indeed, if L is described by a cocycle {1}, then L? is described by
{{;} which is defined on X and hence L7 is base changed from X.
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2.2. To study Pic(X) by cohomological methods one uses the usual isomorphism
Pic(X) ~ H'(X,G,,). Then, for n prime to char(k) the Kummer sequence

0 thn G, G, 0

induces an injection Pic(X) ® Z/nZ“— HZ(X, un). Applied to n = ¢™, for a prime
¢ # char(k), and taking limits yields injections

Pic(X) & Pic(X) ® Zi— HZ(X,Z(1)).

This proves p(X) < 22, which is a special case of a classical result due to Igusa [272].
As remarked earlier, see Remark 1.3.7, the Kummer sequence and the fact that Pic(X)
is torsion free also show that H},(X, un) ~ k*/(k*)™. For separably closed k, this shows
H (X, pun) =0 and by duality also H3,(X, ju,) = 0.
For a finite Galois extension K /k with Galois group G the Hochschild—Serre spectral
sequence

EP = HP(G,HY(Xk,Gp)) = HTI(X,G,,),
and Hilbert 90, i.e. H'(G,G,,) = 0, can be used to construct an exact sequence

0— Pic(X) —Pic(Xg)% — H*(G, K*),

which in particular shows again the injectivity of Pic(X)—Pic(Xx) in this situation.
It also shows

(2.2) Pic(X) ® Q = Pic(Xx)% ® Q,

for H2(G, K*) is torsion, cf. [546]. In other words, Pic(X) C Pic(Xx )% is a subgroup of
finite index.?

By Wedderburn’s theorem, see Remark 18.2.1, the Brauer group of a finite field is
trivial, i.e. H*(G, K*) = 0. Therefore,

Pic(X) = Pic(Xg)“

for extensions K /k of finite fields. Also, Pic(X) = Pic(Xx)¢ whenever X(K) # 0. See
Section 18.1.1 for further results relying on the Hochschild—Serre spectral sequence.

Remark 2.5. Suppose X is a K3 surface over a field k of characteristic zero, sufficiently
small to admit an embedding o: k= C. Then each such embedding yields a complex
K3 surface X,. If k is algebraically closed, then Pic(X,) ~ Pic(X) and, in particular,
the isomorphism type of the lattice Pic(X,) is independent of o. But what about the
transcendental lattice T'(X,)? Clearly, the genus of T'(X,) is also independent of o, as
its orthogonal complement in H?(X,,Z) is Pic(Xy) ~ Pic(X). However, its isomorphism
type can change. See Remark 14.3.23.

2To have a concrete example for which the map is indeed not surjectve, consider the quadric x3 +
x? 4+ 23 over R and its base change Xc ~ P¢. Then O(1) is Galois invariant, because (O(2) descends, but
it is not linearizable.
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Lemma 2.6. Let X be a K3 surface over an arbitrary field k. Then there exists a finite
extension k C K such that Pic(Xk) ~ Pic(X3) and, in particular, p(Xk) = p(Xz).

Moreover, equality p(Xk) = p(Xz) can be achieved with a universal bound on [K : k.
If char(k) = 0 and X (k)) # 0 or if k is finite, the same holds for Pic(Xk) ~ Pic(X}).

PROOF. Indeed, Pic(X x k) is finitely generated and the defining equations for any
finite set of generators Li,...,L, € Pic(X x k) involve only finitely many coefficients
which then generate a finite extension K/k.

If £ is a field of characteristic zero or a finite field, then there exists a finite Galois
extension k C K such that Pic(Xk) ~ Pic(X}). Now, the image of the action

p: G = Gal(K/k) —O(Pic(Xg)) € GL(p(Xk),Z)

is a finite subgroup and it is known classically that every finite subgroup of GL(n,Z)
injects into GL(n, F3). Therefore, [Im(p)| is universally bounded. Hence, for H = Ker(p)
also [K™ : k] is universally bounded. If one assumes in addition that X (KH) # ) for
char(k) = 0, then Pic(Xgn) ~ Pic(Xg)? ~ Pic(Xg). Thus k € K’ := K is a finite
extension of universally bounded degree with Pic(Xg+) ~ Pic(X%).

For arbitrary k, the same argument shows Pic(Xg/) ® Q =~ Pic(X;) ® Q, cf. Remark
2.4, and hence p(Xk') = p(X3). O

2.3. We follow Shioda [557] to describe the easiest example of a unirational K3
surface. Consider the Fermat quartic X C P3 over an algebraically closed field of charac-
teristic p = 3 defined by x§+...+24 = 0 or, after coordinate change, by z¢ —21 = 2§ — 3.
A further coordinate change yy = xo — x1, y1 = To + 1, Yo = T2 — T3, Y3 = T9 + T3 turns
this into yoy1 (y3 + ¥3) = v2ys(y3 + ¥3). Setting y3 = 1, y1 = you, and yo = uwv, one sees
that the function field of X is isomorphic to the function field of the affine variety given
by yg(1+u?) = v((uv)?+1), which in turn can be embedded into the function field of the
variety defined by u?(t* —v)3 — v 4 '2 with > = yo (where one uses p = 3). Now switch
to coordinates s = u(t* — v), t, and v in which the equation becomes s2(t* — v) — v +¢12.
Thus, v can be written as a rational function in s and t. All together this yields an
injection K (X))~ k(s,t) which geometrically corresponds to a dominant rational map

P2 - > X.
A similar computation proves the unirationality of the Fermat hypersurface Y C P2 of
degree p 4+ 1 over a field of characteristic p. For p = 3 (4) the endomorphism [zg : ... :

:c(()p+1)/4 I J:ng)M] of P? defines a dominant map Y —= X and hence X is

SU3] — [
unirational for all p = 3 (4).

Contrary to the case of complex K3 surfaces, there exist K3 surfaces over fields of
positive characteristic with p(X) = 22. The Fermat quartic is such an example, which
was first observed by Tate in [588, |. It can also be seen as a consequence of the
following more general result due to Shioda. For more on these surfaces see Section 2.7

below.

Proposition 2.7. Let X be a unirational K3 surface over an algebraically closed field.
Then p(X) = 22.
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PRrROOF. We follow Shioda [557] and show first more generally that for any dominant
rational map Y — —= X between smooth surfaces one has bo(Y)—p(Y') > ba(X) — p(X).
First, by resolving the indeterminacies of the rational map by blowing up and using that
by the standard blow-up formulae for Pic and H? the expression by(Y) — p(Y) does
not change in the process, one reduces to the case of a dominant morphism 7: Y — X.
Then use that 7*: H2,(X, Qu(1)) & HZ (Y, Q(1)) is injective sending NS(X) ® Q into
NS(Y) ® Qg. Moreover, the induced map (of Qg-vector spaces)

HZ(X,Q(1))/NS(X) ® Q= Hg,(Y,Qu(1))/NS(Y) ® Q,

is still injective, for m, o 7 = deg(n) - id.
Apply this general observation to Y = P2, for which by(Y) = p(Y) = 1, and a unira-
tional K3 surface X. Then p(X) = ba(X) = 22. O

We leave it to the reader to check that the arguments also apply to uniruled K3 surfaces
and so the proposition and the following corollary hold true more generally. However, a
posteriori, one knows that uniruled K3 surfaces are in fact unirational.

Corollary 2.8. Unirational K3 surfaces satisfy the Tate Conjecture 5.1. O

Already in | , | Tate mentions that the Fermat quartic over a field of charac-
teristic p = 3(4) has Picard number p = 22. In fact, both Shioda and Tate deal with
Fermat quartics over fields of characteristic p such that p™ = 3 (4) for some n (and Fermat
hypersurfaces of higher degree as well).

2.4. For K3 surfaces over algebraically closed fields, the Picard number satisfies
p(X) # 21. This has been observed by Artin in [16] and follows from the inequality
p(X) <22 —2h(X) for K3 surfaces of finite height, see Lemma 18.3.6 and also Remark
18.3.12. Thus, algebraic K3 surfaces over algebraically closed fields have Picard number

p=1,2,...,19,20,22

and all values are realized over suitable algebraically closed fields. For non-algebraically
closed fields and even for finite fields also p = 21 is possible, see Remark 2.23.

For a K3 surface X over a finite field F, the Galois group Gal(F,/F,) is a cyclic group
generated by the Frobenius. By the Weil conjectures, cf. Section 4.4, the eigenvalues of
the induced action f* on HZ(X,Qe(1)) are of absolute value |a;| = 1. Moreover, as the
second Betti number of a K3 surface is even, oy = ... = a9 = %1 for an even number
of the eigenvalues, see Theorem 4.4.1. After base change to a finite extension Fy /F,, we
may assume a1 = ... = a9 = 1 (and no roots of unity among the ;o). Then the Tate
Conjecture 3.4 implies

Corollary 2.9. The Picard number of a K3 surface X over IF‘p, p # 2, is always even,
i.e. p(X)=0(2). O

Compare this to the statement that for complex K3 surfaces of odd Picard number,
automorphisms act as +id on the transcendental lattice T'(X), see Corollary 3.3.5.
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This simple corollary has turned out to have powerful consequences, e.g. for the exis-
tence of rational curves on complex K3 surfaces of odd Picard number, cf. Section 13.3.2.

2.5. Consider a flat proper morphism X — Spec(A4) with A an integral domain.
Denote the generic point by n € Spec(A), so its residue field k(n) is the quotient field
of A, and pick a closed point ¢ € Spec(A4). Assume that the two fibres X, and X;
are K3 surfaces (over the fields k(n) and k(t), respectively). Taking the closure of Weil
divisors on X, yields a homomorphism Pic(X,,) —Pic(X) which, when composed with
the restriction to the closed fibre X4, yields the specialization homomorphism

sp: Pic(X,) —Pic(Xy).

Passing to finite extensions of k(7)) or, geometrically, finite integral coverings of Spec(A),

one obtains a specialization homomorphism between the geometric fibres Xy := X, x k(n)

and X7 := Xy x k(t)
5p: Pic(X5) —Pic(Xp).

Proposition 2.10. The specialization homomorphisms
sp: Pic(X,) <~ Pic(X;) and sp: Pic(Xy) — Pic(X7)
are injective and compatible with the intersection product.

PROOF. The intersection form can be expressed in terms of Euler—Poincaré charac-
teristics, see (2.1) in Section 1.2.1. As those stay constant in flat families, specialization
indeed preserves the intersection form. But if sp and Sp are compatible with the inter-
section form, which is non-degenerate, then they are automatically injective. O

Consider the case of a trivial family X —Spec(A), i.e. A is a k-algebra and X ~ X xj
Spec(A) for some K3 surface X over k. Then for any ¢ € Spec(A) the residue field k(t) is
an extension of k and X,, >~ Xy x; K, where K = k(n) is the quotient field of A. Moreover,
the composition of pull-back and specialization Pic(Xq) —Pic(X,) —Pic(X;) is nothing
but the base change map for the extension k C k(t). In particular, if k is algebraically
closed and t is a closed point (and so k(t) ~ k), the injectivity of sp shows once more
that Pic(Xo) —Pic(Xy xx K) is bijective, cf. Lemma 2.2.

Remark 2.11. Geometrically, the proposition is related to the fact that for complex
K3 surfaces the Noether—Lefschetz locus is a countable union of closed subsets, see Sec-
tion 1.3. More arithmetically, the proposition is often applied to proper flat families
X —Spec(Of) over the integers of a number field K such that the generic fibre X, is a
K3 surface over K C Q. Then for all but finitely many p € Spec(Of) the reduction Xy
is a K3 surface over the finite field k(p) C F, and specialization defines an injection

Sp: PiC(X@)(—> PiC(X]Fp).
Due to Corollary 2.9 this can never be an isomorphism if p(Xg) is odd and p # 2.

However, even when p(X@) is even, the Picard number can jump for infinitely many
primes. This has been studied by Charles in [110].
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Remark 2.12. The obstructions to deform a line bundle L on a closed fibre X; sideways
to finite order are contained in the one-dimensional space H?(X;,Ox,). When these
obstructions vanish the line bundle deforms to a line bundle on the formal neighbourhood
of X; C X, see [223] or [174, Ch. 8|. However, this does not necessarily imply the
existence of a deformation of L to a Zariski open neighbourhood, which usually requires
passing to a covering of Spec(A) or, alternatively, passing to a finite extension of k(7).
In particular, even for a geometric closed point ¢, the images of sp and §p in Pic(Xy) =
Pic(X7) might be different.

Remark 2.13. It is not difficult to see that for X —Spec(A) over an algebraically
closed field of characteristic zero the cokernel of Sp: Pic(Xj) —Pic(X}) is torsion free.
Indeed, in this case the obstruction space H?(X;,Oy,) is divisible and therefore the
obstructions to deform L to finite order neighbourhoods vanish if and only if they do so
for an arbitrary non-trivial power L¥.

One also knows that for a K3 surface X over Q with good reduction at p # 2 the
cokernel of 8p: Pic(Xg) —Pic(Xp,) is torsion free. In [168, Thm. 1.4] Elsenhans and
Jahnel deduce this from a result of Raynaud [505], which applies to K3 surfaces over
discrete valuation rings of unequal characteristic and ramification index < p — 1.

2.6. We next shall discuss K3 surfaces defined over number fields. Clearly, any K3
surface X over Q is isomorphic to the base change of a K3 surface defined over some
number field. It is however a non-trivial task to determine the number field or even its

degree.
The following is an observation going back to Shioda and Inose in [565]. For more
information on the field of definition ko see Schiitt [534] and Shimada [551].

Proposition 2.14. Let X be a K3 surface over an algebraically closed field k of charac-
teristic zero. If p(X) = 20, then X is defined over a number field, i.e. there exists a K3
surface Xg over a number field ko, an embedding ko k, and an isomorphism

X ~ XO Xko k.
Moreover, we may assume that base change yields Pic(Xy) —> Pic(X).

PROOF. In [565] the assertion is reduced to Kummer surfaces via Remark 15.4.1,
but this can be avoided. It is enough to show that X can be defined over Q for some
embedding Q &= k. Consider a base Li,..., Ly of Pic(X). We may assume that X
and all L; are defined over a finitely generated integral Q-algebra A. In particular, X is
defined over the quotient field Q(A) of A. After spreading and localizing A if necessary,
one obtains a smooth family X —Spec(A) of K3 surfaces with line bundles L1, ..., Lag.

Specialization yields injections

Pic(X;) ~ Pic(X5) &> Pic(X))
for all closed points ¢ € Spec(A). Thus, X — Spec(A) is a smooth family of K3 surfaces of

maximal Picard number p = 20. However, the locus of polarized K3 surfaces of maximal
Picard number in characteristic zero is zero-dimensional. This can be seen by abstract



2. ALGEBRAIC ASPECTS 371

deformation theory for (X; L1,. .., Lag); or by first base changing to C and then applying
the period description, cf. Section 1.3.

Hence, there exists a K3 surface X over Q such that all fibres X; over closed points
t € Spec(A) are isomorphic to Xy. Hence, after localizing A further and finite étale base
change Spec(A”) —Spec(A) the two families X' X gpec(a) Spec(A’) and X x Spec(A’) are
isomorphic.® Therefore, the generic fibre X, of the first one is isomorphic to Xo x Q(A’).
Choosing an embedding Q(A")~— k (which exists as k is algebraically closed) and base
changing to k eventually yields X ~ &) x k ~ X}y X k ~ Xo x k. |

In the moduli space My of polarized K3 surfaces of degree 2d the set of points corre-
sponding to K3 surfaces with geometric Picard number at least two, i.e. the Noether—
Lefschetz locus, is a countable union of hypersurfaces, see Section 1.3. As the set My(Q)
parametrizing K3 surfaces defined over Q is countable it could a priori be contained in
the Noether-Lefschetz locus. That this is not the case was shown by Ellenberg [166] for
any d and for d = 2,3, 4 by Terasoma in [595] (who proves existence over Q and not only

over some number field).

Proposition 2.15. For any d > 0 there exists a number field k and a polarized K3
surface (X, L) of degree 2d of geometric Picard number one over k.

PROOF. Consider the moduli space MV of polarized K3 surfaces (X, L) with a level
structure H2(X,Z/¢N7)p ~ Ay ® Z/¢NZ and its natural projection

7 MY — My,

which is a Galois covering with Galois group O(Aq ® Z/¢N7Z). In Section 6.4.2 this was
constructed via period domains in the complex setting, but it exists over Q, as needed
here, and in fact over a number field, say ko/Q, over which it is still a Galois covering.
Next, pick a generically finite morphism My —P' and assume for simplicity that the
composition
p: My —= My—PY

is a Galois covering with Galois group say G. By Hilbert’s irreducibility theorem there
exists a Zariski dense subset of points t € P19(kg) with p=1(¢) = {y} such that k(y)/ko is
a Galois extension with Galois group G. Then for x := 7(y) € My and k := k(z), one has
Gal(k(y)/k) ~ O(Ag®Z/¢NZ). We simplify the discussion by assuming that My is a fine
moduli space, otherwise pass to some finite covering. Then = corresponds to a polarized
K3 surface (X, L) defined over k.

Consider the Galois representation p: Gal(Q/k) —O(HZ,(Xg, Z(1)),) and its image
Im(p)y in O(HZ(Xg, pen)p) ~ O(Ag ® ZJINTZ). As it contains Gal(k(y)/k), in fact
Im(p)y ~ O(Ay ® Z/INZ).

3Compaure this to the proof of Lemma 2.2. The role of Picx is here played by the moduli space M.
The étale base change Spec(A’) — Spec(A) is necessary as My only corepresents the moduli functor and
so MY¥" has to be used, cf. Section 6.4.2 and below.
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However, by an argument from p-adic Lie group theory, see | , Lem. 3|, one can show
that for N > 0 any closed subgroup of O(Ag ® Z;) that surjects onto O(Aq ® Z/¢N7Z)
is in fact O(Aq ® Zy). Hence, Im(p) equals O(He?t(X@,Zg(l))p)A‘ which is enough to
conclude that p(Xg) = 1. Indeed, otherwise p(Xy/) > 1 for some finite extension &'/ for
which p(Gal(Q/k’)) is, on the one hand, a finite index subgroup of O(He?t(X@,Zg(l))p)
and, on the other hand, contained in the subgroup fixing c; (M) of a line bundle linearly
independent of L, which is not of finite index. O

Remark 2.16. It is possible to adapt the above arguments to prove that any lattice
that occurs as NS(X) of a complex algebraic K3 surface X can also be realized by a K3
surface over a number field or, equivalently, over Q.

The proposition and this generalization can also be deduced from a more general result
due to André in [8|, where he studies the specialization for arbitrary smooth and proper
morphisms X —T of varieties over an algebraically closed field of characteristic zero. In
particular his results imply that there always exists a closed point ¢t € T" with p(Xj) =
p(X}) or, equivalently, for which sp: NS(X5) —> NS(X}) is an isomorphism. See also the
article [398] by Maulik and Poonen which contains a p-adic proof of this consequence.

Remark 2.17. The proposition is a sheer existence result that does not give any
control over the number field £ nor tells one how to explicitly construct examples. But
K3 surfaces over Q of geometric Picard number one of low degree have been constructed.
The first explicit example ever is due to van Luijk [606]. We briefly explain the main
idea of his construction.

A K3 surface X over Q can be described by equations with coefficients in Q. By clearing
denominators, these equations define a scheme over Z with generic fibre X. The closed
fibres are the reductions Xp, of X modulo p. Specialization yields injective maps

sp: Pic(Xg)— Pic(Xp,)

for all primes p with Xp, smooth, see Proposition 2.10. Of course, p(Xg) = 1 holds
if p(Xg,) = 1, which however for p # 2 is excluded by Corollary 2.9. If p(X5 ) = 2,
then either p(Xg) = 1 or Pic(Xg)<— Pic(Xf,) is a sublattice of finite index d), with
d2 = disc Pic(Xg)/disc Pic(Xp ), see Section 14.0.2. For any two primes p # p’ with
good reduction Xg and XI—FP, of Picard number two, this shows that

p disc Pic(Xg ) dy\?
PP dise Pic(Xﬂ}p,) B <dp>

4 More informally, the argument could be summarized as follows. As My (over C) is constructed
as an open subset of the quotient of Dy by the orthogonal O(Ad) the monodromy on H?(X,Z), is the
orthogonal group. Then use the relation between the monodromy group and the Galois group of the
function field of My, see e.g. [230], to show that latter acts as O(Aq @ Z¢) on the cohomology of the
geometric generic fibre. Hilbert’s irreducibility theorem then ensures the existence of a K3 surface over
a number field with this property, cf. [595, Thm. 2].
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is a square. Thus, in order to prove p(XQ) = 1, it suffices to find two such primes for
which d,, , is not a square.

As by the Chinese remainder theorem any two smooth quartics over F, and IF,; with
p # p’ are reductions of a smooth quartic over QQ, quartics seem particularly accessible.
There are two steps to carry this out. Firstly, by the Weil conjectures, see Theorem 4.4.1,
computing p(Xg, ) (or rather the rank of the Frobenius invariant part of Hezt(XFp, Ze(1)))
is in principle possible by an explicit count of points |X(F,»)|. Note that the Tate
conjecture is not used here, because if the Frobenius invariant part of Hgt(XFp,Qg(l)) is
of dimension two, then either p(Xf ) = 1, in which case we immediately have p(Xg) = 1,
or p(Xp,) = 2. Secondly, one has to decide whether dy,,; € Q*2. Fortunately, for this one
does not need a complete description of NS(XFp)a which might be tricky. Indeed, due to
(0.1) in Section 14.0.2 it suffices to compute the discriminant of a finite index sublattice
in each of the two Néron—Severi lattices. This can often be achieved by exhibiting explicit
curves on the surfaces. Alternatively, following Kloosterman [296] one can use the Artin—
Tate conjecture 18.2.4 to conclude (using that |Br(XF,)| is a square, see Remark 18.2.8).

For explicit equations of quartics see van Luijk’s original article [606]. For an explicit
equation of a double plane see the articles by Elsenhans and Jahnel [167, |. In the
latter, reduction modulo one prime only is used based on the authors’ result that the
cokernel of the specialization map is torsion free, see Remark 2.13. None of the available
equations describing K3 surfaces over QQ of geometric Picard number one is particularly
simple.

2.7. We next discuss K3 surfaces X over an algebraically closed field k with maximal
Picard number p(X) = 22. They are sometimes called Shioda supersingular K3 surfaces.
It is comparatively easy to show that a K3 surface of maximal Picard number p(X) = 22
is (Artin) supersingular, see Corollary 18.3.9. (The much harder converse had been open
for a long time as the last step in the proof of the Tate conjecture.)

As an immediate consequence of Proposition 11.1.3 one has

Corollary 2.18. Let X be a K3 surface over an algebraically closed field k. If p(X) =
22, then X admits an elliptic fibration. O

Note however, that not every such surface admits an elliptic fibration with a section,
as was observed by Kondo and Shimada in [324].

The following result is due to Artin [16], see also the article of Rudakov and Safarevic
[511]. It predates the Tate conjecture, which can be used to cover supersingular K3
surfaces.

Proposition 2.19. Let X be a K3 surface over an algebraically closed field k of charac-
teristic p with p(X) = 22. Then there exists an integer 1 < o(X) < 10, the Artin
invariant, such that

disc NS(X) = —p>* %),
Moreover, Ang(x) = NS(X)*/NS(X) ~ (Z./pZ)?*X)



374 17. PICARD GROUP

PROOF. As p(X) = 22, the natural map NS(X) ® Q,—= H%(X,Q(1)), £ # p, is an
isomorphism and by Proposition 3.5 in fact

NS(X) ® Zy == HZ(X, Z(1)).

Hence, disc NS(X) = £p” and, by the Hodge index theorem, the sign has to be negative.

The hardest part is to show that pNS(X)* C NS(X) implying Axg(x) = (Z/pZ)", which
we skip here. In [16] this is deduced from a then still conjectural duality statement for
flat cohomology. In [475, | crystalline cohomology is used instead, cf. Section 18.3.2.
Note that in particular 0 < r < 22.

Next one proves that r is even, so r = 20(X). In [511] the natural inclusion NS(X) ®
W (k) & HZ2.(X/W(k)) is considered as a finite index inclusion of lattices over the Witt
ring W (k). Combining it with the appropriate version of the elementary (0.1) in Section
14.0.2 and the fact that the natural pairing on H2(X/W (k)) is unimodular yields the
assertion. Artin’s proof in [16, Sec. 6] instead relies on the pairing on the Brauer group
Br(Xy), see Remark 18.2.8, for the specialization Xy of X to a K3 surface over a finite
field.

Note that ¢(X) = 0 if and only if NS(X) is unimodular. As there is no unimodular even
lattice of signature (1,21), cf. Theorem 14.1.1, one has 1 < ¢(X). Similarly, o(X) = 11
cannot occur, as then NS(X)(p~!) would be unimodular, even and of signature (1,21).
Hence, 1 < ¢(X) < 10. O

The proposition can be combined with a purely lattice theoretic result, cf. Corollary
14.3.6. For o < 10 the following is a direct consequence of Nikulin’s Theorem 14.1.5. In
[475, Sec. 3| a more direct proof was given by Ogus, see also the survey [511, Sec. 1] by
Rudakov and Safarevi¢ for explicit descriptions.

Proposition 2.20. For any prime number p > 2 and any integer 1 < o < 10, there
exists a unique lattice Ny, with the following properties:

(i) The lattice Ny, is even and non-degenerate;
(11) The signature of Ny, is (1,21);
(iii) The discriminant group of Ny is isomorphic to (Z/pZ)*. O

The lattice N, is often called the Rudakov-Safarevic lattice.

Corollary 2.21. Let X be a supersingular K3 surface over an algebraically closed field
k of characteristic p > 2. Then

NS(X) ~ N, 0,
where 0 = o(X) is the Artin invariant of X. O
We refer to the original sources [511] for results in the case p = 2. The following result

is due to Kondo and Shimada [324].

Corollary 2.22. If o + o’ =11, then N, is isomorphic to N, (p).
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PROOF. One has to show that N ,(p) satisfies the conditions (i)-(iii) above. First
of all, N;: - (p) is a lattice, as pN;’U, C Npo, and it clearly is non-degenerate of signature
(1,21). Moreover, if A is the intersection matrix of Ny, then the one of NJ (p) is
pA~! and, hence, disc N, (p) = —p??. Then, as p(pA~!)~! = A is an integral matrix,

. . . . . . 2 . .
the discriminant group of N ,(p) is isomorphic to (Z/pZ). For p # 2 the lattice is

obviously even. See [324] for the case p = 2. O
Remark 2.23. Ogus in [475, | proved that a supersingular K3 surface with Artin
invariant o(X) = 1 is unique up to isomorphisms.” In [535] Schiitt shows that this

surface has a model over ), with Picard number 21.

3. Tate conjecture

Together with the Hodge conjecture and the Grothendieck standard conjectures, the
general Tate conjecture is one of the central open questions in algebraic geometry. If true,
it would allow one to read off the space of algebraic cycles modulo homological equivalence
of a variety over a finitely generated field from the Galois action on its cohomology. In
this sense, it is an arithmetic analogue of the Hodge conjecture. We shall only state the
case of degree two. Although it is the arithmetic analogue of the well-known Lefschetz
theorem on (1, 1)-classes, it is wide open for general smooth projective varieties.

Conjecture 3.1 (Tate conjecture in degree two). Let X be a smooth projective variety
over a finitely generated field k. Denote by ks its separable closure and let G := Gal(ks/k).
Then for all prime numbers £ # char(k) the natural cycle class map induces an isomor-
phism

(3.1) NS(X) ® Q == HZ(X x ks, Qy(1))°.

It has also been conjectured by Tate (attributed to Grothendieck and Serre), see [588,
|, that the action of G is semi-simple, which is sometimes formulated as part of the
Tate conjecture.

Remark 3.2. Let k'/k be a finite Galois extension in k. If (3.1) holds for X x &/,
then it holds for X as well. Indeed, for G’ := Gal(ks/k’) and using (2.2) one has:

NS(X) ® Q HZ(X % kg, Qe(1))
H H
(NS(X x k) @ Qo) ¥ F/0) = (H2,(X x Iy, Qu(1)))

Gal(k' /k)

A similar argument works when k’/k is just separable. Eventually, this proves that the
Tate conjecture is equivalent to

NS(X x ks) ® Q¢ == | HZ(X x ks, Q1)

where the union is over all open subgroups H C G.

5Ogus also proved a Torelli type theorem, cf. Section 18.3.6. See also [511].
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Remark 3.3. It is known for a product X = Y7 x Y5 that the Tate conjecture (in
degree two) for X is equivalent to the Tate conjecture for the two factors. Moreover,
the Tate conjecture holds for a variety X if it can be rationally dominated by a variety
for which it holds, see [592, Thm. 5.2] or [602, Sec. 12|. Thus, for example, the Tate
conjecture holds for all varieties that are dominated by a product of curves (DPC). As
mentioned already at the end of Chapter 4, there are no K3 surfaces that are known not
to be DPC.

For elliptic K3 surfaces X —P! over finite fields, the Tate conjecture for X is equi-
valent to the function field analogue of the Birch—Swinnerton-Dyer conjecture for the
generic fibre £ = X, see [593, | or Remark 18.2.9 for more details and a more
general version.

3.1. K3 surfaces, as abelian varieties, have always served as testing ground for
fundamental conjectures. This was the case for the Weil conjectures and is certainly also
true for the Tate conjecture. For many K3 surfaces the Tate conjecture had been verified
in the early eighties, but the remaining cases have only been settled recently. Due to the
effort of many people (see below for precise references), one now has:

Theorem 3.4. The Tate conjecture holds true for K8 surfaces in characteristic p # 2.

3.2. In characteristic zero, the Tate conjecture for K3 surfaces follows from the
Tate conjecture for abelian varieties proved by Faltings and the Lefschetz theorem on
(1,1)-classes. This is a folklore argument, see |7, Thm. 1.6.1] or [592, Thm. 5.6, which
we reproduce here. For number fields the proof is due to Tankeev [581], who proves a
Lie algebra version of Tate’s conjecture asserting that NS(X x k) ® Qp is the part of
HZ(X X ks, Qg(1)) invariant under the Lie algebra of the Galois group.

First, choose an embedding k= C. Then any K3 surface X over k induces a complex
K3 surface X¢. The Kuga—Satake construction induces an embedding of Hodge structures

(3:2) H?*(Xc,Q(1)) “ End(H' (KS(Xc), Q).

Here, KS(X¢) is the Kuga-Satake variety associated with the Hodge structure H?(Xc, Z),
cf. Section 4.2.6. Recall that it is not known whether this correspondence really is always
algebraic, cf. Conjecture 4.2.11, but this is not needed for the argument here. As the
Hodge structures are polarized, (3.2) can be split by a morphism of Hodge structures
7: End(HY(KS(X¢), Q) —= H?(X¢, Q(1)).

In fact, the Kuga—Satake variety KS(Xc) is obtained by base change KS(X) = A x; C
from an abelian variety A over k (up to some finite extension), see Proposition 4.4.3.
Then, similar to (3.2), there exists a Galois invariant inclusion

(3.3) H%(X x ks, Qp(1)) &= End(HZ (A x ks, Qyp)),

see Remark 4.4.5. Moreover, (3.2) and (3.3) are compatible via the natural comparison
morphisms

H*(Xc,Q(1)) “ Hz(X x ks, Qq(1))
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and

End(H'(Ac, Q) > End(H}(A x k,, Q).

Now take v € HZ(X x kg, Qu(1))¢ and consider its image f € End(H}(A x ks, Qp))
under (3.3), which due to Faltings’ result [173, Ch. VI] can be written as a Qg-linear
combination f = Y \;f; of endomorphisms of A x ks. In particular, the f; are actually
Hodge classes in End(H'(Ac,Q)). Their projections 7 (f;) € H»!'(X¢, Q) are algebraic
by the Lefschetz theorem on (1,1)-classes and they remain of course algebraic when
considered as classes in H%(X x ks, Q(1)). But then a = > \7(f;) is a Qp-linear
combination of algebraic classes and hence contained in NS(X x k') @ Q, C HZ(X x
ks,Qp(1)) for some finite extension k’'/k, see Lemma 2.6. However, « as a cohomology
class is G-invariant and hence also as a class in NS(X x k') ® Q, contained in the invariant
part NS(X) ® Q; = (NS(X x k') @ Q,)Galk/k),

The Tate conjecture in characteristic zero, together with the Lefschetz theorem on
(1,1)-classes, at least morally implies the Mumford-Tate conjecture, see Theorem 3.3.11.

3.3.  So most of the attention focused on K3 surfaces over finite fields, in which the
Galois invariant part of HZ,(X,Q.(1)) is just the eigenvalue one eigenspace

HE(X, Qu(1))7 7  HE (X, Qu(1))

of the Frobenius. For the notation and the definition of the Frobenius action see Section
4.4.1.

Proposition 3.5. For a smooth projective surface X over a finite field F, the following
conditions are equivalent:

(i) NS(X) ® Q == HZ(X x ks, Qu(1))/ 74 (Tate conjecture).

(ii) NS(X) ® Zy > H2,(X x ks, Ze(1))? 74 (Integral Tate conjecture).
(117) Tk NS(X) = —ords=1Z(X,q™*). (See Section 4./.1.)

(iv) The Brauer group Br(X) is finite (Artin conjecture).

In particular, the Tate conjecture for surfaces is independent of £ # p.

PROOF. Clearly, (ii) implies (i) and by the Weil conjectures —ords—; Z (X, ¢~*) equals
the dimension of the (generalized) eigenspace to the eigenvalue ¢ of the action of the
Frobenius on H%(X,Qy), see Section 4.4.1. Hence, (iii) implies (i). Moreover, one also
knows that the action of the Frobenius is semi-simple on the generalized eigenspace for
the eigenvalue ¢, cf. Remark 4.4.2.

Let us prove that (i) implies (iii) for which we follow Tate’s Bourbaki article [593,
p. 437], cf. [592, Sec. 2| and [602, Lect. 2, Prop. 9.2]. To shorten the notation, set
H = H%(X % ks,Q¢(1)), N := NS(X) ® Qp, and let

HY ={a| ffa=a} and Hg = H/{f*a —a | a € H}
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be the invariant resp. coinvariant part of the Galois action. First observe that the non-
degenerate pairing H x H —Q, given by Poincaré duality naturally leads to an isomor-
phism Hg <> Hom(HY, Qy). Next, check that the composition

C

N ueé He —> Hom(H%, Q;) —=> Hom(N, Qy)

is the map induced by the non-degenerate intersection pairing on N. Here, c is the cycle
class map, which is in fact bijective by assumption. Eventually use that the natural map
HS — Hg, is injective if and only if the generalized eigenspace is just HC.

That (i) also implies the a priori stronger condition (ii) follows from the fact that the
quotient of the inclusion

PlC(X) &® Z(C—> He?t(Xv Zf(l)) = Hcgt(X7Z€(1))G

is the Tate module 7;Br(X), which is free. See (1.8) in Section 18.1.1 and also Remark
18.2.3 and the proof of Lemma 18.2.5. The equivalence of (i) (or (ii) or (iii)) with (iv) is
proved in Section 18.2.2. Eventually note that (iii) (and (iv)) is independent of ¢ and so
are all other statements. 0

Remark 3.6. i) For varieties over arbitrary finitely generated fields, Tate in [588|
points out that if the conjecture holds true for one £ # p and the action of the Frobenius
is semi-simple, then the Tate conjecture holds true for all £ £ p. Over finite fields this is
due to the fact that the Zeta function does not depend on £, as seen above. For varieties
over arbitrary fields the proof is more involved.

ii) For K3 surfaces over finite fields the Frobenius action can be shown to be semi-simple
directly, see Remark 4.4.2. In fact, for K3 surfaces over arbitrary finitely generated field
k the action of the Galois group Gal(ks/k) on HZ,(X X ks, Q¢(1)) is semi-simple. This
follows from the analogous statement for abelian varieties, see [173|, and the Galois
invariant embedding (3.3).

First attempts to prove the Tate conjecture for K3 surfaces go back to Artin and
Swinnerton-Dyer in [20], where it is proved for K3 surfaces over finite fields admitting
an elliptic fibration with a section. In [16] Artin proved the conjecture for supersingular
elliptic K3 surfaces. In [512] Rudakov, Zink, and Safarevi¢ treated the case of K3 surfaces
with a polarization of degree two in characteristic > 3. Nygaard in [460] proved the Tate
conjecture for ordinary K3 surfaces over finite fields, i.e. for those of height h(X) = 1, see
Section 18.3.1. This was in [461] extended by Nygaard and Ogus to all K3 surfaces of
finite height, i.e. h(X) < 11, over finite fields of characteristic > 5. So it ‘only’ remained
to verify the conjecture for (non-elliptic) supersingular K3 surfaces.

This was almost thirty years later addressed by Maulik in [396], who eventually proved
the Tate conjecture for supersingular K3 surfaces over finite fields & (or rather Artin’s
conjecture) with a polarization of degree d satisfying 2d + 4 < char(k). In [108] Charles
built upon Maulik’s approach and removed the dependence of the characteristic on the
degree (and also avoiding the reduction of the supersingular case to the case of elliptic K3
surfaces dealt with in [20]). Eventually only p > 5 had to be assumed. An independent
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approach was pursued by Madapusi Pera [385] who proved Theorem 3.4 for all K3 surfaces
in characteristic # 2.

We do not go into details of any of these proofs, but recommend Benoist’s Bourbaki
survey [57] for a first introduction. Note that all recent proofs of the Tate conjecture rely
on the Kuga—Satake construction to some extent. The proofs in | , | deal only with
the remaining supersingular K3 surfaces, whereas in [385] there is no need to distinguish
between supersingular and non-supersingular K3 surfaces. The more recent paper of
Charles [109] contains another approach, in spirit closer to the paper by Artin and
Swinnerton-Dyer. See Section 18.2.3 for more information. Note that in order to prove
the Tate conjecture over arbitrarily finitely generated fields in positive characteristic, it
is indeed enough to prove it for finite fields, see [57, Prop. 2.6].

3.4. An immediate consequence of the Tate conjecture is that the Picard number
of a K3 surface over a finite field is always even, see Corollary 2.9. Here is another
consequence

Corollary 3.7. Let X be a K3 surface over an algebraically closed field of characteristic
> 3. Then X is supersingular if and only if p(X) = 22.

PROOF. Since p(X) < 22 —2h(X) for K3 surfaces of finite height, see Lemma 18.3.6,
any K3 surfaces of maximal Picard number p(X) = 22 has to be supersingular. For the
converse assume that X is defined over a finite field IF;. Using the arguments in the proof
of Theorem 18.3.10, one finds that the action of the Frobenius on HZ (X x Fq,Q,(1)) is
of finite order and after passing to a certain finite extension F,r we can even assume it is
trivial. Hence by the Tate conjecture NS(X) ® Qp ~ He?t(X x Fy, Q¢(1)) and, therefore,
p(X) =22.

In order to reduce to the case of finite fields one has to show that the specialization
(see Proposition 2.10) for a family of K3 surfaces over a finite field with supersingular
geometric generic fibre is not only injective but that the Picard number stays in fact
constant. For this one has to use that the Brauer group of the generic fibre is annihilated

by a power of p, which again relies on the Tate conjecture. See [16, Thm. 1.1] for
details. O
In [368] Lieblich, Maulik, and Snowden observed that the Tate conjecture for K3

surfaces over finite fields is equivalent to the finiteness of these surfaces. Due to the usual
boundedness results, the set of isomorphism classes of polarized K3 surfaces (X, H) over
a fixed finite field F, and with fixed degree (H)? is finite. Using the Tate conjecture, the
main result of [368] becomes the following

Proposition 3.8. There exist only finitely many isomorphism types of K38 surfaces
over any fixed finite field of characteristic p > 5.

In [109] Charles reversed the argument and proved the finiteness of K3 surfaces over a
finite field. According to [368] this then implies the Tate conjecture. See Section 18.2.3
for a rough outline of these approaches.
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References and further reading:

André in [7, Lem. 2.3.1] provides some information which power of a Galois invariant line
bundle on X descends to X itself, cf. Section 2.2.

In [606] van Luijk also shows that the set of quartic K3 surfaces over Q of geometric Picard
number one and with infinitely many rational points is in fact dense in the moduli space of
quartics.

In [580, Thm. 3.3] Tankeev proves an analogue of the Tate conjecture for the generic fibre of
one-dimensional families X — C' of complex projective K3 surfaces under certain conditions on
the stable reduction at some point of C.

Zarhin studies in [645] the action of the Frobenius on the ‘transcendental part’ of HZ (X x
ks, Qe(1)), i.e. the orthogonal complement of the invariant part, and proves that for ordinary K3
surfaces the characteristic polynomial is irreducible. In [646] he builds upon Nygaard’s work

and proves that for ordinary K3 surfaces X the Tate conjecture holds true for all self-products
X x...xX in all degrees(!). This is somewhat surprising as the Hodge conjecture for self-products
of complex K3 surfaces is not known in such generality. For the square X x X the results actually
show that the Galois invariant part of HZ,((X x X) x ks, Q¢(2)) is spanned by products of divisor
classes on the two factors, graphs of powers of the Frobenius, and the trivial classes X Xz, x x X.

Questions and open problems:

The results of Ellenberg and van Luijk leave one question open: Are there K3 surfaces of
geometric Picard number one defined over Q of arbitrarily high degree? If the condition on the
Picard number is dropped, the existence becomes easy. More generally, one could ask which
lattices NS(Xg) can be realized by K3 surfaces X defined over Q. A related conjecture by
Safarevi¢ [513] asks whether for any d there exist only finitely many lattices N realized as
NS(X x k) of a K3 surface X defined over a number field k of degree < d. It is relatively easy to
prove that there are only finitely many such lattices of maximal rank 20.
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Brauer group

The Brauer group of a K3 surface X, complex or algebraic, is an important invariant
of the geometry and the arithmetic of X. Quite generally, for an arbitrary variety (or
scheme, or complex manifold, etc.) the Brauer group can be seen as a higher degree
version of the group Pic(X) of isomorphism classes of invertible sheaves L on X, which
can be cohomologically is described as Pic(X) ~ HY(X,G,,) or Pic(X) ~ H* (X, O%).

Similarly, the Brauer group Br(X), for example of a K3 surface, is geometrically de-
fined as the set of equivalence classes of sheaves of Azumaya algebras over X and coho-
mologically identified as Br(X) ~ H?(X,G,,) in the algebraic setting and as Br(X) ~
H?(X, O%)tors in the analytic. However, contrary to Pic(X), the Brauer group is a torsion
abelian group. Its formal version leads to the notion of the height.

In the following, cohomology with coefficients in G,, or u, always means étale coho-
mology. For a variety X over a field k we denote by X the base change X x, ks to a
separable closure of k,/k

1. General theory: arithmetic, geometric, formal

For general information on Brauer groups of schemes see Grothendieck’s original [225],
Milne’s account [403, Ch. IV], or the more recent notes of Poonen [492]. Here, we shall
first briefly sketch the main facts and constructions. The analytic theory is less well
documented. We concentrate on those aspects that are strictly necessary for the purpose
of these notes.

1.1. Algebraic and arithmetic. To define the Brauer group of a scheme X let
us first recall the notion of an Azumaya algebra over X, which by definition is an Ox-
algebra A that is coherent as an Ox-module and étale locally isomorphic to the matrix
algebra M, (Ox). Note that by definition an Azumaya algebra is associative but rarely
commutative. The fibre A(x) := A®k(x) at every point x € X is a central simple algebra
over k(x).!

By the Skolem—Noether theorem, any automorphism of the k-algebra M, (k) is of the
form a+—=g-a- g~ ! for some g € GL,(k), i.e. Aut(My(k)) ~ PGL,(k). Hence, the

Thanks to Francois Charles and Christian Liedtke for comments and discussions.

IRecall that a central simple k-algebra (always finite-dimensional in our context) is an associative
k-algebra with centre k and without any proper non-trivial two-sided ideal. It is known that a k-algebra
A is a central simple algebra if and only if there exists a Galois extension k'/k with A @ k' ~ M, (k')
for some n > 0.

381
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usual Cech cocycle description yields a bijection between the set of isomorphism classes
of Azumaya algebras and the first étale cohomology of PGL,, := GL,,/G,;,:

(1.1) {A | Azumaya algebra of rank n*} ~ H},(X,PGL,).?

Unlike GL,,, étale cohomology of PGL,, differs from its cohomology with respect to the
Zariski topology, i.e. an étale PGL,,-bundle is usually not Zariski locally trivial.

An Azumaya algebra is called trivial if it is isomorphic to End(E) for some locally free
sheaf E and two Azumaya algebras Ay and As are called equivalent, A1 ~ As, if there
exist locally free sheaves F; and Es such that

A1 @ End(E7) ~ Ay @ End(E»)
as Azumaya algebras.

Definition 1.1. The Brauer group of X is the set of equivalence classes of Azumaya
algebras:

Br(X) := {A | Azumaya algebra}/.
with the group structure on Br(X) given by the tensor product A; ® A,.

Note that for the opposite algebra A° there exists a natural isomorphism
A®o, A° = Endp, (A), a1 ® azr—(aF—a1 - a - az)

which makes A° the inverse of A in Br(X).

Remark 1.2. Due to Wedderburn’s theorem, any central simple k-algebra is a matrix
algebra M,,(D) over a uniquely defined division k-algebra D. As M, (D) ~ M,,(k) & D,
one has M, (D) ~ D and so [D] = [M,(D)] € Br(k). Note that, M, (D) ~ M, (D’) if and
only if D ~ D’. See [297, Ch. II] or [1, Tag 074]].

Remark 1.3. There are two numerical invariants attached to a class a € Br(X), its
period and its index. The period (or exponent) per(«) is by definitions the order of « as
an element in the group Br(X), whereas the index ind(«) of « is the minimaly/rk(.A) of
all Azumaya algebras A representing ov. For X = Spec(k) the index equals the minimal
degree of a Galois extension k'/k such that oy = 0, see [542, Thm. 10].

Due to (1.5) below, the period always divides the index

per(a) |ind(a).

Moreover, it is known that their prime factors coincide. Classically it is also known that
in general per(a) # ind(«), see e.g. Kresch’s example of a three-dimensional variety in
characteristic zero in [327], and the notorious period-index problem asks under which
conditions per(a) = ind(«). For function fields of surfaces and for surfaces over finite
fields this has been addressed by de Jong [135] and Lieblich [364]. In particular, per(a) =
ind(«) for Brauer classes a € Br(X) with per(a) prime to ¢ on K3 surfaces over F,. Also
note that for complex K3 surfaces one always has per(a) = ind(«), see [268].

2See [403, IV Prop. 1.4] for the generalization of the Skolem—Noether theorem to Azumaya algebras
over arbitrary rings which is needed here.
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The cohomological Brauer group of an arbitrary scheme X is the (torsion part of the)
étale cohomology

Br'(X) = H*(X,Gm)tors-
The two Brauer groups can be compared via a natural group homomorphism
(1.2) Br(X)—Br'(X),
which is constructed by means of the short exact sequence
(1.3) 0—G,, —GL,, —PGL, —0,

the bijection (1.1), and the induced boundary operator®

(1.4) HY(X,GLy,) —= HL(X,PGLy,) %~ H*(X,G,,).

Indeed, using that PGL,, = GL,,/G,, ~ SL,,/ 1y, one finds a factorization
on: HY(X,PGL,) — H*(X, i) — H*(X,G,,)

which in particular shows that

(1.5) Im(d,) € H*(X,G,,)[n).

The first arrow in (1.4) can be interpreted as the map that sends a locally free sheaf
E to End(E), which implies that (1.2) is injective, see [403, IV.Thm. 2.5] for details.
Grothendieck in |225] proved the surjectivity of (1.2) for curves and regular surfaces, but
(1.2) is in fact an isomorphism, so

Br(X) = Br'(X),

for any quasi-compact and separated X with an ample line bundle. The result is usually
attributed to Gabber but the only available proof is de Jong’s [134].

Example 1.4. i) It is not hard to show that for an arbitrary field k& the natural map
(1.2) yields an isomorphism

Br(k) = Br(Spec(k)) = H?(Spec(k),G,,) ~ H?*(Gal(ks/k), k).

In particular, all groups involved are torsion. See | , Ch. X.5].
ii) More generally, H%(X,G,,) is torsion if X is regular and integral. Indeed, in this
case the restriction to the generic point of X defines an injection

Br(X) — Br(K (X)),
see | , IV.Cor. 2.6], and the latter group is torsion. So, in all cases relevant to us

Br(X) ~ H*(X,G,,).

3The standard reference for non-abelian cohomology of sheaves like PGL,, is [208].
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Let X be a variety over an arbitrary field k. Then for any n prime to char(k) the exact
Kummer sequence 0—py—>Gp,—>G,;,—=0 yields a short exact sequence

(1.6) 0—HY(X,G,,) ® Z/nZ— H*(X, jtn,) — Br(X)[n] —0.
If X is proper, then this in particular shows that
|Br(X)[n]| < oc.

Example 1.5. For a K3 surface X and n prime to the characteristic, the vanishing
of HY(X, ) (see Remark 1.3.7), the Kummer sequence, and Poincaré duality imply
Br(X) ® Z/nZ C H3,(X, un) = 0, so the prime to p torsion part of Br(X) is a divisible
group.

For finite fields one even expects Br(X) to be finite altogether, due to the very general
(and widely open in this generality)

Conjecture 1.6 (Artin). For any proper scheme X over Spec(Z) the Brauer group
Br(X) is finite.

A more precise form in the case of smooth projective surfaces over finite fields is given
by the Artin—Tate Conjecture 2.4. As the conjecture assumes properness over Spec(Z), it
does not apply to varieties over number fields and, indeed, the Brauer group of a number
field itself is large, see Remark 2.1 and Section 2.4.

For a prime ¢ # char(k) one defines the Tate module as the inverse limit
(1.7) TiBr(X) = lim Br(X)[¢"],

which is a free Zy-module. Taking limits and using that the inverse system NS(X) ®
(Z/e"Z) satisfies the Mittag-Leffler condition, one deduces from (1.6) the short exact
sequence

(1.8) 0—Pic(X) ® Zy—= H%(X, Z(1)) —T;Br(X) —0,

which bears a certain resemblance to the finite index inclusion NS(X)@T(X) C H*(X,Z)
for a complex projective K3 surface, cf. Remark 1.10 and Section 3.3.

Let now X be proper and geometrically integral over an arbitrary field & with separable
closure ks/k and let X := X x, ks. Note that Pic(X) ® Z; ~ NS(X) ® Zy, as the kernel
of Pic(X)—=NS(X) is an (-divisible group. The short exact sequence (1.8) for X is a
sequence of G := Gal(ks/k)-modules and the Tate conjecture predicts that NS(X)®Qp ~
H2(X,Q(1))¢ if k is finitely generated, cf. Section 17.3 and Section 2.2 below for the
relation to the finiteness of Br(X).

The Brauer groups of k, X, and X are compared via the Hochschild-Serre spectral

sequence4

(1.9) EP? = HP(k, HI(X,Gy)) = HPTU(X,Gp).

4, which is the usual spectral sequence associated with the composition of two functors. In the

present case use that for a sheaf F on X the composition of F— F(X) with M —= M equals F(X).
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Using Hilbert 90, i.e. H'(k,G,,) = 0, it yields an exact sequence:
(1.10)  Pic(X)“— Pic(X)¥ —Br(k) —Bry (X)) — H'(k, Pic(X)) — H*(k, G,,).
Here, by definition Bry(X) := Ker (Br(X)—Br(X)“), which is part of a natural filtra-
tion

Bro(X) C Bri(X) C Br(X)
with Bro(X) := Im (Br(k) —Br(X)). Then there exist inclusions

(1.11) Br(X)/Bro(X) & H'(k,Pic(X))
(which is an isomorphism if H?(k,G,,) = 0, e.g. for all local and global fields) and
(1.12) Coker (Br(X) —Br(X)¢) ¢ H?(k, Pic(X)).

Classes in Brq(X) are called algebraic and all others, i.e. those giving non-trivial classes

in Br(X)/Br;(X) ~ Im(Br(X)—Br(X)), transcendental.
Clearly, if X (k) # 0, then (see also [441, App. I] for a direct proof):

(1.13) Br(k) & Br(X) and Pic(X) > Pic(X)“.

1.2. Analytic. For a complex possibly non-algebraic K3 surface or more generally a
compact complex manifold X, the definition of Br(X) as the group of equivalence classes
of Azumaya algebras on X translates literally, replacing étale topology by the classical
topology. However, the cohomological Brauer group, defined as

BI'/(X) = HQ(X, Oﬁ()tor&

is strictly smaller than H?(X,O%) (unless completely trivial), in contrast to the étale
cohomology group H?(X, G )tors = H*(X, Gp).

As in the algebraic setting, the Brauer group and the cohomological Brauer group can
be compared by means of a long exact sequence. The relevant short exact sequence, the
analytic analogue of (1.3), is

0— 0% —GL,,—PGL,,—0,

which yields
HY(X,GL,)— H'(X,PGL,) — H*(X,0%)

and consequently a natural injective homomorphism Br(X) <= Br/(X). As in the alge-
braic setting, this morphism is expected to be an isomorphism in general, i.e.

Br(X) = Br'(X),
which has been proved in [268&] for arbitrary complex K3 surfaces.

Example 1.7. To get a feeling for certain torsion parts of Br(X), we mention a result
of van Geemen [605]. For the generic double plane X —=P? branched over a smooth
sextic C' C P? there exists a short exact sequence

0—Jac(C)[2] — Br(X)[2] —Z/2Z —=0.
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For a complex K3 surface X, the exponential sequence 0 —7Z—0Ox — 0% —0 in-
duces a long exact sequence (cf. Section 1.3.2)

0—HY(X,0%)—H*X,Z)— H*X,0x) — H*(X,0%) —0.

As HY(X,0%) ~ Pic(X) ~ 2%/X) and H*(X,Z) ~ Z%?2, one finds that H?(X,0%) ~
C/25%2-,(X) and so

(1.14) Br(X) ~ Br'(X) = H*(X, 0% )tors ~ (Q/2)%22=P(X)

This is a divisible group, which could also be deduced from the exact Kummer sequence
0—pp —= 0% —O% —0 as in the algebraic setting.
Note that the composition Q —Ox — O% yields a surjection

H?*(X,Q)—=Br'(X) ~ Br(X), B—ap

and it can indeed be useful to represent a Brauer class by a lift in H2(X,Q), cf. Section
16.4.1.

Thinking of Br(X) as a geometric replacement for the transcendental part 7'(X) of the
Hodge structure associated with X can be made more precise as follows: Lifting a class
a € Br(X) to a class B € H*(X,Q), i.e. @ = ap, and using the intersection product on
T(X) C H*(X,Z) yields an isomorphism

Br(X) = Hom(T'(X),Q/Z).
This holds more generally for all X with H?(X,Z) = 0 and Br(X) ~ Br/(X).

Remark 1.8. Note that only for p(X) = 20 the group H?(X, O%) has a reasonable
geometric structure, namely that of a complex elliptic curve. In fact, in this case X is a
double cover of a Kummer surface associated with a product F; x Es of two CM elliptic
curves Fy, By isogenous to H?(X, 0%), see Remark 14.3.22.

Remark 1.9. In case X is a projective complex K3 surface, there is the algebraic
Brauer group H%(X,Gy,) and the analytic one H%(X, O%)tors- They are isomorphic

HQ(X, Gm) >~ HQ(X, O})tors»

which can either be seen by comparing Azumaya algebras in the étale and analytic topol-
ogy or by comparing the two cohomology groups directly, see Remark 11.5.13.
Remark 1.10. For a K3 surface X over an arbitrary algebraically closed field k, e.g.
k = F,, one has by (1.8)
T,Br(X) ~ 75%*~7%)

)

as in this case H2 (X, Z¢(1)) is of rank 22. In the complex case, this can be also deduced
from (1.14) above.
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1.3. Formal. Contrary to the case of the Picard group, the Brauer group (of a K3
surface) cannot be given the structure of an algebraic group, as over a separably closed
field it is torsion and divisible. However, its ‘formal completion’ can be constructed as a
formal group scheme. This was made rigorous by Artin and Mazur in [19]. The result
relies on Schlessinger’s theory of pro-representable functors of which we briefly recall the
basic features. See the original articles [17, | or [235], but the most suitable account
for our purpose is | , Ch. 6]. For K3 surfaces, the formal Brauer group is a smooth
one-dimensional formal group which in positive characteristic allows one to introduce the
height as an auxiliary invariant.

Let us briefly review the classical theory of the Picard functor in the easiest case of a
smooth projective variety X over a field k. The Picard functor is the sheafification (which
is only needed when X comes without a k-rational point) of the contravariant functor

Picy: (Sch/k)° —(Ab), S+ Pic(Xs)/..

Here, Xg := X x S with the second projection p: Xg—=S and L ~ L’ if there exists
a line bundle M on S with L ~ L' ® p* M. Alternatively, one could introduce directly
Picx(9) as H(S, R'p.G,,). Compare Sections 10.1.1 and 11.4.1.

The Picard functor is represented by a scheme Picx, cf. [80, ]. The connected
component containing the point that corresponds to Ox is a projective k-scheme Picg(.
The Zariski tangent space of Picx at a point corresponding to a line bundle L on X}/ is
naturally isomorphic to H (X, O X, ), cf. Proposition 10.1.11. Although the obstruction
space H?(X, Ox) need not be zero in general, it is not for a K3 surface, the Picard scheme
is smooth if char(k) = 0. In this case, Pic% is an abelian variety of dimension h'(X, Ox).

Example 1.11. For a K3 surface X over an arbitrary field k, Picx is zero-dimensional
and reduced. In particular, Pic())( consists of just one k-rational reduced point which
corresponds to Ox. Other points of Picy might not be k-rational, but they are all
reduced. Compare Sections 10.1.6 and 17.2.1.

Let k be any field and denote by (Art/k) the category of local Artin k-algebras. A
deformation functor is a covariant functor

F: (Art/k)—(Sets)

such that F'(k) is a single point.

A deformation functor is pro-representable if there exists a local k-algebra R with
residue field k ~ R/m and finite-dimensional Zariski tangent space (m/m?)* such that
F ~ hp, i.e. there are functorial (in A € (Art/k)) bijections

F(A) ~ Morj_q4(R, A).

Note that if F' >~ hg, then also F' >~ hp, for the m-adic completion R of R. Hence, if F
is pro-representable at all, it is pro-representable by a complete local k-algebra R.

To understand F', one needs to study whether objects defined over some Artinian ring
A, i.e. elements in F(A), can be lifted to bigger Artinian rings A’—s= A, and if at all, in
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how many ways. It usually suffices to consider small extensions, i.e. for which the kernel
I of the quotient A'—s= A in (Art/k) satisfies my/ - I = 0.

A tangent-obstruction theory for a deformation functor F' consists of two finite-dimensio-
nal k-vector spaces T) and T such that for any small extension [ — A’— A in (Art/k)
there exists an exact sequence of sets

(1.15) Ty @p [ —F(A)—F(A) —T, @y,

which is assumed to be left exact for A = k and which implicitly assumes that 77 ®j I
acts transitively on the fibres of F'(A")— F(A). Note that a tangent-obstruction theory
need not exist and when it does, T5 is not unique. Recall that the functor F' is formally
smooth if F(A")— F(A) is surjective for all A’— A. Therefore, if F' admits a tangent-
obstruction theory with 75 = 0, then F' is formally smooth. Also, if F' ~ hpg, then
Ty ~ F(k[z]/x?) is isomorphic to the Zariski tangent space (m/m?)* and R is smooth if
T> = 0. One of the main results of [524] is the following one, which we phrase in the
language of [174] that replaces Schlessinger’s conditions (H1)-(H4) by the condition on
the tangent-obstruction theory.

Theorem 1.12 (Schlessinger). A deformation functor F is pro-representable if and
only if F' admits a tangent-obstruction theory for which the sequence (1.15) is left exact
for all small extensions [ — A'— A.

If the deformation functor takes values in the category of abelian groups (A4b), then
under the same assumptions Schlessinger’s theory yields a complete local k-algebra R
such that the formal spectrum Spf(R) has a group structure.

i) Let us test this for the formal completion of the Picard functor (using that Pic(A) is
trivial)

Picx: (Art/k)—=(Ab), A—=Ker (Pic(X4)— Pic(X)).
The restriction Pic(X 4) —Pic(X) is part of an exact sequence

— H'(X,14 Ox ® ma) —=Pic(X ) —=Pic(X)—=H*(X,1 4+ Ox @ ma) —

induced by the short exact sequence 0—=1 + Ox ®y mA%O}A — 0% —1. So, in
fact, for complete X

Picx(A) = H'(X,14 Ox @ ma) ~ H(X,0x) ®) m4.

Since (the sheafification of) the global Picard functor Picy on (Sch/k)® is representable
by a scheme Picy, the formal completion Spf (6P1CX,0) of Picx at the origin (or rather
the complete k-algebra @pic «.0x ) Dro-represents Pic X-

But Schlessinger’s theory can in fact be applied to Pic x directly. A tangent-obstruction
theory in this case is given by T} == H'(X,Ox) and Ty == H?*(X,0Ox). Indeed, for a
complete variety X the short exact sequence

(1.16) 0—1+0x @ [—0%, —0x,—1

associated with a small extension [ — A’ — A yields (1.15).
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For a K3 surface, H'(X,Ox) = 0 and hence Picx consists of isolated reduced points.
In particular, Picy is formally smooth and, in fact, pro-representable by Spf(k).

ii) The local approach works equally well for the functor described by the Brauer group
of a variety X. Consider

Bry: (Art/k)—= (Ab), Ar—=Ker (Br(X4)—=Br(X)).

Note that in this case one cannot hope to represent the global version on (Sch/k),
but Schlessinger’s local theory applies to ]/B\rX. A tangent-obstruction theory is this
time provided by Ty = H?(X,Ox) and Ty := H?(X,Ox). Indeed, by using the long
cohomology sequence associated with (1.16) one finds

— H?(X,0x) @ [ —Bry(A')—Brx(A) — H*(X,0x) @, [ — .
Moreover, H2(X,Ox) ® Iﬁ\]/B\rX(A’) is injective if and only if P/’i\cX(A’)ﬁ\f’—i\cX(A)

is surjective. This immediately yields the following consequence of Theorem 1.12.
Corollary 1.13. Let X be a complete variety over an arbitrary field k.
(i) If ﬁ:x is formally smooth, then ]é\rX 1s pro-representable.
(i1) If B\I'X is pro-representable, then its Zariski tangent space is naturally isomorphic
to H2 (X, Ox)
(iii) If H3(X,Ox) = 0, then Bry is formally smooth. O

If Br x is pro-representable by a complete k-algebra R, one writes Br x for the formal
group Spf(R) and calls it the formal Brauer group of X.

Remark 1.14. Assume char(k) = 0. Then the exponential map exp: Ox ®j my —>
1+ Ox ®j my yields an isomorphism of group functors H2(X, Ox) ®r ma —> Bry(A).
As then

Brx(A4) ~ Homy(H*(X, Ox)*,ma) =~ Homy_ay(S*HA(X, Ox)*, A),
this shows directly
Bry = Spf (§*H2(X, OX)*) .
However, in positive characteristic the situation is different.

As H3(X,Ox) = 0 for a K3 surface X and the discrete and reduced Picy is obviously
smooth, the general theory applied to K3 surfaces becomes the following

Corollary 1.15. Let X be a K38 surface over an arbitrary field k. Then ]/3\1")( 1S pro-
representable by a smooth, one-dimensional formal group Brx ~ Spf(R). O

2. Finiteness of Brauer group

This section is devoted to finiteness results and conjectures for Brauer groups of K3
surfaces over finitely generated fields k. Most of the results hold in broader generality,
but, due to the vanishing of various cohomology groups of odd degree, the picture is often
simpler for K3 surfaces. The case char(k) = 0, for which number fields provide the most
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interesting examples, is discussed in Section 2.4. For the case char(k) > 0 (in fact, mostly
finite fields and their algebraic closure) see Section 2.2.

2.1. We shall however begin by recalling basic facts on the Brauer group of the
relevant base fields.

Remark 2.1. o) Separably closed fields have trivial Brauer groups.
i) Brauer groups of local fields are known to be:

Br(R) ~ Z/2Z, Br(C) =0, and Br(k) ~ Q/Z

for non-archimedean local fields k, i.e. finite extensions of Q, or F,((7)), where the
isomorphism is given by the Hasse invariant, see e.g. | , Ch. 1V].

ii) For any global field k, i.e. a finite extension of Q or Fy(T"), there exists a short exact
sequence

(2.1) 0— Br(k) — €D Br(k,) —Q/Z—0.

It shows in particular that the Brauer group of a number field is big. That (2.1) is exact
follows from the cohomological part of local and global class field theory, see e.g. [104].
iii) By Wedderburn’s theorem, Br(k) = 0 for any finite field k = F,, see e.g. [408, .
In fact, in this case H4(k,G,,) = 0 for all ¢ > 1, see |1, Tag 0A2M].
iv) If kg is algebraically closed and trdeg(k/ko) = 1, then Br(k) = 0 (Tsen’s theorem).
See [546, Ch. X.7], [408, Ch. IV] or [1, Tag 03RD|.

Of course, the arithmetic information of k& encoded by Br(k) disappears when passing to
X = X Xy ks, i.e. the composition Br(k) —Br(X)—Br(X) induced by the Hochschild—
Serre spectral sequence (1.9) is trivial, simply because it factors through Br(k) —Br(ks).

Here is the first general finiteness result:

Lemma 2.2. For any K3 surface X over an arbitrary field the groups
(2.2) H'(k,Pic(X)) and Bri(X)/Bro(X)
are finite.

PROOF. There exists a finite Galois extension k'/k such that NS(X) ~ NS(X xj k'),
see Lemma 17.2.6. Hence, the action of G = Gal(ks/k) on NS(X) factors over a finite
quotient G/H. The Hochschild—Serre spectral sequence yields an exact sequence

0— H'(G/H,NS(X))— H'(G,NS(X))— H°(G/H, H'(H,NS(X))).

However, H!(H,NS(X)) = Hom(H,NS(X)) = 0, as NS(X) ~ Z®X) is a torsion free
trivial H-module and H is profinite. Then use that H?(G’, A) is finite for any finitely
generated G’-module A over a finite group G’ and ¢ > 0, see [104, Ch. IV].

For the second assertion use the inclusion (1.11). O
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The two groups in (2.2) coincide if H3(k, G,,) = 0.

Remark 2.3. Coming back to the exact sequence (1.8), note that the finitely gener-
ated free Zg-module T;Br(X) is trivial if and only if the ¢-primary part Br(X)[(>] =
UBr(X)[¢"] of Br(X), is finite, which is equivalent to

Pic(X) ® Z¢ == H%(X,Z(1))
and also to

Pic(X) ® Q; == HZ(X,Qu(1)).

2.2. Let us now consider the case of finite fields. The following conjecture is moti-
vated by the conjecture of Birch and Swinnerton-Dyer for elliptic curves, see [593] and
Remark 2.9 below.

Conjecture 2.4 (Artin-Tate conjecture). Let X be a smooth geometrically connected
projective surface over a finite field k = Fy. Then Br(X) is finite and

IBr(X)| - |disc NS(X

X). ’NS(X)torSP

(2.3) (1= =5y < o)

for s—1.

Here, a(X) = x(X,0x) — 1 + dim Pic’(X) and
ba(X)
Py(t) = det(1 — f*t | HZ(X,Qp) = ] (1 —ait)
i=1
where X = X x ]l_?q and f* denotes the action of the Frobenius. By the Weil conjecture,
see Section 4.4.1, one knows that «; € Q with |o;| = ¢ (for all embeddings Q< C)
and NS(X) ® Qg is contained in the Galois invariant part of HZ (X, Q.(1)). So, we may

assume that a1 = ... = a,x) = ¢ and (2.3) becomes
. b2(X)
[Br(X)| - [diseNS(X)| _ ax) .
2.4 =q“ . 1-— (67 .
( ) ‘NS(X){;OI-S|2 B H ( q )
=p(X)+1
Note that for a K3 surface NS(X )ors = 0 and a(X) = 1 and so in this case (2.4) reads
22
(2.5) Br(X)|-|discNS(X)|=¢q- J] (1-aig™).
=p(X)+1

In any case, the left hand side of (2.4) is clearly non-zero, which shows that the Artin—
Tate conjecture implies the (degree two) Tate conjecture 17.3.1 saying rkNS(X) =
—ords—1Z(X,q™*) or, equivalently,

(2.6) NS(X) © Qp = HE(X,Q(1)),

®One could try to prove finiteness of Coker(Br(X)— Br(X)%) and H?(k, Pic(X)) in a similar way,
but H?(H,NS(X))¢ coming up in the spectral sequence is a priori not finite. However, see Theorem 2.10
and Remark 2.11.
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where G = Gal(k/k) ~ Z. See Proposition 17.3.5.
To prove the converse, namely that the Tate conjecture (2.6) implies the Artin—Tate
conjecture (2.3) one needs the following

Lemma 2.5. Let X be a smooth geometrically connected projective surface over a
finite field k = Fy and £ # p. Then Br(X)[(>] is finite if and only if NS(X) ® Qp ~
HZ(X,Qu(1))%. Moreover, if the finiteness holds for one £ # p, then it holds for all
{#p.

PROOF. For the proof compare Tate’s survey [592]. To simplify the exposition we
shall assume that X is a K3 surface.
As k = T, one knows that H?(G, A) = 0 for any finite G(~ Z)-module A and p # 0,1,
see [546, Ch. XIII.1]. Thus, by the Hochschild-Serre spectral sequence (cf. (1.9)) for pgmn,
there exists a short exact sequence

0—H" (k, H'(X, pgn)) — H*(X, pgn) — H*(X, j1gn)“ —0.
As HY(X, pn) is the £"-torsion part of NS(X), it is trivial for K3 surfaces. Therefore,
NS(X) @ Zy= HE (X, Z4(1)) = HE(X, Zy(1))°.
Hence, by Remark 2.3,
(2.7) NS(X) ® Zy ~ Hg(X, Zo(1))¢

if and only if the Tate module T;Br(X) is trivial, which is equivalent to |Br(X)[(*]| < occ.
As observed earlier, (2.7) is equivalent to NS(X)®@Qy ~ H2 (X, Qu(1)) ~ H2(X,Q(1))%,
which due to Proposition 17.3.5 is independent of £. O

Next combine 0 —=NS(X) ® Z/{Z — H?*(X, yy) — Br(X)[(] —0, see (1.6), with the
isomorphism H?(X, uy) ~ H?(X, j1¢)¢. If one could now show that the Tate conjecture
NS(X) ® Zy == HZ%(X,Z(1))¢ automatically yields isomorphisms NS(X) ® Z/(Z ~
H?(X, pg)¢ for most £, the finiteness of all (or, equivalently, of one) Br(X)[¢>°] as in the
lemma would imply the finiteness of the whole Br(X). This part is quite delicate and Tate
in [593] uses the compatibility of the intersection pairing on NS(X') and the cup-product
H?(X, pg) x H3(X, ug) —=7/Z (see Remark 2.8) to show that this indeed holds, proving
simultaneously the equation (2.3) up to powers of p. The p-torsion part was later dealt
with by Milne in [402], using crystalline, flat and Witt vector cohomology.”

Theorem 2.6 (Tate). The Tate Conjecture 17.5.1 implies the Artin—-Tate Conjecture
2.4. More precisely, if NS(X)® Qg ~ H2(X,Q(1))¢ for one € # p, then Br(X) is finite
and (2.3) holds.

6Note that historically Tate’s Bourbaki article [593] precedes Deligne’s proof of the Weil conjectures.

However, for K3 surfaces the independence follows at once from Z(X,t) = Py(X,t)"*

and, for arbitrary
surfaces, Weil’s conjecture for abelian varieties suffices to conclude.
"Tate in [593] writes: The problem ... for £ = p should furnish a good test for any p-adic cohomology

theory, ...
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This allows one to confirm the Artin—Tate conjecture in the easiest case, namely for
p(X) = 22, e.g. for unirational K3 surfaces (see Proposition 17.2.7). Indeed, then au-
tomatically Br(X) is finite. In any case, as the Tate conjecture has been proved for K3
surfaces, see Section 17.3.3, one has

Corollary 2.7. The Artin—-Tate Conjecture 2.J holds for all K3 surfaces over finite
fields. O

Remark 2.8. The proof of the Theorem 2.6 involves a certain alternating pairing
Br(X)xBr(X)—Q/Z, which is defined by lifting o, 8 € Br(X)[n] to classes in H(X, i),
projecting one to H3(X, u,,) via the natural boundary operator, and then using the cup-
product to H5(X, u®?) ~ Z/nZ. The kernel consists of the divisible elements, see [593,
Thm. 5.1] and [402, Thm. 2.4]. So, once the Artin-Tate conjecture has been confirmed,
the pairing is non-degenerate. Moreover, |Br(X)| is then a square or twice a square. The
latter can be excluded due to work of Liu, Lorenzini, and Raynaud [374].

Remark 2.9. The famous Birch-Swinnerton-Dyer conjecture, see [633], has a function
field analogue. Consider for example an elliptic K3 surface X —P! over a finite field F q
with generic fibre E over the function field K = Fy(T). The Weierstrass model X —P1,
see Section 11.2.2, has only integral closed fibres X;, which are either smooth elliptic or
rational with one ordinary double point or one cusp. The function L(E, s) of the elliptic
curve E over K counts the number of rational points on the closed fibres:

L(E,s) = H (1 —awq;* +q )7L H (1 —apq; )"t
Xt smooth Xt singular
Here, ¢; is the cardinality of the residue field of ¢t € P!, i.e. k(t) ~ Foi ap = q +1—
| X, (k(t))] if X; is smooth; a; = 1 if X; has an ordinary double point with rational or
irrational tangents, respectively; and a; = 0 if X; has a cusp. The Birch-Swinnerton-Dyer

conjecture then asserts (for an arbitrary non-constant elliptic curve over a function field)
that

rk B(K) = ords—1 L(E, s).
Recall from Section 11.2.3 that the group of K-rational points E(K) of the generic

fibre can also be interpreted as the Mordell-Weil group MW (X)) of the elliptic fibration
X —P!. The Shioda-Tate formula, Corollary 11.3.4, expresses the rank of MW (X) as

rkMW(X) = p(X) =2 (- 1).
t
On the other hand, the Weil conjectures for X (see Section 4.4) and for the various fibres
of X —=P! lead to a comparison of L(E,s) and the Zeta function of X:
ords—1 L(E,s) = —ords—1Z(X,q %) — 2 — Z(rt - 1),
t

see for example [602, Lect. 3.6] for details. Therefore,

tk E(K) —ords—1 L(E, s) = p(X) + ords—1 Z (X, ¢ %),
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which shows that the Birch—Swinnerton-Dyer conjecture for the elliptic curve E over
the function field K is equivalent to the Tate conjecture (and hence to the Artin-Tate
conjecture) for the K3 surface X (use Proposition 17.3.5). Compare this to Remark
17.3.3.

This can be a pushed a bit further to show that the Birch-Swinnerton-Dyer conjecture
for elliptic curves over function fields K (B) of arbitrary curves B over [, implies the
Tate conjecture for arbitrary K3 surfaces. Indeed, by Corollary 13.2.2 any K3 surface is
covered by an elliptic surface X —>X. As above, the Birch—Swinnerton-Dyer conjecture
for the generic fibre of the elliptic fibration X—B implies the Tate conjecture for X.
However, it is known that the Tate conjecture for any surface rationally dominating X
implies the Tate conjecture for X itself, see [592, Thm. 5.2| or [602, Sec. 12].

2.3.  We now sketch the main ideas of the paper [20] by Artin and Swinnerton-Dyer,
proving the Tate conjecture for elliptic K3 surfaces with a section,® explain how similar
ideas have been used by Lieblich, Maulik, and Snowden in [368] to relate the Artin—Tate
conjecture to finiteness results for K3 surfaces over finite fields and, at the end, briefly
touch upon Charles’s more recent approach [109] to the Tate conjecture relying on similar
ideas. We suppress many technical subtleties but hope to convey the main ideas.

i) Let Xo—=P! be an elliptic K3 surface and assume that TyBr(Xy), £ # p, is not trivial.
Due to the exact sequence (1.8), one can then choose a class o € H% (X0, Z¢(1)) that is
orthogonal to NS(Xo) ® Zy < H%(Xo,Z¢(1)) with respect to the intersection pairing
and projects onto a non-trivial class (ay,) € TyBr(Xp). We may assume that «,, € Br(Xy)
has order d,, := ¢™ and fo,, = op—1.

Now use IT1(Xp) ~ Br(Xj), see Section 11.5.2.% Thus, every a,, € Br(Xp) gives rise to
an elliptic K3 surface

X, =X, —P!
over k with Jacobian fibration J(X,) ~ X. As hinted at in Remark 11.5.9, the index of
X,,—P! i.e. the minimal positive fibre degree of a line bundle on X,,, equals d,,.

On each of the X, one constructs a distinguished multisection D,, of fibre degree d,,
by using J%(X,) ~ J(X,) ~ X, and the given zero-section of Xo—=P!. A crucial
observation in [20] then says that (D,)? = (a)?(d,). This is a central point in the
argument and it is proved in [20] by lifting to characteristic zero and studying elliptic
fibrations from a differentiable point of view. As a consequence, changing D,, by a fibre
class, one finds a divisor L, on X, with positive (L,)? bounded independently of n.
Using the action of the Weyl group, we may assume that L,, is big and nef, cf. Corollary
8.2.9 (observe that we may assume that NS(X,) ~ NS(X,)). However, due to the
boundedness results for (quasi)-polarized K3 surfaces, see Section 5.2.1 and Theorem

8In [16] Artin explains how to use this to cover also supersingular K3 surfaces. Then [20] applies
and shows p(J(X)) = 22. But p(X) = p(J(X)) and, therefore, also p(X) = 22, which proves the Tate
and hence the Artin—Tate conjecture.

9As noted there already, the simplifying assumption that the ground field is algebraically closed is
not needed and everything works in our situation of K3 surfaces over a finite field k = F,.
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2.2.7, up to isomorphisms there exist only finitely many (quasi-)polarized K3 surfaces
(X, L) of bounded degree (L)? over any fixed finite field. Hence, infinitely many of the
elliptic fibrations X,, —P! are actually defined on the same K3 surface X.

In [20] the argument concludes by observing that up to the action of Aut(X) there
exist only finitely many elliptic fibrations on any K3 surface, see Proposition 11.1.3.
Alternatively, one could use (4.5) in Section 11.4.2 showing that

|disc NS(X,,)| = d2 - |disc NS(Xp)|

(reflecting the equivalence DP(X,,) ~ D?(Xj, a,,), see Remarks 11.4.9 and 11.5.9), which
of course excludes X,, and X, from being isomorphic to each other for all n # m.

ii) In [368] Lieblich, Maulik, and Snowden follow a similar strategy to relate finiteness of
the Brauer group of a K3 surface over a finite field and finiteness of the set of isomorphism
classes of K3 surfaces over a given finite field (not fixing the degree). Suppose Xy is
an arbitrary K3 surface defined over a finite field k& = F, with 7;Br(Xy) # 0. As
above, there exists a non-trivial class (ay,) € TyBr(Xp) with «, of order d,, = ¢". If
X comes without an elliptic fibration, it is a priori not clear how to associate with the
(infinitely many) classes a,, € Br(Xy) K3 surfaces defined over the given field. However,
the isomorphism J(X,,) ~ X, from above can also be expressed by saying that X is
the non-fine moduli space of stable sheaves with Mukai vector (0, [Xp:],d,) on X, see
Section 11.4.2. Furthermore, o, can be viewed as the obstruction to the existence of a
universal family on X, x Xy, see Section 16.4.1.

Reversing the role of the two factors, X,, can be considered as a fine moduli space of
stable ay,-twisted sheaves on Xy. And this now works also in the non-elliptic case as
well. More specifically, in [368] for any «, a Mukai vector v, is found for which the
moduli space X, = M (vy,) of stable a,-twisted sheaves on Xy is fine, projective and of
dimension two (and hence a K3 surface). The general theory then yields equivalences

DP(X,,) ~ D (M (v,)) ~ DP(Xo, an).

If, now, one assumes that there exist only finitely many K3 surfaces over the fixed finite
field k, then infinitely many of the X,, have to be isomorphic to a fixed K3 surface, say,
X. However, then D?(X) ~ D®(Xy, a,) for infinitely many Brauer class, which in [368]
is excluded by lifting to characteristic zero and then using a finiteness result in [269].
Alternatively, one could use the isometry N (X)) ~ N(X) ~ N(Xo, ay), deduced from
the derived equivalence, to conclude that |disc NS(X,,)| = d2 - |disc NS(X)| and, thus, to
exclude isomorphisms between the X,,’s for different n.

So, in order to prove the Artin—Tate conjecture this way, it remains to prove that there
exist only finitely many K3 surfaces (of a priori unbounded degree) over any given finite
field. The authors of [368] also show that, conversely, this finiteness is implied by the
Artin—Tate conjecture.

iii) The approach was more recently refined by Charles in [109]. In order to obtain finite-
ness without a priori bounding the degree of the K3 surfaces, four-dimensional moduli
spaces M (v) of stable sheaves are used. As p(M(v)) = p(X) + 1, this provides more



396 18. BRAUER GROUP

freedom to choose an appropriate polarization of bounded degree. So, once again, start-
ing with a non-trivial («y,) € TyBr(Xy) one constructs infinitely many K3 surfaces X,
for which the four-dimensional moduli spaces have bounded degree and of which, there-
fore, one cannot have infinitely many over a fixed finite field if Matsusaka’s theorem were
known in positive characteristic. The numerical considerations are quite intricate and
Charles has again to resort to the Kuga—Satake construction, as the birational geometry
of the four-dimensional irreducible symplectic varieties is not well enough understood in
order to deduce from the existence of a class of bounded degree also the existence of
a (quasi)-polarization of bounded degree for which one would need certain results from
MMP that are not available in positive characteristic.

2.4. To conclude this section, let us briefly touch upon the case of K3 surfaces over
number fields. The Brauer group of a K3 surface over a number field & is certainly not
finite due to the exact sequence NS(X)¥ —=Br(k) — Br(X), see (1.10), and Remark 2.1.
However, up to Br(k) certain general finiteness results for K3 surfaces in characteristic
zero have been proved by Skorobogatov and Zarhin in [570].

Proposition 2.10. Let X be a K3 surface over a finitely generated field k of charac-
teristic zero. Then Br(X)%, Br(X)/Bry(X), and Bry(X)/Bro(X) are finite groups.

PROOF. As Br(X)/Bri(X) is a subgroup of Br(X)¢ and Bry(X)/Bro(X) is finite
due to Lemma 2.2, only the finiteness of Br(X)® needs to be checked.

Due to the Tate conjecture (in characteristic zero, see Section 17.3.2) NS(X) ® Zy ~
H2(X,7(1))¢ and hence Br(X)%[¢>] is finite. As for K3 surfaces over finite fields, one
concludes that then Br(X)? itself is finite. Indeed, one shows that NS(X) ® Z/lZ >
H?(X, j1y)€ for most ¢, which is enough to conclude. This part is easier than in the case
of positive characteristic, as one can use the comparison to singular cohomology and the
transcendental lattice. O

Remark 2.11. i) In [571] the authors extend their result to finitely generated fields
in positive characteristic p # 2 and prove that the non p-torsion part of Br(X)/Brg(X)
is finite.

ii) Artin’s Conjecture 1.6 predicts finiteness of Br(X) for any proper scheme over
Spec(Z). The Tate conjecture proves it for K3 surfaces over F, and, as was explained to
me by Francois Charles, this proves it for any projective family with generic fibre a K3
surface over an open subset of Spec(Of) for any number field K.

3. Height

For a K3 surface X the formal Brauer group Br x is a smooth one-dimensional formal
group which can be studied in terms of its formal group law. Basic facts concerning
formal group laws are recalled and then used to define the height, which is a notion that
is of interest only in positive characteristic and that can alternatively be defined in terms
of crystalline cohomology. Roughly, K3 surfaces in positive characteristic behave like
complex K3 surfaces as long as their height is finite. Those of infinite height, so called
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supersingular K3 surfaces, are of particular interest. Some of their most fundamental
properties are discussed. For example, for a long time supersingular K3 surfaces were the
only K3 surfaces for which the Tate conjecture had not been known.

3.1. A formal group structure on Spf(R) is given by a morphism R—= R®,R of
k-algebras. If Spf(R) is smooth of dimension one and an isomorphism of k-algebras
R ~ E[[T]] is chosen, then the morphism is given by the image of T which can be thought
of as a power series F(X,Y) € k[[X,Y]] ~ R®,R in two variables. In fact, F(X,Y) is a

formal group law. In particular,
F(X,F(Y,Z))=F(F(X,Y),Z) and F(X,Y) = X +Y + higher order terms.

Example 3.1. i) The formal completion of the additive group G, = Spec(k[T]) is
described by G, = Spf(k[[T]) with the formal group law

FX,)Y)=X+Y.
ii) The formal completion of the multiplicative group G, = Spec(k[t, t=1]) is described
by G, = Spf(k[[T]]), t = 1+ T, with the formal group law
F(X,Y)=X+Y + XV.
After choosing G; ~ Spf(k[[T]]), a morphism between two smooth one-dimensional

formal groups G;—= G4, with formal group laws F; and F5, can be represented by a
power series f(T') satisfying

(f © f)(F2(X,Y)) = Fi(f(X), f(Y)).

This allows one to speak of isomorphisms of formal groups and to prove that in char-

acteristic zero any smooth one-dimensional formal group is in fact isomorphic to G, cf.
Remark 1.14.

If char(k) = p > 0, formal group laws can be classified according to their height. For
this, consider multiplication by [m]: G—G or its associated power series [m](71") which
can recursively be determined by [m+1](T) = F([m](T),T). One then shows that [p](T)
is either zero or of the form

[p|(T) = aT®" + higher order terms

with a # 0. The two cases correspond to [p]: G— G being trivial or having as its kernel
a finite group scheme of order p". The height of a smooth one-dimensional formal group
G is then defined as

Over a separably closed field k of characteristic p > 0, the height h(G) of a smooth
one-dimensional formal group G determines G up to isomorphisms, see e.g. [351]:

G1 ~ GQ if and only if h(Gl) = h(Gg)
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Moreover, all positive integers h = 1,2, ... and co can be realized.

Example 3.2. i) In Example 3.1 one finds

h(Gq) = 0o and h(Gy,) = 1.
ii) For an elliptic curve E over a separably closed field and its formal completion E at
the origin, either
hE)=2or h(E) = 1.

In the first case, which is equivalently described by E[p"] = 0 for all » > 1, the curve F is
called supersingular. In the second case, when E[p"] ~ Z/p"Z, it is called ordinary. See
e.g. [566] for details why the height, which a priori is defined in terms of the action of
the Frobenius, can be read off from the p-torsion points, cf. Section 3.4.

Definition 3.3. The height h(X) of a K3 surface X defined over a separably closed
field k of characteristic p > 0 is defined as the height

h(X) = h(Brx)

of its formal Brauer group. A K3 surface X is called supersingular (or Artin supersingu-
lar) if h(X) = 00, i.e. Brx ~ G,, and ordinary if h(X) =1, i.e. Brx ~ Gy,.

Example 3.4. Consider the Fermat quartic X C P? defined by fo = 0 in charac-
teristic p > 2. Then

[ oo if p=3(4)
h(X)_{1 if p=1(4).

The discriminant of NS(X) in the two cases are —64 (as in characteristic zero, see Section
3.2.6) and —p?, respectively. Shioda’s argument in [561] uses that the Fermat quartic is
a Kummer surfaces associated with a product of two elliptic curves, see Example 14.3.18.

3.2. For any perfect field k of characteristic p > 0, let W = W (k) be its ring of Witt
vectors, which is a complete DVR with uniformizing parameter p € W, residue field k,
and fraction field K of characteristic zero. So, for example, W (F,) ~ Z, = lim W, (F,)
with W, (F,) = Z/p"Z and, in general, W (k) = lm W, (k). The Frobenius morphism
F: k—k, ar—=aP lifts to the Frobenius F': W(k)— W (k) (by functoriality), which is
a ring homomorphism and thus induces an automorphism of the fraction field.

Consider the ring K{T'}, which is the usual polynomial ring K[T] but with 7'- A =
F(X\)-T for all A € K. An F-isocrystal consists of a finite-dimensional vector space V over
K with a K{T'}-module structure. In other words, V' comes with a lift of the Frobenius
F:V—V such that F'(A\-v) = F(\)-F(v) for A\ € K and v € V. The standard example
of an F-isocrystal is provided by

Vis = K{T}/(T° = p"),

which is of dimension s and slope r/s. The Frobenius action on V; 4 is given by left-
multiplication by T
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If k is algebraically closed, then any irreducible F-isocrystal is isomorphic to V;. s with
(r,s) = 1, for example Vippms =~ Vfgm. Moreover, due to a result of Dieudonné and
Manin [386] any F-isocrystal V' with bijective F' is a direct sum of those. One writes

(3.1) V ~ @ Vi si
with slopes r1/s1 < ... < 7r,/8n. The Newton polygon of an F-isocrystal V', which
determines it uniquely, is the following convex polygon with slopes r;/s;:

(r1 472 + 73,51 + 52 + 53)

(r1 4+ 72,81 + 52)

The height h(V') of an F-isocrystal V' is the dimension of the subspace of slope strictly
less than one: Vjg 1) = ®ri/si<1
For the F-isocrystals we are interested in, Poincaré duality holds, i.e. they are endowed

Vrs:- One defines h(V') = oo if this space is zero.

with a non-degenerate pairing V x V —=K satisfying (Fz.Fy) = p%(x.y), where later
d =1 for elliptic curves and d = 2 for K3 surfaces. This leads to the condition ) r; =
(d/2)> s;. For d = 2 one checks that in the decomposition (3.1) the pairing can be
non-trivial only between V, ¢ and Vs ¢ with r/s +1//s" = 2.

Let X be a smooth projective variety over an algebraically closed field k of characteris-
tic p > 0. Assume that there exists a lift to a smooth proper morphism 7: X — Spf(W).
Then the crystalline cohomology H.(X/W) of X can be computed via the de Rham co-
homology. More precisely, if Hj, (X /W) denotes the relative de Rham cohomology of 7,
then there exists an isomorphism of (finite type) W-modules H.(X/W) ~ Hip (X/W).
The Frobenius of k first lifted to W can then be further lifted to a homomorphism
F*Hip (X/W) —> H3p(X/W). On the generic fibre, it yields a semi-linear endomor-
phism of

HE(X) = Hip(X/W) @ K,
which in each degree defines an F-isocrystal equipped with Poincaré duality. As above,
the F-isocrystals H: (X) are uniquely described by their Newton polygons and they are
independent of the chosen lift m: X —Spf(W) (if there is one at all). The Frobenius
action on H}.(X) is not induced by any Frobenius action on X', which usually does not

exist, but by functoriality. See Mazur’s introduction [400] for more details.'”
Remark 3.5. For a K3 surface X, the cohomology HZ2(X/W) is torsion free. Hence,
(3.2) c1: NS(X)—— HZ(X/W).

10For a K3 surface X, the W-modules Hig (X /W) are free of rank 1,0,22,0,1 for i = 0,1,2,3,4,
respectively, and the Hodge spectral sequence EY"? = H(X, Q% ) = HYF9(X /W) degenerates. The
latter is an immediate consequence of the vanishing H°(X,Qx) = 0, see Section 9.5, as was observed by

Deligne [141].
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is injective. Indeed, HA(X/W) ® k ~ H3;(X) and then use Proposition 17.2.1.

The Newton polygon of a variety X, i.e. of H} (X), can be compared to the Hodge
polynomial of X encoding the Hodge numbers h??(X). For an elliptic curve E and a K3
surface X the Hodge polygons (in degree one and two, respectively) encode the Hodge
numbers h%1(E) = h1O(E) = 1 and h%?(X) = 1, hb(X) = 20, and h?9(X) = 1,
respectively. They look like this:

(22, 22)
, (2,1) 4 (21, 20)
(1,0) (1,0)
A famous conjecture of Katz, proved by Mazur [400], asserts that the Newton polygon

of a variety X always lies above the Hodge polygon of X. For an elliptic curve E this
leaves the following two possibilities:

h(E) =1 h(E) =2
,(2,1) o (2,1)
(1,0)

For a K3 surface the following three are in principle possible:
(22,22) (22,22) (22,22)

h(X) = oo

(22 — h,21 — h)
(11, 10)

However, using Remark 3.5, the last one can be excluded. Indeed, as the Frobenius
pull-back acts by multiplication by p on NS(X), there exist non-trivial classes in HZ2(X)
on which the Frobenius acts by multiplication by p. This immediately proves:

(3.3) h(X)=o00or h(X)=1,...,10,

where h(X) here is defined as the height of the F-isocrystal H2 (X) (which below will be
shown to coincide with h(Bry)). More precisely, the argument proves
Lemma 3.6. For any non-supersingular K3 surface X defined over an algebraically

closed field of characteristic p > 0, Picard number and height of X can be compared via:
(3.4) p(X) < ba(X) —2h(X) =22 — 2h(X).
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This should be regarded as the analogue of
p(X) < ba(X) = 2h%(X)

for a smooth complex projective variety. The latter follows from Hodge decomposition
H2(X,C) = HO2(X) @ HY(X) @ H29(X), h20(X) = h*2(X), and p(X) < h14(X).

3.3.  We have encountered two definitions of the height h(X) of a K3 surface X in
positive characteristic, as the height h(ﬁ} x ) of the formal Brauer group of X and as the
height of the F-isocrystal H2(X). These two notions coincide, but this is a non-trivial
fact due to Artin and Mazur [19] and we can only give a rough sketch of the arguments
that prove it.

Firstly, Dieudonné theory establishes an equivalence

Dy : { formal groups/k with h < co} —> { F-isocrystals with V' = V|g 1)}

by sending a formal group G first to the W-module DG := Hom(G, CW ) of all formal
group scheme maps and then to DG := DGRw K. Here, CW is the formal group scheme
representing A+— lim CW(A/m’;) with CW (A) the group of A-valued Witt covectors,
cf. [177]. The K{T}-module structure on DG is induced by the natural one on CW.

This equivalence is compatible with the notion of heights on the two sides, which on
the right hand side is just the dimension. For example, ]D)@m ~ W and so D K@m is the
trivial F-isocrystal K = Vj 1 and indeed h(@m) =1=h(Vp1). Note that Dg applied to
the formal group G, (which is not p-divisible or, equivalently, has h(@a) = 00) yields the
infinite-dimensional K{[T7].

To compare the two definitions of hA(X), Artin and Mazur in [19] find an isomorphism

(3.5) DgBrx =~ H2(X)o1)-
Using their more suggestive notation ®%(X,G,,) = E;X, the first step towards (3.5)
consists of proving a series of isomorphisms
DBry ~ D®%(X,Gp) ~ DO(X, Gpn) ~ HZ (X, DGy ) ~ H (X, WOx).
The last isomorphism is a sheaf version for ]D)@m ~ W, where W(Ox denotes the sheaf

of Witt vectors. Witt vector cohomology can be compared to crystalline cohomology by
the Bloch—Illusie (or slope) spectral sequence

EYT = HY(X, W) = HEM(X/W).

The spectral sequence is compatible with the Frobenius action (appropriately defined on
the left hand side) and yields in particular an isomorphism

(36) HQ(X, WOX) Qw K ~ ng(X)[O,l)-
We recommend Chambert-Loir’s survey [107] for more details and references, see also
Liedtke’s notes [370]. To conclude the discussion, one finds that indeed

(3.7) h(Brx) = h(HZ(X)).
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3.4. Katsura and van der Geer in [604] derive from (3.6) a rather concrete descrip-
tion of the height as
(3.8) h(X) =min{n |0 # F: H*(X,W,Ox) — H*(X,W,,0x)}.

Here, F' is the usual Frobenius action. This description covers the supersingular case, as
in this case F = 0 on H%(X,WOx) can be shown to imply F = 0 on all H*(X, W,,0x).
This approach fits well with the comparison of ordinary and supersingular elliptic curves
based on the Hasse invariant. For an elliptic curve E in characteristic p > 0, the absolute
Frobenius E— E induces an action F': H'(E,Og)—= H'(E,Og). By definition, the
Hasse invariant of F is zero if this map is zero and it is one if it is bijective. Then it is
known that E is supersingular if and only if its Hasse invariant is zero, or equivalently

h(E) =1 if and only if F: HY(E,Og) == H'(E,Op).

See for example [234, IV.Exer. 4.15]. For a K3 surface X, a very similar statement
describes ordinary K3 surfaces:

h(X) =1 if and only if F: H*(X,0x) => H*(X,Ox).

However, in order to distinguish between the remaining cases h(X) = 2,...,10,00 one
has to consider the action on H?(X, W, Ox), n=2,...,10.

The height can be used to stratify the moduli space of polarized K3 surfaces. We
continue to assume k algebraically closed of characteristic p > 0 and consider the moduli
stack My, p 1 2d, of polarized K3 surfaces (X, L) of degree (L)% = 2d over k, see Chapter
5. Using the formal group law for Bry, Artin showed in [16] that h(X) > h is a closed
condition of codimension < h — 1. This remains valid in the case h = oo if one sets
h = 11. Applying (3.8), van der Geer and Katsura give an alternative proof of this fact
which in addition endowes the set of polarized K3 surfaces (X, L) of height h(X) > h
with a natural scheme structure. We summarize these results by the following

Theorem 3.7. For h=1,...,10,
M= {(X,L) | h(X)>h} C My

is empty or a closed substack of dimension dim M” = 20 — h which is smooth outside the
supersingular locus. The supersingular locus

MEE = {(X, L) | h(X) = 00} € M,
is of dimension dim M7 = 9.

Remark 3.8. Although, Picard number and height are intimately related via the
inequality (3.4), their behavior as a function on My is very different. Whereas h(X) > h
is a closed condition, the condition p(X) > p is not, it rather defines a countable union
of closed sets.

As p(X) < 22 —2h for (X,H) € M?, one in particular has p(X) < 2 on M1 (which
for k = F, is equivalent to p(X) = 2, see Corollary 17.2.9). However, many more (X, H)
not contained in M jo satisfy p(X) < 2, in fact the general one should have this property.
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Also note the slightly counterintuitive behavior of p(X) on M 50, which satisfies p(X) < 2
on the open set M1\ M5 C M1° but jumps to p(X) = 22 on M°, see below. It is also
a remarkable fact that over the nine-dimensional Mj° the Picard number stays constant,
which in characteristic zero is excluded by Proposition 6.2.9, see also Section 17.1.3.

Related to this, recall that for K3 surfaces in characteristic zero the maximal Picard
number is p(X) = 20 and that these surfaces are rigid, see Section 17.1.3. In positive
characteristic, the maximal Picard number is p(X) = 22 and surfaces of this type are not
rigid.

Artin [16] also explored the possibility to extend the stratification
(3.9) M cMPPc...c M?c M= M,

obtained in this way by taking the Artin invariant of supersingular K3 surfaces into ac-
count. Recall from Section 17.2.7 that disc NS(X) = —p*>*X) for a supersingular K3
surface X with the Artin invariant o(X) satisfying 1 < ¢(X) < 10. As the discrimi-
nant goes down under specialization (use (0.1) in Section 14.0.2), 0(X) < ¢ is a closed
condition. Defining M;*7 := {(X, H) | h(X) = 00,0(X) < o}, yields a stratification

(3.10) MP c . M.
Combining both stratification (3.9) and (3.10), one obtains a stratification

1 ,10 10 2 1
M C...C M " =M CM;”C...MjC M;= M,

For a detailed analysis of this filtration see the article [164] by Ekedahl and van der Geer.
Ogus in [477] shows in addition that the singular locus of MC’; is contained in M;o’hfl.
Already in [561] Shioda proves that all values h(X) =1,...,10,00 and 1 < o(X) < 10

are actually realized in every characteristic p > 2.

3.5.  We conclude with a few remarks on supersingular K3 surfaces. First, using an
argument from Section 17.3.4, we prove

Corollary 3.9. Assume X is a Shioda supersingular K3 surface, i.e. p(X) = 22, then
X is (Artin) supersingular. In particular, any unirational K3 surface is supersingular.

PROOF. As h(X) is positive, (3.4) implies the first assertion. For the second use
Proposition 17.2.7. O

The converse was conjectured by Artin [16] and finally proved by Maulik, Charles, and
Madapusi Pera. As the Tate conjecture had previously been proved for K3 surfaces of
finite height, this finished the proof of the Tate conjecture for K3 surfaces. See also the
discussion in Section 17.3.3 and Corollary 17.3.7.

Theorem 3.10. Let X be a K3 surface over an algebraically closed field of character-
istic p > 2. Then

h(X) = oo if and only if p(X) = 22.
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PROOF. We recommend Benoist’s Bourbaki talk [57] for an overview. Let us explain
how the ‘only if’ is implied by the Tate conjecture.!' So, assume that X is a K3 surface
over a finite field F, with h(X) = oo, i.e. /B\rX ~ G,. It is difficult to extract from the
description of the formal Brauer group Br ¢ any information on Br(X) directly. Instead,
one uses the alternative description of h(X) as the height of the F-isocrystal HZ(X),
which in this case says that some power of the action of (1/p)F on H2(X) is trivial.
Finally, one uses that the eigenvalues of the Frobenius action on H2(X) and HZ,(X, Q)
coincide, a general result due to Katz and Messing [284]|. Therefore, some power of
f* H2,(X, Q1)) — HZ(X,Qp(1)) is trivial and, hence, after passing to a finite exten-
sion Fyr the Galois action on HZ (X, Qg(1)) is trivial. The Tate conjecture then implies
NS(X x Fgr) ® Qg ~ HZ,(X,Qg(1)), which yields p(X) = 22. O

The proof shows that in the context of the Tate conjecture the formal Brauer group
plays the role of a supporting actor, morally but not factually explaining the role of the
(geometric) Brauer group.

Remark 3.11. Artin also developed an approach to reduce the Tate conjecture for
supersingular K3 surfaces to the case of supersingular elliptic K3 surfaces. His [16, Thm.
1.1] asserts that for a connected family of supersingular K3 surfaces the Picard number
stays constant. Thus, if the locus M3° of supersingular K3 surfaces can be shown to be
irreducible (or at least connected) or if every component parametrizes at least one elliptic
K3 surface, then the Tate conjecture for supersingular K3 surfaces would be implied by
the elliptic case. This idea, going back to [512], has been worked out by Maulik in
[396], where he shows that every component contains a complete curve, proving the Tate
conjecture for all K3 surfaces of degree 2d with p > 2d + 4.

Remark 3.12. The proof of Corollary 3.9 actually shows that already p(X) > 21
implies that X is supersingular. But according to the theorem, supersingular implies
p(X) = 22. Hence, for all K3 surfaces over an algebraically closed field k

p(X) # 21.

Recall that for complex K3 surfaces this follows immediately from p(X) < 20. See also
Section 17.2.4.

Remark 3.13. It is not difficult to see that a K3 surface X with p(X) = 22 over a
separably closed field k of characteristic p has no classes of £" torsion in Br(X) for ¢ # p.
Indeed, by the usual Kummer sequence there exists an exact sequence

NS(X) ® Z /("7 — H% (X, jugn) — Br(X)[¢"] —0.
As Hg’t(X, we) = 0, the maps He?t(X, ,u,gn)ﬁHe?t(X,,ugnq) are surjective and by Propo-
sition 17.3.5 NS(X) ® Zy > HZ(X,Z(1)). Hence, NS(X) ® Z/{"Z—>= H% (X, jign) is
surjective and, therefore, Br(X)[¢"] = 0. Of course, if k = F, and if one is willing to
1 Ag mentioned before, Artin (with Swinnerton-Dyer) had proved the result for supersingular elliptic

K3 surfaces. Using that any K3 surface with p(X) > 5 is actually elliptic (see Proposition 11.1.3), it is
enough to argue that h(X) = oo implies p(X) > 5.
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accept the Artin—Tate conjecture, then (2.5) applied to a model of X over any finite field
F, immediately yields that Br(X) is p-primary.

Remark 3.14. We have seen that a unirational K3 surface over an algebraically closed
field always has maximal Picard number p(X) = 22. The converse of this assertion
has been proved by Liedtke in [371]. See also Lieblich’s articles [365, | for further
information. This had been checked earlier for various special cases, for example by
Shioda in [559] for Kummer surfaces.

The upshot is that for K3 surfaces over an algebraically closed field of positive charac-
teristic all three concepts of supersingular are equivalent:

‘X is unirational <= h(X) = 0o <= p(X) = 22.‘

3.6. Due to the lack of space, the beautiful work of Ogus | , |, proving a
Global Torelli theorem for supersingular K3 surfaces, cannot be discussed here. We
recommend Liedtke’s notes [370] for an introduction. The final result is that two super-
singular K3 surface X and X’ are isomorphic if and only if there exists an isomorphism
of W-modules

H (X/W) ~ Hg (X' /W)
which is compatible with the Frobenius action and the intersection pairing. Compare
Remark 17.2.23.

References and further reading:

Formal completion of Chow has been studied by Stienstra [576]. In the supersingular case the
Artin invariant enters its description.

The group Br(X)/Br;(X) ~ Im(Br(X) —=Br(X)%) can indeed be non-trivial and classes in
this group have been used by Hassett and Varilly-Alvarado to construct examples of K3 surfaces
over number fields for which the Hasse principle fails. In [239] one finds examples of effective
bounds on the order

[Br(X)/Bro(X)| = [Bry(X)/Bro(X)| - [Br(X)/Bri(X)].

The Brauer—Manin obstruction, which has not been discussed in these notes, is based upon the
sequence (2.1). See [239] for references.

In [604, Thm. 15.1] the class [M}] € CH"*(My) is expressed as a multiple of c’ll_l(ﬂ*wX/Md).
In [164] this was extended to the smaller strata M ;7.

Lieblich in [366] proves that the supersingular locus M3° is rationally connected.
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of abelian surfaces, 47 on cohomology, 15
of Jacobian fibration, 226 intersection pairing, 7, 8, 14, 40, 42, 50, 67, 72,
of Kummer surface, 48 201, 282, 356, 361, 374
of moduli space, 201, 203 isocrystal, 394
of Mukai lattice, 343
of transcendental lattice, 46, 51, 157, 293, Jacobian
298, 343, 345 of elliptic curve, 223

of elliptic fibration, 223
as Fourier—-Mukai partner, 338
relative, 272
Jacobian fibration, 390
again K3 surface, 225

of twisted K3 surfaces, 348
orientation preserving, 346, 348
Hodge number, 10, 11, 14, 396, 397

under deformation, 123

under derived equivalence, 351
as moduli space, 225, 236

derived category, 227, 391
Euler number, 230

Hodge structure, 226
Picard group, 226, 391

Hodge polygon, 396

Hodge structure, 37
complex conjugate, 39
direct sum, 38

dual, 38 " .
via Deligne torus, 43 Jordan—Holder filtration, 190

exterior product, 39 K3 lattice, 97, 282, 283, 285

irreducible, 38, 46 K3 surface

isogeny, 37 algebraic, 11, 12, 49

Kuga—Satake, 62 is projective, 5

morphism, 39 attractive, 356

of K3 type, 44, 61, 65, 76, 98, 201 cohomology

of K&hler manifold, 40, 102 étale, 16, 72, 362, 400

of moduli space, 201 crystalline, 370

of torus, 110 de Rham, 360

polarization, 40 singular, 15

polarized, 40, 46, 98 Witt vector, 388

sub-, primitive, 45 complex, 12

Tate, 38 is algebraic if..., 14

via Deligne torus, 43 conjugate, 291

Tate twist, 38 defined by quadrics, 34

tensor product, 38 diffeomorphic, 124

via Deligne torus, 42 dominable, 255

weight one, 43, 61, 66 DPC, 77, 372

weight two, 44, 66 elliptic, 17, 31, 149, 158, 182, 186, 205, 250,
Hodge—Frolicher spectral sequence, 14 255, 261, 273, 276, 356, 360, 372, 374, 400
Hodge-Riemann pairing, 41 density, 293
hyperbolic plane, 280 general, 211

orthogonal group, 288 logarithmic transform, 15
hyperkahler manifold, 126, 139, 202, 356 general, 256, 262

hyperkahler metric, 109 generic, 256
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homotopy, 15 Kodaira dimension
lift to characteristic zero, 75, 184 of moduli space, 95
non-hyperbolic, 255, 275 Kodaira’s table, 211
non-projective, 5, 11, 323, 355, 360 Kodaira—Ramanujam vanishing, 23, 26
automorphisms, 329 Kodaira—Spencer map, 104, 195
of degree Kuga—Satake class, 68, 372
2,7, 139 absolute, 77
4, 6,29 Kuga—Satake construction, 55, 61, 71, 95, 372,
6, 6 392
8, 16 infinitesimal, 66
10, 16, 17 motivic nature, 76
12, 16, 17 relative, 117
14, 16 via Deligne torus, 62
2,4,...,18, 17 Kuga—Satake variety, 63, 70
<24, 95 by base change, 372
ordinary, 374, 376, 394, 398 dimension, 63
over Fp, 248, 255, 364 field of definition, 67
over Q, 243, 251, 256, 260, 268, 270, 271, of abelian surface, 69
276, 365 of double plane, 71
over number field, 276, 291 of Kummer surface, 70
polarized, 32, 79, 82, 169 polarization, 61, 64

Kulikov model, 119
projective, 5, 142, 161 Kummer lattice, 48, 294, 358
quasi—polayriz,e d 3’3 1. 390 embedding into Niemeier lattice, 302

deformation, 110

Shioda supersingular, 369 generalized, 303

simply connected, 125 primitive embedding, 295
unique, 295
Kummer sequence, 16, 362, 380, 400
Kummer surface, 6, 7, 12, 33, 47, 70, 71, 111,
138, 139, 250, 284, 294, 309, 326, 358
characterization, 295, 296
dense, 138, 298
dominable, 255
generalized, 303
Hodge structure, 48, 295
no Fourier—-Mukai partner, 344

singular, 356
supersingular, 32, 246, 253, 271, 312, 313,
318, 374, 390
p =22 375
supersingular (Shioda), 399
twisted, 352
unirational, 32, 186, 400
p =22, 182, 363
supersingular, 399
uniruled, 177
Kahler class, 161, 311, 312
invariant, 309, 321
very general, 357
Kahler cone, 110, 127, 130, 131, 137, 139, 147,
160, 161, 312, 356
under deformation, 163

singular, 17

to Eq1 x Ej, 205, 210, 215, 218, 257, 264, 298,
315, 318, 326, 359, 382

to Jac(C'), 235, 254

transcendental lattice, 295

with p =17, 297

with p = 18, 297

with p =19, 297

with p = 20, 68, 297, 298, 315, 318

Weyl group of, 162
Kahler metric, 110, 129
Ricci-flat, 180, 311

Kéhler—Einstein metric, 177, 180 lattice
Kawamata—Viehweg vanishing, 22 coinvariant, 320
Keel-Mori theorem, 81, 94, 191, 265 definite, 277

Kobayashi—Hitchin correspondence, 177, 180 embedding, 284



even, 277
finiteness, 278
genus, 278
indefinite, 277
Niemeier, 299
odd, 277
orthogonal, 279, 284
orthogonal group, 287
orbit, 285, 286
primitive embedding
in Niemeier lattice, 301
Rudakovfgafarevié, 370
twist, 280
unimodular, 278
classification, 282
Leech lattice, 300, 303, 321, 323
orthogonal group, 322
Lefschetz fixed point formula, 72, 282, 307, 320
Lefschetz theorem, 14, 40, 50, 355, 373
level structure, 93, 114, 115, 367
line bundle
ample, 8, 21, 142, 312
L? is base point free, 25
L3 is very ample, 25
as spherical object, 338
base point free, 27
big and nef, 22, 26, 32, 149, 169, 390
hyperelliptic, 24
nef, 22, 30, 142
L* is base point free, 31
not torsion, 10
numerically trivial, 8
primitive, 31, 32, 79
semiample, 31, 34
very ample, 34
linear system, 19
base locus, 19
contains smooth curve, 28
fixed part, 19, 27
mobile part, 19, 27
only fixed parts, 32
projectively normal, 24
Local Torelli Theorem, 105, 109, 111, 113, 125
for Kummer surfaces, 105

marking, 103, 109, 126, 127, 357
Mathieu group, 317, 321

order, 302, 319
Matsusaka’s big theorem, 35, 392
Matsusaka—Mumford theorem, 87, 94

INDEX

Miyaoka—Yau inequality, 180
moduli functor
as groupoid, CFG, 81
corepresented, 188, 191
of polarized K3 surfaces, 79
as groupoid, CFG, 91, 92
as stack, 92
of sheaves, 188
moduli space, 188
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coarse, 80, 85, 86, 90, 112, 113, 188, 191, 192

fine, 109, 110, 188, 192
not separated, 188
of hypersurfaces, 86

of lattice polarized K3 surfaces, 95, 121, 259

of marked K3 surfaces, 109, 126

Hausdorff reduction, 126
not Hausdorff, 111, 126

of polarized K3 surfaces, 80, 86, 88, 90, 112,

268, 367

as algebraic space, 80

as DM stack, 91, 93, 115
as orbifold, 114

as quasi-projective variety, 80, 113

height stratification, 401
irreducible, 95

Kodaira dimension, 95
not smooth, 114

supersingular locus, 398, 401
with level structure, 114, 367
of quasi-polarized K3 surfaces, 81, 95, 114

cohomology, 121
Picard group, 121
of sheaves, 191, 225

as Fourier-Mukai partner, 200

birational, 204
Brauer group, 195, 204

derived category, 200, 204

Hodge structure, 201

is K3 surface, 200
non-empty, 194, 197, 198
Picard number, 391
relative, 191

symplectic resolution, 204

symplectic structure, 196
tangent bundle, 195
two-dimensional, 199, 201
zero-dimensional, 198

of stable curves, 264

of stable maps, 265
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tangent space, 192, 194 Nakai—Moishezon—Kleiman criterion, 21, 142
moduli stack nef cone, 141, 142, 149, 150, 152, 156158, 160,
of polarized K3 surfaces, 92 162
as DM stack, 93, 94 boundary, 143, 144
monodromy, 134, 135 boundary of, 151
quasi-unipotent, 120 closed, 143
monodromy group, 135, 137, 368 effective, 142, 156
l-adic algebraic, 54 locally polyhedral, 148, 151
algebraic, 116 rational polyhedral, 154, 160
big, 75 under deformation, 163
finite index, 116 Newton polygon, 395, 396
of elliptic fibration, 216 Nielsen realization problem, 138
versus Mumford—Tate group, 116 Niemeier lattice, 295, 318, 323, 357
Mordell-Weil group, 158, 218, 255, 326, 360, classification, 300
389 orthogonal group, 302, 320
finitely generated, 218 root lattice, 300, 302, 320, 323
of elliptic curve, 233 Nikulin involution, 325
rank, 222, 236 Noether formula, 11
torsion, 220, 222, 327 Noether theorem, 20, 25
Mordell-Weil lattice, 220, 222 Noether—Lefschetz divisors
Mori cone, 150 generate Picard group, 121
circular, 154 Noether—Lefschetz locus, 101, 106, 269, 365
locally polyhedral, 151 density, 106, 357
Mukai lattice, 167, 282, 290, 293 non-isotrivial family, 102, 106, 357
Mukai pairing, 167, 201, 282
Mukai vector, 167, 193, 196, 225, 391 obstruction class
in Chow, 249 to deformation, 183, 192
in cohomology to existence of universal sheaf, 195, 391
is integral, 342 to lift, 183
in extended Néron—Severi group, 340 orthogonal group, 145
non-primitive, 204 arithmetic subgroup, 100, 108
of spherical object, 251 torsion free, 100
primitive, 196 commensurable subgroup, 100
Mumford-Tate conjecture, 54, 373 fixing polarization, 108, 116, 368
Mumford—Tate group, 53, 358 generators, 290
versus monodromy group, 116 orthogonal transformation
Murre decomposition, 247 as product of reflections, 288
Néron model, 216, 222 Pell’s equation, 155, 287
Néron—Severi group, 8, 13, 131, 269, 314 period
extended, 340 of Brauer class, 378
finitely generated, 8 period domain, 97, 126
of Jacobian, 227, 341 arithmetic quotient, 101, 113
specialization as Grassmannian, 98
is injective, 291 as tube domain, 98
via exponential sequence, 13 connected component, 99
Néron—Severi lattice, 141, 355 discrete group action, 100
embedding, 290 quotient, 368
primitive embedding (not) Hausdorff, 100, 108

unique, 290 by torsion free group, 101



quasi-projective, 101, 109

period map, 103, 126, 259, 266

covering map, 132

generic injectivity, 133

global, 107, 109, 111

image, 112

surjectivity, 110, 132, 162, 163, 222, 291, 317,
322
for Kummer surfaces, 48, 284, 295
for tori, 47

Picard functor, 187, 223, 383
Picard group, 8, 13, 314, 355

Galois invariant, 362, 380
of moduli space, 121
specialization, 107, 365, 368
is injective, 291
torsion free cokernel, 366
torsion free, 10, 182, 362
under base change, 193, 361
finite, 363
inseparable, 361
via exponential sequence, 13
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p > 12, 206, 292, 293, 344, 357

p = 16, 360
p > 16, 49
p =17, 297

p > 17,297, 358

p =18, 297, 317, 358

p =19, 71, 222, 297, 303, 323, 358

p > 19, 326

p <20, 163

p =20, 54, 67, 71, 219, 222, 291, 297, 298,
314, 318, 323, 357, 358, 382, 399
over Q, 366

p <20, 14, 292, 356

p<21, 14

p =21, 364, 371

p # 21, 400

p < 22,245, 246

p =20, 399

p =22, 32, 182, 253, 315, 363, 369, 375, 400

p <22, 16, 360

even, 14, 51, 271, 291, 364

geometric, 361, 365

in family, 106, 358, 365, 375

Picard lattice, see also Néron—Severi lattice

Picard number, 8, 14, 67, 308, 397 odd, 270

Picard scheme, 83, 91, 187, 192, 193, 198, 203,

22p = 22, 182

p =0, 130, 161, 314, 329, 360
autoequivalences, 352
automorphism group, 352

p=1,163, 171, 174, 256, 258, 314, 354, 369
autoequivalences, 347
automorphism group, 314, 315
Fourier-Mukai partners, 354
over Q, 367

p>1,127

p =2, 151, 154, 160, 259, 271, 311, 316, 354,
369
automorphism group, 314
Fourier-Mukai partners, 354

p>2, 262

p =3, 315

p >3, 154, 261

p=4,271, 315

p <4, 154

p > 5, 155, 182, 206

p>9,325

p <10, 185, 290

p =11, 292

p <11, 154, 357

p > 11,292

222, 383
Picard—Lefschetz, 136
polarization, 32, 79, 196
generic, 203
positive cone, 9, 21, 127, 130, 132, 141, 144,
148, 156, 161, 313, 345, 356
potential density, 255

pseudo-polarization, see also quasi-polarization

quartic, 6, 15, 29, 33, 95, 123, 125, 201, 236,
250, 252, 317, 358
p=1,359
p=2,317
as moduli space, 201
degree of discriminant, 273, 359
GIT-stable, 86
line, 276, 359
over Q, 369, 376
rational curves, 274
universal, 244
quasi-polarization, 33, 81, 95, 112, 114, 121,
149
Quot-scheme, 191
quotient
as algebraic space, 87, 191
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categorical, 85, 87, 112
good, 90
of K3 surface, 323
slice of, 90

quotient stack, 92

Ramanujam’s lemma, 27
reflection, 32, 60, 135, 145, 288, 313
regulator, 221
Riemann—Roch theorem, 166, 167, 200
for line bundles, 8, 9, 21, 142, 148, 187
for sheaves, 10
root, 145, 288
Leech, 300
positive, 145
root lattice, 288
of Niemeier lattice, 320
Rudakov—Safarevi¢ lattice, 370

S-equivalence, 190
Selmer group, 232
semistable degeneration, 119
Serre duality, 9, 23, 166, 193, 196, 333, 335, 338
Serre functor, 166, 333, 336
Seshadri constant, 35
Severi variety, 274, 328
sheaf
degree, 173
polystable, 180
pure, 189
reflexive hull, 165, 174
rigid, 169, 198, 251
simple, 168, 169, 174
spherical, 251
stable, 196
torsion free, 165, 189
twisted, 194, 352, 391
Shioda—Inose structure, 205, 219, 318, 326, 359
Shioda—Tate formula, 211, 218, 389
signature, 277
simple singularity, 214
Skolem—Noether theorem, 377
slope
of isocrystal, 394
of sheaf, 173, 190
spanning class, 335
spherical object, 251, 338, 361
orthogonal of, 354
realizing (—2)-class, 340
under base change, 349

spherical sheaf, 186, 350
is u-stable, 354
spherical twist, 201, 236, 339
on cohomology, 342
on extended Néron—Severi group, 340
Spin group, 61
orthogonal representation, 61, 66
spinor norm, 135, 288
spread, 74, 268, 361, 366
stability
p-stability, 173, 189
condition, 354
GIT-stability, 191, 194
of sheaves, 189
stable map, 265
rigid, 266
Steiner system, 319
sub-Hodge structure, 45
symmetric product, 191, 201, 238, 242
symplectic structure, 305
algebraic, 5
as residue, 6
on Hilbert scheme, 202
on K3 surface, 5
on moduli space, 196
real, 139, 164

tangent bundle
of Hilbert scheme, 88
of K3 surface, 5
is p-stable, 176, 181
is simple, 168
symmetric powers, 181
of Kéahler manifold, 180
of moduli space, 195
of period domain, 97
tangent-obstruction theory, 384
Tate conjecture, 55, 73, 185, 271, 371, 388
for DPC, 372
for elliptic, 372, 374, 390, 400
for product, 371, 376
for supersingular, 374, 399
for unirational, 364
integral, 373
over function field, 376
Tate—Safarevi¢ group, 230, 390
analytic, 233
equals Brauer group, 231
torsion, 231



transcendental lattice, 45, 67, 68, 70, 157, 306,
309
= NS(X)*, 49
embedding, 291
endomorphism
cyclic, 51
Hodge isometry, 293
of conjugate K3 surface, 291, 362
of Fourier—Mukai partner, 343
of K3 with p = 20, 297
of Kummer surface, 295
primitive embedding
unique, 292, 293
versus Brauer group, 382
triangulated category, 240
bounded t-structure, 252
trope, 17
tube domain, 99
twistor line, 128
generic, 128, 131, 132
twistor space, 11, 130, 162, 308, 323, 357

universal family, 83, 91, 93, 109, 113, 114, 116,
195, 357
obstruction, 347
universal sheaf, 194, 195, 227, 233, 337, 343
twisted, 194, 347

variety, 5
irreducible symplectic, 35, 76, 139, 202, 252,
392
vector bundle
on P!, 187
rigid, 169, 251
simple, 171
vector field, 11, 14, 168, 176, 178, 179, 182, 305
vertical divisor, 217
VHS, 74, 102, 117, 118

wall, 146
Wedderburn theorem, 362, 378, 386
Weierstrass equation
for elliptic curve, 212
for elliptic K3 surface, 213, 214, 216
Weierstrass normal form, 17
Weil conjectures, 71, 73, 364, 369, 387, 389
for abelian variety, 76
Weil operator, 40, 42
Weil-Chatelet group, 228
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Weyl group, 146, 148, 156, 159, 162, 288, 289,
292, 311, 313, 323, 357
of ADE lattice, 288
of Néron—Severi lattice, 314
of Niemeier lattice, 302, 320
transitive action, 147
Witt ring, 183, 370, 394

Yau—Zaslow formula, 256, 272, 275

Zariski decomposition, 34, 164
Zariski lemma, 207, 210
Zeta function, 72, 351, 373, 388
independence, 374
under derived equivalence, 351






Aut(X), Auts(X)
Aut(DP(X)), Auts(DP(X))
Aut(H(X,7Z))
Br(X), Br(X)[n], Br(X)[¢]
BI‘X

Bs(L)

Cx

C

cx € CHQ(X)
X(E, F)

CH"(X)

CL(V), CIE(V)
CSpin(V)

CO(), 001

Coh(X)

D C ]P(A((;)
DP(X) = DP(Coh(X))
DP(X, a)

Def(X)

A, Ap, Ay

A(E)

Diff (X)

disc A

exp(B)

Es

F’ f

fe

Fix(f)

Ga7 Gm
GrP°(2,V)

h(X)
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ADE lattices, Dynkin diagrams.

extended Dynkin diagrams.

Atiyah class.

discriminant form of even lattice A.

ample cone.

group of (symplectic) automorphisms.

group of (symplectic) exact equivalences.
group of Hodge isometries.

Brauer group of X, n-torsion part, -primary part.
formal Brauer group.

base locus of line bundle L.

positive cone.

effective positive cone.

Beauville-Voisin class.

Euler pairing.

Chow ring.

Clifford algebra.

Clifford group.

Conway groups.

abelian category of coherent sheaves.

period domain.

derived category of coherent sheaves.
derived category of twisted coherent sheaves.
base of universal deformation.

set of (positive) roots.

discriminant of sheaf F or elliptic curve F.
diffeomorphism group.

discriminant of lattice A.

B-field shift.

FEg-lattice.

Frobenius.

symplectic automorphism associated with a section.
fixed point set of automorphism f.

set of isomorphism classes of Fourier—-Mukai partners.
additive, multiplicative group.
Grassmannian of positive planes.

height of X.
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H(X,Z)
HY(X,2Z)
H*(X,Q),
H: (X /W)
Hdg(V)

Hilb, Hilb”, Hilb"(X)
I, II1*, V™

L, II, 111, IV, I*

In,+,n_ ) IIn+,n_
JH(E)
J(X), J4(X)

((A)
HE)
Mon(X)
MT(V)
MW (X)

Ma3z, May
My

M[liev

M(v), M(v)*
N, N,

Na(p) C Na
No

N(X)
Nef(X)
Nef®(X)
NL(X/S)
NS(X)
Num(X)
NE(X)

O(A)

O*(A) C O(A)

O(Aq)
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Mukai lattice.

= H'"Y(X)N H*(X,7Z).

primitive cohomology.

crystalline cohomology.

Hodge group of Hodge structure V.

Hilbert schemes.

singularity type of fibres of elliptic fibration.
odd/even unimodular lattice of signature (ny,n_).
graded object of Jordan—Holder filtration.

Jacobian fibration (of degree d) of elliptic X —P!.
Kummer lattice.

Grothendieck group.

function field of X.

Kahler cone.

endomorphism ring of Hodge structure 7.
Kuga—Satake variety.

separable closure of k.

orthogonal complement of invariant part.

a lattice, often the K3 lattice.

= (* for polarized K3 surface (X, ¢) with (¢)? = 2d.
twist of lattice A.

number of generators of discriminant A, of lattice A.
slope.

subgroup of O(H?(X,Z)) generated by monodromies.
Mumford—Tate group of Hodge structure V.
Mordell-Weil group of elliptic fibration X —P*.
moduli functor, stack of polarized K3 surfaces.
Mathieu groups.

moduli space of polarized K3 surfaces.

moduli space of polarized K3 surfaces with level structure.
moduli space of (semi) stable sheaves with Mukai vector v.
moduli spaces of marked (polarized) K3 surfaces (X, ), (X, L, ¢).
... with p(X) > p.

Leech lattice, Niemeier lattice without roots.
Rudakov—Safarevi¢ lattice.

numerical Grothendieck group.

nef cone.

effective nef cone.

Noether—Lefschetz locus.

Néron—Severi lattice.

divisor group modulo numerical equivalence.

Mori cone.

orthogonal group of lattice A.

subgroup preserving orientation of positive directions.
orthogonal group fixing a class e + df.



P: S%P(Ac)
P(E,m), p(E,m)
Pic(X)

dp

oK of ol
¢(n)

Quot?

p(g,r,d)

p(X)

R(X) c CH*(X)
S5, S[C]

sign A

Spin(V)

sp: Pic(X,;) —Pic(X})

II(E), TI(X)
o(X)

Tk

T(X)

T(F)

Tw, T(a)
T,Br(X)
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period map.

(reduced) Hilbert polynomial.

Picard group.

Fourier—Mukai transform with kernel P.

action of Fourier—Mukai transform on K(X), N(X), H*(X).

Euler function.

Quot-scheme.

Brill-Noether number.

Picard number.

Beauville-Voisin subring.

reflection in §+, [C]*.

signature of lattice A.

Spin group.

specialization morphism.

Tate-Safarevi¢ group of elliptic curve, elliptic K3 surface.
Artin invariant of supersingular K3 surface.
spherical twist.

transcendental lattice.

torsion of sheaf F'.

twistor line to positive three-space, Kéahler class.
Tate module of Brauer group.

tangent bundle (of K3 surface).

hyperbolic plane.

Tate twist of Hodge structure V.

Mukai vector.

Weyl group.

polarized K3 surface.

Tate twist or twist of trivial rank one lattice.
Zeta function.

intersection pairing.

Mukai pairing.

= (o).
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