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Zusammenfassung

Die vorliegende Bachelorarbeit befasst sich mit bestimmten topologischen In-
varianten von birationalen Calabi—Yau Varietdten. Zentrales Ziel ist es einen Satz
von Batyrev detailliert zu beweisen. Dieser besagt, dass zwei birationale projektive
Calabi-Yau Varietéten iiber C dieselben Bettizahlen haben (siche Theorem 3.1).

Der vorgestellte Beweis basiert auf Methoden der p-adischen Analysis, insbeson-
dere auf der p-adischen Integration. Die ndtigen Grundlagen aus der Zahlentheorie
und p-adischen Analysis sowie analytischen Geometrie werden in Abschnitt 1 einge-
fiihrt. Dabei wird die Analytifizierung von glatten Varietdten iiber einem p-adischen
Korper detalliert dargestellt. Anschliefend wird in Abschnitt 2 ein zentrales Theorem
von Weil bewiesen, welches analytische Informationen (genauer das Volumen einer
K-analytischen Mannigfaltigkeit) und zahlentheoretische Informationen (genauer
die Anzahl der Punkte einer Reduktion einer Varietét) miteinander vergleicht. Dies
reduziert den Vergleich von bestimmten lokalen Zeta-Funktionen auf den Vergleich
von Volumina von bestimmten K-analytischen Mannigfaltigkeiten. In Abschnitt 3
wird diese Verbindung ausgenutzt, um Batyrevs Theorem zu beweisen, in welchem
letztendlich gezeigt wird, dass das Volumen zweier birationaler projektiver Calabi—
Yau Varietdten im obigen Sinne gleich ist. Die Gleichheit der Bettizahlen folgt dann
aus den Weil-Vermutungen.

Um die oben angedeutete Strategie formal durchzufiihren, miissen einige tech-
nische Aussagen bewiesen werden. Insbesondere wird in Abschnitt 4 gezeigt, wie
die Situation von birationalen Calabi—Yau Varietdten geeignet “ausgebreitet” und
“geliftet” werden kann, so dass die oben erwdhnten Methoden der p-adischen Analysis
anwendbar sind.
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Introduction 3

INTRODUCTION

The bachelor thesis at hand deals with certain topological invariants of birationally
equivalent Calabi—Yau varieties. The central goal is the detailed presentation of the
following theorem by Batyrev (Theorem 3.1 in this text).

Theorem (Batyrev’s Theorem, [Bat99, Theorem 1.1]). Let X and Y be two integral,
projective Calabi—Yau varieties over C. If X and Y are birationally equivalent, then their
Betti numbers coincide, i.e. for all i > 0 we have

dimg¢ HY,,, (X, C) = dimg HY,,, (Y™, C).

The proof is based on methods of p-adic analysis, especially p-adic integration. The
necessary fundamental concepts from number theory and p-adic analysis as well as analytic
geometry are introduced in Section 1. In doing so we present the analytification of smooth
varieties over a p-adic field K in detail. Afterwards, in Section 2, we prove a theorem
of Weil that plays an important role in the proof of Batyrev’s theorem. It enables us
to compare analytic informations (more precisely, the volume of a K-analytic manifold
associated to the variety under consideration) and arithmetic informations (more precisely,
the number of points in a reduction to a finite field of the variety under consideration).
This reduces the comparison of local zeta functions to the comparison of volumes of
certain K-analytic manifolds. In Section 3 this connection is used to give a proof of
Batyrev’s theorem, in which it is shown that the volumes, in the above sense, of two
birationally equivalent projective Calabi—Yau varieties, considered over a p-adic field K,
are equal. Then the equality of Betti numbers follows from the Weil conjectures. In order
to realize the indicated strategy formally, we have to prove a few technical propositions.
In particular, we show in Section 4 how the situation of two birationally equivalent Calabi-
Yau varieties over C can be “spread out” and “lifted” so that the mentioned methods of
p-adic analysis can be applied.

The author always tried to support his arguments by using references to the literature
and by working out basic concepts he tried to make the text accessible to readers that
are not completely familiar with the used theories. The expert may skip some “obvious”
explanations and reference to “standard” propositions. For space reasons we have to refer
sometimes to the literature for proofs and details. In many of these cases the proofs are
not very difficult and the interested reader is advised to look at the referenced literature.
Nevertheless the reader should be familiar with the foundations of algebraic geometry, as
they are presented, for example, in the first few chapters of [Liu02].
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1 FUNDAMENTAL p-ADIC ANALYSIS

In this section we develop and recall the foundations of p-adic analysis that we will need in
the rest of this text. We present these foundations in a level of generality that highlights
the developed objects on their own, but still keeps our goals in mind. In this regard we
use, for example, in Section 1.3 the theory explained in Section 1 to classify compact
K-analytic manifolds. This result is interesting on its own, but is still connected to our
aims, since it uses p-adic integration in a similar way as applied in the proof of Batyrev’s
theorem.

1.1 p-ADIC NUMBERS AND p-ADIC FIELDS

We introduce the field of p-adic numbers and explain basic results concerning it briefly. In
this way we want to establish a first understanding of the p-adic setting. Further we recall
some basic results about p-adic local number fields and their rings of integers. These will
be the objects over which our schemes will be defined later.

1.1.1 p-ADIC NUMBERS

The results of the following subsections and more details may be found in most instances
in [Neu07, Chapter II] or [Ser78]. Let us start by fixing some notation. Notation 1.1 is in
effect in the entire text.

Notation 1.1. We will denote by p a prime number unless otherwise stated. Similarly, ¢
will denote some power p* of p.

Definition 1.2 (p-adic integers). The ring of p-adic integers Z,, is defined as the comple-
tion of Z at the maximal ideal (p), i.e. Zy is the projective limit lim Z/(p") = { (zn)n €

anl Z/(pn) | Ty = Tn—1 mod pnfl }

Proposition 1.3. Let p € Z be a prime number.

i) The ring of p-adic integers is an integral domain.

ii) The ring of p-adic integers is a compact topological ring with the subspace topology
induced by the one of [[,,~1 Z/(p"), where each Z/(p") is endowed with the discrete
topology. We call this topology the profinite topology on L.

ili) Each element 0 # x € Z, can be written uniquely as x = p"u with n > 0 and
u€Zy.

Proof. See |Ser78, Section II.1.1] and [Ser78, Section II.1.2] for a proof. O

Definition 1.4 (p-adic numbers). The field of p-adic numbers Q, is the fraction field
Q(Zy) of the ring of p-adic integers Z,.

Remark 1.5. By the representation in Proposition 1.3.iii) it suffices to invert p € Z, to
obtain Q,, i.e. Q) = Zp[]%]. In particular, every 0 # x € Q,, can be written uniquely as
p"u with n € Z and u € Z; .

Proposition 1.6. Let p € Z be a prime number.

i) There exists a discrete valuation v, on the field of p-adic numbers Q, such that
the ring of p-adic integers 7, is the discrete valuation ring associated to vy,. This
discrete valuation is given by v,(p™u) == n, where u € Z, as in Proposition 1.3.iii)
and Remark 1.5.

ii) The ring of integers Z is a subring of the ring of p-adic integers via the homomorphism
x — (z mod p"), € Zy. Furthermore, Z C Z,, is a dense subspace.
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Proof. 1) This is a short calculation in consideration of Propostion 1.3.iii) and Remark 1.5.
ii) We show that the map is injective. Let x € Z and assume x maps to 0, then x =0
mod p", i.e. p" | z, for every n > 1. This is only possible for x = 0.
To see that Z C Z, is dense consider an arbitrary element x € Z,, and write z = (xy,)p.
Consider the z,, as integers and note that x — x,, € p"Z,, since x —x, =z, — 2, =0
mod p”. This means lim,,_, T, = . ]

Definition 1.7. The p-adic absolute value on Q,, is defined as ||, == p~**(*) for 2 # 0
and |0[, := 0.

Remark 1.8. Using the absolute value | - |,, we can view the ring of p-adic integers as the
unit disc in the field of p-adic numbers. That is Z, = {x € Q, | |z|, < 1}.

Proposition 1.9. Let p € Z be a prime number.
i) The p-adic absolute value | - |, is a non-Archimedean absolute value on Q,, i.e.
|z + ylp < max{|z|p, |y|p} for all z,y € Q.
ii) The topology induced by the absolute value | - |, on Z,, called the metric topology, is
the same as the profinite topology on Z,.
iii) The metric topology on Qp is locally compact.

Proof. i) This follows immediately from the definition ||, = p~#(*) and the fact that v,
is a discrete valuation (cf. Proposition 1.6.1)).

ii) In the metric topology the balls B(0,p*) = (p*) form a neighborhood basis of 0.
We show that it is also a neighborhood basis of 0 in the profinite topology. We write
(") = {(zn)n | mx = 0} = Zp N {0} x -+ x {0} X [[,,5541 Z/(p"). Since the profinte
topology is induced from the product topology on [[, ~; Z/(p") we have the neighborhood
basis Z, NU1 X - -+ X U X [ 1,154,491 Z/(p™) of 0, where k > 1, U; C Z/(p") open and 0 € Uj.
This shows that also the (p*) form a neighborhood basis of 0 in the profinite topology as
desired. Since both topologies are compatible with the group structure on Z, we conclude
that the two topologies have a common basis and are therefore equal.

iii) Note that, since im(] - |,) C R is discrete, we see that Z, = B(0,1) = B(0,p) C Q,
is open. Now, since Z,, is compact and multiplication by p € Q, is a homeomorphism, we
conclude that B(0,p™), n € Z, is a neighborhood basis of 0 consisting of compact and
open sets. ]

Remark 1.10. The metric induced by the absolute value |- |, is complete and, in fact, Q,
is the completion of Q with respect to the restriction of |- |, on Q. Indeed, this is a short
calculation using Cauchy sequences and the fact that Z, is compact and Z C Z,, is dense.
Alternatively see [Neu07, Satz 11.2.2] and [Neu07, Satz 11.2.3] for a proof.

The following result illustrates some topological properties in the p-adic setting that
may be unfamiliar when one is accustomed to the Euclidean or Zariski topology.

Proposition 1.11. Let | - | be a non-Archimedean absolute value on some field K. Then
the following hold.
i) Every point of a ball is a midpoint of it, i.e. if y € B(z,¢e) then B(z,e) = B(y, ¢).
ii) Tow balls By = B(x1,¢1) and By = B(xg,e2) are either disjoint or one is included
in the other.
iii) The topology induced by the absolute value is totally disconnected.

Proof. i) Let y € B(x,¢) and take z € B(z,e). Then |y —z| = |[(y —z) + (z — 2)| <
max{|z—yl|, |[z—z|} < ¢, i.e. z € B(y, €), and we see that B(y,e) C B(z, ). By exchanging
the roles of x and y we conclude that B(y, ) = B(z, ¢).
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ii) Assume BN By # () and take x3 € ByN By. Then by i) we can write By = B(x3,¢1)
and By = B(x3,¢e2). Say €1 < g9, then B; C Bs.

iii) Let x € K and consider the closed ball B(z,¢) = {y € K | |z — y| < €}. Take
y € B(z,¢) and note B(y,e) C B(y,e) = B(z,¢). This means that B(z,¢) is open and
we have found a neighborhood basis consisting of open and closed sets in a Hausdorff
space. ]

1.1.2 p-ADIC LOCAL NUMBER FIELDS

Definition 1.12 (p-adic field). A p-adic (local number) field K is a finite extension of
the field of p-adic numbers Q,.

Notation 1.13. In the whole text K will denote a p-adic field, unless otherwise stated.

Proposition 1.14. Let K be a p-adic field. Then the following hold.

i) The absolute value |-|, on Q, extends uniquely to a non-Archimedean absolute value

|| on K. Eaplicitly the extension is given by |-| = [Ng/q,(-) ;,/[K:Qp}, where N q,

denotes the norm of the field extension.
ii) This absolute value makes K into a locally compact topological field. Furthermore,
the metric induced by the absolute value is complete.

Proof. 1) See [Neu07, Theorem I1.4.8] for a proof of a more general result. Note that in
our case the uniqueness follows from the fact that all norms on a finite dimensional vector
space over a locally compact field are equivalent (cf. [Kob77, Theorem 10]).

We want to motivate the definition of the absolute value | - | following the exposition
in [Kob77, Page 61]. Consider a € K of degree n over Q, and let L be the normal closure
of Qp(a). Now L/Q, is a finite Galois extension and for every conjugate a; € L of a there
is a 0; € Gal(L/Qp) with o;(a) = a;. If | -| is an absolute value on L extending | - |,, then
x +— |oi(z)] is also an absolute value extending |- |,. By the uniqueness of the extension of
the absolute value we deduce that for every x € L we have |z| = |o;(x)| and in particular
la| = |a;|. Now

N, (@)/0,(@p = | [ [ ail = la]"
=1

and hence |a| = [Ng,(a)/0, (a)|11,/n. To conclude note that we have n = [Qp(a) : Q)] = [K :
Qp)/[K : @p(a)] and Ng g, (a) = (Ng, (a)/g, (@) F @1,

ii) Endow Q) with the maximum norm |[[(a1,...,an)|| = max{|ailp, .. .,|an|p}. This
makes Q) into a locally compact, complete normed space over Q. Using as in i) that all
norms on K are equivalent, we deduce that for every basis vy, ..., v, of K over Q, the
map Q) — K, (a1,...,an) — ajvy + -+ - + ayvy, is an isomorphism of topological vector
spaces. Hence, also K is a locally compact complete normed space over Q. O

Definition 1.15. Let K be a p-adic field. We define its ring of integers as Ok == {z €
K | |z| <1}. We also define mg :={zx € K | |z| < 1}.

Proposition 1.16. Let K be a p-adic field. Then the following hold.
i) The ring of integers O is a discrete valuation ring with maximal ideal my .
ii) The residue field O /mg is a finite extension of Fy,.

Proof. 1) Define v(z) := —log(|z|) for 0 # x € K and v(0) := oco. This is a valuation,
since the absolute value | - | is non-Archimedean. Furthermore, im(| - |,) = {p" | n € Z}
implies that im(v) C {nlog(p)/[K : Q,] | n € Z}, i.e. v is a discrete valuation.
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Note that for x € K we have |z| < 1 if and only if log(|z|) < log(1) = 0, if and only if
v(xz) > 0. So Ok is the discrete valuation ring associated to v with maximal ideal mg.

ii) Compare to [Neu07, Satz I1.5.2]. First note that for x € Z, with |z|, < 1 we have
x € my, since |z| = |z|, < 1. This means that Ox /mg is a ), vector space.

Now let z;...,z, € Ok be elements such that Zi,...,T, € Ox/mg are linearly
independent over F,,. Assume ajx1 + -+ + o, = 0 is a non-trivial linear combination.
By dividing by the oy, with the largest absolute value we can assume that all a; € O
and «;, = 1. This means that we get a non-trivial linear combination c1z; +- - - + @, =), =
0 € Og/mg. This is a contradiction and hence z1,...,x, € K are linear independent. It
follows that dimp, (O /mg) < dimg, (K) < co. O

Notation 1.17. We will write F, for the residue field Og /mg, where it is understood
that ¢ = p* for some k > 1. The (normalized) discrete valuation associated to O is
denoted by vk and the (normalized) absolute value is defined as | - |, == g vE(),

Remark 1.18. The normalized absolute value | - |, on K has image im(] - |,) = {¢* | k €
7} U{0} C R.

We now recall some technical results that are needed later in the text and are included
for completeness and ease of reference.

Proposition 1.19. Let K be a p-adic field. Then for every r > 1 there exists an extension
of p-adic fields K /K such that [K™) : K] = r and [O et /My : O /mg] = 7. This

18 called an “unramified” extension of degree .
Proof. See [Neu07, Satz I1.7.12] for a proof. O

Proposition 1.20.
i) Let O be a complete discrete valuation ring with fraction field K = Q(O) of charac-
teristic zero and finite residue field Fyn. Then K is a p-adic field.
ii) Let O be a discrete valuation ring. Then its completion O is a complete (in the
metric and algebraic sense) discrete valuation ring.

Proof. 1) See [Neu07, Satz I1.5.2] for a proof.
ii) See |[Neu07, Satz I1.4.3] and [Neu07, Satz I1.4.5] for a proof. O

1.2 ANALYTIFICATION OF SMOOTH SCHEMES OVER A p-ADIC FIELD

In this section we recall fundamental concepts from p-adic analysis, develop the notion
of K-analytic manifold and show how we can associate such a K-analytic manifold to a
smooth scheme over a p-adic field K.

1.2.1 p-ADIC ANALYSIS

The following results serve the purpose to convince the reader that basic concepts from
real analysis carry over to the p-adic setting. A more detailed exposition of the concepts
of this section may be found in [Sch1ll, Chapter I|. We restrict ourselves to the case
of p-adic fields K, but the statements we will see in this subsection are also valid for
complete non-Archimedean valued fields.

Definition 1.21 (Convergent power series).
i) A power series f = > aqnx® € K[[x1,...,2,]] is called e-convergent if we have
lim) o) 00 5‘a|\aa]p = 0. Here « is a multiindex and £ > 0 is a real number.
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ii) The set of e-convergent power series is denoted by T,, .(K) and the set of power
series that are e-convergent for some ¢ > 0 is denoted by K {(x1,...,zy)).

Remark 1.22. Indeed, the definition of e-convergence makes sense, since in the complete
Non-Archimedean setting the following holds. Let a, € K for n > 0. The series > ° ; an,
converges if and only if lim,,_,~ a, = 0 (cf. [Sch1l, Lemma I1.3.1]).

Proposition 1.23. The set K{(x1,...,x,) becomes a K -algebra with algebraic operations
inherited from Kl[z1,...,xy,)]. Furthermore, if f € K{x1,...,zy)) satisfies f(0) # 0,
then 1/f € K{(x1,...,2,)). Also composition in the following sense is well-defined. Let
g="(91,---,9n) € Ty 5(K)" and write g; = ) _,, ag)xo‘. If for alli = 1,...,n we have
maxa(5|a|]ag)]p) < g, then there is a K-linear map Ty, .(K) — T, 5(K), f+— fog.

Proof. See [Sch11, Page 25|, [Sch1l, Proposition 1.5.3|, [Igu00, Corollary 2.1.2| and [Sch11,
Proposition 1.5.4] for a proof and the definition of the composition map. O

Proposition 1.24. We can view a power series f € T, -(K) as a continuous function
on B(0,e) C K" via evaluation, i.e. there is a K-algebra homomorphism T,, .(K) —
CY(B(0,¢),K), f — (a + f(a)). Furthermore, this homomorphism is compatible with
compositions as in Proposition 1.25.

Proof. The map is well-defined by Remark 1.22 and the uniform limit theorem [Que0l,
Satz 1.23]. See [Schll, Proposition 1.5.3] for a proof that the map is a K-algebra
homomorphism and [Sch1l, Proposition 1.5.4] for a proof of the compatibility with
compositions. L]

Remark 1.25. We can define partial derivatives of e-convergent power series via formal
partial derivatives. Indeed, if f € T, (K, then also g—i € Ty e(K). To see this use
Remark 1.22 and that |- |, is a non-Archimedean absolute value. Let us also remark
that for f € T, (K) and y,a € B(0,¢e) we have W(a) = %(a +y) (cf. [Schll,
Proposition 1.5.6]). This will allow us to consider plartial derivatives of K-analytic
functions (cf. Definition 1.29) later.

Proposition 1.26. Let 0 # f € T, .(K). Then there exists an a € B(0,¢) such that
fla) # 0.

Proof. See [Sch11, Corollary 1.5.8| for a proof. O

The following theorems well-known from real analysis also work in the p-adic setting.
This will allow us to introduce a concept of manifold, similar to smooth manifolds, in the
next section.

Theorem 1.27 (Implicit function theorem). Let Fi, ..., Fin € K{Z1,...,Zn, Y15, Ym))
with all F;(0,0) = 0. If det((gi (0,0))i,;) # 0, then there exist power series fi,..., fm €
K({(x1,...,x,)) as well as open neighborhoods 0 € U C K™ and 0 € V.C K™ such that
f=(f1,..., fm) converges on U, F := (F,...,F,) converges on U x V and

{(z, f(x)) |2 €U} ={(z,y) €U x V| F(z,y) = 0}.
Proof. See [Igu00, Theorem 2.1.1] for a proof. O

Corollary 1.28 (Inverse function theorem). Let fi,...,f, € K{x1,...,x,) with all
fi(0) =0. If det(ngj_(O))ij # 0, then there exist power series gi,...,g9n € K{x1,...,zp))
and open neighborhoods 0 € U,V C K™ such that the map f = (fi,...,fn): U =V isa
homeomorphism with inverse g = (g1,...,0n)-

Proof. Compare to [Igu00, Corollary 2.1.1]. Apply Theorem 1.27 with m = n and
Fi(z,y) == z; — fi(y). For a direct proof see [Sch11, Proposition 15.9]. O
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1.2.2 K-ANALYTIC MANIFOLDS

We now define K-analytic manifolds, the analogon of smooth (respectively complex)
manifolds, where instead of R (respectively C) we use a p-adic field K. These are the
objects on which we will integrate later. More precisely, we are aiming at taking the
volume of the p-adic manifold X(Og) associated to a Calabi-Yau variety X over Og (cf.
Section 1.2.3).

Definition 1.29 (K-analytic functions). Let K be a p-adic field and U C K™ an open
subset.
i) A function f: U — K is a K-analytic function if for every a € U we can write it

locally around a as a convergent power series, i.e. f € K{(x1 —a1,...,Zn — an)).
ii) A map g: U — K™ is called a K-analytic map if its components are K-analytic
functions.

Remark 1.30. The operations considered for convergent power series in the last section
also make sense for K-analytic functions.

Remark 1.31.

i) When we define Ogn(U) :={ f: U — K | f is K-analytic }, then Ogn» becomes a
sheaf on K", where for V' C U open the restriction map pyy: Orn(U) = Ogn (V)
is restriction of functions pyv (f) == flv.

i) In this way (K™, Ogn) is a locally ringed space, since for every a € K™ we see that
Mpng = {f € Ogng| f(a) =0} is a maximal ideal (cf. Proposition 1.23). We
have Ogn o/mpn o ~ K via f — f(a).

iii) We will always consider (K™, Ogn) as a locally ringed space over (pt, K) via the
map K — Ogn(K"™), k +— consty = (z — k). In other words (K", On) is locally
ringed in K-algebras. We refer to such locally ringed spaces also by locally K-ringed
spaces.

Definition 1.32 (K-analytic Manifold). Let K be a n-dimensional p-adic field. A K-
analytic manifold of dimension n is a locally K-ringed Hausdorff space (X, Ox) such that
for every a € X there exist an open neighborhood U C X of a and an open set V C K"
such that (U, OX|U) ~ (‘/, OK"|V)~

Remark 1.33.
i) The morphisms of K-analytic manifolds are the morphisms of locally K-ringed
spaces.
ii) Let (X,0x) be a K-analytic manifold, and let U C X and V' C K" be open such
that (f, f7): (U,Ox|v) = (V,0kn|y). Then we call (U, f) a chart. A collection
{(Ui, fi)}ier of charts is called an atlas if X = J;; Us.

Notation 1.34.
i) We denote a K-analytic manifold by X instead of (X,Ox) when there is no
ambiguity.
ii) If (U, f) is a chart on X, then we can write f(z) = (fi(x),..., fa(z)) for z € U.
We call the f; local coordinates and usually denote f;(z) by ;.

Example 1.35.
i) The locally ringed space (K™, Ogn) is a K-analytic manifold.
ii) If X is a K-analytic manifold and U C X is an open subset, then (U,Ox|y) is a
K-analytic manifold.
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Remark 1.36. Figure 1 visualizes the compact Q7-analytic manifold Z; LI Z7 LI Z7. Note
that it is indeed a Qr-analytic manifold, since it is a disjoint union of open subsets
Z7 C Q7. The depicted discs represent open balls B(a,p™™) (n = 0,1, 2, not all drawn)
and some of these balls are partitioned by the smaller balls they contain. We will see in
Proposition 1.98 that this is a typical example of a compact K-analytic manifold.

Figure 1: Visualization of a compact Qr-analytic manifold.

Proposition 1.37. Let K be a p-adic field, let U C K™ and V C K™ be open subsets.
Then every morphism (f, f7*): (U,0py) — (V,0v) of locally K-ringed space satisfies
fv,( Y=go f for every V! CV open and g € Oy(V'). In particular, f is a K-analytic
map. Conversely, every K-analytic map f: U — V induces a morphism of locally ringed
spaces via composition.

Proof. Let V! C V be open, a € V' arbitrary, and set U’ := f~1(V’). Consider the

commutative diagram below. Since ff is a local homomorphism it induces ff which
corresponds to id: K — K because the morphism (f, f#) is a morphism over (pt, K).

Ov(V') —— Oy @) — Ovp@)/Mv @ —— K

ke e L

Oy(U') —— Opg — Oua/myy, — K

Now we consider some g € Oy (V’). The commutativity of the diagram implies that
f#' (9)(a) = g(f(a)). Since a € V' is arbitrary, we conclude f#, (9)=gof.

If we consider the coordinate functions y; on V in place of g, then we get f; = y;0 f €
Oy (U). This implies f is K-analytic.

For the converse we note that compositions of K-analytic maps are again K-analytic
maps. Since compositions and restrictions of functions are compatible, i.e. we have
(gof)lp— L) = =glvroflp 1y for V! C V open, we get a well defined map of ringed spaces.
The 1nduced homomorphlbmb on stalks are local homomorphisms, since g(f(a)) = 0
implies (go f)(a) = 0. Clearly it is a morphism of locally ringed spaces over (pt, K), since
consty of = consty. L]

Remark 1.38.

i) Proposition 1.37 implies that our definition of manifolds is equivalent to the classical
definition via charts (cf. [Sch1l, Chapter II] or [Nee07, Section 2.1]).

ii) Similarly, Proposition 1.37 allows us to think about Ox as the sheaf of functions
f: X — K that are K-analytic functions in charts (cf. [Nee07, Reminder 2.2.1]).
In this interpretation morphisms of p-adic manifolds X and Y are just continuous
maps f: X — Y that are K-analytic maps in charts (cf. [Nee07, Example 2.2.13]).
This means that our definition of maps between K-analytic manifolds is equivalent
to the classical one.
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As we have seen already for p-adic fields in Proposition 1.11, also K-analytic manifolds
are totally disconnected.

Proposition 1.39. Let (X,0x) be a K-analytic manifold. Then the topological space X
18 totally disconnected.

Proof. Since X is Hausdorff it is enough to find for every a € X a neighborhood basis
consisting of open and compact sets. Consider a chart (U, f) centered at a, i.e. f(a) = 0.
By shrinking U we can assume that f is a homeomorphism onto a ball B(0, ¢*). Since
B(0,¢") c B(0,q") for I < k is open and compact, we have found the desired neighborhood
basis. O

Proposition 1.39 suggest that K-analytic manifolds are not very well-behaved. This
will lead to the observation that there are not many different compact K-analytic manifolds
(cf. Theorem 1.99). In rigid analytic geometry (cf. [Bosl4|) one starts by requiring that
the considered functions converge not only on some open ball but on the whole unit ball
(cf. the notion of “Tate algebra”). The resulting theory is deeper than the one of compact
K-analytic manifolds.

In the rest of this section we focus our attention on differential forms on K-analytic
manifolds. They will be needed in the construction of the Weil measure in Section 2.2.
As we have see so far for K-analytic manifolds, their definition follows the same strategy
familiar from smooth manifolds. Our presentation is based on the one in [Igu00, Section
2.4].

Definition 1.40 (Tangent and cotangent space). Let X be a K-analytic manifold and
a€ X.
i) We call a K-linear map 0: Ox, — K a derivation at a if it satisfies the Leibniz
rule Vf, g € Ox.a : 9(fg) = (0f)g(a) + f(a)(0g).
ii) The space of derivations at a is denoted by Tx , and called the tangent space at a.
iii) The cotangent space at a is Qx o = Tka.

Remark 1.41. In a chart zq,...,x, around a (recall Notation 1.34) we have a natural
isomorphism Ox, ~ K{z1 —a1,...,2, —ap) and mx, ~ (21 —a1,...,2y — ap) (cf.
Proposition 1.26).

Notation 1.42. We use the notation %b = 300057;)@!)7 where f € Ox, and ¢ =
(1,...,xy) is a chart.

Proposition 1.43. Let X be a K-analytic manifold and x1, . ..,x, a chart around a € X.
Then {8%1|a, e %h} is a basis of the vector space Tx 4.

Proof. 1t is clear that the a%i\a are K-linear and satisfy the Leibniz rule. They are linear

independent, since %\a(xj) = 0;j. In order to see that they generate Ty , we take an
arbitrary f € Ox,. Now f can be viewed as a power series around a and we write

x; + E xixjfij.
a i<j

f=f+Y o
i=1 ¢

Using the K-linearity of 9 € Tx , and the Leibniz rule, we see that f = > | %]aaxi.

Hence, we conclude 9 = Y1 | &m%h. O

Definition 1.44. Let X be a K-analytic manifold, let a € X and let f € Ox,. We

define (df)q = f — f(a) € mxa/m% .
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Remark 1.45.
i) In a chart zq,...,x, around a the (dz;), form a K-basis of mx,a/m_zxﬂ. To see this
use Remark 1.41 and Nakayama’s lemma.
ii) In the situation of i) we have (df), = Y i, %h(d%)a for f € Ox 4. This follows

from %‘a((df)a) = %’a

Proposition 1.46. Let X be a K-analytic manifold and let a € X, then Qx, ~
mxva/mg(,(l'

Proof. Consider the K-linear map mx , — Qx 4, f = (0 — 0(f)). By the Leibniz rule

8(m§(’a) = 0 and hence we get an induced K-linear map mxﬂ/m%(ﬂ — {lx,4. Now note
that in a chart z1,...,z, centered at a we have (dz;)q — (0 — 0(z;)) = (%Ll)v By
Remark 1.41 the (dz;), form a basis of mx ,/m% , and by Proposition 1.43 the (a%imv
form a basis of Q2x 4. This means our map is an isomorphism.

Remark 1.47. Let X be a K-analytic manifold and a € X. If (df1)a,...,(dfn)a is
a basis of mx, /mg( .» then there exists an open neighborhood U around a on which
o = (f1,.-, fn) defines a chart. To see this note that the change of basis matrix from
(df)as---,(dfn)a to (dx1)g, ..., (dxy,), is the Jacobian matrix (ng;)ij, and apply the
inverse function theorem (Corollary 1.28).

Notation 1.48. Let X be a n-dimensional K-analytic manifold, let a € X and let
0 <7 <n. We introduce the notation 0% , = N Qx.a.

Remark 1.49. If x1,...,zy is a chart around a, then {(dz;,)q A -+ A (dxi,)a}i<.-<i, 18 &
basis of Q' .

Definition 1.50 (Differential form). Let X be a K-analytic manifold of dimension n
andlet 0 <7 <n. Amapw: X —|],cx Vy , is called a differential p-form if
i) for all a € X one has w(a) € Q% ,, and
ii) we can write w(a) = Zi1<,_,<i; fis,in(@)(dxi )a A -+ A (dzy,)q in every chart
(U,x1,...,x,), and the f;, _; : U — K are K-analytic functions.

Definition 1.51. Let X be a K-analytic manifold of dimension n and let 0 < r < n.
The sheaf of differential r-forms €0’y is defined as

A% U) ={w: X — |_| O, | w is differential -forms on U}
acX

for U C X open and the restriction maps pyy: Q' (U) — Q% (V) are restriction of
functions pyy (w) == wly, where V C U is open.

Remark 1.52. The sheaf Q' is a sheaf of O x-modules.

Example 1.53. Let X be a K-analytic manifold, let U C X be open and let f € Ox(U),
then Remark 1.45 shows that df = (x +— (df);) is a differential 1-form on U. This
induces a morphism d: O — Qﬁ(

Definition 1.54. Let X and Y be K-analytic manifolds, let f: X — Y be a K-analytic
map and let a € X.

i) Define Dof: Tx,a — Ty, f(q) as = (g+ 9(go f)), and

ii) denote the dual map by f¥ = (D,f)": Q%,’f(a) = Q%o
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Remark 1.55. Explicitly fiw = (0 — w(Daf(9))) for w € Q%,f(a) and under the isomor-
phism of Proposition 1.46, where w = g € vaf(a)/m?/f(a)’ this is just g — g o f, since we

have w(Dqaf(9)) = Daf(9)(g) = (g o f).

Definition 1.56. We denote the map A" f: Q”Yf(a) — ¥y , again by f; and define
further f*: QL (V) — QL (f~1(V)) by frw(z) == fi(w(f(z))) for V C Y open and
ze fV).

Remark 1.57. The map f* in Definition 1.56 is well-defined, since in a chart yi,...,ym
on Y around f(a) we have f3(dyi)s@) = fi(%i) = yio [ = (dfi)a, and hence if w =
Zi1<~-~<ir Gir...iy Ay A+ - Ady;, we get f*w(a) = Zi1<~-<ir Gir..i (f(@))(dfiy)a A A(dfi,)a-
Using (df;)e = Z?Zl gg; lo(dzj)a, for a chart 1,..., 2, around a, we see that f*w is
again a differential p-form.

Example 1.58. If X and Y have the same dimension n and r = n, then we can compute
fro=(go f)dfi A Adfu = (go f)det(§L)da A~ A day.

1.2.3 ANALYTIFICATION OF X/K

One can associate to a variety Xg over a p-adic field K a topological space X% in such a
way that if X is smooth over K the space X% has the structure of a K-analytic manifold.
This builds a bridge between the algebraic world of varieties and the analytic world of
K-analytic manifolds. We will encounter later Weil’s theorem (Theorem 2.17) which
shows that in the Calabi-Yau case arithmetic data of X over O, namely the number of
points in the reduction X(F,), and analytic data, namely the volume of X(Og) C X3
are closely related. We begin this section by recalling the notion of K-rational and
Ox-integral points as well as the reduction map X(Og) — X(F,).

Definition 1.59. A variety is a separated scheme of finite type over a field k or over a
discrete valuation ring O

Definition 1.60 (Rational and integral points).
i) Let X be a scheme over a ring S and R an S-algebra, then we define the set
X (R) == Morgp/s(Spec(R), X).
ii) Let X be a scheme over a field k. We call X (k) the set of k-rational points of X.
iii) Let X be a scheme over a discrete valuation ring Ox with fraction field K. Then
we call X(Ok) the set of Og-integral points of X, and we call X(K') the K-rational
points of X.

Remark 1.61. Note that if X is a scheme over Og then X = Xg = X X, K is a scheme
over the field K. By the universal property of fiber products the K-rational points of X
and the ones of X coincide.

Remark 1.62. Let X be a scheme over a field k. Then we can view the k-rational
points X (k) as the subset of points of X with residue field & via the map X (k) — X,

[~ f(Spec(k)).

Proposition 1.63 (|Bat99, Remark 2.2|). Let X be a variety over a discrete valuation
ring O . Then the following hold.
i) There is a natural inclusion X(Ox) — X(K).
ii) If X is proper, we have X(Ok) = X(K) via the inclusion of 1).
iii) If X is affine, we can identify X(Og) = {a € X(K) | Vf € T'(X,0%) : f(a) € Ok }.
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Proof. 1) First note that an O-integral point induces a K-rational point via composition
with Spec(K) — Spec(Ok). Take a K-rational point f € X(K) and consider it as a
morphism. By the valuation criterion of separatedness (cf. [Har83, Theorem I11.4.3]) there
exists at most one diagonal morphism f in the following commutative diagram.

Spec(K) —> x
Spec(OK) —4 5 Spec(Ok)
That means for every f € X(K) there is at most one f € X(Of) inducing f.

ii) Using the notation used in i) we see by the valuation criterion for properness (cf.
[Har83, Theorem 11.4.7]), that there exists a unique f inducing f.

iii) Write X = Spec(A), where A = Og|[z1,...,2,]/a. Now a K-rational point a corre-
sponds to a map A®g, K = K[z1,...,z,]/0" — K with kernel m = (z1 —aq,...,zp—ay)
for some a; € K. The point a is O g-integral if and only if the a; are in O. When we eval-
uate f € A at a we get f(a) = f € (A®p, K)/m ~ K. We note that f(a) = f(a1,...,a),
where on the right hand side we evaluate f as a polynomial at the point (ay,...,ay).
Hence, all a; are elements of O if and only if all z; € A evaluated at a are in Og. [

Remark 1.64.

i) Let z € X(Ok) be an O-integral point. By definition z is a morphism Spec(Og) —
X and we can consider the composition with Spec(F,) — Spec(Ox). We call this
composition the reduction of x modulo mg and write 7 € X(F,) or + mod mg. In
summery there is a map X(Ox) — X(F,) called the reduction map.

ii) By abuse of notation we will sometimes identify a Fy-rational point z € X(IF,) with
its image in X. We will even associate sometimes to a O -integral point = € X(Og)
the point z(n) € X, where n € Spec(Of) is the generic point.

ili) Note that for x € X(Ok) the reduction T € X(F,) is in the closure of  considered
as points of X. This is the case, since otherwise the generic point 7 € Spec(Ox)
would be closed.

Remark 1.65. Recall that a Dedekind scheme is an integral, normal, locally Noetherian
scheme of dimension 0 or 1. In particular, Spec(Of) is a Dedekind scheme when O is a
discrete valuation ring.

Proposition 1.66. Let X be a scheme over a Dedekind scheme Y with generic point n.
Then X is flat over Y if and only if X;, C X is dense.

Proof. See [GW10, Proposition 14.14] and [Liu02, Lemma 4.3.7] for a proof. O

We now come to the analytification X" of a smooth variety X. We do not restrict to
the case where X is a variety over a p-adic field K, but also consider varieties over R or
C (see also Remark 1.76). We will actually need the analytification of a variety over C
in the statement of Batyrev’s theorem (Theorem 3.1), or more precisely the topological
space underlying X?2".

We choose to follow the structure and proofs of [Nee07, Chapter 4| loosely so that
the reader who prefers a less condensed presentation can look up the proofs in [Nee(7,
Chapter 4| easily and we have the possibility to cite the proof of Propositio 1.70 in order
to save space.

Situation 1. In this section, K denotes a p-adic field or the field of real numbers R or
the field of complex numbers C.



16 1.2 Analytification of smooth schemes over a p-adic field

Definition 1.67 (Strong topology). Let X = V((f1,..., fr)) C A%. The strong topology
on X (K) is the subspace topology induced by the inclusion X (K) C A% (K) = K".

Proposition 1.68. Let X be an affine scheme of finite type over K. Then X (K) can
be endowed with a topology such that for every presentation X ~ V((fi,..., fr)) C A%
the topology coincides with the strong topology. We call this topology on X (K) again the
strong topology.

Proof. Compare to [Nee07, Lemma 4.5.3]. We choose some presentation of X and
endow X (K) with the strong topology of this presentation. We need to show that
any other choice of presentation induces the same topology. Take two presentations
Spec(K|[x1,...,xy)/a) ~ X ~ Spec(K[yi,...,Ym]/b). This isomorphism corresponds
to an isomorphism of algebras K|x1,...,z,]/a = K[y1,...,ym]/b,z; — f;, where we
consider f; € Kly1,...,Ym]. By considering the map K[x1,...,x,] = K[y1,...,Ym], zi —
fi we get the following diagram

X(K)
Kkm 1 gn
Here f is continuous, since it is given by polynomials. This means the topology induced

from K™ is finer then the one induced by K™. By reversing the roles of the two
presentations we conclude that the topologies coincide. O

Proposition 1.69. Let X be an affine scheme of finite type over K. The strong topology
on X(K) is finer than the Zariski topology induced by the inclusion X(K) < X from
Remark 1.62.

Proof. Compare to [NeeO7, Lemma 4.5.4]. We only need to show that the inclusion
X(K) < X is continuous, where X is endowed with the Zariski topology and X (K) is
endowed with the strong topology. Since both X C A% and X (K) C K" have the subspace
topologies it is enough to show that K™ — A% is continuous. For this recall that the
standard open sets D(f) = {p € Spec(K|[z1,...,x,]) | f € p}, where f € K[z1,..., 2]
form a basis of the Zariski topology of A%. Now we see that D(f) N K" = {z € K" |
f(x) # 0} is open in K™, since polynomials are continuous. O

Proposition 1.70. Let A be a finite type algebra over K, and let f € A. Then A —
A[l/f] induces an open embedding Spec(A[1/f])(K) — Spec(A)(K) onto the open set
D(f) N Spec(A)(K).

Proof. See [Nee07, Proposition 4.5.10| for a proof. O

Proposition 1.71. Let X be a scheme of finite type over K. Then there is a topology
on X(K) such that for every affine open U C X the subspace topology on U(K) C X(K)
is the strong topology. We call this topology on X (K) again the strong topology.

Proof. Compare to [Nee07, Lemma 4.6.1|. Cover X by affine open subsets {U; }; and endow
each U;(K') with the strong topology. We check that the topologies on U;(K) N U;(K)
induced by U;(K) and U;(K) coincide in order to glue the topologies. To fix notation
take i = 1 and j = 2. We can find for every x € U; N Uy an open neighborhood V of
x such that V is a standard open in U; and Uz (cf. [NeeO7, Proposition 3.10.9]). Write
V = D(fi) C Spec(A4;) = U, for i = 1,2. Then by Proposition 1.70 the strong topology on
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D(f;)(K) is the subspace topology coming from Spec(A;) = U;. Since D(f1) ~ V ~ D(f2)
we see that D(f1)(K) and D(f2)(K) are homeomorphic.
To see that for every U C X affine open the subspace topology on U(K) C X (K)

is the strong topology we note that we can just extend the above covering by including
U. O

Remark 1.72. Proposition 1.71 says that the strong topology on X (K) is the weak
topology with respect to the system {U(K) — X(K) | U C X open affine}, where U(K)
is endowed with the strong topology as in Proposition 1.68 (cf. [Nee07, Reminder 4.6.3]).

Notation 1.73. Let X be a variety over K. Then we denote X (K) endowed with the
strong topology by X?&".

Remark 1.74. Consider a morphism f: Spec(A) — Spec(B) between varieties over K.
When we embed Spec(A4) C A¥ and Spec(B) € A¥ for some N, M > 1, then f is specified
by polynomials fi,..., far € K[z1,...,2x]. This means that we get a continuous (with
respect to the strong topology) map f*": Spec(A)(K) — Spec(B)(K). See |[Nee07,
Lemma 4.5.6] for more details.

As in the affine case a morphism f: X — Y between schemes of finite type over K
induces a continuous map f&": X" — Y2,

This assignment is functorial, i.e. (f o g)*" = f2" o0 ¢®" and id¥' = id xan.

Proposition 1.75. Let X and Y be schemes of finite type over K. Then the following
hold.
1) (X xg V)2 = X2 x yan,
ii) If X is separated, i.e. a variety, then X®" is a Hausdorff space.
iii) X®" is a second-countable space.

Proof. 1) By the universal property of fiber products (X xg Y)(K) and X(K) x Y(K)
are equal as sets. To see that the topologies coincide, we look at the situation locally, i.e.
we may assume X = Spec(A) C AL and Y = Spec(B) C A2. Then

(XX Y)(K) ={(z,y) € K"x K" [Vf e A geB: f(x) =0=g(y)} = X(K)xY(K)

and both get their topology inherited from K™ x K™.

ii) Recall that the topological space X" is Hausdorff if and only if the diagonal
A= {(z,y) € X* x X* | x = y} is closed. Now X separated means that Ax/x(X) C
X Xk X is closed in the Zariski-topology. Now by Proposition 1.69 we see that

Axy(X)N (X xx X)™ C (X xg X)™ = X2 x X20

is closed.

We will show that A = Ay (X) N (X xgx X)*. Take a € A and consider the
situation locally in an affine open neighborhood. There the point a has coordinates
(ai,...,an,ai,...,ay,) and since the point corresponding to the ideal (x1 —ay, ...,z —ay)
is mapped to a under Ax /g we see that a € Ax g (X) N (X xx X)*". For the converse
inclusion take a € Ax /g (X) N (X xx X)*" and b € X such that b — a under Ax /.

Now locally the K-rational point a has coordinates (ay, ..., an,d},...,al). The definition
of Ax/k means that b verifies (a1,...,a,) = pry(a) = pry(a) = (ay,...,a;,), and hence
a€ A

iii) Since X is of finite type over K it is in particular quasi-compact. Hence, we can
cover X by finitely many affine open subschemes U;. Since each U;(K) is endowed with
the subspace topology from some affine space A% (K) = K" it suffices to note that K"
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is second-countable. Since products of second-countable spaces are second-countable
and we can view K as a finite dimensional normed vector space over Q;, we only need
to show that Q, is second countable. The latter is satisfied, since Q C Q, is dense (cf.
Proposition 1.6) and hence a separable metric space. ]

Remark 1.76. If we would consider a topological field K that is not Hausdorff then
Proposition 1.75.ii) cannot be true (consider the separated variety AL). It is the proof of
Proposition 1.69 that fails. There we used that {0} C K was closed, but this is true if
and only if K is Hausdorff (cf. [QueO1, Satz 16.17]). See [Conl2| and [LS14]| for a more
general discussion of endowing the X (R) with a topology, where X is a scheme of finite
type over a topological ring R.

Theorem 1.77 (Jacobian criterion). Let k be a field and X = V((f1,...,fr)) C AL.
Then X is smooth at x € X (k) if and only if rank((%(a@))ij) =n —dim Ox ., where the
x; are coordinates on Aj.

Proof. See |Liu02, Theorem 4.2.19] and |Liu02, Exercise 4.3.20] for a proof. O

Remark 1.78.

i) On a locally Noetherian regular scheme the irreducible components and the con-
nected components coincide, since regular local rings are integral domains (cf. [Liu02,
Proposition 4.2.11]).

ii) Let X be an integral scheme of finite type over a field £ and x € X a closed point.
Then dim Ox , = dim X. See [Liu02, Proposition 2.5.23].

Proposition 1.79. Let X be a smooth variety over K. Then X" can be endowed with
the structure of a K -analytic manifold".

Proof. Since X is smooth and hence regular we can consider the irreducible compo-
nents independently by Remark 1.78.1). Hence, we may assume that X is irreducible.
Let n = dim X and note that we can cover X by open affine subschemes U; of the
form V((fl(z), ol ](\;B_n)) c A since X is a local complete intersection (cf. |Har83,
Theorem I1.8.17]). Since X is quasi-compact, finitely many of the U; cover X already.
First we assume X = V((f1,..., fnv-n)) C AY¥ is affine and of the form described
above. Now take a K-rational point x € X(K) and note that by Remark 1.78.ii)
n = dimX = dimOyx,. So the Jacobian criterion (Theorem 1.77) implies that we

have rank((gﬁ (x))ij) = N —n. We can assume that the minor (gﬂ{; (2))ij=1,..N—n is

invertible by relabeling the coordinates. The implicit function theorem (Theorem 1.27)
now tells us that there exist open subsets U ¢ K™, V C KN~ and a K-analytic map
g=(g1,...,9N_n) on U such that x € V x U and {(g(y),y) € KV |y € U} = {(z,y) €
VxU| fi(z,y) =0fori=1,...,N —n}. Define p,(y) := (9(y),y). For another point
y € X(K) the transition map ¢, o <p;1 is K-analytic, since 90;1 is just a projection onto
some coordinates and the components of ¢, are K-analytic functions.

We define Ox(U) == {f: U — K | Yoz : f o, is K-analytic if it is defined} for
U C X" open. This defines indeed a sheaf Ox locally isomorphic to Ogn |y for suitable
open sets V' C K™, since the transition maps are K-analytic.

We consider the general case now. We have just seen that every U; is a K-analytic
manifold. Since their pairwise intersections are isomorphic? as schemes, say fij: Us 5U s
and such isomorphisms are described locally by polynomial functions we see that the K-
analytic manifolds U?" glue to a K-analytic manifold structure on X?*" via the transition

functions %n. O

If K =R or K = C we consider smooth, respectively complex, manifolds instead.
2They are equal, but become just isomorphic when we consider the U; as subsets of affine space.
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Our next goal is to define the analytification w®" of a Kahler differential form w on
a smooth variety X. This will be needed in the construction of the Weil measure (cf.
Section 2.2). First we consider local parameters at a K-rational point z € X and see that
they induce a chart on X" around x. This and the characterization of local parameters
in Proposition 1.82 will be handy later in the text.

Definition 1.80 (Local parameter). Let X be a smooth variety over a field k or a discrete
valuation ring O and let x € X. We call t1,...,t, € Ox, local parameters at x if
mx, = (t1,...,t,) and n = dimOx ,.

Proposition 1.81. Let X and Y be schemes of finite type over a locally Noetherian
scheme S, and let f: X — Y be a morphism over S. Then the canonical homomorphism
(f*Q%//S)x — (Qﬁ(/s)x is an isomorphism if f is étale at x. The converse holds if X and
Y are smooth at x and y = f(x) respectively.

Proof. See [Liu02, Proposition 6.2.10] for a proofs. O

Proposition 1.82. Let X be a smooth variety of dimension n over a perfect field k, and
let fi,..., fn € Ox(U) for some open set U C X. Then the following are equivalent.

i) For all closed points x € U the t; .= f; — fi(x) generate mX’x/m§(7x.
i) Qxjplv = @iy Oxlu - dfi.
iii) The morphism fi x --- X fn: U — A} is étale.

Proof. Compare to [Mum99, Theorem II1.§6.1]. i) < ii) By [Liu02, Lemma 6.2.1] we
know that for 2 € U closed the canonical homomorphism my ,/m% , — Q%{/k » ®@k(z) is
an isomorphism. So t; generate mX@/m%(J if and only if df; generate Qx/;, , ® k(z). By
Nakayama this is equivalent to df; generate Q.lx /k|V for some open neighborhood V' of x.
Since by smoothness Q%{ Ik is locally free we conclude that is is true if and only if the df;
form a basis.

ii) = iii) Since the problem is local we can assume U is affine. Set A := Oy (U). Then
f = fi x -+ x fp corresponds to the homomorphism k[z1,...,x,] = A, x; — f;. Now
the canonical map f*Q%//k — Q}(/k looks like (cf. [Liu02, Proposition 6.1.8])

=1 i=1

dz; ® a — adf;

This means that we can apply Proposition 1.81 and conclude that f is étale.
iii) = ii) If f is étale then Proposition 1.81 implies that the df; generate Qﬁ( Tyt for
all z € U. As in the proof of “i) < ii)” we see that Qﬁ(/k\U ~ @, Ox|v - dfi. O

Remark 1.83. Proposition 1.82 (and its proof) tells us that if ¢, ..., ¢, are local parameters
at a closed point x of a variety X over a field k, then there is an open neighborhood U of
x such that t; x --- xt,: U — A} is étale.

Proposition 1.84. Let X be a smooth variety of dimension n over K, x € X(K) and
t1,...,tn local parameters at x. Then the t;, viewed as K-analytic functions on an open
neighborhood of x in X", define a chart t == (t1,...,t,) centered at x.

3Consult also the errata for [Liu02].
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Proof. The problem is local, so we may assume that X is affine, i.e. X C A% for some
m > 1. By Proposition 1.82 we know that the dt; form a basis of Q%{/K|V as an Ox|y-
module for some open neighborhood V of z. Since X is affine we can write the t; as

polynomials in the coordinates z; of A2. Now we have dt; = Y ", 3812‘ dz; and we see

that the matrix (%)Zj has full rank n on V.
Similarly to the proof of Proposition 1.79 we can use the smoothness hypothesis and
the implicit function theorem (Theorem 1.27) to get a map ¢: U — K™ defined on some

open subset U C K™. This map is the inverse of a chart and its derivative (gi; (0))i; has
1

rank n. It follows that ¢ has an invertible derivative at 0 in the chart =" and the inverse
function theorem (Theorem 1.28) tells us that ¢ defines a chart centered at . O

Proposition 1.85. Let X be a smooth variety of relative dimension n over O, let
zZ € X(Fy) and let w,ty,...,t, be local parameters at T, where w € O is a uniformizing
parameter. Then for every point x € X(Of) that reduces to T the map t == (t1,...,t,)
defines a chart at x.

Proof. Note that T is in the closure of = (cf. Remark 1.64.iii)), so every open neighborhood
of T also contains x. In order to argue as in the step “i) = ii)” of the proof of Proposi-
tion 1.82 we have to check that Qi(i)/oK = 0, since then mx,f/mgﬁ — Qé/on ® k(7) is
surjective (cf. [Liu02, Proposition 6.1.8]). When we have done this the mentioned proof
shows that Qﬁ( /OK‘U is generated by the basis dt;, where U is an open neighborhood
of . Note that we have used dw = 0 here. Base changing form Ok to K we can use
Proposition 1.84.

Now we compute that Qll((f) 0K = 0. Since 7 is a [F-rational point we can write locally
mz = mg + (1 —aq,..., oy —an), where a; € Og. It follows that k(T) = O /mg and

=0.

hence g0, = Yoy jmic)/0x 0

Proposition 1.86. Let X be a smooth variety over K. Then there exists a natural map
of Ox-modules Q}(/K — Q}(an,w — w,

Proof. Note that we can consider Qﬁ(an as an Ox-module, since every Zariski-open set is
also open in the strong topology and regular functions can be considered as K-analytic
functions.

Denote the operator d of Example 1.53 now by d**. The map Qﬁ(/}( — Q}(an is
defined as the O x-linear extension of df +— d* f, where we consider the regular function
f as a K-analytic function on the right hand side. This is indeed well-defined, since
on every affine open subscheme U C X the map Ox(U) — Oxan(U) -, Qan(U) is a
K-derivation of Ox (U) into Q4..(U). So by the universal property of Kihler differentials
we have the following commutative diagram

Ox(U) —— QL (V)
T
QéX(U)/K
which guarantees that our definition makes sense. O

Remark 1.87.
i) By taking exterior powers we get a map QS(/K — Dyan, w — W
ii) Consider local parameter t1,...,t, at a € X (K) andw € 0% jc- By Proposition 1.82

we can write w|y = fdtq A -+ A dt, for some open neighborhood U of a. Now if
w(a) # 0 we have f(a) # 0 and hence w?(a) = f(a)(d*t1)g A -+ A (d*ty)q # 0.
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1.3 HAAR MEASURE ON p-ADIC FIELDS

We recall the notion of Haar measure. For a more detailed exposition we refer to [Els11].
The general construction of Haar measures provides a measure on a p-adic field K and is a
first step in the definition of the Weil measure, since it endows every chart of a K-analytic
manifold with a ‘good’ measure.

Definition 1.88 (Haar measure). Let G be a locally compact Hausdorff topological
group. Denote by Bo(G) the o-algebra of Borel sets, generated by the open subsets of G.
A Haar measure on G is a measure p: Bo(G) — [0, oo] such that
i) it is non-trivial, i.e. p # 0,
ii) it is locally finite, i.e. for every g € G there exists ¢ € U C G open such that
u(U) < oo,
iii) it is inner regular, i.e. for every B € Bo(G) we have pu(B) = sup{ u(K) | K C
B compact },
iv) it is (left) translation-invariant, i.e. for every ¢ € G and B € Bo(G) we have

u(g - B) = pu(B).

Theorem 1.89 (Existence and uniqueness of Haar measures). Let G be a locally compact
Hausdorff topological group, then there exists a Haar measure on G. This measure is
unique up to a positive factor.

Proof. See [Els11, Theorem VIII.3.12] for a proof. O

Notation 1.90. When a locally compact Hausdorff topological group G and a normal-
ization (i.e. the positive factor in Theorem 1.89) are fixed we denote the Haar measure on
G by pHaar-

Remark 1.91.

i) On R™ the Haar measure with normalization ppaar([0,1]") = 1 is the Lebesque
measure \".

ii) Let G and H be two locally compact Hausdorff topological groups with Haar
measures pg and g, respectively. Then the product measure pug ® pg is a Haar
measure on G' x H.* For a finite product G*™ we denote the product measure also
by pigs, Or pify,., if the group G is clear from the context (cf. Notation 1.90).

Proposition 1.92. Let G be a locally compact Hausdorff topological group with Haar
measure Uiaar- 1hen the following hold.

i) For every compact set K C G we have pijaar(K) < 00.

ii) For every open set ) # U C G we have piygaa(U) > 0.

Proof. 1) Since ppaar is locally finite we find for every a € K an open neighborhood
U, C G of a with pigaar(Uy) < 00. By compactness of K finitely many of those cover K,
say {Ug, 111, and we conclude firaar (K) < Y iy pHaar(Ua,) < 00.

il) Assume ppaar(U) = 0 and consider an arbitrary compact set K C G. Then K
can be covered by finitely many a; - U (i = 1,...,n) with a; € K and hence paq (K) <
Sy pHaar(ai - U) = 0. So all compact subsets of G have measure 0, but by inner
regularity this means pa,; is trivial. This is a contradiction. ]

Notation 1.93. Recall that every p-adic field K is a locally compact Hausdorff topological
field with compact open ring of integers Ok (cf. Proposition 1.9.iii) and its proof). In the
following we denote by ffaar the Haar measure on K with normalization ppaar(Ox) = 1.

“This can be deduced using the Riesz—Markov representation theorem [Els11, Theorem VIIL.2.5].
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Proposition 1.94. Let K be a p-adic field, where Ok has residue field F,,.
i) For alli> 1 we have uHaar(mi() =q "

ii) The measure of a point a € K is zero with respect to the Haar measure.

Proof. 1) Note that mg C Ok as a subgroup has index (O : mg) = ¢, since O /mg ~ F,.
The translation invariance of the Haar measure and the normalization ppaar(Ox) = 1
imply that ppaar(mg) = 1/¢. Similarly, using induction, we see that ,uHaar(mZk) =q "
ii) By translation invariance of the Haar measure we can assume a = 0. Now consider
the balls B(0,¢7%) = mi( around 0 for i > 0. These have measure ¢~* as seen in i).
We note that {0} = 72,B(0,¢%) and hence firaar({0}) = limy o0 fittaar(B(0,¢7)) =
lim; 00 ¢~* = 0. ]

Remark 1.95. Note that, since K is non-Archimedean every compact open subset U C K™
can be written as a disjoint union of balls B(a;,e;), where a; € U and g; > 0 (cf.
Proposition 1.11.ii)). Also note that the Borel o-algebra is generated by the compact open
sets, in fact the balls B(a;,e;) are compact and open and form a basis of the topology.
This means that the calculation in Proposition 1.94 characterized the Haar measure on
K (cf. [Els11, Satz I1.4.5]).

We have seen already that the implicit function theorem (Theorem 1.27) holds in the
p-adic setting. The following theorem tells us that the transformation formula known
from the Lebesque integral also works in the p-adic setting. This will allow us to define
the Weil measure in analogy to the definition of measures one associates to volume forms
on smooth manifolds.

Theorem 1.96 (Transformation formula). Let K be a p-adic field and U,V C K™ be two
open subsets. If p: U — V is K-bianalytic, then for every integrable function f: V — R
the function (f o p) - |det(%)ij|p is integrable on U and we have

J

[y e = [ (7000t (

Proof. See |Igu00, Proposition 7.4.1] for a proof. O

Opi n
8ch> .. ‘p d:uHaar'
i/ ij

Lemma 1.97. Let K be a p-adic field and let V' be a proper linear subspace of K™. Then
we have piy,, (V) =0.

Proof. Since linear maps are K-analytic the transformation formula (Theorem 1.96)
allows us to assume Y C span(ey,...,e,—1). Here (¢;); is the standard basis of K™. Now
Remark 1.91.ii) tells us that

Nﬁaar(v) < pHaar (K) - - - pHaar (K) - ftHaar ({0}).

Since the measure of a point is zero (cf. Proposition 1.94.ii)), we conclude® uf. . (V) =
0. O

The rest of this section is devoted to the classification of compact K-analytic manifolds.
An understanding of the following propositions is not necessary for comprehending the
rest of the text. Nevertheless they demonstrate the usage of p-adic integrals in a simpler
context than considered in Section 2.3. The reader may wish to read Section 2.2, especially
the construction of Weil’s measure (Construction 2.7), before looking at the proof of
Theorem 1.99.

SRecall that in the context of measures a product is 0 if one factor is 0, even if some factors are oco.
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Proposition 1.98 (|Ser65, Théoréme 1l.a|). Let K be a p-adic field with residue field Fy
and let X be a compact K-analytic manifold of dimension n > 1. Then X is bianalytic to
LIi_y O for some 0 <r < q.

Proof. Compare to [Igu00, Lemma 7.5.1]. Take an atlas {(U;, ¢;)} such that every Uj;
is compact. By compactness of X we can assume that we have only finitely many U;
and by replacing Uy, Us, ... by Uy, Us \ Uy, Us \ (Uy UUz),... we can assume the U; to
be pairwise disjoint. Since the U; are compact, we can write ¢;(U;) = |_|§V:Z1 B(zij,¢"™9)
for certain N;, z;; and n;;. Each of these balls is bianalytic to O% via translation and
rescaling. We conclude that X is bianalytic to | |;_; O for some r > 1.
Now take a set of representatives ai,...,a;, € Og of F, and decompose O =
;-121 a; + wgOk, where wyg € O is a uniformizing parameter. This means that
O ~ 0%t x O ~ 0% x UL, 0k ~ | ]L, 0% and we can reduce r until we have
0<r<aq. ]

Theorem 1.99 ([Ser65, Théoréme 1.b, Théoréme 2|). Let K be a p-adic field with residue
field Fy and let X be a compact K-analytic manifold of dimension n > 1. Then there is

a bianalytic invariant 0 < i(X) < q of X such that X ~ Uz(:)i) O%. Moreover, for every
r >0 we have i(| |;_; O%) =7 mod ¢ — 1.

Proof. Compare to [Igu00, Theorem 7.5.1|. Consider a nowhere vanishing differential
form w € Q% (X) and associate to it a measure p,, as in Construction 2.7. We claim
that if w’ € Q% (X) is another nowhere vanishing differential form then f,(X) = p, (X)
mod g — 1. By compactness of X and the proof of Proposition 1.39 we may assume
that we have an atlas {(U;, ¢;)}; consisting of finitely many pairwise disjoint open sets
U;. In a chart (U;, ;) = (U,x1,...,2,) we can write w|y = fydxy A --- A dz, and
o = fiyder A -+ A day,, where fy and f{; are K-analytic functions without zeros.
Since im(| - |,) = {¢" | n € Z} C R is discrete, we may assume by subdividing U that
fo(x) = ¢" and fj;(z) = ¢V for every x € U and fixed ny, my € Z. Now

,U,w<X> = Z/ ) ’fUz © (pi_l‘Pd:u’?{aar = anUiM%aar(soi(Ui))

and we see
Ho(X) = pr(X) = D20 = 470 (i (U3).
i
Since the U; are compact (they are closed subsets of a compact space), we deduce that
©i(U;) is a finite union of disjoint balls B;;. Recall that ufy,, (Bij) € {¢" | n € Z} and
hence we see that pufy,, . (¢i(U;)) = Zjvzll q¥is for suitable N; and k;;. This means that

to(X) — e (X) =0 mod ¢ — 1.

By Proposition 1.98 we have a bianalytic map f: X = | |[I_; O% for some 0 < r < q.
We find a nowhere vanishing differential n-form p on | |;_; O%% by defining p|or}z( =
dzy A---Adx, on each copy of O%. We can pull back this form to get a nowhere vanishing
differential n-form w = f*p on X. The transformation formula (Theorem 1.96) and
Example 1.58 tell us that i, (X) = pp,(X) = po(|]i_; O%). Using the definition of p,
we calculate p,(|J;_; O%) = rpuf,..(O%) = 7.

We define 0 < i(X) < g as the number that satisfies i(X) = p,(X) mod ¢ — 1 for
some (and hence all) nowhere vanishing differential n-form on X. O

Corollary 1.100. Let K be a p-adic field with residue field Fy and let n,r,k > 1 be
natural numbers. Then the K -analytic manifolds | |;_, O% and |_|i7€:1 O% are bianalytic if
and only if r =k mod q — 1.
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Proof. This follows directly from Theorem 1.99 and the proof of Proposition 1.98. O
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2 p-ADIC INTEGRATION ON CALABI-YAU VARIETIES

This section is devoted to the Weil measure on the analytification of a Calabi—Yau variety
and Weil’s theorem. We will finally be able to construct the Weil measure based on the
foundations presented in Section 1.

2.1 CALABI-YAU VARIETIES

Before we denote our attention to the Weil measure, let us define the notion of Calabi—Yau
varieties and consider some examples, in order to get a feeling for the varieties we will be
concerned with in the rest of this text.

Definition 2.1 (Calabi—Yau variety). A Calabi—Yau variety X is a proper, smooth variety

over a field k£ such that its canonical bundle is trivial, i.e. det Qﬁ( = Q%ﬁ(x) ~ Ox. We

call X a strict Calabi-Yau variety if in addition H'(X,0x) = 0 for 0 < i < dim(X).

Remark 2.2.
i) We will be concerned with not necessarily strict Calabi-Yau varieties.
ii) A strict Calabi-Yau variety of dimension two is also called a K3-surface.

Proposition 2.3. Let us give a few examples of Calabi—Yau varieties.
i) Non-Ezample: The projective space P} is not a Calabi—Yau variety, since its
canonical bundle is det QI%D”/k ~ Opp(—n —1).
k

ii) A smooth hypersurface X in IP’Zfl of degree d is a strict Calabi—Yau variety.

iii) A smooth complete intersection X of dimension m of k hypersurfaces of degree
diy...,dg in IP’ZLHC is a Calabi—Yau variety if and only if Zle di=m+k+1.

iv) Abelian varieties are Calabi—Yau varieties. In dimension > 2 they are not strict.

v) Integral Calabi—Yau varieties of dimension one with a k-rational point are exactly
elliptic curves.

Proof. 1) Using the Euler sequence 0 — Q%’"/k — Opr(—=1)®"1 — Opn — 0 (cf. [Har83,
k
Theorem I1.8.13|) and taking determinants we get det Ql%m/k ~ det Opy (1) =
k

OPZ(_(n +1)).
ii) The short exact sequence

0— O(—d) — OH”Z_I — OX —0 (2.1)
induced by 1 +— F, where X = V,(F) implies 9x ~ O(—d). Since X is smooth, we
also have the short exact sequence 0 — ¥y /9% — QI%DZ‘I/MX — Q%(/k — 0 (cf. |Har83,

Theorem 11.8.17]). Applying determinants yields

O(—d)|x = det %g—l/k’x ~ det Oy, ® det Ux /9% ~ det QY ), @ det O(—d)|x
and we see det Q}(/k ~ Ox.

In order to deduce the strict Calabi—Yau condition, we use the long exact sequence of co-
homology (cf. [Har83, Theorem III.1.1A]) associated to the short exact sequence (2.1) and
the fact that Hi(Pg_l, O())=0for 0 <i<d—1andalll (cf. [Har83, Theorem II1.5.1]).

iii) See [Har83, Excercise 11.8.4| for a proof.

iv) In fact the cotangent sheaf Q}‘( Ik is a free Ox-module for any group scheme X
over a field k (cf. [Stacks, Tag 047I] or [Mum08, Section II.4]). Since X is smooth as
an abelian variety, we know that rank Qﬁ( k= dim(X). This means that the canonical

bundle det Qﬁ( Ik is trivial.
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An abelian variety of dimension n := dim(X) > 2 is not a strict Calabi—Yau variety,
since dimy H' (X, 0x) = (1) (cf. [Mum08, Corollary I11.13.2])6.

v) An elliptic curve X is defined as an integral, proper, smooth curve over a field
k with geometric genus p,(X) = 1 and a chosen k-rational point. Now every elliptic
curve is an abelian variety (cf. [Liu02, Page 298] or [Har83, Proposition IV.4.8|) and
thus by iv) its canonical bundle Q% /18 trivial. Note that for dimension reasons it is a

strict Calabi—Yau variety. Conversely, if Q}(/k ~ Ox, then py(X) = dimy HO(X, Q%{/k) =
dimy H°(X,0x) = 1. For the last equality apply [Liu02, Corollary 3.3.21] using that X

is proper, reduced and connected and has a k-rational point. O

2.2 WEIL MEASURE AND CANONICAL MEASURE

Now we come to the construction of the Weil measure as promised before. We will also
encounter the canonical measure, which will be useful for proving a strengthening of
Batyrev’s theorem (cf. Theorem 3.19). We use the following notation in this subsection.

Notation 2.4. Let K be a p-adic field with ring of integers O . For a smooth variety X
of relative dimension n over Ok we denote by % 0k the n-th exterior power of the sheaf

of relative differentials Q%e 0" We denote X x¢,. K by X.

Definition 2.5 (Gauge form). Let X be a smooth variety of relative dimension n over
OF. A gauge form is a differential form w € HO(X, Q% /OK) that vanishes nowhere.

Remark 2.6.
i) A choice of a gauge w form is equivalent to a choice of a trivialization Ox —» 0% oK
1= w.
ii) Since Q% 10k is locally free of rank one, we can always find locally a gauge form.
More precisely, for every = € X there exists an open neighborhood 4 C X around
z and a section wy € HO(4, 0% /OK) such that 1 — wy defines an isomorphism
Ox == Qg/OK.
Construction 2.7. Let X be a smooth variety of relative dimension n over Q. Consider
a gauge form w € T'(X, Q;/OK) on X. Since X is smooth, X*" and w§' are well-defined.
Here, wx is the pullback of w to X. Now take an atlas {(Uj, ¢;)}i. On a chart (U, p)
write ¢ = (x1,...,2,) and W |y = fydzy A - Adzy,, where fy: U — K is K-analytic.
Define puy(A) = wa(A) | fu 0 opt lpdpy,.., for A € Bo(U).

Proposition 2.8. In the situation of Construction 2.7 let U and V be charts of the
atlas. Then py(A) = pv(A) for every A € Bo(U) NBo(V) and the measures glue to a
Borel-measure p on X*" independent of the choice of the atlas.

Proof. We begin by fixing notation. Write ¢y = (t1,...,tn), v = (S1,...,8,) and
denote the coordinates on oy (U NV) by x1,...,2,, and on oy (UNV) by y1,...,yn.
Define fy == fyo gp&l, fv=fvo ap‘_,l and denote the transition map by pyy = ¢y o gp[_]l.

In this notation we have gy (v (4)) = ¢y (A4) and fV opyy = fro @51.
Now by the transformation formula (Theorem 1.96) we have

wy(A) = / Pl Ao (U1, )
oy (A)

_ o ; .
=/ |(fv o puv) det (“SUV)> lp Ao (21, - ).
wu(A) Ly i

v

In characteristic 0 this can be deduced from Hodge symmetry.
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By Remark 1.45 we have that ds; = 7' Osi dt; and it follows that ds; A--- Ads, =

j=1
det(asl )dtq A -+ Adt,. Recall that in the notation introduced in Section 1.2.2 we have
‘375; = 76(529035’] ) oy = 76(1‘;[”/)1 oy. Since fydt; A--- Adt, = fyydsy A--- Ads, we see

that fy = fy - det( (‘pU;/) o ¢rr)ij and hence fU = (froyy )det(a(g%;/)i)ij. So we can
conclude py (A) = py(A4).

Now we glue the measures p; to a measure g on X?". Since the topological space X"
is Hausdorff per definition and every point has a neighborhood basis consisting of open
and closed sets (cf. the proof of Proposition 1.39), it follows that it is a regular topological
space. We have also seen that X" is second-countable (cf. Proposition 1.75.iii)) and
hence paracompact (cf. [Que01, Korollar 10.7]). Thus we may choose a partition of unity
{fi}i subordinate to the covering {U;}; (cf. [Que0l, Theorem 10.3|). Now define for

A € Bo(X?") the measure
=Y [
) ; U,NA

This is indeed a measure, since f; > 0 and hence the involved limits are in fact suprema and
we can change their order freely. We remark that for A € Bo(U;,) we have pu(A4) = py, (A),
since we have the following chain of equalities by the pairwise compatibility of the uy,, the
monotone convergence theorem (cf. [Els11, Theorem IV.2.7]) and the fact supp(f;) C U;.

- frdm, = [ gy
;/AQUJ' ! ! ; AQUZ'O ! 0
/ Z fidpo,, = / Ldpy,, = pu;, (A)
AQU : ANU;

2]

In order to check the independence of the atlas and the partition of unity we take
another atlas {(V},4;)} and a partition of unity g; subordinate to the cover {V;};. We
calculate

Z/ i = Z/ ZgjfzduU ZZ/ 0; i du,

ANUNY;
_ZZ/ g]fld“V_ZZ/ gjfid/Wj:"'ZZ/ gj duy,
ANUNY; - Jaew,

ANU;NV;

using monotone convergence, interchangeability of suprema, and pairwise compatibility
of the uy,; and py;. O

Definition 2.9 (Weil measure). We call the measure constructed in Proposition 2.8 the
Weil measure on X?" and denote it by pwey when it is clear which variety X we are
considering. Otherwise we also use the notation uyx or u, when we want to stress the
variety or gauge form.

Proposition 2.10. Let X be a smooth variety of relative dimension n over Og. If
w,p € I'(X, Qx/o ) are two gauge forms on X, then the Weil-measures associated to w

and p coincide on X(Og) C X?".

Proof. Consider the isomorphisms w: Ox — Q?e/o 1~ wand p: O = Qx/o 1 p.

Then the composition p~ o w is determined by 1 + f for some f € 03(X) and we
can write w = fp € I'(X, QX/O ). Now in a chart (U, z1,...,2,) on X*" we can write
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w? = gdxy A---Adxy, and p** = hdxy A- - - Adz,. We see that g = fh, where we consider
f as a K-analytic function, and hence |g(z)|, = |f(x)|p|h(x)|, for every x € U.
Since f € O%(X) we see that for x € X(Og) we have f(z) € Ok, i.e. [f(z)|, < L.

When we denote by Z the reduction modulo mg of x, then we see f(z) = f(Z) # 0 in [,
since f vanishes nowhere. This means that |f(z)|, > 1 and hence |f(z)|, = 1. O

Construction 2.11. Let X be a smooth variety of relative dimension n over Q. Take
a finite cover {Ll;};=1 x of X such that on each l; we have Oy, ~ Q§/0K|Mi with 1 — w;
for some nowhere vanishing differential forms w;. We can associate to each w; a Weil
measure [, on (L xo, K)*". By Proposition 2.10 these measures coincide pairwise on
(U NU)(Ok) = U (Ok) NU;(Ok) C (Y X, K)*. As in the proof of Proposition 2.8,
these measures glue to a measure on X(Og) = Ule (0k).

Definition 2.12 (Canonical Measure). The measure defined in Construction 2.11 is
called the canonical measure on X(Og) and is denoted by fican-

Remark 2.13. If X admits a gauge form, then pican = pweil- Indeed, Proposition 2.10
allows us to take the trivial cover {X} of X in Construction 2.11. Hence, by definition
Hcan = HWeil -

As one would expect sets of codimension greater or equal to one are null sets with
respect to the canonical measure (respectively Weil measure).

Lemma 2.14 (|Bat99, Theorem 2.8|). Let X be a smooth, integral variety over Ok
for some p-adic field K and let ) C X be a closed reduced subscheme of codimension
codimy () > 1.

i) For the canonical measure pican on X(Of) we have piean(P(Ox)) = 0.

ii) If X admits a gauge form, then we have pwei (Y (K)) = 0.

Proof. ii) We base change to K and denote X = X x¢, K and Y =9 x¢, K. Since X
is flat over O, we have codimy (Y') > 1 because otherwise by integrality” of X we would
have X =Y and hence X = %) by Proposition 1.66.

Note that Y is a finite union of its irreducible components, since X is Noetherian as
a scheme of finite type over K. By the additivity of measures we can assume that Y is
irreducible.

We will now stratify Y into smooth schemes and proof the result by induction on
k = dim(Y). The case k = 0 follows from Proposition 1.94.ii) and the definition of the
Weil measure via the Haar measure (cf. Construction 2.7).

Now assume k > 0. The smooth locus Yy, C Y is open and non-empty (cf. [Liu02,
Lemma 4.2.21, Proposition 4.2.24, Remark 4.2.25, Corollary 4.3.33| and [Stacks, Tag 0201]).
Since Y is irreducible, we have dim(Y" \ Y ) < k and hence by the induction hypothesis
we get pweil (Y \ Yam ) (K)) = 0. Note that 2: Yy, < X is unramified as an immersion (cf.
[Liu02, Proposition 4.3.22|) and hence for all y € Yy, the canonical map Ty, . — Tx .
is injective (cf. [Stacks, Tag 0B2G]). This means that ¢*": Y2 — X" is an immersion
(in the sense of manifolds, cf. [Ser92, Section II.II1.10.1]), i.e. X®" is covered by charts in
which 2" looks like the standard embedding K* < K™. Since X*™ is second-countable,
we can assume the cover is countable and using Lemma 1.97 and the countable additivity
of measures we conclude pweil(Yam(K)) = pwen (Y2) = 0.

i) We can cover X by open affine subschemes on which fican is a Weil measure (cf.
Construction 2.11). Since X is of finite type over O and in particular quasi-compact, we
can take the cover to be finite. This means by additivity of measures that we can assume
X is one of the open affine subschemes, in particular we have pican = pweil- Now we can
apply statement 1i). O

"X is smooth and in fact connected.
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2.3 WEIL’S THEOREM

This section is concerned with Weil’s theorem. It is a central ingredient in the proof of
Batyrev’s theorem, where it will allow us to calculate certain local zeta functions of the
reductions module mg of the varieties under consideration, by calculating the volumes of
K-analytic manifolds associated to the varieties. In itself this connection between analysis
and arithmetic provided by Weil’s theorem is beautiful and constitutes the first climax of
this text.

Lemma 2.15 (Hensel). Let K be a p-adic field and fi,...,fn € Og[Th,...,Ty]. If
z € OF" satisfies that all f;(x) =0 mod mg and the Jacobian det(g:];; (z)) is a unit in

Ok, then there exists a unique x' € O??" with all fi(2') =0 and 2’ =z mod mg.

Proof. See [Mum99, Page 177| for a proof. O

Lemma 2.16. Let X be a smooth variety of relative dimension n over Ok for some p-adic
field K with residue field Fy. Then for every T € X(F,) the fiber Fz :={z € X(Ok) |T ==
mod my } is bianalytic to m3™ via local parameters at 7.

Proof. First recall that T (considered as a point of X as in Remark 1.62) is in the closure
of each x € Fy (cf. Remark 1.64.iii)). So every open neighborhood of Z in X will contain
F3. Take local parameters wg, g1,...,9n € Oxz at T, where wi € Ok is a uniformizing
parameter, and let U be an affine open neighborhood of Z such that all g; are defined on U.
Now write U = V((f1,..., fr)) C A, = Spec(Ok|z1,...,2n]) and note that (g%(f))w
has rank n, where we view the g; as polynomials (cf. Proposition 1.82). Since X is smooth
and hence a local complete intersection, we can assume r = m — n by shrinking U if
necessary.

The Jacobian criterion tells us that rk(ggj, (Z)) = m — n. We consider the matrix
9g;
20
M, = 5 | € Mat(m x m,k(z))

for x € F%. In order that Mz has rank m we have to check that the rows are linear
independent. Assume not, then there is a nontrivial linear combination

dgi (= of; 1—
W (@ . (@
> ai => 8|
a o a b
=o\E@) Tt P

for o, B; € O. Since the f; vanish on U, we see that wg, (91 — Z;’:ln Bifi), g2, 9n
are local parameters at T, but their Jacobian matrix evaluated at T does not have rank
n. This is a contradiction (cf. Proposition 1.82) and we conclude that det(Mz) # 0 € F,,.
Hence, for every x € Fy, we have det(M,) is a unit in Og.

We apply the generalized Hensel Lemma 2.15 and conclude that for arbitrary (a;); €
m?" there exists a unique z € O%" such that all f;(z) = 0 and g;(z) — a; = 0 and

x =T mod mg. This means that gi,..., g, define a bijection Fz = m?@” and, since
WK, g1, - - -, gn are local parameters, we see that this map is in fact bianalytic (cf. Propo-
sition 1.84). O

Theorem 2.17 (Weil, [Wei82, Theorem 2.2.5|). Let X be a smooth variety of relative
dimension n over O for some p-adic field K with residue field Fy. Assume that w €
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HO(%, QQ/OK) is a gauge form and denote by pwein the corresponding Weil measure on
X(K). Then

#X(F,)

n

pweil(X(0k ) =
Proof. Denote for T € X(IF;) the fiber over T by Fz as in Lemma 2.16. Since

pwet(X(0K) = Y pwweir (Fe)

TeX(Fq)
it is enough to see that pweil(Fz) = qin.
By Lemma 2.16 we know that Fz ~ m??" via local parameters z1,...,x,. Write
w = fdxy A--- Adx, on some open affine neighborhood 4 around Z, where dx1, ..., dz,
form a basis of Qill/OK (cf. the proof of Proposition 1.85). Now i ~ Spec(Ok|z1,...,zn]/a)
and we can consider f as a polynomial in the variables x1,...,xy. This means that

flai,...,an) € Ok, ie. vg(f(ai,...,an)) < 1, when all a; € Og. Also note that
f(T) # 0 implies for every x € Fg that f(z) # 0 € Fy, i.e. vg(f(z)) > 1. This means
that for every z € Fy we have |f*"(z)|, = 1. Using the definition of Weil’s measure we
conclude

,UWBH(FE) - /69% |f’PdMﬁaar = /’Lﬁaar(m?én) =

Mg

1
qin .

O]

Corollary 2.18. Let X be a smooth variety of relative dimension n over O for some
p-adic field K with residue field Fy. Denote by fican the canonical measure on X(Ok).

Then 42(F,)
Mcan(}:(oK)) = Tq
Proof. Compare to [Bat99, Theorem 2.7]. Since X is smooth over O, the sheaf Q% /0 is
locally free. Hence we can find an open cover iy, ... 4. C X on which Q% 0k trivializes.
Then we have on each i; the identity pican = pweil, Wwhere the Weil measure is induced by
some trivializing section w; over l; (cf. Remark 2.13).
We apply the inclusion-exclusion principle for the canonical measure as well as for the
counting measure and obtain the following equations.

frean(X(0k)) = Zﬂcan(uil(oK)) - Z prean (Ui, N 26,)(Ok)) + ...

+ (1) an((t 0+ N 4:) (OK))

#R(Fg) = D #80, (Fg) = > ##(8iy Nh;) (Fy) + .

+ (D) N N8 (F)

Now by Theorem 2.17 the right hand sides are termwise equal up to the factor ¢". [
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3 BATYREV’S THEOREM

The central theorem presented in this text is Batyrev’s theorem. We will follow Batyrev’s
proof using p-adic integration and the Weil conjectures closely. A difference of our
presentation here is that we separated the passage from the field of complex numbers C
to a p-adic field K from the rest of the proof. Thus we will assume later in this section
that our varieties are already defined over O . The technical step of “spreading out” our
varieties and “lifting” them to a p-adic field are presented in Section 4.

Theorem 3.1 (Batyrev’s Theorem, [Bat99, Theorem 1.1|). Let X and Y be two integral
projective Calabi—Yau varieties over C. If X and Y are birationally equivalent, then their
Betti numbers coincide, i.e. for all i > 0 we have

dime H, (X", C) = dime H,,, (Y™, C).
Remark 3.2. Recall that singular cohomology only considers the underlying topological
spaces. This means Theorem 3.1 makes an assertion about a topological invariant.

Remark 3.3. Batyrev’s theorem is in general not true if we drop the assumption that
the canonical bundles are trivial. For example consider X = ]P’(% and Y = IP’%: XC ]P’(%:.
Then X and Y are integral, smooth, projective varieties over C that are birationally
equivalent. But Q%,/(C ~ det Q%//C ~ det(p*l‘Q]%)(lc/(C EBpZQ];}C/C) ~ p’{OPé(—Z) ®p§OPé(—2)
is not trivial and also Q3 c = Op2 (—3) is not trivial. And indeed dim¢ H% ,(CP? C) =1

sing
and dim¢ H% _(CP! x CP!,C) = 2.

sing
We recall a few well-known propositions, that will be used in the proof of Lemma 3.8
and later in the text.

Proposition 3.4. Let X and Y be projective varieties over a field k. Assume that X
1s normal. Then every birational map f: X --+Y is defined in codimension 1, i.e. f is
defined on an open set U C X such that codimx (X \ U) > 2.

Proof. See |Har83, Lemma IV.5.1] for a proof. O

Proposition 3.5. Let X be a normal, locally Noetherian scheme and let A C X be a closed
subset of codimension codimx (A) > 2. Then the restriction map Ox(X) — Ox(X \ A)
18 an isomorphism.

Proof. See |Liu02, Theorem 4.1.14] for a proof. O

Theorem 3.6 (Zariski’s Main Theorem). Let f: X — Y be a separated birational
morphism of finite type into an integral, normal, locally Noetherian scheme Y. If f is
quasi-finite, then f is an open immersion.

Proof. See |Liu02, Corollary 4.4.6] for a proof. O

Remark 3.7. We will use Theorem 3.6 only for varieties over a field k. So the conditions
Y is Noetherian and f is separated and of finite type are automatically satisfied.

Lemma 3.8 ([Bat99, Proposition 3.1]). Let X and Y be two integral, projective Calabi—
Yau varieties of dimension n over C. If X and Y are birationally equivalent then they are

isomorphic in codimension one, i.e. there exist open subsets U C X and V CY such that
U~V and codimyx (X \ U) > 2 as well as codimy (Y \ V) > 2.
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Proof. Denote by ¢: X --+ Y a birational map from X to Y. Since X and Y are
projective and X is normal as a smooth variety, we see by Proposition 3.4 that the
maximal open subset U, where ¢ is regular satisfies codimy (X \ U) > 2.

Now take trivializing sections wx € QQ/C(X) and wy € Q’;,/C(Y). We get® o|fwy =
hwx |y for some h € Ox(U). By Proposition 3.5 we can extend h to a regular function
h € Ox(X). Since X is integral and projective, we have H’(X,0x) = C (cf. Proposi-
tion 4.17.i)). As ¢ is birational, it is an isomorphism between some open subsets of X
and Y. This implies h # 0 € C.

We want to apply Proposition 1.81. Consider some = € U and bases {dz1,...,dz,} of
Q_lX'/(C,x and {dy,...,dy,} of Q%//C#)(z). Nakayama’s Lemma tells us that it is enough to

check that the natural map (cf. [Liu02, Proposition 6.1.24]) a: (‘P*Q%//(c)x ®ox., k(x) =
(Qﬁ(/(c)x ®ox., k(7) is surjective, since then we get a surjection (gp*Q%//C)x — (Qﬁ(/(c)m
between free modules of rank n and again by Nakayama’s Lemma this gives us the desired

isomorphism. Now note that (¢*dy;)(z) == ¢*dy; ®1 € @*Q%//(C ®ox., k() considered via
a as an element of Q%{/(c ®ox., k() is just d(gof(yl))(x) = d(gpf(yi)) ® 1. These latter

elements are indeed linearly independent, otherwise d(¢7 (y1))(z) A~ - -Ad(pf (yn))(x) = 0,
and hence 0 = ¢p*wy () = hwx(x). This is a contradiction, since wyx does not vanish
anywhere and h # 0. Hence, we can apply Proposition 1.81 and get that ¢|y is étale and
in particular quasi-finite.

Zariski’s Main Theorem (Theorem 3.6) tells us that |y is in fact an open immersion
into the maximal open subset V, where ¢! is regular. Exchanging the roles of X and
Y we conclude that p|y: U — V and ¢~ !|y: V — U are open immersions. Since ¢ is
a birational map, we have (¢! o ¢)|» = id; for some open subset U c U. Now we
conclude (¢~ !oy)|y = idy by using that X is integral and separated and applying [Liu02,
Proposition 3.3.11]|. This implies that ¢|y: U — V is an isomorphism. O

We will see in Section 4 how to reduce the situation of Theorem 3.1 to the situation
of Lemma 3.9 below, where we can apply Weil’s Theorem (Theorem 2.17). The following
diagram sketches the connection of the situations.

X/C
spreading out %/OK
X() /A()

Situation 2. In the diagram Ay C C is a finitely generated Z-algebra, Xy is projective
and smooth over Ay and there is a prime ideal p C Ag such that Ag/p = F, and (Xo),
is geometrically connected. Furthermore, there is a p-adic field K and a morphism
Spec(Ok) — Spec(Ap) sending mg to p. We have Xy x4, C = X and X = Xy x4, Ok.
In particular, (Xo)p ~ X

Lemma 3.9 ([Bat99, Theorem 1.1]). Let X and Q) be proper, smooth varieties of relative
dimension n over Ok such that the generic fibers X and Y are geometrically connected.
Let 0 £ 34 C X and ) # 0 C Q) be open subschemes. Assume that there is an isomorphism
©: U = U and that there exist h € O as well as gauge forms wy € Qg/oK(%) and
wy € Qg 0, () such that p*(wy|w) = hwx|y. Then for every r > 1 we have

#X(Fyr) = #D(Fyr).

*We denote by ¢|f; the composition of natural maps Qy/c(V) = @[5 c(U) — Qb/C(U),




8 Batyrev’s theorem 33

Proof. In the following we denote the Weil measure associated to a gauge form w by p,.
We also use the notation wy = wx|y and wy = wyly. The assumption ¢*wy = hwy
means that ferwy = flw, on U(K), since h satisfies |h|, = 1 as it is a unit in Og.
Hence, by the transformation formula (Theorem 1.96, see also the formulation in [Popll,
Theorem 3.3.8|)

oo (U(E)) = py (U(K)) = / 1 djty = / 1ty
U(K) U(K)
[ Ly = =y (V).
V(K)

Since X g (respectively 9 ) is connected and smooth it is in particular integral. Now
X (respectively 9)) is irreducible, since by flatness X5 C X is dense (cf. Proposition 1.66).
This means that codimx (X \ 4) > 1 and codimgy () \ V) > 1 because 4,Y # (). So we
can apply Lemma 2.14 to see that?

feox (X(K)) = prny (D(K)).

Note that by properness we have X(K) = X(Og) and 9(K) = D(Ok) (cf. Proposi-
tion 1.63.ii)). Now Weil’s theorem (Theorem 2.17) gives us #X(F,) = #9(F,).

For r > 1 consider an unramified extension K as in Proposition 1.19 and base
change our situation to Ogy. Since Opry/Mmye = Fgr, the above argument yields
#X(Fyr) = #YD(Fyr) as desired. O

We can now reach the conclusion of Batyrev’s theorem using the Weil Conjectures,
proven by Deligne in [Del73|. See [Musl1| for an introduction to the statement of the
Weil Conjectures. We recall only the statement of the parts of the Weil Conjectures that
are relevant for Batyrev’s theorem (cf. [Musll, Section 4.3, Page 39]).

Definition 3.10. Let X’ be a variety over the finite field F;. The Hasse-Weil zeta
function, or local zeta function, of X’ is the power series

Z(X',t) == exp (i #qum)tm> :

m=1

Remark 3.11. The conclusion of Lemma 3.9 is that the local zeta functions of the reduction
modulo mg of X and Q) are equal, i.e. Z(Xmy,t) = Z(Dmy,t)-

Theorem 3.12 (Weil Conjectures). Let X' be a smooth, projective, geometrically con-
nected variety of dimension n over the finite field F,. Then
i) the local zeta function of X' is a rational function of the form

;- PUOPs()... Pana(t)
2X) = OB - Pont)

, where P; € Z[t] and all roots aj of P; have Euclidean absolute value |ov;| = q 2.
ii) Under the assumptions of Situation 2, and X' := (Xo),, we have
deg(R) = dimc Héing((XO X Ao C)an’ C)

?Note that here it is used that we consider K-rational points, in order to have X(K) = U(K)U(X\L)(K).
This in turn is the reason, why we want that h is constant, so that our measures py*wy and piw, are
indeed equal on the set of K-rational points of 4l and not just on the Ox-integral points of it.
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Remark 3.13. Now if X and Y are varieties over C, spread out to Xy and Y as in
Situation 2, then Z((Xo)p,t) = Z((Y0)p, t) implies

dime Hj,g ((Xo x4, C)**, C) = dimg Hi,, (Yo x4, C)*", C).
Indeed, using the Weil Conjectures (Theorem 3.12) we can write

Qi) .- Qun (1)
20D ) = =0 D) - Oon(®)

where P;, Q; € Z[t]. The condition on the absolute value of the roots implies P; = aQ);

for some 0 # a € Q. So deg(P;) = deg(Q;), which implies by the Weil Conjectures the

desired equality Betti numbers'?.

_ PUt)Ps(t) ... Pap i (t)
Z((Xo)p, 1) = ]lao(t)]gDQ(t) .. .1232n(1t)

Proof of Theorem 3.1 (Batyrev’s theorem). In conclusion this proves Batyrev’s theorem
modulo the spreading out and lifting mentioned in Situation 2. These remaining steps
will be performed in the next section (cf. Lemma 4.14 and Lemma 4.23). t

3.1 BATYREV’S THEOREM FOR K-EQUIVALENT VARIETIES

Using the methods developed so far Batyrev proved a more general version of Theorem 3.1
concerning K-equivalent varieties instead of birationally equivalent Calabi—Yau varieties.
We want to give a sketch of the proof of this generalization. For space reasons we will
refer to the literature for details.

In this section we will denote the canonical bundle of a smooth variety X over a field
k by wx. This notation should not be confused with the usage of w before, where it
denoted a differential form. We also want to remark that the “K” in “K-equivalence”
does not refer to a p-adic field.

Definition 3.14 (K-equivalent varieties). Let X and Y be integral, smooth, projective
varieties over C. Then X and Y are called K-equivalent if there exist a smooth projective
variety Z over C and proper birational morphisms f: Z7 — X, g: Z — Y such that

ffwx ~ g*wy, where wx (respectively wy) is the canonical bundle on X (respectively
Y).

The next proposition tells us that the notion of K-equivalence is trivial in the case
of curves or surfaces. In view of Proposition 3.16 this implies that Batyrev’s theorem is
clear for curves and surfaces. We refer to the introduction of [Bat99] for a remark on the
three dimensional case.

Proposition 3.15.
1) If X and Y are smooth integral projective birationally equivalent curves over k, then
they are isomorphic.
i) If X and Y are K-equivalent surfaces, then they are isomorphic.

Proof. 1) The category of smooth projective curves together with dominant morphisms is
equivalent to the category of function fields of dimension 1 over k together with k-algebra
homomorphisms (cf. [Har83, Corollary 1.6.12]). On the level of objects this equivalence
associates the function field K(C') to a curve C. Now X and Y are isomorphic, since they
have the same function field.

ii) See [Popll, Proposition 4.1.4] for a proof. O

10Note that for i > 2n the respective singular cohomology groups are zero for dimension reasons.
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Proposition 3.16. Let X and Y be projective Calabi—Yau varieties over C. If X and Y
are birationally equivalent, then they are K -equivalent.

Proof. Since both canonical bundles wx and wy are trivial, it suffices to find a smooth
projective variety Z over C and proper birational morphisms f: Z — X, g: Z — Y. Since
X and Y are birationally equivalent, there exists an isomorphism ¢: U — V between
open subschemes U C X and V C Y. Now consider the graph I'y C U x¢c V. We
desingularize (cf. [Hir64]) its closure I', C X x¢ Y endowed with the reduced induced
scheme structure. That is we get a smooth variety Z over C together with a birational
proper morphism Z — FTP. Postcomposition with the projection pry: X xc Y — X
(respectively pry: X xcY — Y) gives the desired morphism f (respectively g). O

Lemma 3.17. Let X and Y be K-equivalent varieties. Then X andY are isomorphic
in codimension one, i.e. there exist open subschemes U C X and V CY such that U ~V
and codimx (X \ U) > 2 as well as codimy (Y \ V) > 2.

Proof. Compare to [Popll, Lemma 4.1.6]. Let Z, f and g be as in the definition of
K-equivalence (cf. Definition 3.14). By the ramification formula (cf. [Iit82, Theorem 5.5|)
there exist effective divisors Ry and Ry on Z such that wz ~ f*wx ®g, O(Rf) and wy ~
g*wy ®o, O(Ry). Furthermore, Ry (respectively Ry) is supported on the exceptional locus
of f (respectively g) (cf. [Popll, Chapter 3, Page 14]). Now we write Ry = % a;E; and
Ry = Zé‘:l a’ B with a;, a; > 0. The ramification formula together with f*wx >~ g*wy
imply Zle a; E; ~ Z§:1 a’ B} are linearly equivalent. We can assume in the above linear
equivalence that the Ej, E; are pairwise distinct by subtracting common terms. Now
there exists a h € K(Z) such that div(h) = S | a; E; — Zé’:l a3 B, Since Z and Y are
birationally equivalent, we can view h as an element of K(Y'). Now the divisor div(h)
on Y cannot have any poles, since codimy (g(E})) > 2 and away from Ry the morphism
g is an isomorphism (cf. [Iit82, Proposition 5.8]). This means h € HY(Y,9y) = C and
we conclude div(h) = 0 on Z. In conclusion we see that X and Y are isomorphic in
codimension 1. O

Remark 3.18. Note that Proposition 3.16 together with Lemma 3.17 provide an alter-
native proof of Lemma 3.8. The second proof is conceptually easier but depends on
desingularization.

Theorem 3.19 (|Bat99, Theorem 4.2|). Let X and Y be K-equivalent varieties. Then
their Betti numbers coincide.

Sketch. See [Ito03, Section 3.3-3.4] or [Popll, Theorem 4.3.1] for details. First the
situation is spread out and lifted to a p-adic field K similarly as in the proof of Batyrev’s
theorem (Theorem 3.1). Now we have f: 3 — X and g: 3 — Q) satisfying f*wx ~ g*wy.
We can ‘pull back’ the canonical measure on X(Og) (respectively 9(Ok)) to a measure
p3/x (respectively iz/9) on 3(Of) (cf. [1t003, Section 3.3| for details). The condition
ffwx ~ g*wy and the equality of ramification divisors, seen in the proof of Proposi-
tion 3.17, imply that u3/x = p3/9. Using the transformation formula (Theorem 1.96) and
Lemma 2.14 we deduce fican(X(Ok)) = p3/x(3(0k)). Using a similar argument for 2)
instead of X we conclude piean(Y(Ok)) = p3/9(3(0k)) = p3/2(3(0k)) = ttcan(X(Ok)).
Now we can apply Corollary 2.18 and get #X(F,) = #(F,). As in the proof Lemma 3.9
and using the Weil Conjectures (Theorem 3.12) we see that the the Betti numbers of X
and Y coincide. O
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4 SPREADING OUT X/C AND LIFTING TO X/Og

In this section we demonstrate how we can spread out varieties over the field of complex
numbers and subsequently lift them to a p-adic field. These technical steps fill in the
missing details in our presentation of the proof of Batyrev’s theorem in Section 3, where
we assumed that we have already spread out and lifted our varieties.

Figure 2 depicts some of the Situations considered in the proof of Batyrev’s theorem.
In the figure X denotes a smooth curve over the field of complex numbers, X" the
associated complex manifold (Subfigure (d)), Xo a spread out model over some finitely
generated Z-algebra Ag (Subfigure (c)), X a lift of X to the ring of integers Ox of some
p-adic field (Subfigure (b)), and Xy, the reduction modulo mg of X (Subfigure (a)).

(#) Zmec/Fo (b) X/0x (€) Xo/Ao (@ xe

Figure 2: Some situations considered in the proof of Batyrev’s theorem.

4.1 PROJECTIVE SYSTEMS OF SCHEMES

We will use the general theory of projective systems of schemes to perform the spreading
out. One can certainly try to do the spreading out in an ad hoc way by looking at the
defining equations of a variety and consider a field that includes all coefficients needed to
write down the equations. But by not using the general theory of projective systems of
schemes one is doomed to relate properties of a spread out model Xy with the original
variety X by hand instead of using the notion of “compatibility of properties with limits”
(cf. Definition 4.11).

Nevertheless the basic idea behind the theory of projective systems of schemes as
presented in this section is to assume suitable finiteness conditions (e.g. quasi-compact,
finite presentation, quasi-coherence, finitely generated) so that the situation at hand is
represented faithfully by finitely many “data” and then use this “data” to define a spread
out model over one of the rings of the inductive system of rings over which the considered
projective system lives (cf. Situation 3).

The theory is develop in detail and greater generality in [EGA IV3, §8] and subsequent
sections. We recall the basic propositions needed to use the theory of projective systems
of schemes over an inductive system of rings for spreading out varieties. The presentation
in this section is a summery of the statements in [GW10, Chapter 10]. In hindsight of our
application we will assume our schemes to be Noetherian as this simplifies the finiteness
assumptions in the propositions.

Before we begin, let us mention some applications other than “spreading out”.

i) Replacing the field of definition of a variety by one, that is finitely generated over

its prime field.

ii) Starting from a scheme defined over a fraction field Q(A), find a model that is
defined over some localization Ay of A.

iii) Spreading out varieties defined over a field to a model over a finitely generated
Z-algebra. This can be understood as a combination of i) and ii).
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iv) Eliminating Noetherian hypotheses. This is a variant of iii), where a ring A is
written as the inductive limit of its finitely generated Z-subalgebras (which are
Noetherian by Hilbert’s basis theorem).

v) “Expanding” properties valid at a stalk to an open neighborhood. Here we consider
the stalk A, as the inductive limit over the open neighborhoods Ay with f & p.

The presentation in this section is quite formal. The following remark stresses the
application we have in mind.

Remark 4.1. We can write C as the inductive limit ligAA, where Ay C C are finitely
generated algebras over Z.

Let us fix some notation used in this section.

Situation 3.

i) Denote by A a filtered partially ordered set with unique minimal element 0.

ii) Let (A))aea be an inductive system of rings. Denote the transition maps by
ozt Ax — Ay, define A :=lim Ay and denote the natural maps Ay — A by o).

iii) Let Xy be a scheme over Ag and set X = Xy x4, Ax, X = Xo x4, A. Denote
the morphisms induced by o), and oy by ), and x). For Yy we define Y}, Y, yy,
and gy, similarly.

iv) If fo: Xo — Yp is a morphism, we denote the morphisms obtained by the base
changes in iii) by fy: X > Yy and f: X —» Y.

v) We assume the rings Ay and schemes X, Yy to be Noetherian!!.

Definition 4.2. Let X be a Noetherian topological space. A subset C C X is called
constructible if it is a finite union of locally closed sets in X.

Notation 4.3. Let T be a topological space. We denote by Open(T') the family of open
subsets of T', i.e. the topology of T', and by Con(7') the family of constructible sets in 7.

Remark 4.4. Since the morphisms xy,: X, — X and z): X — X, are continuous,
they induce maps Open(X)) — Open(X,) and Open(X) — Open(X) by taking inverse
images of open sets. This gives us a map ligOpen(X A) — Open(X). Similarly, we get a
map hﬁCon(XA) — Con(X).

Proposition 4.5. The maps liﬂOpen(XA) — Open(X) and @COH(X)\) — Con(X)
are bijective.

Proof. See |[GW10, Theorem 10.57] for a proof. O

Proposition 4.6. Assume X is irreducible. Then all Xy are irreducible if one of the
following conditions is satisfied.

i) The morphisms Ty Xy — X are dominant.

ii) Xo is flat over Ag and the homomorphisms oy,: Ay — A, are injective.

Proof. 1) See |[GW10, Exercise 10.26].

ii) Locally, on affine open subschemes, the assumptions imply that the ring homo-
morphisms corresponding to the xy, are injective. This in turn means that the x,, are
dominant and we can apply 1). O

Remark 4.7. Let F and Gg be Ox,-modules. Define F) = x7,Fo as well as G = z, 0
for each A € A, and define F := 23F0, § := 2} Jo. Since the pull-back x{, is a functor, we
get a natural homomorphism ligHomMod(XA)(ff)\, 9x) — Hompgoa(x) (T, 9)-

"For a more general situation, without Noetherian hypotheses, see [GW10, Chapter 10]
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Proposition 4.8. If F\ and G are quasi-coherent, and Fy is finite for some X, then the
natural map ligHomMod(XA)(.%\, 9x) = Homppea(x)(F, 9) is bijective.

Proof. See |[GW10, Theorem 10.58] for a proof, recalling that we assume our schemes to
be Noetherian (Situation 3). O

Proposition 4.9. Assume that Xog and Yy are of finite type over Ag. Then
i) the natural map ligl\/lorsch/AA (X, Ya) = Morgen/a(X,Y) is bijective, and
ii) f is an isomorphism if and only if f\ is an isomorphism for some A.

Proof. See |GW10, Theorem 10.63] and [GW10, Corollary 10.64] for a proof. O

Proposition 4.10. Let Z be a scheme of finite type over A. Then there exists a A, and
a scheme Zy of finite type over Ay such that Z ~ Zy x4, A.

Proof. See |[GW10, Theorem 10.66] for a proof. O

Definition 4.11. Assume that Xy and Yy are of finite type over Ag. We say a property P
of morphisms of schemes is compatible with projective limits if the morphism f: X — Y
satisfies P if and only if there is a A\g € A such that fy: X, — Y) satisfies P for all A > Ag
(cf. [GW10, Appendix CJ).

Proposition 4.12. The following properties of morphisms of schemes are compatible

with projective limits.

i) “open immersion”,

ii) “closed immersion”,

iii) “flat”, and
)

iv) “smooth”.

Proof. See [GW10, Proposition 10.75], [EGA IV3, Théoréme 11.2.6] and [EGA IVy,
Proposition 17.7.8] for a proof. O

Remark 4.13. For our applications, we could also use the generic flatness theorem (|[EGA
IVy, Théoréme 6.9.1]), and respectively for smoothness |[EGA IV3, Théoréme 12.2.4].

4.2 SPREADING OUT BIRATIONALLY EQUIVALENT CALABI-YAU
VARIETIES

We now apply the theory of projective systems of schemes recalled in Section 4.1 to the
situation of two birationally equivalent Calabi—Yau varieties. Furthermore, we prove a
technical lemma concerning the generic geometric connectedness of the spread out model
Xo over Ap, as required in Situation 2 and Lemma 3.9. In the following we use the
inductive system of rings from Remark 4.1.

Lemma 4.14. Let X and Y be projective Calabi—Yau varieties of relative dimension n
over C and let U C X, V CY be open subsets such that U ~V and codimx (X \ U) > 2
as well as codimy (Y \ V') > 2. Then there exist a finitely generated Z-algebra Ay C C,
schemes Xq, Yy over Ag and open subschemes Uy C Xg, Vo C Yy such that

i) Xox4,C~X and Yo x4, CY,

ii) Xo and Yy are projective and smooth of relative dimension n over Ag,
iii) Q%o /a, = Oxo and Oy 4 =~ Oy,
iv) Uy~ Vp, and
v) codimx,(Xo \ Up) > 2 and codimy, (Yo \ Vo) > 2.
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Proof. In the following we will increase A € A several times, i.e. base change to larger
Z-algebras. We will suppress this in the notation and will just redefine A. This will not
be a problem, since assertions i)-iv) are stable under base change.

i) We use Remark 4.1 together with Proposition 4.10 to get a finite type Z-algebra
Ay C C and schemes X}, Yy of finite type over Ay such that X, x4, C ~ X and
Y)\ X Ay C~Y.

ii) Since closed immersions and smothness is compatible with projective limits (cf.
Proposition 4.12) we deduce that (after increasing A if necessary) X and Y are projective
and smooth over A). To see that the relative dimension is n we can use that for
morphism locally of finite type the relative dimension is stable under base change (cf.
[Stacks, Tag 02NK]). Alternatively we can use assertion iii) by noting that if the relative
dimension is not n, then Q’}Q Ay respectively Q% /Ay Cannot have rank one (cf. [Liu02,
Proposition 6.2.5]).

iii) Note that % /a, and Ox, pull back to 958 sc and Ox under the base change to
C (cf. [Liu02, Proposition 6.1.24]). Since %, /a, and Ox, are both coherent sheaves (cf.
[Liu02, Proposition 6.1.20]), we can apply Proposition 4.8 and see that (after increasing
A if necessary) Q}A Ay Ox,. Similarly, we have Q% Ay~ Oy, .

iv) By Propostion 4.5 there exist open subsets Uy C X and V) C Y) (after increasing
A if necessary) such that Uy x 4, C ~ U and V) x4, C ~ V. Now Uy ~ V) (after increasing
A if necessary) follows from U ~ V' using Proposition 4.9.

v) We define C' := X \ U. The condition codimx(C) > 2 means that there are
irreducible closed sets C©, ¢, ¢ in X such that ¢ ¢ ¢ ¢ c® ¢ c® c X.
Using Proposition 4.5 we get (after increasing A if necessary) closed sets C\ C C,io) -
C’il) - C’§\2) C X, and we can assume C) = X \ U). Noting that the C) are flat over

the field C, we can use Proposition 4.12.iii) to see that the Cgi) are flat over Ay (after
)

increasing A if necessary). Applying Proposition 4.6 we can assume that the C’y are
irreducible (after increasing A if necessary). This shows that codimyx, (X \ Uy) > 2.
Similarly, we get codimy, (Y \ Vi) > 2.

In conclusion, by writing “0 := \”, we have found the desired Z-algebra Ay and schemes
Xo, Yo, Uy and Vj over Ay. O

Remark 4.15. We can assume that Ag in Lemma 4.14 is a regular algebra. Indeed, it
suffices to note that there is an open regular subscheme () # D(f) C Spec(Ap), since
we can achieve this localization by replacing Ag by a suitable A). Note that the set of
regular points Reg(Ap) C Spec(Ap) is open, since Ag is an algebra of finite type over Z
and the latter is an excellent ring (cf. [Liu02, Corollary 8.2.40.(c)]). In fact the proof of
[Liu02, Corollary 8.2.40.(c)| also shows that if Ay is integral, then Reg(Ap) is non-empty.

We want to remark that we are following the sketch of the spreading out argument in
Batyrev’s original proof of his theorem. One can be slightly more efficient by using the
codimension condition and Proposition 3.5 before spreading out. This would mean that
we don’t have to control the codimension of Xy \ Uy (respectively Yy \ Vp) in Lemma 4.14.
It would also make Proposition 4.17.ii) in the next section superfluous.

Proposition 4.16. Let X — S be a projective, flat morphism of Noetherian schemes and
assume S is integral. If the generic fiber X, is geometrically connected and geometrically
reduced, then there exists an open subset ) #= U C S such that all fibers over U are
geometrically connected.

Proof. Using [Liu02, Corollary 3.3.21] we see that H’(X,, Ox,) ~ K(S). Now we use
the semicontinuity theorem ([Har83, Theorem III1.12.8|) to get that the function s —
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ho(s, Ox) = dimk(s) HO(XS, Ox,) is upper semi-continuous on S. Hence, we see that
the set {s € S | h¥%s,0x) < 1} is open and non-empty, since 7 lies inside it. Since
h%(s,0x) > 1, we see that U := {s € S| h'(s,0x) = 1} is open and non-empty.

Note that for s € U, i.e. H*(X,, Ox,) ~ k(s), we have by the flat base change theorem
(|[Liu02, Corollary 5.2.27]) that

HY(X5, 0x,) ~ H'(X;, 0x,) @) k(s) ~ k(s).

This means that X is geometrically connected. O

4.3 LIFT TO p-ADIC FIELDS

The last step we have to perform is to lift our spread out situation to a p-adic field. This
will be done in this section.

Proposition 4.17. Let K be a p-adic field.
i) Let X be a proper variety over a field k. If X is geometrically reduced and geomet-
rically connected then H*(X,0x) = k.
ii) Let X be a proper, flat variety over O. IfHO(Xx, 0%, ) = K then HY(X,0%) = Ok.

Proof. 1) See |Liu02, Corollary 3.3.21] for a proof.

ii) Recall that a module M over a principal ideal domain A is flat if and only if it is
torsion-free over A (cf. [Liu02, Corollary 1.2.5]). Consider M = H°(%, Ox) and A = O.
For every f # 0 € H(X, Ox) there exists an open affine subscheme Spec(B) = { C X
such that fly # 0 € HO(4, Oy) = B. Now X flat over O implies that B is flat over Ox
and hence the latter is torsion-free over Og. This means that f cannot be a torsion
element and we conclude that H(X, Ox) is torsion-free and hence flat over Og.

By Serre’s Theorem (cf. [Liu02, Theorem 5.3.2]) we know that H(X, O%) is a finitely
generated Og-module. This means that H°(X, Ox) is in fact free of finite rank, say r,
over the local ring O (cf. [Liu02, Theorem 1.2.16]).

Now we consider the generic fiber X, i.e. the base change to Spec(K). Since this
base change is flat as a localization, we conclude HO(Z{, Ox) ®o, K ~ HO(%K, Ox,) by
[Liu02, Corollary 5.2.27]. By assumption dimg H°(Xx, O, ) = 1 and hence

1 = dimg (H(X, 0x) ®o, K) = dimg (0% ®p, K) = r.
This means H(%, Ox) = Ok. O

Remark 4.18. In particular, Proposition 4.17 says that for a smooth, proper variety X
over Ok with X geometrically connected we have HO(%, 0x) = Ox.

Proposition 4.19. Let A be a finitely generated algebra over Z of characteristic 0 and
let p € Spec(A) be a regular point with k(p) ~ Fy. Then there exist a p-adic field K with
residue field Fy and a morphism Spec(Ox) — Spec(A) mapping mg to p.

Proof. Compare to |[Popll, Proposition 4.2.3]. Let n = dim(A4) and write pA, =
($1,...,8n). Since the s; form a regular sequence, only one s; divides p, say s;. By
localizing A such that all s; € A and by dividing out ss, ..., s, we can assume that n =1
(cf. Krull’s principal ideal theorem).

Now A, is a discrete valuation ring and hence its completion ;1; is a complete discrete
valuation ring (cf. Proposition 1.20.ii)). By Proposition 1.20.i) O = ;1\,3 is the ring of
integers of a p-adic field K. The residue field of K is A\p / p:él\p ~ A, /pA, ~ F, and the
desired morphism is the composition A — A, — ;1\,,. O
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Remark 4.20. Let A be a finitely generated Z-algebra and let p € Spec(A) be a closed
point, i.e. p C A is a maximal ideal, then k(p) is a finite field. Indeed, by Hilbert’s
Nullstellensatz A is a Jacobson ring as a finitely generated Z-algebra and hence A/p is a
finite extension of a finite field.

The following theorem by Cassels can also be used to perform the “lift”. It is rather
general and can be applied to make methods of p-adic analysis available to questions on
finitely generated fields of characteristic zero.

Theorem 4.21 (Embedding Theorem, Cassels). Let k be a finitely generated field exten-
sion of Q and let C C k* be a finite set. Then there are infinitely many prime numbers p
for which there exists an embedding vp: k — Q) such that |v,(c)|, =1 for all c € C.

Proof. See [Cas86, Chapter 5| for a proof. O

Remark 4.22. When we apply Cassel’s Embedding Theorem (Theorem 4.21) to the fraction
field K of a finitely generated Z-algebra A and choose C' to be the set of generators of A
over Z, we get for infinitely many prime numbers p a morphism Spec(Z,) — Spec(A).

Lemma 4.23. Let Ay be a finitely generated, integral, reqular Z-algebra of characteristic
0 and Xy, Yy schemes over Ag. Then the following hold.

i) There exist a p-adic field K and a homomorphism Ay — Ok . In particular, if mg
contracts to the prime ideal p under this homomorphism, then k(p) is a finite field.
Define X = Xo x4, Ox and Q) =Yy x4, Ok.

i) If Xo (respectively Yy) is projective and smooth of relative dimension n over Ay,
then X (respectively ) ) is a variety over Ok that is projective and smooth of relative
dimension n.

iii) If in addition to the assumptions in ii) we have that the generic fiber (Xo)q(ay)
(respectively (Y0)q(a,)) is geometrically connected, then we may assume that in
i) the p-adic field K and homomorphism Ox — Ag are chosen such that Xg
(respectively 9 ) and Xn, (respectively Qm, ) are geometrically connected.

iv) If Uy C Xp and Vp C Y are isomorphic open subschemes, then there exist isomorphic
open subschemes Y C X and U C ), say ¢: 4 — Q).

v) If in addition to the assumptions in ii), iii) and iv) the open subset Uj in iv)
satisfies codimy,(Xo \ Up) > 2 and there exist nowhere vanishing forms wx, €
Q% /40 (Xo) and wy; € Q?,O/AO(YO), then there exist gauge forms wy € Qg/OK(%),
wy € Q%/OK(@) such that ¢*wy|y = hwxly for some h € O

Proof. 1) Take some maximal ideal p C Ag. Using Remark 4.20 we can apply Proposi-
tion 4.19 to get the desired p-adic field K and homomorphism Ay — Of.

ii) This is clear, since smoothness and projectiveness are compatible with base change.
The proof that the relative dimension is n is similar to the argument in Lemma 4.14.

iii) By Proposition 4.16 there is an open subset D(f) C Spec(Ap) such that all fibers
over D(f) are geometrically connected. Now we can just replace Ag by (Ag) in the proof
of i).

iv) This is clear, since open immersions and isomorphisms are compatible with base
change.

v) Write ¢o: U — V. Since Q?(O/Ao is by assumption trivial we have @iwy,|ly =
howx,|v for some hy € HO(U, Ox,). Note that Xy is Noetherian as a finite type scheme
over 7Z, and it is normal as a smooth scheme. So we can apply Proposition 3.5 to see that
ho € H(X0, Ox,)-

Since isomorphisms of O x,-modules (respectively Oy,-modules) are compatible with
base change and /Ao (respectively Qy, / Ao) is preserved under base change (cf. [Liu02,
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Proposition 6.1.24]), it follows that the base changes wx and wy of wx, and wy, are
gauge forms. Note that the base change of the global section hg is now a global section
h € H°(X,Ox). Hence, by Proposition 4.17 h € Of. Since wy and wy are gauge forms,
we conclude h € OF. O

At this point we have shown in Lemma 4.14, Remark 4.15 and Lemma 4.23 how to
perform the spreading out and lifting needed in the proof of Batyrev’s theorem. This
concludes our presentation.
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5 CONCLUSION AND FURTHER WORK

To conclude our presentation on K-analytic manifolds, p-adic integration and Batyrev’s
theorem, let us reflect on the methods and results encountered in the text.

First let mention some generalizations and strengthenings of Batyrev’s theorem, as
well as further applications of p-adic integration to questions about invariants in birational
situations.

e In [Wan98| Wang weakens the requirements on the canonical bundle needed to
conclude the equality of Betti numbers.

e In [Ito03| Ito and in [Wan02] Wang prove that two K-equivalent varieties X and
Y have equal Hodge numbers H" (X, Q%) = H"(Y,€)3,), using methods of p-adic
integration together with p-adic Hodge theory.

e In [Ito04] Tto gives a proof of the well-definedness of Batyrev’s stringy Hodge
numbers using p-adic integration and p-adic Hodge theory.

We want to consider now some positive and some negative aspects of the theory of
p-adic integration as applied in the proof of Batyrev’s theorem. Certainly a positive aspect
is the concreteness of p-adic integration and basic p-adic analysis. Many fundamental
results are familiar from real analysis and one doesn’t have to develop an intuition for the
new objects encountered from scratch. Also p-adic analysis is a very powerful tool and
in fact the first of the Weil Conjectures (rationality of local zeta functions) was proved
by Dwork using methods from p-adic analysis. In contrast we have seen that compact
K-analytic manifolds are not very rich objects. This shows that the naive definition of
manifold in the p-adic setting may not be the “right” notion. This reflects the fact that
despite their similarities, the p-adic “world” and the real “world” can be quite different.
Another negative aspect of p-adic integration encountered in the text is that one has to
first translate the problem at hand into the p-adic setting. This technical translation
can be rather tedious and in most cases is difficult to reuse in other arguments. In our
case the theory of projective systems of schemes mitigates this problem somewhat. Last
but not least the proof of Batyrev’s theorem presented in this text and the proofs of the
generalizations and strengthenings referenced above rely heavily on difficult machinery like
the Weil Conjectures, étale cohomology and, as mentioned above, p-adic Hodge theory.

Let us mention an alternative theory that solve some of the problems just observed.
Kontsevich introduced in [Kon95| the theory of motivic integration to give a proof of
the strengthening of Batyrev’s theorem regarding Hodge numbers (Kontsevich’s proof
predates the proofs using p-adic Hodge theory cited above). In this theory the part where
one performs “integration” is separated from the part where one compares invariants like
the Betti or Hodge numbers. This makes the application of the theory easier, since one
can reuse the general theory and doesn’t have to resort to ad hoc methods. Kontsevich’s
theory of motivic integration is more geometric in comparison to the arithmetic character
of p-adic integrals and no detour through finite or p-adic fields is needed. We refer to
[CNS11, Chapter 6] or [Popll, Chapter 5-6] for an introduction to motivic integration.
After the introduction by Kontsevich the theory of motivic integration was developed
further and nowadays incorporates ideas from model theory. Some variants of the theory
specialize to p-adic integrals. See [CNS11, Chapter 1] for an overview of the connections
between the different theories.

In conclusion after studying p-adic integration and Batyrev’s theorem it is also worth
to look at motivic integration.
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