Local models of Shimura varieties, 1.
Geometry and combinatorics

Georgios Pappas*, Michael Rapoport, and Brian Smithling

ABSTRACT. We survey the theory of local models of Shimura varieties. In particular,
we discuss their definition and illustrate it by examples. We give an overview of the
results on their geometry and combinatorics obtained in the last 15 years. We also
exhibit their connections to other classes of algebraic varieties.
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Local models of Shimura varieties are projective algebraic varieties over the

spectrum of a discrete valuation ring. Their singularities are supposed to model
the singularities that arise in the reduction modulo p of Shimura varieties, in the
cases where the level structure at p is of parahoric type. The simplest case occurs
for the modular curve with Iy(p)-level structure. In this example the local model
is obtained by blowing up the projective line ]P’%p over SpecZ,, at the origin 0 of

the special fiber IP’]%_p = ]P)%p Xspecz, SpecFy. Local models for Shimura varieties are
defined in terms of linear algebra data inside the product of Grassmann varieties, at

least as far as type A, or C, or some cases of type D are concerned. Another version
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of these varieties arises as closures of Schubert varieties inside the Beilinson-Drinfeld-
Gaitsgory deformation of affine flag varieties. It is the aim of this survey to discuss
local models from various points of view, exhibit their connections to other classes
of algebraic varieties, and give an overview of the results on them obtained in the
last 15 years.

Why does such a survey have a place in the handbook of moduli? The reason
is that Shimura varieties are often moduli spaces of abelian varieties with additional
structure. Therefore, determining the singularities of their reduction modulo p is
an inherent part of the theory of such moduli spaces. The archetypical example
is the Shimura variety attached to the group of symplectic similitudes (and its
canonical family of Hodge structures). In this case, the Shimura variety represents
the moduli functor on Q-schemes of isomorphism classes of principally polarized
abelian varieties of a fixed dimension, equipped with a level structure. In case the
p-component of this level structure is of parahoric type, there is an obvious way to
extend the moduli functor to a moduli functor on Z,-schemes, which however
will have bad reduction, unless the p-component of the level structure is hyperspecial.
Local models then serve to analyze the singularities in the special fibers of the Z -
models thus defined. For instance, natural questions of a local nature are whether
the Z,)-schemes that arise in this way are flat over Z,, or Cohen-Macaulay, or
what the set of branches through a point in the reduction is. All these questions,
exactly because they are of a local nature, can be transferred to questions on the
corresponding local models.

We will not give a sketch of the historical development of the theory here.
We only mention that the origin of these ideas lies in the work of Deligne and
Pappas [DP], of Chai and Norman [CN], and of de Jong [J] on specific Shimura
varieties. The definitions of local models in the examples considered in these papers
were formalized to some degree in the work of Rapoport and Zink in [RZ] with the
introduction of what were subsequently termed naive local models. The paper [P1]
of Pappas pointed to the fact that naive local models are not always flat. Whereas
the examples of Pappas arise due to the fact that the underlying group is non-split
(in fact, split only after a ramified extension), it was later pointed out by Genestier
[Ge2] that a similar phenomenon also occurs for split orthogonal groups. This
then led to the definition of local models in the papers [PR1, PR2, PR4], as it is
presented here. The local structure of local models was considered in papers by Gortz
[Go1, G62, Go4], Faltings [F1, F2], Arzdorf [A], Richarz [Ri2], Zhu [Zh], Pappas and
Zhu [PZ], and others. At the same time, the combinatorics of the special fiber of
local models (in particular, the {u}-admissible set in the Iwahori-Weyl group) was
considered in papers by Kottwitz and Rapoport [KR], Haines and Ng6 [HN2], Gortz
[G64], and Smithling [Sm1, Sm2, Sm3, Sm4, Sm5]. Finally, we mention the papers
by Gaitsgory [Ga], Haines and Ngo6 [HN1], Gortz [G63], Haines [H1, H2, HP],
Kramer [Kr], Pappas and Zhu [PZ], Rostami [Ro], and Zhu [Zh] addressing the
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problem of determining the complex of nearby cycles for local models (Kottwitz
conjecture).

It is remarkable that local models also appear in the study of singularities of
other moduli schemes. In [Ki] Kisin constructs a kind of birational modification
scheme of the universal flat deformation of a finite flat group scheme over a discrete
valuation ring of unequal characteristic (0, p), and shows that the singularities in
characteristic p of these schemes are modeled by certain local models that correspond
to Shimura varieties of type A. Another context in which local models appear is
in the description of Faltings [F3] of the singularities of the moduli space of vector
bundles on semi-stable singular algebraic curves.

The theory of local models falls fairly neatly into two parts. The first part is
concerned with the local commutative algebra of local models, and the combina-
torics of the natural stratification of their special fibers. This part of the theory is
surveyed in the present paper. The second part is concerned with the cohomology
of sheaves on local models, and will be presented in a sequel to this paper. More
precisely, we will survey in a second installment the cohomology of coherent sheaves
on local models (and in particular will explain the coherence conjecture of [PR3]),
as well as the cohomology of {-adic sheaves on local models, and in particular the
determination of the complex of nearby cycles. Of course, both parts are interrelated
by various links between them, and we will try to make this plain in the sequel to
this first installment.

This survey consists of three parts of a rather distinct nature. In the first part
(§1), we give two approaches to local models, each with a different audience in mind.
It should be pointed out that only one of these approaches is the one with which we
actually work, and which relates directly to the theory of Shimura varieties, especially
those which are of PEL type. The other approach points to a more general theory
and shows the ubiquity of local models in other contexts, but is not completely
worked out here.

In the second part (§§2-4), we give an account of the results on local models
that have been obtained in the last 15 years, and we highlight open questions in this
area.

In the third part (§§5-8) we explain the relation of local models to other classes
of algebraic varieties, such as nilpotent orbit closures, matrix equation varieties,
quiver Grassmannians, and wonderful compactifications of symmetric spaces, that
have been established in some cases. Especially as concerns the last section, this is
still largely uncharted territory, which explains why this part is of a more informal
nature.

We are happy to acknowledge the important contributions of K. Arzdorf,
C.-L. Chai, P. Deligne, V. Drinfeld, G. Faltings, D. Gaitsgory, A. Genestier, U. Gortz,
T. Haines, J. de Jong, R. Kottwitz, L. Lafforgue, P. Norman, T. Richarz, X. Zhu, and
Th. Zink to the subject of the survey. In addition, we thank U. Gortz, T. Richarz,
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J. Schroer, and X. Zhu for their help with this survey, and the referee for his/her
suggestions.

1. An object in search of a definition

In this motivational section, we sketch two possible approaches to local models.
It is the first approach that is directly related to the original purpose of local models,
which is to construct an elementary projective scheme over the ring of integers of a
p-adic localization of the reflex field of a Shimura variety, whose singularities model
those of certain integral models of a Shimura variety. Unfortunately we cannot
make the corresponding definition in as great a generality as we would like. It is the
second approach which is most easily related to the theory of algebraic groups. It is
also the most elegant, in the sense that it is uniform. In a preliminary subsection we
list the formal properties that we have come to expect from local models.

1.1. Local models in an ideal world

The ideal situation presents itself as follows. Let F be a discretely valued field.
We denote by Or its ring of integers and by k = k¢ its residue field which we assume
to be perfect. Let G be a connected reductive group over F, and let {u} be a geometric
conjugacy class of one-parameter subgroups of G, defined over an algebraic closure
F of F. Let E be the field of definition of {i}, a finite extension of F contained in F
(the reflex field of the pair (G, {u})). Finally, let K be a parahoric subgroup of G(F) in
the sense of [BTII], see also [T]. These subgroups are (“up to connected component”,
see [BTII] for a precise definition) the stabilizers of points in the Bruhat-Tits building
of the group G(F). We denote by G the smooth group scheme over O with generic
fiber G and with connected special fiber such that K = §(Of). The existence of a
canonical group scheme G with these properties is one of the main results of [BTII].

To these data, one would like to associate the local model, a projective scheme
Mloc = Mlo¢(G, {u})k over Spec O, at least when {u} is a conjugacy class of minus-
cule' coweights. It should be equipped with an action of Go, = § ®¢, O¢. At least
when {u} is minuscule, M!°° should have the following properties.

(i) M'°c is flat over Spec O with generic fiber isomorphic to G/P,. Here G/P,,
denotes the variety over E of parabolic subgroups of G of type {p.}.

(ii) There is an identification of the geometric points of the special fiber,
M (ke) = { g € G(L)/K | KgK € Admy ({u}) } .

Here L denotes the completion of the maximal unramified extension of F in F, and
K = §(Or) the parahoric subgroup of G(L) corresponding to K. Finally,

Admg ({u}) € K\G(L)/K

is the finite subset of {it}-admissible elements [R], cf. Definition 4.23 below.

IRecall that a coweight 1 is minuscule if («, 1) € {—1,0,1} for every root o of Gr.
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(iii) For any inclusion of parahoric subgroups K C K’ of G(F), there should be a
morphism

(1.1) Miee — mlgs,

which induces the identity (via (i)) on the generic fibers. For a central isogeny
G — G’, and compatible conjugacy classes {1} and {1}, and compatible parahoric
subgroups K C G(F), resp. K’ C G’(F), one should have an identification

(1.2) M(G, {u})k = M(G’ {1 D -

More generally, if @: G — G’ is a homomorphism, and {1’} = {¢ o u}, and if
@(K) C K/, there should be a morphism

(1.3) M (G, {uhk — M(G", {u' Dk’ ®o,, Ok,
which induces in the generic fiber the natural morphism G/P,, — (G’/P,/) ®& E.
Here E’ C E is the reflex field of (G’,{u'}).

(iv) Let F/ be a finite extension of F contained in F. Let G’ = G ®¢ F/, and regard {u}
as a geometric conjugacy class of one-parameter subgroups of G’. Let K’ c G’(F’)
be a parahoric subgroup with K = K’ N G(F). Note that the reflex field of (G’, {i})
is equal to E/ = F'E. Under these circumstances one should expect a morphism of
local models

(1.4) M(G, {1k ®o, Opr — MY(G’, {1k,
which induces the natural morphism
(G/Py) @& E' — G'/P},
in the generic fibers. Furthermore, if F’/F is unramified, then the morphism (1.4)

should be an isomorphism.

(v) Suppose that G = []iL, Gi, K = [[{, Ki, and p = [, i are all products.
Then G = []i., i and the reflex fields E;, 1 < i < n, generate the reflex field E. We
then expect an equivariant isomorphism of local models

(1.5) MO(G, {uh)k = [T M°(Ge, {wihk, ®o., Oc

which induces the natural isomorphism

(6/Pu) =] [.(Gi/Pu) @, E
in the generic fibers.

Here we should point out that it is not clear that the above listed properties are
enough to characterize the local models M'°‘(G, {u})x up to isomorphism. In fact,
a general abstract (i.e. “group theoretic") definition of local models is still lacking,
although, as we will explain in §1.3, there is now some progress on this problem.

We now sketch two different approaches to the concept of local models.
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1.2. Local models arising from Shimura varieties

Let Shk = Sh(G, {h}, K) denote a Shimura variety [D1] attached to the triple
consisting of a connected reductive group G over Q, a family of Hodge structures h
and a compact open subgroup K C G(A¢). We fix a prime number p and assume
that K factorizes as K = KP - K, C G(A}) x G(Qp). In fact we assume in addition
that K = K,, is a parahoric subgroup of G(Qy,).

Let E C C denote the reflex field of (G, {h}), i.e., the field of definition of the
geometric conjugacy class of one-parameter subgroups {p} = {1y} attached to {h},
cf. [D1]. Then E is a subfield of the field of algebraic numbers Q, of finite degree
over Q. Fixing an embedding Q — @p determines a place g of E above p. We
denote by the same symbol the canonical model of Shk over E and its base change
to E,. It is then an interesting problem to define a suitable model 8k of Shk over
Spec Og . Such a model should be projective if Shk is (which is the case when G,q
is Q-anisotropic), and should always have manageable singularities. In particular,
it should be flat over Spec O, and its local structure should only depend on the
localized group G = G ®q Qp, the geometric conjugacy class {1} over Q,,, and the
parahoric subgroup K = K, of G(Q}). Note that, due to the definition of a Shimura
variety, the conjugacy class {p} is minuscule.

More precisely, we expect the local model M'°°(G, {u})k to model the singular-
ities of the model Sk, in the following sense. We would like to have a local model
diagram of O  -schemes, in the sense of [RZ],

/ \
Sk Ml¢(G, {uh)x

in which 7t is a principal homogeneous space (p.h.s.) under the algebraic group
So¢, =9 ®z, Or,, and in which @ is smooth of relative dimension dim G. Equiva-
lently, using the language of algebraic stacks, there should be a smooth morphism
of algebraic stacks of relative dimension dim G to the stack quotient,

Sk — [M(G, {1k /S0, ] -

In particular, for every geometric point x € 8k (F},), there exists a geometric point
x € MG, {})k(Fp), unique up to the action of G(F,), such that the strict
henselizations of Sk at x and of M!°¢ at X are isomorphic.

Note that the generic fiber G/P,, = Moc(G, {1}k ®o¢, Ep is nothing but the
compact dual of the hermitian symmetric domain corresponding to the Shimura
variety Sh(G, {h}, K) (after extending scalars from E to E,). From this perspective,
the local model M!°¢(G, {u})k is an Ok, -integral model of the compact dual of the
Shimura variety Sh(G, {h}, K).
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The problems of defining a model of Shx over O, and of defining a local
model M!°¢(G, {u})k are closely intertwined (although not completely equivalent,
as the example of a ramified unitary group shows [PR4]). Let us explain this
and also briefly review the general procedure for the construction of local models
M!°¢(G, {u})k in some cases where the Shimura variety is of PEL type. Recall that in
the PEL cases treated in [RZ] one first constructs a “naive" integral model 83"¢ of
the Shimura variety Shy; this is given by a moduli space description and affords a
corresponding “naive local model" M""¢ together with a smooth morphism

Srll(aive N [Mnaive/goEp}.

As we mentioned in the introduction, these naive models M and Sk are often
not even flat over Ok, [P1, Ge2]. Then, in most cases, the (non-naive) local model
isa Go, ,-invariant closed subscheme M'°® := M!°¢(G, {u})x of M with the same
generic fiber which is brutally defined as the flat closure. The general idea then is
that, from M!'°°(G, {i})k, one also obtains a good (i.e at least flat) integral model Sk
of the Shimura variety via the cartesian diagram

Sk —— IM°</G, ]

]

Sl]w(aive [Mnaive/goEp]'

Unfortunately, in general, the schemes M!°°(G, {u})x and 8k, do not have a reason-
able moduli theoretic interpretation. Nevertheless, there are still (proven or conjec-
tural) moduli descriptions in many interesting cases [P1, G61, G62, PR1, PR2, PR4].
All these issues are explained in more detail in §2.

We mention here that taking the expected functorialities (i)-(v) of local models
into account, we may, in constructing a local model for the data (G, {u}, K), make
the following hypotheses. We may assume that the adjoint group of G is simple;
we may extend scalars to an unramified extension F of Q,,. If we insist that {1} be
minuscule, this reduces the number of possible cases to an essentially finite list.
Let us explain this in more detail. We assume G4 is simple and denote by p,q4 the
corresponding minuscule cocharacter of Gad(@p). Let Q5" be the completion of the
maximal unramified extension of Q,; by Steinberg’s theorem every reductive group
over Q}" is quasi-split. We can write

Gad/qu = Respjqp(H) . 1 ={kole.1 g, -

where H is absolutely simple adjoint over L, o runs over embeddings of L over QY",
and p, are minuscule cocharacters of H(@p ). The group H over L is also quasi-split.

The possible cases for the pairs (H, 1) are given in the table below which
can be obtained by combining the table of types of quasi-split, residually split,
absolutely simple groups from [T, p. 60-61] with the lists of minuscule coweights in
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[B] which are dominant relative to the choices of positive roots in [B]. In the local
Dynkin diagrams, h denotes a hyperspecial vertex, s a special (but not hyperspecial)
vertex, and e a nonspecial vertex. We refer to [T, 1.8] for the explanation of the
notation in the diagrams. There are n + 1 vertices in each diagram that explicitly
depends on n, i.e. aside from the diagrams for A;, Aéz), Df), Es, Eéz), and E;.

Nonzero dominant minuscule

Type of H(L Local Dynkin diagram _
P o Y & coweights for H(Q,,)

Ay h=h @)

AP (C-BCy) Smtms @Y, @Y

AL (C-BCy),

S==e o .0 _e=x=5 @Y, 1<i<2n
n=?2
(2)
A B'Cn ’ s
a1 ( ) .:>:._.._< @/, 1<i<2n—1
n-=3 S
B., n>3 e r-—<h @
h
Con>2 | hi=e—e e —e=h @y

Dy, n > 4 h>-a o @Y, @Y @Y
R
D\?, (C-B
ni (C-Br), e e @Y, @), DY

n=?2

D, DY (G}) s—e=s oY, @Y, @)
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h

Es hﬂ—< a)Y, coGV

h

2
£ (FY) s—e—es—e @Y, @

E; hH—0—I—0—0fh w lv

Note that the minuscule coweights are for H(@p) and so they only depend on
the absolute type over @p. There are no nonzero minuscule coweights for Eg, F4, G,
types. Of course, there is no simple description of the local model for Res; /qu (H)
in terms of a local model for H. For example, see the case of H = GL,, in 2.4
below. However, we expect that most properties of local models for a group which
is the restriction of scalars Res /Qun (H) will only depend on H, the degree of L over
Qp", the combinatorial data describing {its}+ and the type (conjugacy class) of the
parahoric subgroup K C H(L) (and not on the particular choice of the field L).

Recall that to each such pair (H, n) with H absolutely simple adjoint and p
minuscule as above, we associate a homogeneous space H/P,,. Following Satake,
in [D2, 1.3] Deligne studies faithful symplectic representations p: H' — GSp,y,
where H' — H is a central isogeny, with the property that the coweight p,q o 1,4 is
the (unique) minuscule coweight @gv in type Cg4. Such symplectic representations
exist for all the pairs in the table, except for those corresponding to exceptional
groups. Hence, for all classical pairs, we can obtain an embedding of H/P,, in the
Grassmannian of Lagrangian subspaces of rank g in symplectic 2g-space. As we
will see in the rest of the paper, the local model is often defined using such an
embedding. By loc. cit., Shimura varieties of “abelian type" [M1, M2] produce pairs
that support such symplectic representations. Among them, the pairs (B, @Y),
(Dn, @Y), (DY, @Y), (DY, @Y), (D), ®Y) do not appear, when we are just
considering Shimura varieties of PEL type. For these pairs, the corresponding
homogeneous spaces H/P,, are forms of quadric hypersurfaces in projective space.
So far, local models involving these pairs and the exceptional pairs have not been
the subject of a systematic investigation. The construction in 1.3 applies to some of
these local models, but we will otherwise omit their discussion in this survey.

Example 1.6. Let us consider the Siegel case, i.e., the Shimura variety of principally
polarized abelian varieties of dimension g with level K-structure, where the p-
component K, of K is the parahoric subgroup of Gp,4(Q,,) which is the stabilizer
of a selfdual periodic lattice chain £ in the standard symplectic vector space of
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dimension 2g over Q,,. In this case the Shimura field is equal to Q, and a model 8§k
over Zy) is given as the moduli scheme of principally polarized chains of abelian
varieties of dimension g of type corresponding to £, with a level structure prime to
p. In this case, the local model is given inside the product of finitely many copies of
the Grassmannian of subspaces of dimension g in a 2g-dimensional vector space,
which satisfy two conditions: a periodicity condition, and a self-duality condition.
This example is discussed in 2.2.

Example 1.7. Let us consider Shimura varieties related to the Picard moduli schemes
of principally polarized abelian varieties of dimension n with complex multiplica-
tion of the ring of integers Oy in an imaginary-quadratic field k of signature (r, s)
(cf. [KuR, §4] for precise definitions). Here the Q,-group G is the group of unitary
similitudes for the quadratic extension k ® Q, of Q. Three alternatives present
themselves.

(i) p splits in k. Then G ~ GL,, X Gy,,, and {p} is the conjugacy class of a cocharacter of
the form ((1(7,01¢)); 1). Here, forn = r + s, we write (1(",0(¢)) for the cocharacter

x —> diag(x,...,x, 1,...,1)
T S

of GL,,. The parahoric subgroup K, is of the form K x Z, where K} is a parahoric
subgroup of GL,(Q,).

(ii) p is inert in k. Then G becomes isomorphic to GL,, x G, after the unramified
base extension ®g, k;,. Hence, by the expected general property (iv) of local models
(which is true in the case at hand), the local models in cases (i) and (ii) become
isomorphic after extension of scalars from E, to E;, = k;, - E,. Note that, if r # s,
then E, can be identified with k,,, and hence Ej, = E.

(iii) p is ramified in k. Again G ®q, kp = GL, x Gy,. There is a morphism of local
models
M (G, {u})k ®o, Or, — M(GLn X G, {1k,

for any parahoric subgroup K’ ¢ GL, (k) x k, with intersection K with G(Qp).
However, in general this is not an isomorphism.

The Picard moduli problems lead to local models defined in terms of linear
algebra, similar to the Siegel case above. The local models relating to the first two
cases are discussed in 2.1; the local models of the last case is discussed in 2.6.

As is apparent from this brief discussion, the definitions of the local models
related to the last two kinds of Shimura varieties strongly use the natural represen-
tations of the classical groups in question (the group of symplectic similitudes in
the Siegel case, the general linear group in the Picard case for unramified p, and the
group of unitary similitudes in the Picard case for ramified p). They are therefore not
purely group-theoretical. In the next section, we will give, in some cases, a purely
group-theoretical construction of local models.
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1.3. Local models in the Beilinson-Drinfeld-Gaitsgory style

The starting point of the construction is a globalized version of the affine
Grassmannian as in [BD]. Let O be a complete discrete valuation ring, with fraction
field F and residue field k. Let X = Spec O[t] be the affine line over O. Let G be a
split reductive algebraic group. We consider the following functor on (Sch/X). Let
S € (Sch/X), with structure morphism y: S — X, and define

iso-classes of pairs F a G-bundle on X x S,
(1.8)  Grgx(S) :{ b }

(F,B) B a trivialization of F|(xxs)\r,

Here I, C X x S denotes the graph of y, and the fiber products are over SpecO.

Then Grg x is representable by an ind-scheme over X. The relation of this
ind-scheme to the usual affine Grassmannian is as follows.

Recall that to G and any field «, there is associated its positive loop group L™ G
over K, its loop group LG, and its affine Grassmannian Grg = LG/L"G (quotient
of fpqc-sheaves on k-schemes). Here L*G is the affine group scheme on Spec
representing the functor on k-algebras

R+— LTG(R) = G(RI[T]]),

and LG is the ind-group scheme over Spec k representing the functor
R+— LG(R) = G(R((T))),

and Gr is the ind-scheme over Spec k representing the functor

R Gra(R) = { iso-classes of pairs | JF a G-bundle on SpecR[[T]], } ,

(F,B) B a trivialization of Flspecr((T))

comp. [BL], cf. also 3.1 below. When we wish to emphasize that we are working
over the field k, we will denote the affine Grassmannian by Grg .

Lemma 1.9 (Gaitsgory [Ga, Lem. 2]). Let x € X(«), where « is either the residue field
of O, or the fraction field of O, and identify the completed local ring O of X x Spec k with
k[[T1], using the local parameter T = t — x. Then the restriction morphism induces an
isomorphism of ind-schemes over SpecK,

131 Gre,x Xxx Speck — Grg « .
Here Grg,« denotes the affine Grassmannian of G over K. |

We next construct a degeneration of Grg ¢ to the affine flag variety Flg x =
LG/B over k, where B denotes the Iwahori subgroup scheme of L™ G given as the
inverse image under the reduction map of a fixed Borel subgroup B of G,

L*G——G
U U
B———B.
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Denote by 0 € X(0O) the zero section. Let Flg x be the ind-scheme over X which
represents the following functor on X-schemes,

7, G S),
(1.10) S+— {iso—classes of triples (F, 3, ¢) (9, B) € Gre x(8) }

¢ a reduction of Flj1xs to B

Let mx: Flg,x — Grg,x be the forgetful morphism, which is a smooth proper
morphism with typical fiber G/B.

Now fix a uniformizer 7 € 0. We denote by § the section of X over O defined
by 8*(t) = 7. Let Flg, 0, resp. Grg,o, be the pull-back via § of Flg x, resp. Grg x, to
Spec©, and let

(1.11) o : FIG,O — GTQ@

be the pull-back of 7tx. Note that the section 6§ gives by Lemma 1.9 identifications of
the generic fiber of Grg ¢ with Grg r, and of the special fiber of Grg,o with Grg x.

Lemma 1.12. The morphism 1o induces

e over F a canonical isomorphism
Flg,o x SpecF ~ Grgr x G/B,
e over k a canonical isomorphism
Flg,0 x Speck ~ Flg x .
Proof. (cf. [Ga, Prop. 3]) If S is a F-scheme, then
X x S\ Ty = Specg Oslt, (t—m) 7],

and the trivialization  induces a trivialization of F along the section t = 0. Hence
the reduction ¢ to B corresponds to a section of G/B over S, which provides the
claimed identification of the generic fiber.

If S is a k-scheme, then the identification of Grg,9 X Speck with Grg y is via
the origin t = 0, in the sense of Lemma 1.9. Hence the reduction ¢ to B corresponds
to the choice of a compatible flag in the non-constant G-bundle F|;_y over S, hence
the triple (&, B, ¢) corresponds to a lifting of the S-valued point (F, ) of Grg x to
an S-valued point of Flgx, which gives the claimed identification of the special
fiber. O

Next we recall that the orbits of L* G on Grg are parametrized by the dominant
coweights, cf. Remark 4.9. More precisely, if A denotes a maximal split torus in B,
and X, (A); denotes the dominant coweights with respect to B, then the map

A— (LYG-A(T)-L*G) /LT G = 0,
defines a bijection between X,(A), and the set of orbits. Furthermore, O, is a
quasi-projective variety of dimension (2p, A), and O, C O, if and only if u<A (i.e,
A — p is a non-negative integral sum of positive co-roots), cf. Proposition 4.21. In
particular, O, is a projective variety if and only if A is a minuscule coweight.
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Now we may define a version of local models in this context.

Definition 1.13. The local model attached to A € X,(A). in the Beilinson-Drinfeld-
Gaitsgory context is the scheme-theoretic closure Mg » in Flg,¢ of the locally closed
subset O x {e} of Grg,F XspecF G/B.

This definition is essentially independent of the choice of the uniformizer 7 of
0. Indeed, any two uniformizers differ by a unit, which may be used to construct a
canonical isomorphism between the corresponding local models.

It follows from the definition that Mg » is a projective scheme flat of relative
dimension (2p,A) over O. If A is minuscule, then the generic fiber of Mg, is
projective and smooth. The theory of local models is concerned with the structure of
the schemes Mg . Natural questions that arise in this connection are the following.
When is the special fiber Mg » ®¢ k reduced? What are its singularities, and how
can one enumerate its irreducible components?

Variants 1.14. (i) Replacing the Borel subgroup B by a parabolic subgroup P con-
taining B, and the Iwahori subgroup B by the parahoric subgroup P corresponding
to P under the reduction morphism, we obtain a scheme Flg p o with generic fiber
equal to Grg r x G/P and with special fiber equal to the affine partial flag variety
LG/?. Correspondingly we define local models Mg p,» over SpecO for A € X, (A),
with generic fiber contained in Grg r, and with special fiber contained in the partial
flag variety LG/L"P over k. For an inclusion P C P’ of two standard parabolic
subgroups of G, we obtain a morphism between local models

Mg,pr — Mgpia,

which induces an isomorphism in the generic fibers. In the extreme case P = G, the
scheme Flg p ¢ has generic fiber Grg r and special fiber Grg x, and the local model
Mg G, “looks constant" over Spec 9, with generic fiber the Schubert variety Oy in
Grg,r, and special fiber the Schubert variety O in Grg k. If A is minuscule, then
Mg, G, is projective and smooth over O.

(ii) The preceding considerations generalize without substantial changes to the case
when G is a quasi-split reductive group over O.

(iii) An alternative definition of Mg p\ can be given as follows. Starting from the
Chevalley form of G over O and a parabolic subgroup P as above, we can construct
a smooth “parahoric group scheme" § over Spec O[[t]]. The generic, resp. special,
fiber of G — Spec O is isomorphic to the smooth affine “parahoric group scheme"
G, over Speck([t]] with k = F, resp. k, given by Bruhat-Tits theory. (These are
characterized by requiring that G, (k*P[[t]]) is equal to the group of elements of
G(k*¢P[[t]]) with reduction modulo t contained in P(k*P).) For example, G can be
obtained by applying the constructions of [BTII, 3.2, 3.9.4] to the two dimensional
base Spec O[[t]] by picking appropriate schematic root data given by ideals generated
by powers of t, see also [PR4, p. 147]. The base change g Xspec 0[] Spec O((t)) is
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identified with the Chevalley group scheme G xgspec 0 Spec O((t)). We can now glue
the “constant" group scheme G over Spec O[t, t~!] with § over Spec O[[t]] to produce
a “Bruhat-Tits group scheme" G over the affine line X = Spec O[t], cf. [PR5, He]. Let
us define the functor Grg x exactly as in (1.8) above, except that G-torsors are now
replaced by G-torsors. Also as above, set

GT‘Q,@ = GTg,x XX, SpecO

where &: SpecO — X is given by t — 7. Note that § xx 5 SpecO is the parahoric
group scheme associated to the subgroup of elements of G(O"") with reduction
modulo 7t contained in P(k*P). Similar to Lemma 1.12, we can see that Grg o X
SpecF = Grgr is the affine Grassmannian of the loop group of G over F, while
Grg,o x Speck = LG/L" Gy is the affine flag variety corresponding to the parahoric
subgroup §(k[[t]]) over k. The rest of the construction proceeds the same way: we
define Mg p,» = Mg\ to be the Zariski closure of the orbit O,.

This construction extends beyond the split case and is used in [PZ] to provide
a definition of local models M!°°(G, {u})x under some rather general assumptions.
Indeed, one can deal with all reductive groups G that split over a tamely ramified
extension of F and with general parahoric subgroups. The technical details of the
construction of the group scheme G over X = Spec O[t] and of the global affine
Grassmannian Grg,x in the general (tamely ramified) case are quite involved and
we will not attempt to report on them here. Instead, we refer the reader to the article
[PZ].

In the rest of this survey we will only discuss the models that are directly
related to (mostly PEL) Shimura varieties, as sketched in 1.2. However, especially
after Gaitsgory’s paper [Ga], we have seen that methods from elsewhere, such as
from the theory of the Geometric Langlands Correspondence, are having an impact
on the problems discussed in this report.> We hope that our loose discussion above
can help in this respect to attract people from these other areas to the theory of local
models.

2. Basic examples

In this section we make explicit the definition of the local model in the style of
1.2 in the most basic cases. Let F be a discretely valued field, O its ring of integers,
7 € Of a uniformizer, and k = O /7O its residue field which we assume is perfect.
Let n. be a positive integer. A lattice chain in F™ is a collection of Or-lattices in F™
totally ordered under inclusion. A lattice chain £ is periodic if aA € £ for every

2In this respect, we refer to very recent work of X. Zhu [Zh] on the coherence conjecture [PR3] and to
the article [PZ].
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A € L and a € F*. Fori = na + j with 0 < j < n, we define the O-lattice
j n
(2.1) A= Z ﬂiailopel + Z 7 %Ore; C FT,
1=1 1=j+1
where ey, ..., e, denotes the standard ordered basis in F*. Then the A;’s form a
periodic lattice chain

(2.2) S CALCA{CAyC A I CNAyC -,

which we call the standard lattice chain.

Given a partition n = r+s, we recall the cocharacter (1(",0(¢)) of GL,, defined
in Example 1.7(i); we shall also regard this as a cocharacter of certain subgroups of
GL, (e.g. GSpag, GOag, ... ), as appropriate.

In each case except for 2.4 and 2.5, we give the types of the adjoint group and
nontrivial minuscule coweights under consideration, in the sense of the table in 1.2.

2.1. Split unitary, i.e. GL,, (types (A, 1, @)), 1 <r<n—1)

We refer to 1.2 for an explanation of why we lump the cases GL,, and the split
unitary group relative to an unramified quadratic extension together.

Let G := GL,, over F and let £ be a periodic lattice chain in F™. Fix an integer r
with 0 < r < n, let p denote the cocharacter (117, 0("7)) of the standard maximal
torus of diagonal matrices in G, and let {1} denote the geometric conjugacy class of
w over F. The local model Mlé’f{ WL attached to the triple (G, {u}, £) is the functor on
the category of Og-algebras that assigns to each O-algebra R the set of all families
(FA)aer such that

(i) (rank) for every A € £, F is an R-submodule of A ®¢, R which Zariski-locally
on SpecR is a direct summand of rank n — r;

(ii) (functoriality) for every inclusion of lattices A C A’ in £, the induced map
A ®or R—= A’ ®9, R carries Fp into Fa-:

/\®OFR4>/\/®OFR
U U
FAr————>Fpas;

(iii) (periodicity) for every a € F* and every A € £, the isomorphism A % aA
identifies Fo — Fqn. )

It is clear that Mlg"{u}, . is representable by a closed subscheme of a product of
finitely many copies of Gr(n—r, n)¢,, the Grassmannian of (n—r)-planes in n-space;
and that Mlé’f{ R has generic fiber isomorphic to Gr(n — 1, n)r. The fundamental
result of Gortz’s paper [G61] is the following.

Theorem 2.3 (Gértz [G61, 4.19, 4.21]). For any u = (1,0""")) and periodic
lattice chain L, Mlgf{u}, ., 1s flat over Spec O with reduced special fiber. The irreducible
components of its special fiber are normal with rational singularities, so in particular are
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Cohen-Macaulay. Furthermore, M, . has semi-stable reduction when = (1,0"~1)).
O

Here a normal variety having “rational singularities” is meant in the strongest
sense, i.e., there exists a birational proper morphism from a smooth variety to it
such that the higher direct images of the structure sheaf and of the dualizing sheaf
vanish.

Example 2.4. The simplest nontrivial example occurs forn = 2, u = (1,0), and
£ the standard lattice chain (the Iwahori case). The most interesting point on the
local model is the k-point x specified by the lines ke; C A and ke, C A;, where
we use a bar to denote reduction mod 7. In terms of standard affine charts of the
Grassmannian, we find that x has an affine neighborhood U in the local model
consisting of all points of the form

Fa, =span{e; + Xe,} and TFa, =span{Ynt 'e; + ey}

such that XY = 7. Hence U = Spec O¢[X, Y]/(XY — 7t). Hence U visibly satisfies the
conclusions of Theorem 2.3; its special fiber consists of two copies of A} meeting
transversely at x. In fact, globally the special fiber of the local model consists of two
copies of P} meeting at x. By contrast, taking £ to be the homothety class of Ay or
of Ay (the maximal parahoric case), the local model is tautologically isomorphic to
Py, .

In 6.1 we shall consider various analogs of the scheme U both for higher rank
and for other groups, which we broadly refer to as schemes of matrix equations.
Note that U is exactly the scheme Z, ; appearing in Theorem 6.2.

Remark 2.5. In light of Theorem 2.3, it is an interesting question whether the special
fiber, as a whole, of the local model is Cohen-Macaulay; by the flatness result, this is
equivalent to the local model itself being Cohen-Macaulay. If Cohen-Macaulayness
holds, then, since by the theorem above the special fiber is generically smooth, we
can apply Serre’s criterion to deduce that the local model is also normal.

In [G61, §4.5.1], Gortz proposes to attack the question of Cohen-Macaulayness
of the special fiber by means of a purely combinatorial problem in the affine Weyl
group, which however appears to be difficult, at least when £ is the full standard
lattice chain. In this way he has found that the special fiber is Cohen-Macaulay
for n < 4 by hand calculations, and for n < 6 by computer calculations. Cohen-
Macaulayness can also be shown via his approach for any n, in the case that the
lattice chain £ consists of the multiples of only two lattices. Similar remarks apply
to local models for any group, whenever the special fiber of the local model can be
identified with a union of Schubert varieties in an affine flag variety. See Remark
2.10 for another case where this property can be shown. By contrast, we know of
no experimental evidence for Cohen-Macaulayness of the special fiber in any other
Iwahori, i.e. “full lattice chain,” cases. We shall discuss embedding the special fiber
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of local models in affine flag varieties in 3.3. The question of Cohen-Macaulayness
and normality of local models is a major open problem in the field.

2.2. Split symplectic (types (Cq4, @)

Letn = 2g, and let (, ) denote the alternating F-bilinear form on F?9 whose
matrix with respect to the standard ordered basis is

(2.6) Jo = <_Hg Hg) ,

where Hy denotes the g x g matrix

(2.7) Hg =
1

Given a lattice A in £, we denote by A its (, )-dual,

A= {xePF9|(Ax) CO}.
Then (, ) induces a perfect bilinear pairing of Or-modules
(2.8) A x A —s Of.

We say that a lattice chain £ in F29 is self-dual if A € £ forall A € £.

Let G := GSpag := GSp((, )) over F, let p denote the cocharacter (1(9),0(9))
of the standard maximal torus of diagonal matrices in G, and let {u} denote its
geometric conjugacy class over F. Let £ be a periodic self-dual lattice chain in F?9.
The local model Mlé’c{ R is the closed O¢-subscheme of Ml((;)cng,{ WL whose R-points,
for each Or-algebra R, satisfy the additional condition

(iv) (perpendicularity) for all A € £, the perfect R-bilinear pairing
(A ®o, R) x (A®o, R) — R
obtained by base change from (2.8) identifies F5 C A ®o, Rwith F A-

This time the local model Mlé’f{ ., has generic fiber LGr(2g)F, the Grassman-
nian of Lagrangian subspaces in F29. The fundamental result of Gortz's paper [G62]
is the following.

Theorem 2.9 (Gortz [G62, 2.1]). For any periodic self-dual lattice chain L, Mlgf{u}, o 1S
flat over Spec Or with reduced special fiber. The irreducible components of its special fiber

are normal with rational singularities, so in particular are Cohen-Macaulay. d

Remark 2.10. In the case that the lattice chain £ consists of multiples of two lattices
A and A’ such that A = A and A’ = A, one can obtain a better result, namely that
the whole special fiber is Cohen-Macaulay and that the local model is normal. This
was first shown in [CN]. See Theorem 6.6 and the discussion after its statement.
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2.3. Split orthogonal (types (Dy, @y ), (Dg, @)

In this example we assume chark # 2. Let n = 2g, and let ( , ) denote the
symmetric F-bilinear form on F29 whose matrix with respect to the standard ordered
basis is Hag (2.7). Let A denote the (, )-dual of any lattice A in F?9. Analogously to
the previous subsection, (, ) induces a perfect pairing A x A — O for any lattice A.
We again say that a lattice chain in F29 is self-dual if it is closed under taking duals.

Let G := GO,q := GO((, )) over F,? let u denote the cocharacter (1(9,009))
of the standard maximal torus of diagonal matrices in G, and let {u} denote its
G(F)-conjugacy class over F. Let £ be a periodic self-dual lattice chain F29. The naive
local model M‘éaf{"j}, . is the closed Of-subscheme of Mlé’CLzy, (WL defined in exactly
the same way as for GSp, 4, that is, we impose condition (iv) with the understanding
that all notation is taken with respect to (, ).

Analogously to the symplectic case, M‘g'{"i} . has generic fiber OGr(g,29)F, the
orthogonal Grassmannian of totally isotropic g-planes in F29. But contrary to the
symplectic and linear cases — and the reason here for the adjective “naive” — the
naive local model is typically not flat over O, as was first observed by Genestier
[Ge2].

A major source of trouble is the fact that the orthogonal Grassmannian is
not connected, but has two connected components. To fix ideas, let us suppose
that £ contains a self-dual lattice A’ and a lattice A” D A’ with dimy A”/A’ = g;
then A7 = nA”. Given an R-point (Fa)aers of Mgi{vj}/ .+ the perpendicularity
condition requires that ¥+ be totally isotropic for (, )i, and the perpendicularity
and periodicity conditions require that 1~ be totally isotropic for (7!(,))

where we use a subscript R to denote base change to R. Hence we get a map

R’

(2.11) MEe, . —— 0Gr(g,2g)o, x OGr(g,2g)o,

(Fa)ree —————— (Fa, FTan).

Now, quite generally, a scheme X over a regular, integral, 1-dimensional base
scheme is flat if and only if the scheme-theoretic closure in X of the generic fiber of
X is equal to X. In our present situation, the target space in (2.11) has 4 connected
components, 2 of which contain the image of the 2 connected components of the
generic fiber of M‘g‘li{"ﬁ}, .- But forany g > 1, the image of M‘g‘li{"ﬁ}, . always meets
another component; see [PR4, 8.2] for a simple example which is easy to generalize
to higher rank. Hence the generic fiber of M, . is not dense in M, ., so that
MBS o is not flat.

To correct for non-flatness of the naive local model, one simply defines the true

loc : : naive : :
local model Mg, . to be the scheme-theoretic closure in MEe, - of its generic

3Note that G is disconnected, so that it does not honestly fit into the framework of §1. See the
discussion after Remark 2.14.
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fiber. Then Mlgf{u}, .. is flat essentially by definition, but a priori it carries the disad-
vantage of not admitting a ready moduli-theoretic description. In [PR4] a remedy
for this disadvantage is proposed in the form of a new condition, called the spin
condition, which is added to the moduli problem defining M‘g‘yi{vj}, - Unfortunately
the spin condition is a bit technical to formulate; we refer to [PR4, §§7.1, 8.2] or
[Sm1, §2.3] for details. In the simple case that £ consists of the homothety classes of
a self-dual lattice A’ and a lattice A" satisfying A" =mA”, the map (2.11) is a closed
embedding, and the effect of the spin condition is simply to intersect M'E‘;a‘{"i} -
with the two connected components of OGr(g,2g)e, x OGr(g,2g)e, marked by the
generic fiber of Mrg‘li{vj}l .- For more general £, the spin condition becomes more
complicated.

In general, let MSGPTM ., denote the closed subscheme of M‘éﬁi{"i}l . that classifies

. . . . .. . . spin naive . .
points satisfying the spin condition. The inclusion Mg\ - € ME'L, - is shown in

[PR4] to be an isomorphism on generic fibers, and we then have the following.

Conjecture 2.12 (|PR4, Conj. 8.1]). For any periodic self-dual lattice chain £, Mstli{“M, =
Mlgf{ oo that is, MSGP,’{HM ¢ is flat over Spec Of.

Hand calculations show that MSGPR}, .. is indeed flat with reduced special fiber

for n < 3; see [PR4, §8.3] for some explicit examples for n = 1 and 2. The main
result of [Sm1] is the following weakened form of the conjecture (for arbitrary n),
the full version of which is still open. Recall that a scheme over a regular, integral,
1-dimensional base scheme is topologically flat if its generic fiber is dense.

Theorem 2.13 ([Sm1, Th. 7.6.1], [Sm5]). For any periodic self-dual lattice chain L,

Msgli{nu}' . is topologically flat over Spec O; or in other words, the underlying topological

spaces of M

spin

e, and Mlgf{u}' .. coincide. 0

Remark 2.14. For sake of unformity assume g > 4. In proving Theorem 2.13 in the
Iwahori case, it suffices to take £ to be the standard lattice chain A, (2.2). But from
a building-theoretic perspective, it is more natural to instead consider the periodic
self-dual lattice oriflamme

where, fora € Z,

2g—1
—a-1 - —a+1
AZga’ =m ¢ OF€1+< E Tt aOF€1> + ot OFezg
1=2
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and

g—1 29
Algtaga) = (Z Tr_“_lOFm) + 7 %Oreg + 7 ¢ 10regi1 + Z T %Orer.
1=1 l=g+2
Then the lattice-wise fixer of A, in G(F) is the same as that for the displayed ori-
flamme, namely the Iwahori subgroup B of elements in G(O¢) which are upper
triangular mod 7;* and the parahoric subgroups of G°(F) that contain B are pre-
cisely the parahoric stabilizers of periodic, self-dual subdiagrams of the displayed
oriflamme.

One can define a naive local model for the displayed oriflamme just as we
have done for lattice chains, namely by specifying a locally direct summand of
rank g for each lattice in the oriflamme, subject to functoriality, periodicity, and
perpendicularity conditions. However this naive local model again fails to be flat:
this time the four lattices Ag, Ag/, Ag, and Ay are all self-dual up to scalar, and one
can see in a way very similar to what we discussed on p. 152 that the naive local
model is not even topologically flat. One can see as in [PR4, §8.2] that it is necessary
to impose a version of the spin condition, and we conjecture that the resulting spin
local model is flat.

As already noted, the treatment of the local model in this subsection does
not honestly fall under the framework set out in §1, since GO,4 is disconnected.
But if we take the philosophy of §1 seriously, then we should expect to have local
models for the connected group GO3, (or its adjoint quotient PGO3,) and each
of its minuscule coweights @, _; and @4. Here we can simply define these two
local models to be the respective Zariski closures of each of the two components of
OGr(g,2g)F in M2@¥e, In this way the local model Mlgf{u},ﬁ for GO,y is just the

GAukhL-
disjoint union of these two local models for GO3,,.

2.4. Weil restriction of GL,

We now begin to consider the simplest examples of local models for nonsplit
groups. Let Fy be a discretely valued field with ring of integers O, and residue field
ko. We suppose that F is a finite extension of Fy contained in a separable closure Fy?
of Fg. Let d := [F : Fo] and let e denote the ramification index of F/Fy, so that e | d.

In this subsection we generalize our discussion of GL,, in 2.1 to the group
G = Resg,, GL,, over Fy. As in 2.1, we place no restrictions on the characteristic of
k. Let £ be a periodic O-lattice chain in F*. Let F*! denote the Galois closure of

in Fy”. Then we have the standard splitting upon base change to F¢?,

(2.15) Graa =[] GLn,

@:FoFyP

40ne verifies easily that in fact B C G°(O¢).
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where the product runs through the set of Fo-embeddings ¢: F — F;*. For each
such ¢, choose an integer v, with 0 < v, < n; let

r::E Tes
[}

let p, denote the cocharacter (1("¢),0("~"¢J)) of the standard maximal torus of
diagonal matrices in GL,; let u denote the geometric cocharacter of G whose -
component, in terms of (2.15), is p; and let {u} denote the geometric conjugacy
class of 1. Let E denote the reflex field of {i}; this is easily seen to be the field of
definition of y, that is, the fixed field in Fy* of the subgroup of the Galois group

{ o€ Gal(Fy?/Fy) | Toop =T forall : F— FyP }.

Plainly E C F&. Let O¢ denote the ring of integers in E.

The naive local model Mlgi{VS}, ., attached to the triple (G, {u}, £) is the functor on
the category of O -algebras that assigns to each O -algebra R the set of all families
(FA)aer such that
(i) for every A € £, Fa is an (Or ®o,, R)-submodule of A ®o, R which Zariski-

locally on SpecR is a direct summand as an R-module of rank dn — r;

(ii) for every inclusion of lattices A C A’ in £, the induced map A ®o, R —
A ®o;, R carries Fa into Fps;

(iii) for every a € F* and every A € £, the isomorphism A % aA identifies Ty —
Fan; and

(iv) (Kottwitz condition) for every a € Of and every A € £, the element a ® 1 €
OF ®o;, Racts on the quotient (A ®or, R)/F A as an R-linear endomorphism with
characteristic polynomial

charg(a® 1| (A ®or, R)/FA) = H (X—e@(a))"™.

sep

@:F=F,

Note that in the statement of the Kottwitz condition the polynomial [, (X—
(p(a))r“’ can first be regarded as a polynomial with coefficients in O¢ by definition
of E, and then as a polynomial with coefficients in R via its O -algebra structure. We
remark that in [Ko1, §5] and [RZ, §3.23(a)], the Kottwitz condition is formulated in
a different (but equivalent) way as a “determinant” condition. As always, Mrg[i{"ﬁ}, °
is plainly representable by a projective O -scheme.

When F is unramified over Fy, upon base change to F&, M‘éﬁi{vﬁ}l . becomes
isomorphic to a product of local models for GL,, of the form considered in 2.1.

Hence (2.3) implies the following.

Theorem 2.16 (Gortz [GO1, 4.25]). Suppose F is unramified over Fo. Then for any p
as above and any periodic O-lattice chain L, Mrg‘li{vj}l . is flat over Spec O¢ with reduced
special fiber. The irreducible components of its special fiber are normal with rational
singularities, so in particular are Cohen-Macaulay. d
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In general, i.e. in the presence of ramification, the naive local model need not

be flat. As in the orthogonal case, the honest local model Mlgc{p} . is then defined

: : naive : : . loc —
to b«'e the scheme-theoretic closure in ME'e, - of its generic fiber; thus MY, , =
METS, . when Fis unramified. Unfortunately, in contrast to the orthogonal case,

G,
it ap{gears to be unreasonable to hope to give a simple, explicit, purely moduli-
theoretic description of M]glc{ u),c 1N general; see however [PR1, Th. 5.7], where just
such a description is given in special cases under the hypothesis of the correctness
of the conjecture of De Concini and Procesi on equations defining the closures of
nilpotent conjugacy classes in gl,,. To better focus on the issues at hand, we shall
suppose henceforth that F is totally ramified over F, i.e. that e = d.

Although there seems to be no simple moduli-theoretic description of Mlé’f{ RV
there are at least two nontrivial descriptions of it that bear mention. For the first,
note that whenever £’ is a subchain of £, there is a natural forgetful morphism

per MERS) ; — MELS 1.
In particular, for every lattice A € £, we may consider its homothety class [A] C £
and the projection Mrg‘,i{‘ﬁ}r . = Mréfi{"ﬁ}r[ Ay here the target space corresponds to
the maximal parahoric case, as the stabilizer of A in G(Fy) is a maximal parahoric
subgroup. In [PR1, §8] it is proposed to describe Mlglc{u}, . by first taking the local
model Mlé’f{ A D the sense of the previous paragraph for each homothety class
[A] C £, and then defining’

t . —1 1
M&Toc = [ e (MEhum)-
[AlcL

In the maximal parahoric case, the special fiber of Mlglc{u},[ Aj is integral and normal
with only rational singularities [PR1, 5.4]. On the other hand, Goértz [Go4, Prop. 1]
has shown that M7, . is topologically flat. These results can be combined to yield
the following.

Theorem 2.17 (Gortz [Go4, §1 Th.]; [PR2, 7.3], [PR1, 5.4]). For any u as above
and any periodic Og-lattice chain £, MG, - = Mlé’f{u}/ oo thatis, MEY, . is flat over
Spec Og. The special fiber of Mlgfm}l . is reduced and its irreducible components are
normal with rational singularities, so in particular are Cohen-Macaulay. When L consists

of a single lattice homothety class, the special fiber of M]((S),C{u}, . is moreover irreducible. [J

Note that if a moduli-theoretic description of the local models Mlc(;),c{u}, Al
can be found, then there would clearly also be a moduli-theoretic description of

vert . vert . . .
MG, c- The definition of MY, - is closely related to the combinatorial notion

of vertexwise admissibility, which we shall take up in 4.5.

3Note that [PR1] uses the notation M!°¢ to denote what we call M‘gr{‘u} .+ which a priori is different

et loc
from our definition of MG,{),J.},L'
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The second description of Mlgf{u}, . makes use of the splitting model Mg ;¢
defined in [PR2, §5]. We shall not recall the details of the definition here. Roughly
speaking, Mg (,,¢ is a projective scheme defined over the ring of integers Opca in
F& which represents a rigidified version of the moduli problem defining Mgﬁi{‘ﬁ}, o
There are canonical morphisms

Mg, (uy.c — ME(,c ®oc Opca — ME ¢
The canonical local model M, , - is defined to be the scheme-theoretic image in
M, o of the composite. It is shown in [PR2] that the first displayed arrow is an
isomorphism on generic fibers (the second is trivially an isomorphism after base
change to F¢¥, of course) and that Mg, » can be identified with a certain twisted
product of local models for GL,, over Spec Oca, so that Mg () ¢ is flat. One then

obtains the following.

Theorem 2.18 ([PR2, 5.1, 5.3]). For any u as above and any periodic Or-lattice chain

can _ loc
L MG .e =MEu.c O

Note that although Mlglc{u}( . itself does not appear to admit a ready moduli-
theoretic description, the theorem exhibits it as the image of a canonical morphism
between schemes that do.

As pointed out by Haines, the splitting model can be used to give a second
proof of flatness for M, . that bypasses part of the proof of topological flatness
of Gortz. See [PR2, 7.5] and [G64, §5 Rem.].

2.5. Weil restriction of GSp,q

In addition to Weil restrictions of GL,,, local models for Weil restrictions of
GSp2g4 have also been studied in some detail. In this subsection we shall very briefly
survey their theory, outsourcing essentially all of the details to the papers [PR2] and
[Go4].

Let G := Resg/r, GSp2g, and otherwise continue with the assumptions and
notation of the previous subsection. For each Fo-embedding ¢: F — Fy*, letry, := g.
Let p denote the resulting geometric cocharacter of Resg/r, GL,g, Tegard p as a
geometric cocharacter for G, and let {1} denote the geometric conjugacy class of p
for G. Then the reflex field of {u} is Fy. Let £ be a periodic Og-lattice chain in F29
which is “self-dual” in the sense of [PR4, §8] or [G04, §6]. The naive local model

Mlg‘{"i}' . attached to (G, {u}, £) is the closed subscheme of Mggg‘s £y GLag (1), whose

points satisfy a perpendicularity condition relative to every pair of dual lattices in £,
in close analogy with the perpendicularity condition in 2.2; again see [PR4, §8] or
[Go4, §6].

Essentially all the results in the previous subsection are known to carry over to
the present setting. For unramified extensions we have the following.
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Theorem 2.19 (Gortz [G62, §2 Rem. (ii)]). Suppose F is unramified over Fy. Then
for any self-dual periodic O¢-lattice chain L, M‘g‘yi{"ﬁ}, . is flat over Spec O, with reduced
special fiber. The irreducible components of its special fiber are normal with rational

singularities, so in particular are Cohen-Macaulay. d

Let us suppose for the rest of the subsection that F/F is totally ramified. Then it
is not known whether Mrg‘f{"ﬁ}, . is flat (but see Conjecture 2.22 below), and we define
M, to be the scheme-theoretic closure in M, - of its generic fiber. In [PR2,

. . “ . " Tt
Display 12.2], there is defined a natural “vertexwise” analog of M‘é‘zSF/FU GLaog ()L

which we denote by M, - (this is denoted by N!°¢ in loc. cit.). We then have the
following.

Theorem 2.20 (Gortz [G64, Prop. 3]; [PR2, Ths. 12.2, 12.4]). For any self-dual
periodic Og-lattice chain L, M‘gl‘}u}' o= M]((;),C{u}, o that is, M‘gr{‘ WL is flat over Spec Or,.
The special fiber of Mlgfm}, . s reduced and its irreducible components are normal with
rational singularities, so in particular are Cohen-Macaulay. When L is a minimal self-dual
periodic lattice chain, the special fiber of Mlglc{ w),c 1S moreover irreducible. |

Gortz's contribution to Theorem 2.20 is to show that M, - is topologically
flat. In fact he proves the following stronger result.

Theorem 2.21 (Gortz [G64, Prop. 3]). For any self-dual periodic Og-lattice chain L,
Mréali{‘ﬁ}, . 1s topologically flat over Spec O, |

loc vert naive CR :
Thus ME oo MET 00 .and MET, o all coincide at the level of topological
spaces. Gortz furthermore conjectures that they are equal on the nose.

Conjecture 2.22 (Gortz [G64, §6 Conj.]|). For any self-dual periodic O-lattice chain

L, Mge, . is flat over Spec Or,.

Note that the conjecture stands in contrast to the case of Resg,r, GL,,, where
the naive local model may even fail to be topologically flat.

We finally mention that, in analogy with the previous subsection, the notions
of splitting model and canonical local model are also developed in [PR2] in the setting
of local models for G. We refer to loc. cit. for details, where, in particular, it is shown

: loc
that the canonical local model equals M g%, .

2.6. Ramified, quasi-split unitary (types (A, ®)); (A2

n—1’/ (st)r 1 g S g n— 1)6
In this subsection we take up another typical example of a group that splits

only after a ramified base extension, namely ramified, quasi-split GU,,. We suppose

n > 2 and chark # 2. We continue with the notation of the previous subsection,

but we now restrict to the special case that F/Fy is ramified quadratic. To simplify

Note that type Agzj does not actually appear in the table in 1.2. Rather the adjoint group PG Uy, is

of type ng.
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matters, assume that 7t — —7m under the nontrivial automorphism of F/Fy, so that
1y = 7% is a uniformizer of Fy. Let ¢ denote the F/Fy-Hermitian form on F™ whose
matrix with respect to the standard ordered basis is H,, (2.7). We attach to ¢ the
alternating Fy-bilinear form

()i VXV — 3T,

(x,y) —— 3Tre/p, (T 0 (%, y).
Given an Og-lattice in F*, we denote by A its common (,)-and ¢-dual,
A= {xeF" | (Ax) COr}={xeF"|d(Ax)C O}
As usual, (, ) induces a perfect Of,-bilinear pairing
AxA—s Or,

for any Or-lattice A; and we say that an Op-lattice chain in F™ is self-dual if it is closed
under taking duals.

Let G := GU, := GU(d) over Fy, and let £ be a periodic self-dual O¢-lattice
chain in F™. Although we shall define local models for any such £, when n is even,
facets in the building only correspond to £ with the property that

(x) if £ contains a lattice A such that TA C A C Aand dimy K/WA = 2, then £ also
contains a lattice A’ D A with dim A’/A = 1.
Such a A’ then satisfies A’ = mA’. See [PR3, §4.a], [PR4, §1.2.3].

Over F we have the standard splitting

(2.23) Gr % Ly x G,

where c: G — G, is the similitude character and f: G¢ — GL, is given on R-points
by the map on matrix entries

R®f F——R
XQYFH———xy

for an F-algebra R. Let D denote the standard maximal torus of diagonal matrices
in GL,,. Choose a partition n = r + s; we refer to the pair (r, s) as the signature.
Let 1 denote the cocharacter (1(¢),00; 1) of D x G,. Then we may regard t as a
geometric cocharacter of G via (2.23), and we denote by {u} its geometric conjugacy
class. We denote by E the reflex field of {u}; then E = Fy if r = s and E = F otherwise.
Let O denote the ring of integers in E.

The naive local model Mrg‘f{"j}l . is the functor on the category of Og-algebras
that assigns to each Og-algebra R the set of all families (¥4 ) e such that
(i) for every A € £, T is an (Or ®o,, R)-submodule of A ®o, R which Zariski-
locally on SpecR is a direct summand as an R-module of rank n;
(ii) for every inclusion of lattices A C A’ in £, the induced map A ®o, R —
N/ ®or, R carries Fa into Fp/;
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(iii) for every a € F* and every A € £, the isomorphism A % aA identifies T —
Fan;

(iv) for every A € £, the perfect R-bilinear pairing
(A®o,, R) x (A®o,, R) — R
induced by (, ) identifies Fx € A ®o,, R with F3;
(v) (Kottwitz condition) for every a € Or and every A € £, the element a® 1 €

Or ®o,, Racts on the quotient (A ®or, R)/FA as an R-linear endomorphism with
characteristic polynomial

charg (a ® 1| (A®o,, R)/Fa) = (X—a) (X—a)*,

where we use a bar to denote the nontrivial automorphism of F/F.

When r = s, the right-hand side of the last display is to be interpreted as
(X2 — (a + @)X + aa)’. The Kottwitz condition is equivalent to requiring the
“determinant” condition that for every A € £, we have an equality of polynomials
with coefficients in R

detg(X(1® 1)+ Y(m® 1) | (A®o,, R)/FA) = (X+ Y1) (X = Y7)*,

where 1 ® 1, t® 1 € Or ®o,, R; and these conditions are mutually equivalent to
requiring that the single element 1 ® 1 acts on (A ®o,  R)/FA with characteristic
polynomial (X — 7)™ (X + 7)*.

As always, the naive local model is representable by a closed subscheme of a
finite product of Grassmannians over Spec Og. If we denote by V the n-dimensional
F-vector space

Vi=ker(m®1—-1n|F* ®f F),
then the map
(Falar— ker(m1—1Qm|Fp)

(independent of A) defines an isomorphism from the F-generic fiber M’éali{"ﬁ}, £ ®oc F
onto the Grassmannian Gr(s, V)F.

It was observed in [P1] that M‘g’i{"ﬁ}' . fails to be flat in general; historically,
this was the first time it was found that the Rapoport-Zink local model can fail to
be flat. The key point is that the Kottwitz condition fails to impose a condition
on the reduced special fiber. Indeed, if R is a k-algebra, then w ® 1 is nilpotent in
Or ®o,, R. Hence, when R is reduced, 7 ® 1 necessarily acts on (A ®o, R)/Fa with
characteristic polynomial X™, in accordance with the Kottwitz condition. Thus the
reduced special fiber is independent of the signature. Hence by Chevalley’s theorem
(EGA IV.13.1.5), the special fiber has dimension

> max{dim ME7, ¢ 9o, Blocscn = max{dim Gr(s, Vocsan = | 3|5 |
The max in the display is achieved for |[r — s| < 1. Thus M‘éﬁi{vﬁ},ﬁ is not flat for
[r —s| > 1, as its generic and special fibers have different dimension. We note that
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the analogous argument given in the proof of [P1, Prop. 3.8(b)] should be amended
to use the reduced special fiber in place of the honest special fiber.

As always, one remedies for non-flatness of the naive local model by defining
the honest local model Mlgf{u}, . to be the scheme-theoretic closure in Mg"“{"j} o of
its generic fiber. Although less is known about Mlgf{ u),¢ for ramified GU,, than for
ramified Resg,r, GL,, and Resg,r, GSp,g4, there are by now a number of results that
have been obtained in various special cases. In low rank, the case n = 3 has been
completely worked out.

Theorem 2.24 ([P1, 4.5, 4.15], [PR4, §6]). Letn =3 and (v, s) = (2,1).

(i) Let £ be the homothety class of the lattice Ao = OF C F™. Then M’(‘f‘li{vs}l L= Mlé’f{u}l o

that is, M‘(‘;a/i{"ﬁ}' . 18 flat over Spec O¢. Moreover, M‘é“/i{vﬁ}/ ¢ is normal and Cohen-Macaulay,
it is smooth outside a single point y in its special fiber, and its special fiber is integral and
normal and has a rational singularity at y. The blowup /7\7118“{“}, o Mlglc{u}, L, atyis
regular with special fiber a reduced union of two smooth surfaces meeting transversely along

a smooth curve.

(ii) Let £ = [A1, Ayl, the lattice chain consisting of the homothety classes of A1 and A,.
Then M'é’f{ o 18 smooth over Spec O with geometric special fiber isomorphic to P2.

(iii) Let £ be the standard maximal lattice chain in F3. Then M'é’f{ w,c is normal and
Cohen-Macaulay. Its special fiber is reduced and consists of two irreducible components,
each normal and with only rational singularities, which meet along two smooth curves
which, in turn, intersect transversally at a point. d

We shall discuss the case n = 2 at the end of the subsection in Remark 2.35.

Remark 2.25. In each case in the theorem, the stabilizer of £ in G(Fy) is a parahoric
subgroup. In this way the three cases correspond to the three conjugacy classes of
parahoric subgroups in G(Fo). See [PR4, §1.2.3(a)].

Remark 2.26. Quite generally, for any fixed n and £, it is elementary to verify
that Mréali{vj}, . (and hence M‘é’f{ u,¢) is unchanged up to isomorphism if we replace
the signature (v, s) with (s, r). Moreover, it is easy to see from the wedge condition
discussed below that Mlgf{ u,¢ 18 just Spec Of itself in case r or s is 0. So the theorem
covers all cases of interest when n = 3.

For larger n, results on Mlglc{u}, . are known for cases of simple signature and
for cases of simple lattice chains £. One important tool for proving reducedness of
the special fiber is Hironaka’s Lemma (EGA 1V.5.12.8).

Theorem 2.27. (i) (|[PR4, Th. 5.1]; Arzdorf [A, Th. 2.1], Richarz [Ri2, Cor. 5.6]) Let
n > 3. Suppose that n is even and L = [A,, 2], or thatn = 2m + 1 is odd and £ = [A)
or L = [Am, Amy1l. Then for any signature (v, s), the special fiber of Mlglc{u}, . is integral
and normal and has only rational singularities.
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(ii) (|P1, 4.5]) Letn > 2, (r,s) = (n—1,1), and £ = [Aq]. Then Ml((;),c{u},ﬁ is normal
and Cohen-Macaulay, and it is smooth over Spec O outside a single point y in the special
fiber. For n = 2, M'é’f{ w,c 1 regular and its special fiber is a divisor with simple normal

crossings. For n. > 3, the blowup Mlgf{ e = ME& . o aty is regular with special fiber a

divisor with simple normal crossings.

(iii) (|[PR4, §5.3]; Richarz [A, Prop. 4.16]) Let n > 3 and (r,s) = (n— 1,1). Suppose
that n is even and £ = [A,, 5] or thatn = 2m + 1 is odd and £ = [Am, Am1]. Then
ME ). is smooth. O

Remark 2.28. In (i), the cases n even, £ = [A,, ;] and n odd, £ = [Ao] are in [PR4],
and the other is due to Arzdorf. A different proof is due to Richarz [Ri2]. The
significance of the assumptions on n and £ is that, up to G(Fy)-conjugacy, these
are all the cases that correspond to special maximal parahoric level structure, i.e. the
parahoric stabilizer of £ in G(Fy) is the parahoric subgroup corresponding to a
vertex in the building which is special in the sense of Bruhat-Tits theory. See [PR4,
§1.2.3].

Remark 2.29. The blowup Mlgf{u}r . occurring in (ii) is described explicitly by
Kramer in [Kr] in terms of a moduli problem analogous to the Demazure resolution
of a Schubert variety in the Grassmannian. She shows that the special fiber of
T\Z‘é’f{u}, . consists of two smooth irreducible components of dimension n —1 —
one of which, the fiber over y, being isomorphic to P} !, the other one being
a P.-bundle over a smooth quadric — which intersect transversely in a smooth
irreducible variety of dimension n — 2.

Remark 2.30. In (iii), the case of n even is in [PR4], and the case of n odd is
due to Richarz. The result in the former case is not directly stated in [PR4], but it
follows from the cited reference, where it is shown that Mlé’/c{u}l Al has an open

neighborhood around its “worst point” isomorphic to AB:I (note that in the last
sentence of [PR4, §5.3], 1U,,s should be replaced by ;U7).

In the cases n even, £ = [A, ;] and n odd, £ = [A(], the local models are
never smooth outside the cases enumerated in (iii) (up to switching (r, s) and (s, 1),
cf. Remark 2.26), provided that the signature is nontrivial, i.e., r # 0 or s # 0,
see [Ril, Th. 3.15]. Probably the same holds for the case n = 2m + 1 is odd and
L= [Am, Ami1l.

In light of the failure of M’(‘;a‘{"ﬁ} . to be flat in general, it is an interesting

problem to obtain a moduli-theoretic description of M'gf{ w,c- Motivated by the

Kottwitz condition’s failure to impose a condition on the reduced special fiber,
in [P1] the following additional condition is introduced to the moduli problem

: naive
defining MY,
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(vi) (wedge condition) if r # s, then for every A € £, we have

+1 +1
A met+len|F)=0 and A, (me©l-1@mr|5)=0
R R
(There is no condition when r = s.)

The wedge local model M G.{u),c is the closed subscheme of M‘éai{"fl}’ ., that clas-
sifies points satisfying the wedge condition. It is easy to see that the wedge and
naive local models have common generic fiber, and under the special hypotheses
of Theorem 2.27(ii) it has been shown that the wedge condition cuts out the flat

closure M!lo¢

GAuhL-
Proposition 2.31 ([P1, Th. 4.5]). Letn > 2, (r,s) = (n—1,1), and £ = [Ao]. Then
A 1
MG (. = MEu.c- m

More generally, it is conjectured in [P1] that M {uhiAo] 18 flat for any n and
any signature.” But for more general lattice chains, the wedge condition turns out to
be insufficient [PR4, Rems. 5.3, 7.4]. For example, forn = 3 and (r,s) = (2,1), the
schemes Mé (uy,c for £ =[A1, Ar] and £ the standard lattice chain are topologically
flat but not flat. And for n even and r # 0 or s # 0, the scheme M
even topologically flat.

G AW A 2] 1snot

Remark 2.32. When n is even, [PR4] only shows that M (1WA, ] 18 DOt topologi-
cally flat for r and s odd. But the same holds for r and s even, prov1ded neither is 0:
for example, the point denoted F; in [PR4, §5.3] is not in the closure of the generic
fiber in this case. Accordingly, for n even, [PR4, Rem. 5.3(a)] should be corrected to

. . . . . /\
say that Conjecture 5.2 in loc. cit. implies that MG,{u},[/\ | contains MG (Wb An o]

: A
as an open subscheme for any signature, not that Mg ; ;A , forr

= Ml
2] GAuklAn /]
and s even. (Here the corrected statement allows for r and s to be odd as well as
even, since the odd case reduces to the even case, as follows from [PR4, §5.3].) See
Conjecture 6.13 below for a statement of Conjecture 5.2 in loc. cit.

More precisely, one verifies at once that the perfect pairing
id ()
Anja X Ansa % Anja X Ans2 — OF,

is split symmetric. Hence M’éa‘{"ﬁ} | naturally embeds as a closed subscheme of
OGr(n,2n)e, . Then [PR4, Conj. 5. 2] together with the topological flatness result

C
Theorem 2.34 below, implies that MG A 2] is the intersection of MG (0 A

with the connected component of OGr(n,IZn)oE marked by the common generic

fiber of Mnaive and MA

GAuhAn ] GAub[An ol

“This conjecture is still open, but it follows from Theorem 2.34 below, and from [Sm4, Rem. 7.4.9]
when n is even, that MG TuhIA ) is at least topologically flat in general. It is also conjectured in [P1] that

the schemes M‘g'{‘ﬁ} Aol Mé,{u}, Aol and NlG b Aol all coincide for [r — s| < 1. This is proved for n
equal to 2 and 3 in [P1, Th. 4.5, §4.15].
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Although the wedge condition is not sufficient in general to cut out the local
model inside M‘g‘li{"ﬁ}, .. one can still hope to describe Mlg,c{u}, ., via a further refine-
ment of the moduli problem. In [PR4] it is shown that, in addition to the wedge
condition, Mlgc{ ., satisfies a close analog of the spin condition that arose in the
setting of even orthogonal groups in 2.3, which is again called the spin condition. In
the setting of Remark 2.32, with n even and £ = [A,, /], the spin condition amounts
exactly to intersecting M‘éali{"ﬁ},[ A o] with the connected component of OGr(n,2n)e,

marked by the generic fiber of M‘(‘;’i{vs},[ Anyols D general the spin condition is more
complicated, and we shall just refer to the source papers for its formulation: see
[PR4, §7.2] or [Sm3, §2.5], [Sm4, §2.4] (the latter two contain a correction to a
minor sign error in the first). As in the orthogonal case, we denote by MY, . the
closed subscheme of Mé, ()¢ that classifies points satisfying the spin condition,

and we have the following.

Conjecture 2.33 (|PR4, Conj. 7.3]). Let £ be a periodic self-dual Or-lattice chain,
satisfying property (x) from the beginning of the subsection if n is even. Then for any n. > 3

. spin o loc . spin .
and any signature, Mg W = M& .0/ that is, Mg o i flat over Spec O.

Although the conjecture remains open, there is the following result, in analogy
with the orthogonal case.
Theorem 2.34 ([Sm3, Main Th.], [Sm4, Th. 1.3]). For any n > 3, any signature, and
any £ as in Conjecture 2.33, ME' - is topologically flat over Spec Og. If n is odd, then
MG (), I8 also topologically flat. O

In the special casen =2m + 1 isodd, (r,s) = (n—1,1), and £ = [An, A1l
mentioned in Theorem 2.27(iii), topological flatness of M [, ¢ also follows from
[A, Prop. 4.16].

We emphasize that for odd n, although MSGPR}I . and M/G\'{H}/ . coincide as
topological spaces, their scheme structures really do differ in general, and it is only
the spin local model that is conjectured to be flat. By contrast, for even n, Msé’li{nu}, -
and Mé, (¢ typically do not even agree at the level of topological spaces; see [Sm4].

Remark 2.35 (GU;). To be able to treat the Bruhat-Tits-theoretic aspects of GU,,
in a uniform way, the paper [PR4| omits the case n = 2. Let us briefly discuss it
now. The only nontrivial signature to worry about is (1, s) = (1,1). In this case the
naive and wedge local models coincide and are defined over Spec O,. The derived
group SU, is isomorphic to SL,, which is split. Each alcove in the building has two
vertices, both of which are special and GU,(Fy)-conjugate. Thus there are essentially
two cases to consider: the (special) maximal parahoric case and the Iwahori case.
First take £ = [A1]. Then the stabilizer in GU;(Fy) of A; is a maximal parahoric
subgroup. The naive local model is a closed subscheme of Gr(2, A1), , and by
restricting standard open affine charts of the Grassmannian, [PR4, §5.3] computes
two affine charts on M‘éa{jfl{u},[ A,1- (Although, strictly speaking, [PR4] makes the



G. Pappas, M. Rapoport, and B. Smithling 165

blanket assumption n > 3, the calculations in loc. cit. still go through forn = 2.)
The first chart U; ; identifies with the scheme of all 2 x 2 matrices X such that

X?=my-I1d, X'=-JXJ, and charx(T)=T?—my,

0-—1
One easily solves these equations to find that U; ; = Speck. The second affine chart
1U; ; identifies with the scheme of all 2 x 2 matrices X such that

where

Xt = —JXJ,

which, as noted in loc. cit., is the scheme of all scalar matrices X. Hence 1U; ; = A}DF .

0
By restricting the remaining standard affine charts on the Grassmannian to the local
model, one finds that globally

naive

VaN ~ 1
GUs (A0 = MG, ia,) = Po,, TTSpeck.

Of course this scheme is not flat because of the copy of Speck. As described in
Remark 2.32 and the paragraph preceding Theorem 2.34, Mréaa’;{u}/ (A, I8 actu-
ally contained in OGr(2, A1)o,, inside Gr(2, A1)o,,, and imposing the spin con-
dition amounts to intersecting Mféaa’;{u}l[ A, With the connected component of
OGr(2, /\1)oF0 marked by MEU; | WA ©0k, Fo. In this way the spin condition
visibly eliminates the extraneous copy of Speck.

For the Iwahori case we take £ to be the standard lattice chain. To warm
up, let us consider the naive local model associated just to the homothety class
[Aol, without worrying about the functoriality conditions attached to the inclusions
Ao C Apand Ay C m 'Aq. Let x denote the k-point on Mgali‘l’;{ 1A, 8iven by

(@ 1) (Ao ®oy, k) C Ay ®oy, k.

An affine chart for Mréalil’f,{u},[/\d around x is described in [P1, p. 596-7]: it is the

scheme of all 2 x 2 matrices X such that®
X2 =my-1d, X'=H,XH,, and charx(T)=T?—m,,

where as always H, is the antidiagonal unit matrix (2.7). Writing

X1 X12
X - 7
X21 X22

one finds that this chart is given by Spec O, [x12, x211/(x12%21 — 70). Thus we find
semistable reduction; in fact the global special fiber consists of two copies of P
meeting at the point x.

8Note that [P1] has the condition X* = X instead of X' = H,XHy,, owing to how the form 1y, is
defined there.
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The full local model Mgy, . can now be obtained from M, .
and Mlgiizl (A, DY imposing the functoriality conditions attached to the inclu-
sions Ag C Ay and A; C 7 'Ay. We leave it to the reader to verify that in fact
ML, e = MU, 1, -6 the submodule F 4, uniquely determines F,, with-
out constraint. This fact admits a building-theoretic interpretation: the stabilizer
of Ay in GU,(Fp) is not a maximal parahoric subgroup, but rather, after passing to
its connected component, the Iwahori subgroup fixing the entire standard chain.
Finally, note that the local model obtained in each of our two cases is isomorphic to
the local model for GL, in the analogous case, cf. Example 2.4.

2.7. Quasi-split but nonsplit orthogonal (types (D}, @7 ), (DY, @)

Again assume chark # 2 and let n = 2g — 2, n > 4. Let V be the 2g-
dimensional F-vector space on the ordered basis e, f, e;,..., exg—2, and let ( , )
denote the symmetric F-bilinear form on V whose matrix with respect to this basis

is’

Hag 2

with H,4_, the anti-diagonal matrix (2.7). As always, we denote by A the (, )-dual
of any Og-lattice A in V, and (, ) induces a perfect pairing A x A — Or.

Let G := GO((, )) over F. Then G is quasi-split but not split. Consider the
cocharacter (1(9),009)) of G ~ GO,q given as in 2.3, and let {i} denote its G(F)-
conjugacy class over F. Let £ be a periodic lattice chain in F29 which is self-dual
for the form (, ). The naive local model Mfgj‘f{‘ﬁ}l . is the closed Of-subscheme of
Mlgizg,{u}' ., defined in the exactly the same way as for GSp,4 and split GO,g4, that
is, we impose the duality condition (iv) with the understanding that all notation is
taken with respect to (, ). Once again, M“Ga'{"ﬁ} .. has generic fiber OGr((, )), the
orthogonal Grassmannian of totally isotropic g-planes in F29 for the form (, ). This
Grassmannian is now connected although not geometrically connected. We can
see [PR4, 8.2.1] that OGr((, )), supports a canonical morphism to SpecK where
K = F(v/D) is the ramified quadratic extension of F obtained by extracting a square
root of the discriminant D = (—1)97t. (Let us remark here that the form ( , ) splits
over K.) The base change M‘(‘f‘{"ﬁ} ¢ ®o; K is the split orthogonal Grassmannian
OGr(g, 2g)k which has two (geometrically) connected components.

There is enough computational evidence to suggest the following.
Conjecture 2.36. The scheme Mrg‘i{"j} ., is topologically flat over Spec OF.
It follows from Springer’s Theorem [Lam, Th. VI.1.4] that, after passing to a sufficiently big unramified

extension of F, any symmetric bilinear form on F29 becomes isomorphic to (, ) or to the split form (, )
considered in 2.3.
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This is in contrast to the case of split GO,4. However, the naive local model
M’éa‘{"ﬁ} . is still typically not flat and a version of the spin condition is needed. This
condition is explained in [PR4, 8.2] where the reader can also find the conjecture that

. . spin . . . spin .
the corresponding spin local model M &’ o 18 flat. In fact, in this case, MG (), 18
naturally an Okg-scheme. The local model Mlé’f{ u),c 18 by definition the flat closure
of Mréfi{vs}, - ®o; Kin Mrg[i{‘ﬁ}, - ®o, Ok and is also naturally an Ox-scheme. Except
for the results of a few calculations not much is known in this case. For more details,
we refer to loc. cit.

Let us remark here that, similarly to the example in the split case of 2.3, the
group G does not fit neatly into our framework of §1 since G is not connected. To
define corresponding local models for the connected quasi-split group PGO°(( , ))
of type Dgz) and the cocharacters given as above, we can argue as follows: First note
that the reflex field in this case is the quadratic ramified extension K of F as above.
As above, the generic fiber M‘g{i{vﬁ}l . ®o; Fsupports a canonical morphism to SpecK.
We can now consider the flat closures of the two components of the orthogonal
Grassmannian OGr(g, 2g)x = M‘éﬁi{"s}lﬁ ®o, K in M‘éﬁi{VS}IL ®o, Ok. These two
schemes over Spec O give by definition the local models for PGO°((, )) and the
two PEL minuscule cocharacters (Dgfl, Cog.

3. Local models and flag varieties for loop groups

A basic technique in the theory of local models, introduced by Gortz [G61], is
to embed the special fiber of the local model into an appropriate affine flag variety.
In this section we discuss this and related matters, focusing on the representative
examples of the linear and symplectic groups. Throughout this section we denote by
k a field, by K := k((t)) the field of Laurent series in t with coefficients in k, and by
Ok := k[[t] the subring of K of power series.

3.1. Affine flag varieties

For any contravariant functor G on the category of K-algebras, we denote by
LG the functor on k-algebras

LG: R+— G(R((t))),

where we regard R((t)) as a K-algebra in the obvious way. Similarly, for any con-
travariant functor P on the category of Ok-algebras, we denote by L*P the functor
on k-algebras
L*P: R — P(RI[t]]).

If P is an affine Okx-scheme, then L™P is an affine k-scheme. If G is an affine K-
scheme, then LG is an ind-scheme expressible as the colimit of a filtered diagram of
closed immersions between affine k-schemes.

For our purposes, we shall be interested in the case that G and P are group-valued
functors; then we call LG and L*P the loop group and positive loop group attached to G
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and P, respectively. Given such P, let P, denote its generic fiber, and consider the
fpqc quotient

Fp :=LP,/L"P,
or in other words, the fpqc sheaf on k-algebras associated to the presheaf

R — P(R((1)))/P(RIL]).

When P is smooth and affine, the following is a basic structure result on Fp. It
generalizes results of Faltings [F4].

Theorem 3.1 ([PR3, Th. 1.4]). Let P be a smooth affine group scheme over Ox. Then
Fp is representable by an ind-scheme of ind-finite type over k, and the quotient morphism
LP,, — Fp admits sections locally in the étale topology. d

Recall that an ind-scheme over k is of ind-finite type if it is expressible as a
filtered colimit of k-schemes of finite type.

For applications to local models, we are mainly interested in the sheaf Fp in the
case that G = Py, is a connected reductive group over K and P is a parahoric group scheme.
Let us elaborate. Let G be a connected reductive group over the t-adically valued
field K, let G,4 denote its adjoint group, and consider the Bruhat-Tits building
B := B(Gaa(K)). Let f be a facet in B. Then Bruhat-Tits theory attaches to the pair
(G, f) the parahoric group scheme Py; this is a smooth affine O -scheme with generic
fiber G, with connected special fiber, and whose O -points are identified with the
corresponding parahoric subgroup of G(K). We make the following definition.

Definition 3.2. Given a facet f in the building of the adjoint group of the connected
reductive K-group G, the affine flag variety relative to f (or to P¢, or to P¢(Ox)) is the
ind-scheme over k

Stf = ?Pf = LG/L+Pf.

In some cases, this mirrors the closely related constructions of (partial) affine
flag varieties in the setting of the theory of Kac-Moody Lie algebras ([Kac], [Ku2]).
See Remark 3.14 for more details on this relation.

In concrete examples involving classical groups, one can often identify the
affine flag variety with a space of lattice chains; this fact is crucial to the embedding
of the special fibers of local models mentioned at the beginning of this section. Let R
be a k-algebra, and consider the R((t))-module R((t))™ for some n > 1. Recall that a
lattice in R((t))™ is an R[[t]]-submodule L C R((t))™ which is free as an R[[t]]-module
Zariski-locally on SpecR, and such that the natural arrow L ®gp77 R((t)) — R((£))™
is an isomorphism. We leave it as an exercise to check that it is equivalent to say
that L is an R[[t]]-submodule of R((t))™ such that tNR((t))™ c L ¢ t~NR((t))™ for
N sufficiently big, and such that t—NR((t))™/L is projective as an R-module for one,
hence any, such N.

All of the terminology for lattices from §2 admits an obvious analog in the
present setting. A collection of lattices in R((t))™ is a chain if it is totally ordered
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under inclusion and all successive quotients are projective R-modules (necessarily
of finite rank). A lattice chain is periodic if t*'L is in the chain for every lattice L in
the chain. In analogy with the definition of A; (2.1), fori=na+jwith0<j <n,
we define the Ok-lattice
j n

(3.3) A= Ztia*lokel + Z t7%Oke, C K™,

1=1 1=j+1
where now ey, ..., e, denotes the standard ordered basis in K™. The A;’s form
a periodic lattice chain --- € A_; C Ag C A; C ---, which we again call the
standard chain. More generally, let I C Z be any nonempty subset which is closed
under addition by n; or in other words, I is the inverse image under the canonical
projection Z — Z/nZ of a nonempty subset of Z/nZ. Then we denote by A; the
periodic subchain of the standard chain consisting of all lattices of the form A; for
iel

Example 3.4 (GL,, and SL,,). Let G = GL,, over K. Then the facets in the Bruhat-
Tits building B(PGLn(K)) are in bijective correspondence with the periodic O-
lattice chains in K™, and the parahoric group schemes for G can be described as
automorphism schemes of these lattice chains. More precisely, let us consider the
chain A; for some nonempty I closed under addition by n; of course, every periodic
O-lattice chain in K™ is G(K)-conjugate to A1 for some such I. Let P; denote the
automorphism scheme of A; as a periodic lattice chain over Ox. Then for any
Ok-algebra A, the A-points of Py consist of all families

(3.5) (g0) € [ GLA(N @0, A)
iel

such that the isomorphism A; ® A 29ida, Ai—na ® A identifies g; with gi_n 4 for

alli e Tand all a € Z, and such that the diagram

Al ®oy A*>}\j Ro A

Ai X0k A*>}\j X0k A

commutes for all i < j in I. The scheme P; is a smooth Ok-scheme with evident
generic fiber G = GL,, and whose Ok-points identify with the full fixer in G(K) of
the facet f corresponding to A;. Moreover, it is not hard to see that P; has connected
special fiber. Hence Py is the parahoric group scheme Py attached to f; see [BTII, 1.7,
4.6,5.1.9, 5.2.6].

For R a k-algebra, let Lat,, (R) denote the category whose objects are the R[[t]]-
lattices in R((t))™ and whose morphisms are the natural inclusions of lattices. Of
course, any R[[t]]-lattice chain may be regarded as a full subcategory of Lat,, (R). We
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define J7 to be the functor on k-algebras that assigns to each R the set of all functors
L: A1 — Lat,(R) such that

(C) (chain) the image L(A1) is a lattice chain in R((t))™;
(P) (periodicity) L(tA;) = tL(A;) for all i € I, so that the chain L(A1) is periodic; and
(R) (rank) dimy Aj /A; = rankg L(A;)/L(A;) forall i <j.

In more down-to-earth terms, an R-point of J7 is just a periodic lattice chain in
R((t))™ indexed by the elements of I, such that the successive quotients have the
same rank as the corresponding quotients in A;.

The loop group LG acts on J7 via the natural representation of G (R((t))) on
R((t))™, and it follows that the LG-equivariant map LG — F specified by taking the
tautological inclusion (7\1 — L(K“)) € F1(k) as basepoint defines an L G-equivariant
morphism

(piTrf—>3’~I.

In fact @ is an isomorphism: it is plainly a monomorphism, and it is an epimor-
phism because every periodic lattice chain in R((t))™ admits a so-called “normal
form” Zariski-locally on SpecR, as is proved in [RZ, Ch. 3 App.].

Similar remarks apply to SL,, over K. Up to conjugacy, the parahoric group
schemes for SL,, are again given by certain automorphism schemes P{ of the chains
A1 for nonempty I closed under addition by n, where this time we consider families
(gi) as in (3.5) satisfying the same conditions as above and such that det(g;) =
1 for all 1. For given such I, let f’ denote the facet associated to P{ and JF;, =
LSL,,/L*P{ the associated affine flag variety. The inclusion SL, C GL,, induces a
monomorphism F}f, < F¢, where f again denotes the associated facet for GL,,.

To describe F7}, as a space of lattice chains, we call a functor L: A; — Lat, (R)
special if
(8) Agjpyy L(AM) = t'RI[t)] as a submodule of Ag (), R((t))™ = R((t)) forall i € I.

Then the isomorphism ¢ above identifies F{, with the subfunctor of F; of special
points L; this is easy to check directly, or see [GO1, 3.5]. As a consequence, note that
a point L € F¢(R) is special as soon as gy L(A1) = t'R[[t]] for asinglei e 1.

For applications to local models, it is convenient to consider not just the
canonical embedding ¥, — %, but the following variant, involving a simple
generalization of the notion of special. For r € Z, we say that a point L € F¢(R) is
r-special if /\EM L(A{) = t" 'R[[t]] as a submodule of R((t)) for one, hence every,
iel Let

I—r:={i—7r|iel}
Then the functor A; — A;_, is an r-special point in F¢(k), and, taking it as basepoint,

it determines an LSL,,-equivariant isomorphism from F},, onto the subfunctor in
F¢ of r-special points, where f” is the facet for SL,, corresponding to Ar_;.
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Example 3.6 (GSp,4 and Spyg). Let ¢ denote the alternating K-bilinear form on
K29 whose matrix with respect to the standard basis is

IZg = <_Hg Hg) ’

as in (2.6). We denote by G the K-group GSp,4 := GSp(¢).

To describe the parahoric group schemes for G, let I be a nonempty subset of
Z closed under addition by 2g and multiplication by —1. For any i € I and any
Ok-algebra R, the pairing ¢ induces a perfect R-bilinear pairing

(At ®o, R) x (A1 @0, R) 25 R,

where we use a subscript R to denote base change from Ok to R. Let P; denote the
Ok-group scheme whose R-points consist of all families

(90) € [T, GLr(Ai @0 R)

satisfying the same conditions as in the GL,, case and such that, in addition, there
exists ¢ € R* such that

(3.7) dr(gix, g-1y) = c- dr(x,y)

foralli € Tand all x € A; ®¢9, R, y € A_; ®p, R. Then, analogously to the GL,,
case, Py is a parahoric group scheme for G, and up to conjugacy all parahoric group
schemes arise in this way.

Given nonempty I closed under addition by 2g and multiplication by —1, let f
denote the associated facet in the Bruhat-Tits building for G,4. To describe the affine
flag variety attached to f, let R be a k-algebra and recall the lattice category Lat,4(R)
from Example 3.4. For an R[[t]]-lattice A in R((t))?9, let A denote the ¢-dual of A,
that is, the R[[t]]-module

A= {x € R(1)? | dr((u)(Ax) CRIED}.

We define J7 to be the functor on k-algebras that assigns to each R the set of all
functors L: A; — Laty4(R) satisfying conditions (C), (P), and (R) from Example 3.4
and such that, in addition,

—

(D) (duality) Zariski-locally on SpecR, there exists ¢ € R((t))* such that L(A;) =
c- L@i) foralliel.
Analogously to the GL,, case, the loop group LG acts naturally on J, and taking
the tautological inclusion (7\1 — L(K“)) € F1(k) as basepoint specifies an LG-
equivariant isomorphism

g:f — C‘F[.
This description of ¥ is plainly equivalent to the lattice-theoretic description of the
affine flag variety for GSp,4 given in [PR2, §10] (except that the scalar denoted a
there should only be required to exist Zariski-locally on SpecR).
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For the group Spy4 := Sp(¢d) over K, up to conjugacy, the parahoric group
schemes are again given by certain automorphism schemes P{ of the chains A; for
nonempty I closed under addition by 2g and multiplication by —1, namely, we now
take the closed subscheme of Py of points for which ¢ = 1 in (3.7). For given such I,
let f” denote the associated facet for Sp,4 and %, the associated affine flag variety.
The inclusion Sp,g C GSp,4 induces a monomorphism F}, — J%, where f again
denotes the associated facet for GSp,4. In this way J7, identifies with the subfunctor
of F1 of points L such that Ij?:) = L(?\i) forall i € I, i.e. such that c can be taken to
equal 1 in (D). This subfunctor can also be described as the subfunctor of all special
L such that the lattice chain L(A1) is self-dual.

As in the linear case, it is convenient to consider other embeddings besides the
standard one F;, — F¢. This time we consider r-special L only for r € gZ. Then the
functor A; — A;_, is an r-special point in F¢(k) whose image lattice chain is self-
dual, and just as in the linear case, it specifies an LSp,4-equivariant isomorphism
from F;, onto the subfunctor in F of r-special points L such that L(A1) is self-dual,
where £ is the facet for Sp,4 corresponding to A;_,. Note that if L is r-special, then
the scalar c appearing in (D) can be taken to equal /9.

The affine flag varieties for other groups discussed in §2 can all be described
similarly. For example, see [Sm1, §6.2] for GO,4 (at least in the Iwahori case) and
[PR4, §3.2] and [Sm3, §4.2] for ramified GU,,.

Returning to the general discussion, we conclude this subsection with a couple
of further structure results from [PR3]. The first describes the connected compo-
nents of loop groups and affine flag varieties in the case k is algebraically closed.
Let G be a connected reductive group over K with k = k. Let 7t;(G) denote the
fundamental group of G in the sense of Borovoi [Bor]; this can be described as
the group X, (T)/QY of geometric cocharacters of T modulo coroots, where T is
any maximal torus in G defined over K. Let K% denote a separable closure of K.
Then the inertia group I := Gal(K*®/K) acts naturally on 71; (G), and we may con-
sider the coinvariants 71; (G)1. In [Ko2], Kottwitz constructs a functorial surjective
homomorphism

(3.8) G(K) = m (G
which turns out to parametrize the connected components of LG and J as follows.

Theorem 3.9 ([PR3, Th. 5.1]). Assume that k is algebraically closed. Then for any facet
f, the Kottwitz homomorphism induces isomorphisms

7T0(LG) %ﬂo(?f) ;>7'[1(G)1. O

In the special case that G is split we have 71;(G); = 711 (G). Then the theorem
may be regarded as an avatar of the familiar statement in topology, where LG plays
the role of the loop space of G.



G. Pappas, M. Rapoport, and B. Smithling 173

The final result of the subsection (a generalization of a result of Faltings [F4])
concerns the (ind-)scheme structure on LG and F¢. Recall that an ind-scheme is
reduced if it is expressible as a filtered colimit of reduced schemes.

Theorem 3.10 ([PR3, Th. 6.1]). Assume that k is perfect and let G be a connected
semi-simple K-group. Suppose that G splits over a tamely ramified extension of K and that
the order of the fundamental group 1,(Ggqe;) of the derived group Gy, is prime to the
characteristic of k. Then the ind-schemes LG and Fs, for any facet f, are reduced. |

We note that Theorem 3.10 is only an existence theorem. In [PR1, Prop. 6.6],
in the case G = SL,,, a candidate is proposed for writing the affine Grassmannian
LG/L*G as an increasing union of reduced projective subschemes. This candidate
indeed works if char k = 0, orif n < 2, cf. loc. cit. This is related to Remark 5.6
below.

By contrast, if G is reductive but not semi-simple, then LG and F are necessarily
non-reduced [PR3, Prop. 6.5]. We do not know if the assumption in the theorem that
G splits over a tamely ramified extension of K is necessary. On the other hand, the
assumption on the order of 71, (Gg4,;) appears to be: for example, 71; (PGL,) = Z/27
and LPGL; is non-reduced in characteristic 2 [PR3, Rem. 6.4].

3.2. Schubert varieties

In this subsection we discuss Schubert cells and varieties in affine flag varieties;
these are the analogs in the context of loop groups of the usual notions for ordinary
flag varieties. Let G be connected reductive over K, and let f and f’ be facets in
B(G,q) contained in a common alcove.

Definition 3.11. For g € G(K) = LG(k), the associated f’-Schubert cell in F¢, denoted
Cg, is the reduced, locally closed subscheme of ¢ whose underlying topological
space is the image of L™ P¢/ in F¢ under the L*P¢ -equivariant map sending 1 to
the class of g."° The associated f'-Schubert variety in F¢, denoted S, is the Zariski
closure of C4 in F¢ endowed with its reduced scheme structure.

We also refer to f’-Schubert cells as P¢/-Schubert cells or P¢/ (O )-Schubert cells,
and analogously for f’-Schubert varieties.

The f’-Schubert cell C4 and the f’-Schubert variety S4 in F¢ only depend on
the image of g in the double coset space P¢/ (Ox)\G(K)/P¢(Ok). For k algebraically
closed, we shall see later in Proposition 4.8 that this double coset space can be
identified with the Iwahori-Weyl group of G when f and f’ are a common alcove, and
with a certain double coset space of the Iwahori-Weyl group in general. Note that,
since P¢/ is smooth over Ok with connected special fiber, it follows from [Gr, p. 264
Cor. 2] that L™ P4 is reduced and irreducible. Hence each Schubert cell is irreducible.

10Note that C g is not a topological cell when f is not an alcove, i.e,, it is not isomorphic to an affine
space.
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Hence each Schubert variety is reduced and irreducible (reducedness being imposed
by definition). In general, the Schubert cells and Schubert varieties are subschemes
of F¢ of finite type over k; moreover the Schubert varieties are proper over k.

The following theorem gives important information on the structure of Schu-
bert varieties.

Theorem 3.12 (|PR3, Th. 8.4]). Suppose that G splits over a tamely ramified extension
of K and that the order of the fundamental group 7t;(Gge) of the derived group Gge, is
prime to the characteristic of k. Then all f'-Schubert varieties in F¢ are normal and have
only rational singularities. If k has positive characteristic, then all f'-Schubert varieties
contained in a given f'-Schubert variety are compatibly Frobenius split. d

We refer to [BK] for the notion of a scheme X in characteristic p being Frobenius
split, and for a family of closed subschemes of X being compatibly Frobenius split.
This property has important consequences for the local structure: if X is Frobenius
split, then X is reduced and weakly normal, cf. [BK, §1.2]. Also, if {X;,..., Xn}1is
a family of compatibly split closed subschemes of X, then their (reduced) union
X; U - U Xy and their intersection X; N --- N X;, are also compatibly split; in
particular, Xy N --- N X,;, is reduced. Frobenius splitness also has interesting global
consequences, such as strong forms of the Kodaira vanishing property, cf. loc. cit.

After introducing the Iwahori-Weyl group in §4, we will give in Propositions
4.20 and 4.18, respectively, the dimension of Schubert varieties and their inclusion
relations in terms of the combinatorics of the Iwahori-Weyl group.

Remark 3.13. In [PR3] f’-Schubert cells and varieties are only defined, and Theorem
3.12 is only formulated and proved, in the case that f = f’. But the method of proof
involves a reduction to the case that f = f’ is an alcove, and this reduction step
works just as well for any f’-Schubert variety in F¢ in the sense defined here. See
[PR3, Rem. 8.6, §8.e.1]. We shall see how f’-Schubert varieties in F¢ with f’ #£ f
arise naturally in the context of local models in the next subsection.

Remark 3.14. In the case that the group G is split semi-simple and simply connected,
Theorem 3.12 is due to Faltings [F4]. Let us mention here that there are also
corresponding results in the theory of affine flag varieties for Kac-Moody Lie algebras.
To explain this, assume that G is quasi-split, absolutely simple and simply connected
and splits over a tamely ramified extension. The local Dynkin diagram of G (as in
the table of §1) is also the Dynkin diagram of a uniquely determined affine (or
twisted affine) Kac-Moody Lie algebra g = gkm(G) (see [Kac]). In the Kac-Moody
setting, there is an affine flag variety F; and Schubert varieties S, (see [Ku2]|, [Ma];
here w is an element of the affine Weyl group). Their definition is given by using
an embedding into the infinite dimensional projective space associated to a highest
weight representation of the Kac-Moody algebra g; it is a priori different from our
approach. The normality of Schubert varieties S3, in the Kac-Moody setting is a
well-known cornerstone of the theory; it was shown by Kumar [Ku1] in characteristic
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0 and by Mathieu [Ma] and Littelmann [Li] in all characteristics. It is not hard to
show that when g = giu(G), the Kac-Moody Schubert varieties S, are stratawise
isomorphic to the Schubert varieties S,, in ¥ = LG/L" B that we consider here. As
a result, we can see a posteriori, as a consequence of Theorem 3.12 and the results
of Mathieu and Littelmann, that the Schubert varieties S}, and S, are isomorphic.
This also implies that the affine flag variety Fp is isomorphic to the affine flag variety
F, for the corresponding Kac-Moody Lie algebra. See [PR3, 9.h] for more details.

3.3. Embedding the special fiber of local models

We now come to the key application of affine flag varieties to the theory of
local models, namely the embedding of the special fiber of the local model into an
appropriate affine flag variety. Since we do not know how to define the local model
in general (cf. §1), we can only describe the embedding in particular examples. Here
we do so for GL,, and GSp,4. Note that for the Beilinson-Gaitsgory local model in
1.3 such an embedding is tautological.

We resume the notation of §2. In particular, we take k to be the residue field of
F and we recall the Og-lattices A; from (2.1). In analogy with our notation for the
Ai's, for nonempty I C Z closed under addition by n, we denote by A; the periodic
lattice chain in F™ consisting of the lattices A; fori € L.

For any O¢-scheme X, we write X for its special fiber X ¢, k.

Example 3.15 (GL,,). Let I C Z be nonempty and closed under addition by n, let
p denote the cocharacter (11", 0("~)) of the standard diagonal maximal torus in
GL, and {p} its geometric conjugacy class, and recall the local model M'é’ﬁ_m (WAL

over Spec Of from 2.1. We embed the special fiber M‘gimm,\l in the affine flag
variety F1 for GL,, (see Example 3.4) as follows.

Let R be a k-algebra and (Fa,)ic1 an R-point of Mlchn,{u},/\I' Fori e I, we
identify

Aq ®or k~A; ®ok k
by identifying the standard ordered bases on the two sides. In this way we get an
isomorphism of lattice chains A1 ®¢, k ~ A; ®¢, k. Via this isomorphism, we

regard Fo, C A ®o, R as a submodule of A; ®¢, R, and we define L; to be the
inverse image of ¥, under the reduction-mod-t-map

AL oy RIE] — A ®o, R.
Then L; is an R[[t]]-lattice in R((t))™. Denoting the elements of I by

i <ig<ip <o,
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we get a diagram of lattices in R((t))™

- C A, ®o RIIM] C Ay ®o, RIIT C Ay, @0 RIIF] C -

U U U
(3.16) cen C Li | C Li, - Li, C -
U U U

- C tAi, ®oy RIIt C tAy, ®oy Rl C tA, ®e, RIt] C ---

It is easy to verify that the collection (L;)ic; specifies a point in F1(R), and we define
the morphism

—loc
:Mar, A, — J1

by the rule (FA, )i — (L;);i. Plainly ¢ is a monomorphism, and it is therefore a closed
immersion of ind-schemes since M‘giw{u}, A, 1S proper.

Moreover, it is easy to see that (L;); is r-special as defined in Example 3.4. Hence
we get an embedding

—loc L
ML, fuA, T
(@

N ’
N

37{71'
where F{__ is the affine flag variety for SL,, corresponding to the set I — r and the
unlabeled solid arrow is the embedding discussed in Example 3.4.

The embeddings of Mlginm A, into I1 and into J7_, enjoy an important
equivariance property which we now describe. Let A denote the O¢-group scheme
of automorphisms of the lattice chain Aj, defined in the obviously analogous way
to the Ok -group scheme Py in Example 3.4. Then A acts naturally on Mlchn,{u},/\I'
Now consider the positive loop group L Py over Spec k. The tautological action of
P; on A; furnishes a natural action of L™ Py on the chain A\; ® 9, k. The isomorphism
Al ®o, k ~ A1 ®p, k then yields a homomorphism L*P; — A. Hence L* Py acts
on Mlgim{u}, A,- It is now easy to see that the embedding ng“,{u}, A, Fris
L*P;-equivariant with respect to the natural L*P;-action on F;. As a consequence,
we see that mlgim{u}' A, decomposes into a union of P;-Schubert cells inside J7.

. . |
Entirely similar remarks apply to the embedding Mgim{ wA, = Jp,o the
. Tl .
positive loop group L*P{ acts naturally on M((S)an,{p},/\I in an analogous way, the

. . N 1
embedding into F{_, is then L P{-equivariant, and we conclude that Mgimm}/ Al
decomposes into a union of P{-Schubert cells inside F{_...

Example 3.17 (GSpag). Now let n = 2g, p = (1(9),019)), and {u} its geometric
conjugacy class in GSp,4, and suppose that I is, in addition, closed under multipli-

cation by —1. Then we may consider the local model M'é’gng,{u}'/\l for GSp,g asin

2.2. The embedding of the special fiber Mﬁgpzq,{u}, A, into the affine flag variety J7
for GSp,4 is completely analogous to the situation just considered for GL,,.



G. Pappas, M. Rapoport, and B. Smithling 177

. . —l . .
More precisely, under the embedding of Mgizgl {uA, into the affine flag variety
for GL,4 from the previous example, it is easy to see that the closed subscheme

+—loc ~loc
MGsp,giunar © MGLg (A,
is carried into the locus of points satisfying condition (D) in Example 3.6 (where for
any R-valued point, the scalar ¢ in (D) can be taken to equal t~! globally). Hence
we get the desired embedding of M‘g;ng,{u}, A, into the affine flag variety for GSp, .
Continuing the analogy, the parahoric group scheme for GSp,4 denoted Py

. . — .
in Example 3.6 again acts naturally on Mgcbg/ {u) A, and we again conclude that

—loc . . ..
Mg Spag (AT decomposes into a union of P;-Schubert cells inside F1. Moreover,

since the image of Mgizg,{u}, A, consists of g-special points in J7, there is an induced
. <—loc , , .
embedding Mgy, (A, < Fi_g where F_  denotes the affine flag variety for

. < loc . .
Spag corresponding to the set I — g; and Mgy, 1,4, decomposes into a union of

P{-Schubert cells inside F7_.

The embeddings of the special fibers of the local models for other groups
discussed in §2 can all be described similarly. See [Sm1, §7.1] for GO,4 (at least in
the Iwahori case), [PR2, §4] for totally ramified Res¢,r, GLy, [PR2, §11] for totally
ramified Resr,r, GSp2g, and [PR4, §3.3] and [Sm3, §4.4] for ramified GU,,. In all
cases, the image of the special fiber of the local model decomposes into a union of
Schubert cells inside the affine flag variety. In fact, since the local model is proper,
the image is a union of Schubert varieties. It then becomes an interesting problem
to determine which Schubert varieties occur in the union. This is a problem of an
essentially combinatorial nature to which we turn in §4.

4. Combinatorics

In all known examples — and as we saw explicitly for GL,, and GSp,4 in 3.3 —
the special fiber of the local model admits an embedding into an affine flag variety,
with regard to which it decomposes into a union of Schubert varieties. It is then a
basic problem to determine which Schubert varieties occur in the union. Arising
from this are a number of considerations of an essentially combinatorial nature to
which we turn in this section. Much of our discussion is borrowed from [R, §§2-3]
and [PR4, §§2.1-2.2].

We shall work over a complete, discretely valued field L, which we suppose
in addition is strictly Henselian. For applications to local models, we are especially
interested in the setting L = k((t)), where k is an algebraic closure of the residue
field k as denoted in §2; this setting implicitly corresponds to working with the
geometric special fiber of the local model. We write O for the ring of integers in L.

Given a connected reductive group G over L, we denote by k¢ its Kottwitz
homomorphism, as encountered earlier in (3.8); recall that this is a functorial
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surjective map G(L) — 71(G), where I := Gal(L*P/L). To be clear about signs,
we take k¢ to be exactly the map defined by Kottwitz in [Ko2, §7] (which makes
sense over any complete, discretely valued, strictly Henselian field), without the
intervention of signs. This is opposite to the sign convention taken in Richarz’s
article [Ri2], to which we shall refer in several places. The only practical effect of
this difference is that we shall be led to make use of dominant coweights wherever
Richarz makes use of antidominant coweights.

4.1. Iwahori-Weyl group

Let G be a connected reductive group over L, let S be a maximal split torus
in G, let G,q denote the adjoint group of G, and let S,4 denote the image of S in
Gaq. Then S,q is a maximal split torus in G,4, and we let A := X, (S,q) ®z R denote
the apartment in the building of G,4 attached to S,4. Let T be the centralizer of
S in G. Then T is a maximal torus, since by Steinberg’s theorem G is quasi-split.
Let N be the normalizer of T in G, and let T(L); denote the kernel of the Kottwitz
homomorphism kt: T(L) — 7 (T); = X, (T); for T.

Definition 4.1. The Iwahori-Weyl group of G associated to S is the group
Wa,s i= Wg = W := N(L)/T(L);.
Observe that the evident exact sequence
0 — T(L)/T(L); — W — N(L)/T(L) — 1
exhibits W as an extension of the relative Weyl group
Wo :=N(L)/T(L)
by (via the Kottwitz homomorphism)
Xe(T)r =T(L)/T(L)1.

In fact this sequence splits, by splittings which depend on choices. More precisely,
for any parahoric subgroup K C G(L) attached to a facet contained in the apartment
for S, let!

(4.2) WX = (N(L) nK) /T(L);.
Proposition 4.3 ([HR, Prop. 13]). Let K be the maximal parahoric subgroup of G(L)

attached to a special vertex in A. Then the subgroup WX of w projects isomorphically to
the factor group Wy, so that W admits a semidirect product decomposition

W =X, (T) x WK = X, (T); x W,. O
N Here we follow the convention of [HR, PR3, PR4] by using a superscript K in (4.2). Some authors

would instead denote the group (4.2) by Wy, and then use WX to denote the set of elements w in the
affine Weyl group such that w has minimal length in the coset wW¥.
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We typically write t,, when we wish to regard an element p € X, (T); as an
element in W, and we refer to X, (T); as the translation subgroup of W.

Remark 4.4. Let R = (X*, X,, ®, ®V) be a root datum. We define the extended affine
Weyl group W(R) of R to be the semidirect product X, x W(R), where W(R) denotes
the (finite) Weyl group of R.

In the case that G is split, w canonically identifies with the extended affine
Weyl group W(R) of the root datum R := (X*(S), X.(S), @, @) of G. Indeed, in
this case S = T, the action of I on X, (T) is trivial, and T(L); = S(Or). Taking
G(Or) as the special maximal parahoric subgroup in Proposition 4.3, we have
W =X, (S) x Wy, where Wy = W is the absolute Weyl group, which identifies with
W(R). Then W contains the affine Weyl group W,(R) := QY x W, as a normal
subgroup with abelian factor group 7; (G) = X, (S)/QY. Here QY C X, (S) denotes
the subgroup generated by the coroots @

Even if G is nonsplit, W can be identified with a generalized extended affine
Weyl group of a reduced root system, as is explained in Remark 4.15 below.

Example 4.5 (GL,,). Let G = GL,, in Remark 4.4 and take for S = T the standard
split maximal torus of diagonal matrices in G. Then

W= 7n X Sh,

where Z™ = X, (S) by sending the ith standard basis element to the cocharacter
x + diag(1%1,x,1m=V), and where the symmetric group S, of permutation
matrices maps isomorphically to the Weyl group.

Example 4.6 (GSp,4). Let G = GSpyg4 in Remark 4.4 and take S = T to be the
standard split maximal torus of diagonal matrices in G. Let

S35 ={0 €Sy | 0(i*) =0a(i)* foralli},

where i* := 2g + 1 —1iforanyi€{1,...,2g}. Then S identifies with the subgroup
of permutation matrices in G and maps isomorphically to the Weyl group. We
obtain

W = X, X Sjg,

where, in terms of the natural embedding of S into the maximal torus for GL,4, and
in terms of the identification of the previous example, we have

Xo={(x1,. 0 x29) €279 | x1 +X2g = X2 +Xag—1 =+ = Xg + Xg41 | — Xu(S).

Remark 4.7 (GO,q4). Although the orthogonal similitude group GO, is not con-
nected, we can give an ad hoc definition of its Iwahori-Weyl group by following the
recipe in Definition 4.1 in the most literal way, where we take the normalizer in the
full group. We find

WGo,, = Xu % S5,
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just as in the previous example. The Iwahori-Weyl group We 03, of the identity

component GO3,, is naturally a subgroup of We 0,, of index 2. Explicitly,
Wgogg =X, X Sgg'

where
o — * : .
S5 = {oe Sig | o is even in Sy4 }.

It turns out that, just as we shall see for connected groups, in the function field
case Wgo,, continues to parametrize the Schubert cells in the Iwahori affine flag
variety for GO4. See [Sm1].

The following group-theoretic result provides the key link between the Iwahori-
Weyl group and local models.

Proposition 4.8 ([HR, Prop. 8]). Let B be an Iwahori subgroup of G(L) attached to an
alcove in A. Then the inclusion N(L) C G(L) induces a bijection

W — B\G(L)/B.

More generally, let K and K’ be parahoric subgroups of G(L) attached to facets in A. Then
the inclusion N(L) C G(L) induces a bijection

WK \W/WK =5 K'\G(L)/K. O

Remark 4.9. Assume in Proposition 4.8 that K is a parahoric subgroup attached to
a special vertex. Then W = X, (T); x WX and, since WX = W,

WRW/WK = X, (T)1/W,.

This last set may in turn be identified with the set of dominant elements in X, (T);
(any element in X, (T); is conjugate under W, to a unique dominant element, cf.
[Ri2, Remark before Cor. 1.8]; recall that we use dominant elements where Richarz
uses antidominant ones). The notion of dominant elements in X, (T); arises after
identifying W with a generalized extended affine Weyl group of a certain root system
¥ in the sense of Remark 4.15 below, and then choosing a basis for £; comp. Remark
4.17.

If we assume in addition that G is split, then K is hyperspecial, X, (T); = X.(S),
and the notion of a dominant coweight in X, (S) is more standard.

Remark 4.10. Let K be a parahoric subgroup of G(L) and P the corresponding
parahoric group scheme over Spec 0. Then WX can be identified with the Weyl
group of the special fiber P of P [HR, Prop. 12].
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4.2. Bruhat order

The force of Proposition 4.8 in the context of local models is that, when L is a
field of Laurent series and K and K’ are as in the proposition, the set of double classes
WK \W/WK (which is W itself in the Iwahori case) parametrizes the K’-Schubert
cells in the affine flag variety for K. To better exploit this fact, in this subsection
we shall introduce the Bruhat order on W. This will lead us to some much heavier
usage of Bruhat-Tits theory than we have yet encountered, but non-experts should
be able to safely treat many of the external results we appeal to as black boxes, with
little impairment to overall understanding. We continue with the notation of the
previous subsection.

Consider the apartment A = X, (S,q) ®z R = X, (T,q)1 ®z R. We obtain from
the Kottwitz homomorphism a map'?

T(L)/T(L)1 =5 Xo (T — Xu(Taa)1 — A

Let Aff(A) denote the group of affine transformations on A. The relative Weyl
group W) acts naturally on A by linear transformations, and regarding A x W, as a
subgroup of Aff(A), the displayed map extends to a map of exact sequences

1 —— T(L)/T(L), W W, 1
I
(4.11) J v
4
1 A AxWy — Wy —— 1,

in which v is unique up to conjugation by a unique translation element in Aff(A);
see [T, §1.2] or [Lan, Prop. 1.6 and 1.8].

Having chosen v, the set of affine roots ®,, which consists of certain affine
functions on A, is defined in Tits’s article [T, §1.6]. There then exists a unique
reduced root system X on A with the properties that

e every root « € X is proportional to the linear part of some affine root; and

o for any special vertex v € A [T, §1.9], translation by —v
A=A

carries the vanishing hyperplanes of the affine roots to precisely the vanishing
hyperplanes of the functions on A

(4.12) u— oa(u)+d for ek deZz

12Note that the displayed composite differs from the analogous map defined in Tits’s article [T, §1.2]
by a sign of —1. However this discrepancy will make no difference in any of our subsequent appeals to
[T]. It matters only in that, as we have mentioned before, we systematically work with dominant elements
where Richarz [Ri2] uses antidominant elements; see especially Proposition 4.21.
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see [BTI, 1.3.8], [T, §1.7], and [B, VI §2.5 Prop. 8]. For G absolutely simple and
simply connected, see Remark 4.15 below for a description of @, and X.

The affine Weyl group W, is the group of affine transformations on A generated
by the reflections through the affine root hyperplanes. Analogously, the affine Weyl
group W,(Z) of £ [B, VI §2.1 Def. 1] is the group of affine transformations on A
generated by the reflections through the vanishing hyperplanes of the functions
(4.12). Thus for any special vertex v, we have

W, = t,W,(Z)t, .

Hence W, is a Coxeter group generated (as a Coxeter group) by the reflections
through the walls of any fixed alcove. The affine Weyl group for £ admits the
semidirect product decomposition W,(Z) = QV(Z) x W(Z), where QY (Z) is the
coroot lattice for X and W(X) is the Weyl group of .
To apply the preceding discussion to the Iwahori-Weyl group, consider the
diagram
w
v
W, C Aff(A).
We shall show that W, lifts canonically to W. Indeed, let
G(L); := kerkg
and

(4.13) N(L); == N(L) N G(L);.

Let B € G(L) be the Iwahori subgroup attached to an alcove in A, and let T be the
set of reflections through the walls of this alcove. Then, taking into account that
N(L)NB =T(L); [HR, Lem. 6] and that G(L); is the subgroup of G(L) generated by
the parahoric subgroups of G(L) [HR, Lem. 17], the quadruple

is a double Tits system |BTI, 5.1.1] whose Weyl group N(L);/T(L); C W identifies
via v with W, by [BTII, 5.2.12].

The affine Weyl group can also be realized as a subgroup of W via the simply
connected cover G of the derived group Gy, of G. To explain this, let S, T, and
Ngc denote the respective inverse images of S N Gger, TN Gger, and N N Gge; in Gge.
Then S, is a maximal split torus in Gy with centralizer T and normalizer Ng.. Let
\/NVS,c := Ngc(L)/Tsc(L); denote the Iwahori-Weyl group of G, let Bgc C Gs(L) be the
Iwahori subgroup attached to an alcove in A, and let TT again be the set of reflections
through the walls of this alcove. Then by [BTII, Prop. 5.2.10], (GSC(L), Bse, Noc(L), I'I)
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is a double Tits system whose Weyl group Wi (we again use [HR, Lem. 6]) identifies
with W, via the composite

Wy — W 5 A x W,

In this way T (L)/Tsc(L)1 = X.(Ts)1 identifies with the translation elements in W,
or in other words, with the coroot lattice in W,(X). Moreover, for any parahoric
subgroup K. C G (L) attached to a special vertex v, the composite

conjugation

We — W 5 Ax Wy -2 s AW,

carries WXs C W, isomorphically to the Weyl group of £, which identifies with W.
In other words, the composite isomorphism

conjugation
byt .

— Vi,
Wie —5 W, W, (2)

is compatible with the semidirect product decompositions WSC = X, (Tee)1 X WKse
and W,(Z) = QV(Z) x W(Z).

Remark 4.15. Just as W, can in this way be identified with the affine Weyl group for
the root system Z, so can W be identified with a generalized extended affine Weyl group
for X via push-out by the canonical injection X, (Ts )1 < X.(T);. Here “generalized”
means that the abelian group X, (T); may have torsion.

For any absolutely simple, simply connected group G over a discretely valued
field with algebraically closed residue field, the affine root system @, and root system
Y admit the following descriptions (up to a choice of normalization of the valuation,
and of a special vertex as origin), which are given by Prasad-Raghunathan [PrRa,
§2.8]; we thank J.-K. Yu and X. Zhu for pointing this out to us. Let ® denote the
relative roots of S in G.

If G is split over L, then @ is necessarily reduced,

O,={a+Z|ac®}, and Z=0.

If G is nonsplit over L and @ is reduced, then

cpa{a+(a’2a)z‘aecp} and >:cDV~{

aECD},

where (, ) is a nondegenerate Wy-invariant inner product. If G is nonsplit and @ is
nonreduced, then G is an outer form of type A,

(a,a)

(Da{a—i—Z

aeo, ggzd)}u{a+1+zz

a
ed, — €0,
aco, }

and X is the subset of @ of roots a for which 2a ¢ @.
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We return to the main discussion. Since the target of the Kottwitz homomor-
phism is abelian, it is immediate from the definition (4.13) of N;(L) thatitis a
normal subgroup of N(L). Hence W, ~ N(L);/T(L); is a normal subgroup of W,
and we get an exact sequence

1T — W, — W — X, (T)1/X(Tec) 1 — 1.

This sequence splits canonically after choosing a base alcove: since W, acts simply
transitively on the alcoves in A [T, 1.7], W is the semidirect product of W, with the
normalizer Q C W of the base alcove,

(4.16) W=W,xQ,

with Q = W/W, = X.(T)1/X.(Tuc)t = (G)r. _

The semidirect product decomposition (4.16) for W has the important conse-
quence of endowing W with a Bruhat order and length function. Again let TT denote
the subset of W, of reflections across the walls of the base alcove. As we have already
recalled, TT is a set of Coxeter generators for W,. We then get a Bruhat order < and a
length function £ on W, as for any Coxeter group: for s, s’ € W, {(s) is the smallest
nonnegative integer r such that s is expressible as a product s;s; - - - s, with sy, s5, ...,
sy € TT; and s’ < s if there exists an expression s = s - - - s, with £(s) = r and the
si's in TT such that s’ can be obtained by deleting some of the s;’s from the product.
These definitions naturally extend to W via (4.16): fors, s’ € Wyand w, w’ € Q,
we have £(sw) := {(s), and s’w’ < sw exactly when w’ = w and s’ < sin W,.

For parahoric subgroups K, K’ € G(L) attached to respective subfacets f and
f/ of the base alcove, the Bruhat order on W induces one on WK'\W/WK. Indeed,
let X and X’ denote the respective subsets of TT of reflections fixing f and f’, let Wx
and Wx. denote the respective subgroups of W, generated by X and X’, and recall
from [BTII, 5.2.12] that the parahoric subgroups of G(L) are precisely the parahoric
subgroups of the Tits system (4.14). Then

K=BWxB and K’ =BWxB,

and

WX =Wy and WK =wy..
Hence by [B, IV §1 Ex. 3] each double coset w € WX \W/WX contains a unique
element in W, which we denote w, with the property that w < x for all x € w. For
w, w' € WX \W/WKX, we then define w’ < w if w < w in W. The Bruhat order
on WK \W/WKX has the property that if x < y in W, then WK'xWK < WK'yWK in
WK AW/ WK,

Remark 4.17. The Bruhat order on WX \W/W¥ can be expressed in a particularly
simple way when K = K’ is a maximal parahoric subgroup attached to a special
vertex v of the base alcove. Indeed, the choice of v allows us to identify WSC with the
affine Weyl group of the reduced root system £, and W with a generalized extended
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affine Weyl group of X, as in Remark 4.15 above. The affine root hyperplanes
passing through v determine chambers in A, and we take as positive chamber the
chamber opposite the unique chamber containing our base alcove. This determines a
notion of positive roots in X*(Ty.)!, of positive coroots in X, (T )1, and of dominant
elements in X, (T); (those elements that pair non-negatively with positive roots).
The dominance order on X, (T); is defined by A < A’ if A’ — A is a nonnegative
Z-linear combination of positive coroots. Then, after identifying WR\W/WK with
the set of dominant elements in X,(T); as in Remark 4.9, the Bruhat order on
WX\W/WHK is identified with the restriction of the dominance order to the set of
dominant elements, cf. [Ri2, Cor. 1.8]. (In contrast to [Ri2], we use dominant
elements instead of antidominant elements because we have taken the base alcove
to be in the negative chamber.)

In the function field setting, and in analogy with the case of ordinary flag
varieties, the Bruhat order carries important geometric content about Schubert
varieties.

Proposition 4.18 (Richarz [Ri2, Prop. 2.8]; [PR3, Prop. 9.6]). Suppose that L =
k((t)) with k algebraically closed. Let f and f’ be subfacets of the base alcove in A, let
K and K’ denote the respective associated parahoric subgroups of G(L), and consider the
associated affine flag variety F¢ over SpecX, cf. Definition 3.2. Forw € WX \W/WX, let
Sy denote the associated t'-Schubert variety in F¢. Then for all w, w’ € WK \W/WK,

Swr C Sy in Fr <= w’ <win WX \W/wk, 0

By choosing good representatives in W for double cosets, the inclusion rela-
tions between Schubert varieties can be phrased in a somewhat more precise way,
which is sometimes useful. We first state the following lemma.

Lemma 4.19 (Richarz, Waldspurger [Ri2, Lem. 1.9]). Let f and f’ be subfacets of the
base alcove in A, and let K and K’ denote the respective associated parahoric subgroups of
G(L). Letw € W.

(i) There exists a unique element wX of minimal length in wWX.

(ii) There exists a unique element . -w* of maximal length in {(vw)* |v € WX},

We introduce the following subset of w,
K/WK = {K/WK ! w e W}
Then x WX maps bijectively to the set of double classes WK \W/WX, and we may

phrase the inclusion relations between Schubert varieties in terms of these special
representatives of double classes as follows.

Proposition 4.20 (Richarz [Ri2, Prop. 2.8]). Let w € « WX Then the t'-Schubert
variety S, in F¢ satisfies
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(1) Sw = U{W’EK/WK\W’QW} Swr; and
(i) dimS, = tw). 0

Now let us specialize to the case of special maximal parahorics.

Proposition 4.21 (Richarz [Ri2, Cor. 1.8]). Let K = K’ be a special maximal parahoric
subgroup attached to a vertex of the base alcove, and consider the dominant elements of
X« (T)1 as in Remark 4.17.

(1) KWK = [t) | A € X,(T)y is dominant }.

(i) dimS,, = (A, 2p) for w corresponding to ty € WX,

Here p denotes the halfsum of positive roots for X. d

4.3. The {u}-admissible set

In this subsection we come to the key notion of {u}-admissibility. We continue
with the notation of the previous two subsections. Let {1} C X, (T) be a W-conjugacy
class of geometric cocharacters of T. Let A;,; C {u} be the subset of cocharacters
whose images in X, (T) ®z R are contained in some (absolute) closed Weyl chamber
corresponding to a Borel subgroup of G containing T and defined over L.!* Then
7\{“} forms a single Wy-conjugacy class, since all such Borels are Wjy-conjugate. Let
A¢y denote the image of A,y in X..(T);. Let a be an alcove in the apartment A, and
consider the associated Bruhat order < on W. We first state a conjecture.

Conjecture 4.22. Let {Ix} denote the image of the W-conjugacy class {u} in X..(T)1. Then
the set of maximal elements in {1} with respect to the Bruhat order is precisely the set Ay .

Of course the conjecture only has content for nonsplit G. We have verified it
for Weil restrictions of split groups and for unitary groups.

The validity of the conjecture not being known to us in general, we define the
{u}-admissible set as follows.

Definition 4.23. An element w € W is {iu}-admissible if w < t) for some A € Agu-
We denote the set of p-admissible elements in W by Adm ({p.}).

In other words, w € W is {u}-admissible if and only if w < otgo ! = to
for some o € W)y, where 1 is the image in X, (T); of a cocharacter pu € /N\{ w}- Since
W, can be lifted to the affine Weyl group inside W, all elements in Adm({u}) are
congruent modulo W,.

More generally, let K and K’ be parahoric subgroups of G(L) attached to
subfacets of a, and consider the set of double cosets WK'\W/WK.

Definition 4.24. An element w € WX \W/WX is {\}-admissible if

w < WK, WK forsome A€ Ap,.

13Note that such Borel subgroups always exists since G is quasi-split.
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We denote the set of {y}-admissible elements in WX \W/W¥ by Admg ¢ ({1}), or
just by Admy ({p}) when K =K',

Note that if Conjecture 4.22 holds true, then the notion of {i}-admissibility is
just that w < WX t;WX for some 1 in the image of {u} in X, (T);.

Example 4.25. Suppose that K is a special maximal parahoric subgroup. Then the
Bruhat order on WK\\/NV/WK identifies with the dominance order on the set of
dominant elements in X, (T);, as in Remark 4.17. In this way the {u}-admissible set
in WK\W /WX identifies with the dominant elements in X, (T); that are < fd°™ in
the dominance order, where i%°™ denotes the unique dominant element in A,

It is also worth making explicit the notion of {u}-admissibility in the setting of
root data, which amounts to working in the special case that G is split, cf. Remark
4.4. Let R = (X*, X,, ®, ®V) be a root datum and {u} C X, a W(R)-conjugacy class
of cocharacters. Again choose a base alcove and consider the induced Bruhat order
on \/NV(fR). Then we define the {u}-admissible set

Adm({) == {w € W(R) | w < t,, for some p € {u} }.

More generally, let f and f’ be subfacets of the base alcove, and let X (resp. X’) be
the set of reflections across the walls of the base alcove containing f (resp. f’). As
on p. 184, let Wx (resp. Wx-) be the subgroup of W, (R) generated by X (resp. X’).
Then we define

Admy e ({1)) = {w € Wx \W(R)/Wx | w < Wt Wy for some p € {u} }.
When f = f/, we write Adm¢({pt}) := Admg ¢ ({1}).

Remark 4.26. Let R be a root datum, choose a positive chamber, and take the
base alcove to be the unique alcove contained in the negative chamber and whose
closure contains the origin. Let u be a dominant cocharacter. He and Lam [HL,
Th. 2.2] have recently given a description of the partially ordered set Adm(W/(R) -
u) NW(R)t,W(R) in terms of the combinatorics of projected Richardson varieties.
Note that in the special case when p is minuscule, pu is minimal among domi-
nant cocharacters in the dominance order, and it follows from Example 4.25 that
Adm(W(R) - 1) € W(R)t,W(R). Thus He and Lam’s result describes the full admis-
sible set in the minuscule case.

4.4, Relation to local models

We continue with the notation of the previous three subsections. Let us now
return to the problem we posed at the beginning of §4, namely that of identifying
the Schubert cells that occur in the geometric special fiber of a local model upon a
suitable embedding into an affine flag variety. More precisely, let F be a discretely
valued field with residue field k, let G be a connected reductive group over F, let {u}
be a conjugacy class of geometric cocharacters of G, let E denote the reflex field of
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{u}, and let O and kg denote the respective ring of integers in, and residue field of,
E. Suppose that for some choice of parahoric level structure we have attached a (flat)
local model Mlé’/c{p} to G and {u} over Spec O¢; in each example we encountered
in §2, this was taken to be the scheme-theoretic closure of the generic fiber of the
naive local model. Let F** denote the completion of a maximal unramified algebraic
extension of F, let S be a maximal split torus in éFUn =G QF FU, let T be the
centralizer of S in Gpw, and regard {} as an absolute conjugacy class of geometric

cocharacters of T. Let L = k¢ ((t)). Then in every example we know,'*
o there exists a connected reductive group G over L (“a function field analog of Gru”)

such that G and G are forms of the same split Chevalley group defined over Z, and whose
Iwahori-Weyl group W naturally identifies with W s an’

e the geometric special fiber ﬂ'{g’f{u} @k, ke embeds Lt P-equivariantly in the affine flag
variety Fp for G, where P is a parahoric group scheme for G corresponding to the original
choice of parahoric level structure;

e and with regard to this embedding, the Schubert cells occurring in ﬂlé’,c{u} ®x, K are

parametrized by precisely the {u}-admissible set, regarded as a subset of W \Wg /WX via
the above bijection W = W, where K denotes the parahoric subgroup P(Or) C G(L).

. . . I - .
Note that this says that the irreducible components of Mé),c{u} ®x, ke, which cor-

.l - . . .
respond to the Schubert cells in Mé’f{u} ®x. ke that are maximal for the inclusion
relation of their closures, are exactly parametrized by the elements of Ay ;.

Example 4.27 (GL,). Let G = GL, over F, and let {u} be the conjugacy class of
p=(11,0")), as in 2.1. Then E = F. Let £ be the standard lattice chain Az in
F™. We take G := GL,, over L with split maximal diagonal torus S and Iwahori-Weyl
group W = W s as in Example 4.5, and we embed
—1 —
Mgt (s @ K — 52
as in Example 3.15. Then an element w € W = N(L)/S(O1 ) specifies a Schubert cell
contained in the image of ngm{u}, A, @k k exactly when w - Az is contained in the
image of Mlgimm A, @k k, that is, exactly when the lattice chain w - A satisfies
(1) Ay Dw-A; D tA; forall i; and
(2) dimg(w-Ai/tA) =n—rforalli.

To translate these conditions into more explicit combinatorics, let us identify
each O -lattice of the form t1'O; @ - -- & t'~ O with the vector (ij,...,1in) € Z™.
Then with regard to our identifications, the natural action of N(L)/S(Or) on lattices
translates to the natural action of Z™ x S, on Z™ by affine transformations, with Z™
acting by translations and S, acting by permuting coordinates. For i = nd + j with

14This is addressed more systematically in [PZ].
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0 < j < n, the lattice A; translates to the vector
Wi == ((fl)(]')lo(ﬂ*]')) —d,

where for any d we write boldface d to denote the vector (d, ..., d). Conditions (1)
and (2) become equivalent to

(1) 0<w-wi;—w; < 1foralli; and

(2’) for all i, the sum of the entries of the vector w - w; — w; is r.
Note that p and all its Weyl conjugates, regarded as translation elements in w,
trivially satisfy (1) and (2'). The main result for GL,, in [KR] is that the set of all
w € W satisfying (1) and (2') is precisely the set Adm({y}), where the Bruhat order

is taken with respect to the alcove determined by the w;’s.!> Entirely analogous
remarks hold for any subchain A; of Az.

Let us return to the general discussion, with L again an arbitrary complete,
discretely valued, strictly Henselian field. Taking note that, in the previous example,
the images of the w;’s in the standard apartment for PGL,, are the vertices of the
base alcove, the papers [KR, R] abstract conditions (1’) and (2’) to any Iwahori-Weyl
group as follows. Let T,q denote the image of T in G,4. Consider the composition

X (T)I — X*(Tad)l — X*(Tad)l ®z R = X*(Sad) QzR=A,
and let P(,,; denote the convex hull in A of the image of the set Ay,;.

Definition 4.28. An elementw € W is {u}-permissible if

e W = ty mod W, for one, hence any, it € A(,,;; and

ew-x—x¢€ Py, forallx € a.

More generally, for any subfacet f of a with associated parahoric subgroup K, an
element w € WX\W/WK is {u}-permissible if w = tx mod W, for any & € A(,,; and
w-x—x € Py, forall x € f. We write Perm({p}) for the set of {i1}-permissible elements
in W and Permy ({u}) for the set of {u}-permissible elements in WX\W,/WX.

Note that for w € WK\W/W¥, the condition w = tyr mod W, is well-defined
because WX ¢ W,, and the condition

(4.29) w-x—x¢€Py; forall xef

is well-defined by [R, §3, p. 282]. By convexity, (4.29) is equivalent to requiring that
w-x —x € Py, for all vertices x of f.

In the case of GL,, and {p} the conjugacy class of p = (1(",0("=")) from
Example 4.27, one sees almost immediately that the set of elements in W satisfying
(1’) and (2’) is precisely Perm({u}). Thus the main result for GL,, in [KR] is to
establish the equality Adm({u}) = Perm({u}) for such p.

I5Note that this alcove is the alcove contained in the negative Weyl chamber (relative to the standard
choice of positive roots) and whose closure contains the origin. This is the motivation for our convention
in defining the positive chamber in Remark 4.17.
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In many (but not all!) cases known to us, the Schubert cells in the special fiber
of the local model turn out to be parametrized by the {u}-permissible set, i.e. one
has an equality between {u}-admissible and {p}-permissible sets. And in explicit
computations it is easier to determine the {u}-permissible set than the {u}-admissible
set. Thus it is of interest to understand the relationship between {1}-admissibility
and {u}-permissibility. The first results in this direction are the following.

Proposition 4.30. (i) ([KR, §11]) For any G and any {u}, Perm({u}) is closed in the
Bruhat order and Adm({u}) C Perm({u}).

(ii) (Haines-Ngo6 [HN2, 7.2]) The reverse inclusion can fail. More precisely, suppose
that G is split over L with irreducible root datum of rank > 4 and not of type A. Then
Adm({u}) # Perm({}) for {u} the conjugacy class of any sufficiently regular cocharacter
L. 0

In (ii), we refer to the proof of the cited result for the precise meaning
of “sufficiently regular” We also note that in [Sm4, Eg. 9.8.3] it is shown that
Adm({p}) # Perm({p}) for {u} the Weyl orbit of the coweight (1(™),0(m~")) for B,
(using the standard coordinates, as in [B, P1. II]) for m, r > 3.

While {p}-admissibility and {p}-permissibility are not equivalent in general,
the following result gives a summary of most situations in which they are known to
coincide. We shall formulate the results for extended affine Weyl groups attached
to root data; in the most literal sense one may regard this as an assumption that
G is split over L, as in Remark 4.4, but see Remark 4.33 below for the relevance
of this to the nonsplit case. Given a root datum R = (X*, X,, @, ®V) and a W(R)-
conjugacy class {u} C X, of cocharacters, we define Perm({y}) in obvious analogy
with Definition 4.28,

Perm (1)) = {w € W(R) ‘ w = t, mod W,(R) for any p € {p} and },

w-x —x € Py, forall x in the base alcove
where ﬁ{u} denotes the convex hull of {u} in X, ®z R.

Proposition 4.31. Let W be the extended affine Weyl group attached to a root datum R,
as in Remark 4.4, and take the Bruhat order on W corresponding to a base alcove a.

(i) (Haines-Ng6 [HN2, 3.3]; [KR, 3.5]) If R involves only type A, then Adm({u}) =
Perm({p}) for any W(R)-conjugacy class {}.

(ii) (Haines-Ngo6 [HN2, 10.1]; [KR, 4.5, 12.4]) Suppose that W is the Twahori-Weyl
group of GSpag and that {u} = W(R) - u for u a sum of dominant minuscule cocharac-
ters. Then Adm({u}) = Perm({u}).

(iii) ([KR, 3.5, 4.5], [Sm1, 7.6.1], [Sm2, Main Theorem|) Suppose that R involves only
types A, B, C, and D and that {u} is a W(R)-conjugacy class of minuscule cocharacters.
Then Adm ({u}) = Perm({w}). |
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In (ii), a cocharacter p is a sum of dominant minuscule cocharacters (with
respect to the standard choice of positive Weyl chamber) exactly when it is of the
form (n(9),0(9)) + d for some n € Z> and d € Z, in the notation of Example 4.6.

Remark 4.32. As stated, the proposition covers only the Iwahori case, but it is
known to generalize to the general parahoric case. To be precise, let f be a subfacet
of a, let X be the set of reflections across the walls of the base alcove containing
f, and let Wx be the subgroup of W,(R) generated by X. Then, in analogy with
Definition 4.28, we define Perm¢({u}) to be the set of all w € WX\VNV[iR)/WX such
that w = t,, mod W,(R) for any p € {u}, and such thatw - x —x € ':lv’{u} forall x € f,
where w is any representative of w in W(R) (this is again independent of the choice
of w by [R, §3, p. 282]).

Then in (i), we have Adm¢({p}) = Perm¢({yt}) for any {y} and any f when R
involves only type A; this was proved in the case of minuscule {u} in [KR, 9.6], and
the general case is an immediate consequence of Gortz's result [Go4, Cor. 9] (which
itself makes crucial use of the cited result in the Iwahori case of Haines-Ngo).

In (ii), we have Adm¢({p}) = Perm¢({p}) inside Wx\\/NVGsng /Wyx for any f and
any {u} which is the conjugacy class of a sum of dominant minuscule coweights;
this was proved in the case of minuscule {u} in [KR, 10.7], and the general case is an
immediate consequence of Gortz's result [G64, Cor. 13] (which again relies on the
Iwahori case established in [HN2]).

It follows that the parahoric version of (iii) holds for any f and any minuscule
{u} provided R involves only types A and C. On the other hand, the general
parahoric version of (iii) for types B and D will be deduced in [Sm5] from the
Iwahori case for these types, via arguments along the lines of those in [KR] or [G64].

Remark 4.33. Proposition 4.31 is useful for more than just the case that G is split.
Indeed, for any group G, questions of admissibility and permissibility in W can
always be reduced to the case of an extended affine Weyl group attached to a root
datum. The link is made via the reduced root system X on A attached to the affine
root system @, for G, as discussed in 4.2, p. 181.

Consider the group X.(T,q)1- By [BTII, 4.4.16], X.(T,q) is an induced Galois
module. Hence X, (T,q)1 is torsion-free. And by [HR, Lem. 15], we have

QY(X) C Xu(Tag)1 C PY(X),

where QY(Z) and PV (Z) denote the respective coroot and coweight lattices for X.
Hence
R = (X*(Ta) |, X (Taa)1, I, IY)
is a root datum. For any v € A which is a special vertex relative to the affine root
system for G, the image of the composition
conjugation

W A Wo -2 5 AW,
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is contained in VV/(R) = X, (Taq)1 ¥ Wy; let us write
f: W — W(R).

Then, on translation elements f restricts to the natural map X, (T); — X,(T.q)1, and
f carries WK ¢ W isomorphically to W;, where K C G(L) is the parahoric subgroup
attached to v and WX is the subgroup (4.2).

For the present discussion it is necessary to understand the map f in terms
of the semidirect product decomposition W = W, x Q (4.16), where Q is the
stabilizer of the base alcove a inside W. Inside W(®R) is the affine Weyl group
W,L(R) = QY(Z) x Wy, and we denote by Q(R) the stabilizer in W(.’R) of the
translate a — v, which is an alcove in A for . Then \/NV(R) =W,(R) x Q(R), and
restricts to an isomorphism W, — W,(R) and a map Q — Q(R). Endow W with
the Bruhat order corresponding to a — v. Then it is clear that

ew <winW = f(w’) < f(w) in VNV(fR), with the converse holding exactly when
w’ = w mod Wy;
and that for any W-conjugacy class {u} C X.(T),

e f carries the subset Adm({u}) C w bijectively onto Adm({ir,q}) C W(SR), where
{it.q} denotes the image of Ay, in X, (T,q)1; and

o f carries the subset Perm({u}) C w bijectively onto Perm ({{t,q}) C \/NV(JQ).
Moreover, we have

e Adm({n}) = Perm({n}) in W <= Adm({f,q}) = Perm({f,q}) in W(R).

Remark 4.34. The following variant of the preceding remark, which uses the build-
ing for G in place of the building for G,4, is sometimes more convenient in practice.
Let A := X,(S) ® R = X,(T); ® R, and consider the natural map

T(L)/T(L); — X.(T); — A.

Then there exists an extension of the displayed composite to a map W% A x W.
More precisely, replacing A with A everywhere in the diagram (4.11), there exists a
map W RAYRY W, making the diagram commute, and any two extensions differ
by conjugation by a translation element, but this translation element is no longer
uniquely determined.

Let @, denote the affine root system for G relative to the composite

W A Wy —s A x W,

Let X denote the associated reduced root system on A, as in the preceding remark.
Then we can regard the elements of X as linear functions on /Fi, and the Wy-action
on A allows us to canonically lift the coroots to A: for each root « € £ we have the
associated reflection s, € W), and this determines the associated coroot « via the
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formula
salx) =x — (a,x)x¥  for x e A.'°
Finally let N denote the torsion subgroup of X, (T);. Then
R = (X*(MLX.(T/N, Z,£V)

is a root datum, and everything carries over from the previous remark with R in
place of R.

Remark 4.35. Although we are interested in minuscule conjugacy classes of cochar-
acters for applications to Shimura varieties, we caution that, in the context of the
previous two remarks, the image of a minuscule /N\{u} in X, (T)r or X,(T,q)1 need
not be minuscule for £. In this way the study of admissibility for non-minuscule
cocharacters in root data is relevant to the study of admissibility for minuscule
cocharacters in nonsplit groups.

Remark 4.36. It is conjectured in [R, §3, p. 283] that Adm({u}) = Perm({n}) for any
Weyl orbit {1} of minuscule cocharacters in any extended affine Weyl group attached
to a based root datum. Thus part (iii) of Proposition 4.31 is a partial confirmation
of this conjecture. In fact, [R] formulates the more optimistic conjecture that
Adm({u}) = Perm({p}) whenever {u} is the conjugacy class attached to a sum p of
dominant minuscule cocharacters. However, this more optimistic version of the
conjecture can fail, cf. [Sm4, Eg. 8.6.5]. In particular, Adm({u}) # Perm({u}) for n
the sum of dominant minuscule coweights

(1L11,0) = (3, 3:3:3) + (32 7 —3)
in Dy (using the standard coordinates, as in [B, P1. IV]).

Let us conclude this subsection by making more explicit the relation of the
{u}-admissible and {u}-permissible sets to the local models discussed in this article
and elsewhere in the literature. For all of the local models attached to GL,, in 2.1
[G61], GSpag in 2.2 [GO2], Resg/r, GL,, in 2.4 [GO4, PR2], Resg ¢, GSpag in 2.5
[Go4, PR2], and ramified, quasi-split GU,, in 2.6 [PR4, Sm3, Sm4], the geometric
special fiber of the local model Mg, . admits an embedding into an affine flag
variety — constructed very much in the spirit of 3.3 — with regard to which it
decomposes into a union of Schubert cells indexed by exactly the {u}-admissible set.
In 2.3, the orthogonal group GO, is disconnected, so that as in Remark 4.7 the
present discussion does not literally apply. Nevertheless, the special fiber of the local
model, which has two connected components, can still be embedded into an affine
flag variety for GO, 4, where it is found to contain the Schubert cells indexed by two
admissible sets for GO3 ;: one for the conjugacy class of the cocharacter (119),0(9)),

160f course, we can also canonically lift the coroots to A via the embedding X, (Tsc)1 — X« (T)1
discussed in 4.2, p. 183.
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and the other for the conjugacy class of the cocharacter (119-1,0,1,0(9-1)). Note
that these cocharacters are GO4-conjugate but not GO3,-conjugate. See [Sm1].

In all of the examples mentioned in the previous paragraph, one also has an
equality between {u}-admissible and {u}-permissible sets with the possible exception
of ramified, quasi-split GU,, for n even and > 6, for which this equality can fail. See
[Sm4] for details.

4.5. Vertexwise admissibility

We continue with the notation of the previous four subsections. Let K and
K’ be parahoric subgroups of G(L) attached to subfacets of the base alcove a, and
let {u} C X.(T) be a W-conjugacy class. It is an immediate consequence of the
properties of the Bruhat order that the canonical projection W — WK'\W/WK
induces a surjective map

(4.37) Adm({p}) - Admy: k ({1}).

If f is a subfacet of a with associated parahoric subgroup X, then for each vertex x of
f, let K denote the associated parahoric subgroup and

px: WENW/WK o WK\ W/ WK
the canonical projection. We make the following definition.
Definition 4.38. The {u}-vertexwise admissible set in WK\VNV/ WK is the subset
AdME () = () ox (Admic, ().

vertices
x of f

In other words, an element w € WK\W /WX is {u}-vertexwise admissible if
WHKxwWHK~ € Admy ({u}) for all vertices x of f. It is an obvious consequence of the
map (4.37) that Admg (1) € Admy™ (), and we conjecture the following.

Conjecture 4.39. Let {u} C X.(T) be a W-conjugacy class of minuscule cocharacters,
and let f be a subfacet of a with associated parahoric subgroup K. Then the inclusion
Admy (1) © AdmiE (W) is an equality

We do not know if the assumption that {i} be minuscule is necessary, but the
examples that we have studied all arise from local models, where the assumption
holds by definition. The notion of vertexwise admissibility and the attendant
conjecture appear (sometimes only implicitly) in special cases in [PR1, PR2, PR4];
see in particular [PR4, §4.2] for the case of ramified, quasi-split unitary groups. We
also note that the Bruhat order itself between elements in WK\W/WK cannot be
tested vertex by vertex in general [HN2], so that the conjecture has some teeth to it.

We note that in cases where {p}-admissibility and {u}-permissibility are equiv-
alent, the conjecture is automatic. Indeed, for any {u} we have Admy"({u}) C
Permy ({it}) because Admy: ({i}) € Permg. ({u}) for any K’, and in particular for K’
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of the form K, and because {u}-permissibility is manifestly a vertexwise condition.
Hence the equality Admg ({y}) = Permy ({u}) implies the equality Admy ({u}) =
Admy™({1}). Because of this, the conjecture may in some sense be regarded as a
version for arbitrary groups of the conjecture in [R] that Adm({u}) = Perm({p}) for
minuscule cocharacters in split groups; see Remark 4.36.

We also note that the conjecture holds in all examples that we know of arising
from local models. More precisely, for all of the local models attached to GL,,
in 2.1; GSpyq in 2.2; GOy4 in 2.3; Resg/r, GLy, in 2.4; and Resg/p, GSp,g in 2.5,
the conjecture holds because {p}-admissibility and {u}-permissibility are equivalent
by Proposition 4.31 and Remark 4.32. For the local models attached to ramified,
quasi-split GU,, for n odd in 2.6, the conjecture is known via the equivalence of
{u}-admissibility and {u}-permissibility [Sm3], but these cases are not covered by
Proposition 4.31. Finally, for the local models attached to ramified, quasi-split GU,,
for n even in 2.6, {p}-admissibility and {p}-permissibility are typically not equivalent,
but the conjecture still holds in these cases by [Sm4, Th. 9.7.1].

5. Local models and nilpotent orbits

In a few cases, the special fibers of local models can be described via nilpotent
orbits and their closures. As was first observed in [PR1], this connection is especially
tight in the case of the (ramified) group Resg,r,GL,,. This also gives a connection
between affine Schubert varieties for SL,, and nilpotent orbit closures. In this section
we discuss this relation in a somewhat informal manner.

5.1. Nilpotent orbits

Let G be a reductive group over a field k and denote by g its Lie algebra, which
we think of as an affine space. Recall that an element x of g is called nilpotent if its
adjoint endomorphism ad(x): g — g is nilpotent. The property of being nilpotent is
invariant under the adjoint action of G on g; a nilpotent orbit N, ={ad(g)-x| g € G}
is the orbit of a nilpotent element x under the adjoint action. Here we consider N
as the reduced subscheme with underlying topological space the orbit of x. We will
denote by N, the Zariski closure of N, in the affine space g. The varieties N, have
been the subject of intense study ([KP, BC, dCP2], etc.) The most classical example
of course is when G = GL, and g = Mat, «,. Then N is the conjugation orbit of the
nilpotent matrix A. These orbits are parametrized by partitionsr = (r; > 1, > --- >
rs) of r; the numbers r; are the sizes of the blocks in the Jordan decomposition of
A.

5.2. Relations to local models

We consider the situation of 2.4, i.e take G = Resg,r,GL,,, where F/Fy is a
totally ramified separable extension of degree e. Let 7t be a uniformizer of O, and
let Q(T) € O, [T] be the Eisenstein polynomial satisfied by .
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Recall from loc. cit. that the minuscule cocharacter p is determined by choosing
T with 0 < 7, < n, for each embedding ¢ of F in a fixed algebraic closure Fy of
Fo. We choose the lattice chain £ = {7t*Ag}xcz to be given by the multiples of the
standard Or-lattice in F™. (Then the corresponding parahoric group is maximal and
special). We denote by M the naive local model Mrg"i{vs}/ ., for these choices (defined

in 2.4) and write M!°° for the corresponding local model Mlglc{u}, . given as the flat

closure of M ®¢, E over the ring of integers O of the reflex field E. Denote by kg
the residue field of O¢.

Setr = Z(P Te. Then the subspace I := Fx, C Ag;s := Ap ®z, Os occurring in
the definition of M is locally on S free of rank n — r. This allows us to consider the
GL,-torsor M over M defined by

M(S) = {(F, o) | F € M(S), a: Ags/F = 0%},
and construct a GL,-equivariant morphism
q: M — N ,
with

(5.1) N:= {A € Mat, .,

det(X - I1—A)= H(X—(p(n))r‘“, Q(A)=0 } ,

[}
where the GL,-action on the target is via conjugation. The morphism q is smooth
[PR1, Th. 4.1], and hence we obtain a smooth morphism of algebraic stacks

(5.2) q: M — [GL,\NI.

Note that the special fiber N ® ¢, kg is the GL,-invariant subscheme of the nilpotent
matrices Nilp,., . over kg, given as

(5.3) N ®o, ke = { A € Maty ., | det(X- I-A)=X", A°=0}.
Recall the dual partition t of the decomposition {ry}, of r defined by
th=#Hoelre 21}, a=#oe |1y, 22], et

We have t; > t; > --- > t,,. Consider the (reduced by definition) closed nilpotent
orbit Ny that corresponds to the partition t. All matrices in this closure Ny have
Jordan blocks of size at most e. Hence we have a GL,-equivariant closed immersion

i: Nt — N ®oe KE.

From [PR1], Theorem 5.4 and the above, we now deduce that the special fiber
M!°¢ @4, ke of the local model M!°¢ is isomorphic to the pull-back of i along q.
This gives the following:

Theorem 5.4. There is a smooth morphism of algebraic stacks

q°c: M° @4, kg — [GL,\Ny]. O
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Corollary 5.5. The special fiber M1 @ _ kg of the local model MI°¢ for the choice of u
determined by {r,}, is smoothly equivalent to the closed nilpotent orbit Ny. d

In particular, M!*® ®¢. kg is reduced. By [MvdK] the closed orbits N are
normal and Frobenius split (when k¢ has positive characteristic), and so we conclude
that the same properties are true for M!° @, k.

Remark 5.6. Note that if all v, differ amongst themselves by at most 1, then
Ni = (N ®0, ki)wd. In [PR1], it is conjectured that N ®¢, kg is in fact reduced.
This holds by a classical result of Kostant when r < e, and this is proved by Weyman
in [W] in the cases where either char kg = 0, or where e = 2, comp. Theorem 6.8
below.

Remark 5.7. The fact that Mlec ®o, ke is reduced and normal has found an inter-
esting application in the theory of deformations of Galois representations by Kisin
[Ki]. This application is based on the following lemma, comp. [Ki, Cor. 2.4.10]: Let
X be a scheme which is proper and flat over the spectrum S of a complete discrete valuation
ring. We denote by X,,, resp. X, the generic, resp. the special fiber. If X is reduced, then
there are bijections between the sets of connected components

o (Xs) = o(X) = 110 (Xy).

Consider the dominant cocharacter A of GL,, that corresponds to t, and denote
by O, the corresponding Schubert variety in the affine Grassmannian for GL,. Now
we can see that the embedding of the special fiber of the local model in the affine
Grassmannian (cf. 3.3, and for this example [PR1]) gives an isomorphism

(5.8) M @0, ke = Oy.

Since by varying the data t we can obtain all dominant cocharacters A, this observa-
tion together with Theorem 5.4 also shows

Theorem 5.9 (|[PR1, Th. C]). Any Schubert variety in the affine Grassmannian of GL,,
is smoothly equivalent to a nilpotent orbit closure for GL,, for suitable . g

This has also been shown independently by Mirkovi¢ and Vybornov [MV].
Recall that earlier Lusztig [Lu] interpreted certain Schubert varieties in the affine
Grassmannian of GL, as compactifications of the nilpotent variety of GL, (namely
the Schubert variety corresponding to the coweight (1,0, ..., 0)), compatible with
the orbit stratifications of both varieties. In particular, as used by Lusztig in his paper,
all singularities of nilpotent orbit closures occur in certain Schubert varieties in the
affine Grassmannians. The above goes in the opposite direction.

Remark 5.10. This tight connection between local models (or affine Schubert va-
rieties) and nilpotent orbits does not persist for other groups. There are, however,
some isolated instances of such a correspondence in other cases. For example, the
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reduced special fibers of the local models for the ramified unitary groups and special
parahoric subgroups are smoothly equivalent to nilpotent orbit closures in the
classical symmetric pairs (sl,,, 50, ), Tesp. (slon, 5P, ) which have been studied by
Kostant-Rallis [KosR], and Ohta [O]. See [PR4, §5], and especially Theorem 5.4 and
its proof in [PR4], for more details. However, not all such nilpotent orbits appear in
this correspondence.

6. Local models and matrix equations

In some cases, local charts around points of local models can be described via
the spectra of affine rings given by generators and relations, in shorthand matrix
form (matrix equations). We have already seen some instances of this in Example 2.4,
Remark 2.35, and §5. Rather than giving a formal definition of what we mean by
matrix equations, we list in this section a few examples. Obviously, structure results
on matrix equations have consequences for local models. What is more surprising is
that sometimes results on local models imply structure results on matrix equations.

6.1. Matrix equations related to naive local models

Our first example is as follows. Let O be a discrete valuation ring with uni-
formizer t. We fix positive integers r and n, and consider the following closed
subscheme of affine space of dimension nr? over Spec©,

A1Ay - An =AgAz - A = =
=ApA; - Ap g =71 }
In the special case r = 1 there is only one equation X;X;--- X, = 7 in the n
unknowns Xi, Xy, ..., X;;, which describes the semistable reduction case. The special
fiber Z, , ®¢ k is called the generalized circular variety over the residue field k. The
scheme Z,., ®¢ k is called the variety of circular complexes, and has been considered

(6.1)  Zyn = { (A1,...,An) € Mat?, .

long before local models were defined, cf. [MT, St].

Theorem 6.2 (Gortz [G61, 4.4.5]). The scheme Z.., is flat over O, with reduced special
fiber. The irreducible components of its special fiber are normal with rational singularities,
so in particular are Cohen-Macaulay. |

The matrix equation (6.1) arises in the analysis of local charts for local models
for the triple consisting of GL,,, the Iwahori subgroup, and the minuscule cocharacter
pw = (107,0"=7). Recall from Theorem 2.3 that, in this case, the local model
coincides with the naive local model. More precisely, and similarly to what happened
in 5.2, we define a scheme M!°¢ over M!°¢ which parametrizes, in addition to a point
(F:i |1 € Z/nZ) of M!°°(S), a basis of A;s/F;. Then associating to the transition
morphisms A; s/Fi — Air1,s/Fir1 their matrices in terms of these bases, we obtain
a morphism q: Mloc s Z, n, which turns out to be smooth, cf. [F1, PR1]. Hence
the properties claimed in the theorem follow from Theorem 2.3, locally at each
point of Z, ,, in the image of q. Something similar holds for any parahoric subgroup
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corresponding to a partial periodic lattice chain £. Now apply this result to the local
model for the triple consisting of GL,,, the parahoric subgroup corresponding to the
periodic lattice chain £ = {A; | i € rZ}, and the minuscule coweight (1(*), 0(r"—7)),
It is easy to see that in this case the morphism q: Mloc — 7. is surjective, and this
proves the claim, cf. [G65].

The next example arises in the analysis of the naive local model for the triple
consisting of a symplectic group, a non-special maximal parahoric subgroup, and
the unique conjugacy class of nontrivial minuscule coweights .. Let n be even, and
define

(6.3) Z={A € Matnyn | AJA = AJA =71}

Here, as in the beginning of 2.2, ] = J,, denotes the matrix describing the standard
symplectic form.

Theorem 6.4 (Gortz [GO2, §5]). The scheme Z is flat over O, with reduced irreducible
normal special fiber, which has only rational singularities. d

The proof of Gortz of this theorem uses local model techniques, combined
with the theory of De Concini [dC1] of doubly symplectic tableaux which gives a
good basis of the coordinate ring of Z ®¢ k as a k-vector space.

Similarly, in the analysis of the naive local model for the triple consisting of a
symplectic group, the parahoric subgroup which stabilizes a pair of lattices A, A’
where A is self-dual and A’ is self-dual up to scalar 7, and the unique (nontrivial
dominant) minuscule coweight p, the following matrix equations arise,

(6.5) Z={A,BeMat,yn |AB=BA=mn-1, A=A, B=B}

More precisely, Z is locally around the origin isomorphic to an open neighborhood
of the ‘worst point’ of the local model in question.

Theorem 6.6 (Chai-Norman [CN], [DP], Gortz [G62, 2.1]). The scheme Z is flat,
normal and Cohen-Macaulay over O, with reduced special fiber. The irreducible components
of its special fiber are normal with rational singularities. d

Whereas Gortz' proof of this theorem uses local models (in particular, the
embedding of the special fiber in the affine Grassmannian) and Frobenius splitting
methods, the proof of Chai and Norman uses techniques from the theory of algebras
with straightening laws (and the proof in [DP] is a simplification of this proof). The
Cohen-Macaulay property of Z is shown directly in [CN], but it can also be derived
by the methods of Gortz (see [GO1, §4.5.1]). We refer to [G62] and [DP] for further
discussion of other methods in the literature.

Another example of a matrix equation we have seen already in the previous
section, cf. (5.1). For better comparison with the matrix equations appearing right
after it, let us recall it. As in the beginning of 5.2, let F/Fy be a totally ramified
separable extension of degree e. Let 7t be a uniformizer of O, and let Q(T) € O, [T]
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be the Eisenstein polynomial satisfied by 7. As in loc. cit., we fix a tuple r = (r,).
Then

(6.7) N=N,= {A € Maty

Q(A)=0and }
det(X-T—A) =[], (X~ @(m)" ’

which is a scheme over Spec O¢, where E is the reflex field corresponding to .

Theorem 6.8 (Weyman [W]). Assume that all e integers v, differ amongst each other
by at most 1. Assume further that either the characteristic of the residue field kg is zero, or
that e < 2, or that }_ , 7, < e. Then N is flat over O, with reduced special fiber, which is
normal with rational singularities. d

As explained in the previous section, the scheme N occurs in relation to the
naive local model for the triple consisting of the group G := Resg,r, GLy,, the natural
special maximal parahoric subgroup, and the minuscule cocharacter p determined
by r, cf. 2.1. If the conclusion of Theorem 6.8 were true without the “further”
restrictions listed (as is conjectured in [PR1]), then the local model and the naive
local model would coincide in this case.

For the triple consisting of G := Resg/r, GSpan, the natural special parahoric
subgroup, and the natural minuscule cocharacter y, one obtains in the analogous
way the following matrix equation, cf. [PR2, 12.5],

ab
(69) P= { ( ) (S Mathexzne

0ta

a,b € Matpexne, 'b=—b, Q(a) =0,
det(X~I—a)EH(p(X—(p(7r))“ '

Conjecture 6.10 ([PR2, 12.5]). The scheme P is flat over Spec O, with reduced special
fiber.

If this conjecture held true, it would follow that in this case the naive local
model is flat, i.e., coincides with the local model — which would constitute a special
case of Conjecture 2.22.

Our next examples are related to the case of a ramified unitary group. Let
F/Fo be a ramified quadratic extension obtained by adjoining the square root of
a uniformizer 7y of Fy. The following matrix equations arise in connection with
the triple consisting of a group of unitary similitudes of size n for F/F,, a special
maximal parahoric subgroup (in the case when n is odd, the parahoric subgroup
fixing a self-dual lattice, and in the case when n is even, the parahoric subgroup
fixing a lattice which is self-dual up to a scalar /7)), and a minuscule cocharacter
given by (1, s) with r + s = n. Consider the following schemes of matrices.

When n is odd,

A2 =m-1, At = HAH,

(6.11) N = ¢ A € Matyxn | chara (T) = (T — 7)) S(T + V7)),
ASTIA =0, A™TTA =0



G. Pappas, M. Rapoport, and B. Smithling 201

When both n = 2m and s are even,

A2 =m -1, At = —JA]J,
(6.12) N =< A € Matyxn | chara (T) = (T — /7)) (T + V7o), ¢

ANSTIA =0, A"HA =0
where the conditions on wedge powers are imposed only when r # s. Here, as in
the beginning of 2.2, H = H,, denotes the antidiagonal unit matrix, and J = J,, the
skew-symmetric matrix with square blocks 0;,, on the diagonal and H,,,, resp. —H;;,,
above the diagonal, resp. below the diagonal.

Conjecture 6.13 (|[PR4, §5]). The schemes N above are flat over Og, with reduced
special fiber (which is then normal, with rational singularities).

If this conjecture were true, it would follow that for the local models mentioned
above, the wedge local model contains the local model as an open subscheme, cf.
Remark 2.32 (a corrected version of [PR4, Rem. 5.3]).

Remark 6.14. There should be similar matrix equations related to local models for
orthogonal groups. This does not seem to have been investigated so far.

7. Local models and quiver Grassmannians

In a few cases, the special fibers of local models can be identified with certain
quiver Grassmannians in the sense of Zelevinsky and others, cf. [Z]. In this section
we discuss this in rough outline.

7.1. Quiver Grassmannians

Let Q be a quiver, with set of vertices Q¢ and set of arrows Q;. Then Q is in the
obvious way a category. Let (V, @) be a representation of Q over the field k, in other
words, a functor from the category Q to the category of finite-dimensional vector
spaces over k. To any such representation there is associated its dimension vector
d(V) € (Z>0)? with d(V); = dim V;. Let e € (Z>0)?° such that e < d, i.e., each
component of e is less than or equal to the corresponding component of d. The
quiver Grassmannian associated to these data is the projective variety (comp. e.g. [CR,

§1])
(7.1) Gre(V) = {Fi € Gr(ei, Vi), Vi€ Qo | ¢1;(Fi) C F, V(1,j) € Q1 } .

The subgroup Gy of elements in HieQn GL(V;) which respect the homomorphisms
{®1}1)eq, acts in the obvious way on Gre (V). Most often, there are infinitely
many orbits.

7.2. Relations to local models

We consider the situation of 2.4, i.e.,, take G = GL,, over F, u = (1(*), 0n1)),
and a periodic lattice chain in F™ extracted from the standard lattice chain Ay, i € Z,
by keeping those A; with i congruent to an element in a fixed non-empty subset
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I C Z/nZ. Let Ay = Ay ®p k, with the linear maps A; — A;,; induced by the
inclusions A; C Ay, . Using the identification A;,,, = 7A;, we may identify A,
with A;, and therefore define unambiguously A; for i € Z/nZ. By keeping only
those A; with i € I, we obtain a representation A; of the quiver of type Ajj. Here
an extended Dynkin diagram of type A defines a quiver by choosing the clockwise
orientation of its bonds. This representation is characterized up to isomorphism by
the following conditions:

(i) dimA; =nforalli€ L
(ii) dimKer @i,i» =1’ —iforalli<i’ <i+n.

From 2.1 it is plain that a point of the local model M = Mg, | with values in a
k-scheme S corresponds to a S-valued point F; of the Grassmannian of subspaces of
dimension n — 1 of A;, one for each i € I such that, under @; ;/, the subspace 7 is
carried into a subspace of ;.

Comparing with (7.1), we see that M ®¢, k can be identified with the quiver
Grassmannian Gr,,_. (A1) of subspaces with scalar dimension vector n — r of the
representation A of the quiver of type A;|. Furthermore, under this identification,
the action of the loop group L*P; on M ®¢, k from Example 3.15 coincides with
the action of the automorphism group Gy of the quiver A} from 7.1. In particular,
in this case the Gy-action has only finitely many orbits.

From this perspective, the local model M is a deformation over Or of a quiver
Grassmannian over k.

Remark 7.2. In [CR] and other papers in the area of representations of algebras,
quiver Grassmannians are considered as varieties, i.e., nilpotent elements are ne-
glected. It follows from Gortz's Theorem 2.3 that the quiver Grassmannians of type
A are reduced. For other quiver Grassmannians this question does not seem to have
been considered in the literature.

Remark 7.3. It is not clear which local models can be described in this way.

(i) In 2.4, we mentioned the splitting model M = Mg (¢ from [PR2] for G =
Resg/r,(GL,), where F/Fy is a totally ramified extension. Similar to the above
identification, the special fiber of M can be described as a subvariety of a quiver
flag variety of a representation of a quiver of type A (defined by the condition that
the nilpotent operator induced by 7t induces the zero endomorphism on a certain
associated graded vector space), cf. [PR2].

(ii) Recall from 2.2 the local model corresponding to the triple (GSp,g, {u}, £),
where {1} is the unique conjugacy class of nontrivial minuscule coweights of GSp,g,
and where £ is a self-dual periodic lattice chain. In fact, to simplify matters, let us
assume that £ is maximal. By choosing the symplectic form as in 2.2, and taking for
£ the standard lattice chain, we see that A; = A_;. Using again the notation A; for
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Ai ®0, k, we see that we obtain a non-degenerate pairing
(7.4) Ki X K_i — k.

Now a point of the special fiber M ®¢, k is given by a subspace F; of dimension ¢
of A, one for each i, such that, under each map @i i41: A; — Ai1, the subspace
F; is mapped into a subspace of Fi 1, and such under the natural pairing (7.4) the
subspaces F; and F_; are perpendicular to each other, for all i. However, this kind of
object has apparently not been considered in the context of quiver Grassmannians.

8. Local models and wonderful completions

In this section, which is of an (even) more informal nature, we will explain
various relations between the theory of local models and the so-called wonderful
compactifications of symmetric spaces. This extends to also give a relation of local
models for GL,, with Lafforgue’s compactifications of the quotients (PGL,.)®/PGL,.
At the moment we do not have a very good understanding of the scope of these
connections between the theory of local models and those theories; they appear
somewhat sporadic. As a result we will mainly concentrate on several illustrative
examples and explanations that, we hope, are enough to explain why one should
expect such a connection in the first place. We also hope that this will motivate
readers to explore possible generalizations.

An instance of a connection between some local models and wonderful com-
pletions was first observed by Faltings [F1] (also [F2]). Faltings starts by considering
certain schemes given by matrix equations. These schemes are given by embedding
symmetric spaces in projective spaces defined by homogeneous line bundles and
considering their closures. In several cases, these give affine charts of local models in
the sense of §6. Faltings then uses constructions from the theory of wonderful com-
pletions of symmetric spaces to produce birational modifications of these schemes.
In many cases, these also give modifications of the corresponding local models
which are regular and have as special fiber a divisor with (possibly non-reduced)
normal crossings.

In this section, after a quick review of wonderful completions (8.1), we will
explain (in §§8.2, 8.3) a different and more direct relation between local models and
wonderful completions, based on some unpublished notes [P2] by the first author.
This was inspired by Faltings’ paper. The goal in this approach is to relate local
models to closures of orbits of parabolic subgroups in the wonderful completion;
such parabolic orbit closures have been studied by Brion and others [Br2, BiP, BrTh].
In some cases this gives an alternative construction of the local models. Then, in
8.4, we give some comments on Faltings’ methods.

Contrary to our notation earlier in the paper, in this section we shall use the
symbols Ag, Ay, ... to denote arbitrary lattices in a vector space, not lattices in the
standard lattice chain (2.2).
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8.1. Wonderful completions

For a more complete overview of this “wonderful” theory and its connections
to classical algebraic geometry we refer the reader to [dC2, dCP1]. We also refer
to [dCS] and [F1, §2] for details on the actual constructions in the generality we
require. The basic set-up is as follows.

Let G be an adjoint semi-simple algebraic group over a field F of characteristic
# 2 which is equipped with an involution 0 defined over F. Let H = G° be the
fixed points of the involution which is then a reductive group over F; it is connected
when G is simply connected, cf. [dCS, §1]. The corresponding symmetric space is
the affine quotient X = G/H over F. The wonderful completion X of X is a smooth
projective variety over F which contains X as a dense Zariski open subset. It supports
a left action of G that extends the translation action on X. In addition, it has the
following property: The complement X — X is a divisor with normal crossings which
is the union of a finite set of smooth irreducible G-stable divisors such that all their
partial intersections are transversal; the closures of the G-orbits in X are precisely
these intersections.

One basic example is obtained by taking the group to be the product G x G with
0(g1,92) = (g2, g1), so that X = (G x G)/G ~ G. Then X = G is a compactification
of the group G. Another well-studied example is given by taking the group PGL,,
with involution given by 8(g) = ('g)~!. Then H = PGO,,, and X is the variety of
invertible symmetric matrices and X is the classical variety of “complete quadrics,”
see [dCP1, Lak, dCGMP].

8.2. The example of the general linear group

In this subsection, we explain the method of [P2]. We will concentrate on two
classes of examples. For simplicity, we only consider the equal characteristic case'?,
i.e., the local models will be schemes over the discrete valuation ring O = k[[t]]
with uniformizer m = t. Let F = k((t)). Suppose that Ag, A; are two O-lattices
in the vector space V = F" such that A; C A; C t7'Ag. Choose a O-basis of
ey, ..., en of Ay such that Ay has O-basis formed by ey, ..., en, tem1, ..., tey, for
some m < n— 1. Fix an integer 0 < r < n.

Recall from 2.1 that the naive local model M = M™¥¢ corresponding to the
triple consisting of GL,,, of the minuscule cocharacter u = (1), 0™~")), and of
the above lattice chain, is the scheme over Spec O whose S-points parametrize pairs
(Fo, F1) of Os-subbundles of rank n — r of Ay @9 Os, resp. A; ® Os, such that the

17An extension to the mixed characteristic case depends on defining wonderful completions over Zyp .
This should not present any problems (provided p is odd) and is roughly sketched in [F1] and [dCS],
but we prefer to leave the details for another occasion.
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following diagram commutes

(8.1) N ®9 Og — A1 ®o Os 4>t_1/\0 ®e Og
U U U
Fo F1 t_l':)to.

Here the horizontal maps on the top row are induced by the inclusions Ay C A; C
t'Ap and t!F, stands for image of F, under the isomorphism Ay ®» Os —
t71Ap ®p Os induced by multiplication by t~!. (Recall that in this case, by Gortz's
Theorem 2.3, the naive local model is equal to the local model M!°¢ = M.)

Of course, M is realized as a closed subscheme of the product of Grassmannians
Gr(n—r,n)g X9 Gr(n—r,n)e. The generic fiber is isomorphic to Gr(n—r, n)r, and in
the generic fiber the embedding of M® F in the product Gr(n—r, n)¢ X Gr(n—r, n)¢
is described by F; — (A - F1, F) with A = diag(1'™), t(*=™)) (m copies of 1 and
n — m copies of t placed along the diagonal.) This allows us to view M as a
deformation over O of what is essentially the diagonal embedding Gr(n —r, n)r —
Gr(n —r,n)r Xg Gr(n — 1, n)¢. Such deformations have been considered by Brion
[Br1] (following work by Thaddeus [Th] and others on Kapranov's “Chow quotients"
[Ka]). Brion views such deformations as parametrized by a part of the Hilbert scheme
of subschemes of Gr(n — 1, 1)y xo Gr(n —1,1)e.

Here is how this is related to the wonderful completion of G = PGL,,. Set
P = P,, for the standard parabolic subgroup of G such that Gr(n—r,n) = G/P. Let G
be the wonderful completion of G and denote by P C G the Zariski closure of P in G.
The product G x G acts on G in a way that extends the action (g1, g»)-g = g19g; ' of
G x G on G. This also restricts to an action of P x P on P. Over G, we can construct
a family of closed subschemes of Gr(n —r, ) x Gr(n —r,n) as follows. Consider
the commutative diagram

M—G/PxG/PxG

| e

G/P x G/P G.

PxP_
Here M = (G x G) % P is the “contracted product” which is given as the quotient
of G x G x P by the right action of P x P by

((91,92).%) - (p1,P2) = (g1P1, 922, (P11 P32 ") - x).
The morphism t is given by
l((glr 92)7 X) = (91P1 gZPr (91/ 92) : X)

and the morphism ¢ by ¢((g1, g2), x) = (g1P, g2P). It is easy to see that ¢ is a closed
immersion; hence we can view t: M — G as a family of closed subschemes of
G/P x G/P over the base G. It follows from [Br1, BrP] that this is a flat family. Now
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the matrix A gives, by the valuative criterion of properness, a well-defined point
[A]: Speckl[[t]] — G. Then it is not hard to see that the base change M xg ;O of 7
along [A] can be identified with the flat closure of the generic fiber M ®¢ F in the
naive local model M. By definition, this is the local model M!°¢ for our situation,
and so we obtain the following result.

Theorem 8.2. In the situation described above, there is an isomorphism
mloe ~ M X5 1a) SpecO.

Indeed, using the flatness result above, it is enough to check that this base
change is a closed subscheme of the naive local model M. This can be easily verified
(see the proof of Theorem 8.6 below for a more detailed explanation of a more
interesting case).

Remark 8.3. a) As was pointed out above, the naive local model M is flat by Gortz's
theorem, and so M!°¢ = M. However, the above construction of the local model is
independent of Gortz's result.

b) Note that the morphism ¢ above is a (Zariski) locally trivial fibration with
fibers isomorphic to P. Hence, the singularities of the total space M are smoothly
equivalent to the singularities of P. The singularities of parabolic orbit closures in
complete symmetric varieties (such as G) have been studied by Brion and others (e.g
[Br2, BrP]); we can then obtain results on the singularities of the local models in
question. For example, one can deduce from this approach that the special fibers
of these local models are reduced and Cohen-Macaulay. Of course, these results
can also be obtained by the method of embedding the local models in affine flag
varieties described in the previous sections (see [G61]), cf. Theorem 2.3. (In the case
of this lattice chain, which consists of multiples of two lattices, one can obtain that
the special fiber, as a whole, is Cohen-Macaulay, cf. Remark 2.5. See also Remark
2.10 and Theorem 6.6 for similar results in the symplectic case.)

8.3. Other examples, some symplectic and orthogonal cases

Here we will explain how the method of 8.2 can be extended to relate certain
local models for maximal parahoric subgroups in the cases of symplectic and even
orthogonal groups to wonderful completions of the corresponding symmetric spaces.

Suppose that n = 2m is even. We assume that V = F™* = k((t))" is equipped
with a perfect form h: V x V — F which is alternating, resp. symmetric, the two
cases leading to a description of local models with respect to the symplectic, resp.
the orthogonal group. When h is symmetric, we assume char(k) # 2. We will
assume that the form h is split and “standard" i.e it satisfies (h(ei, ej ))i,j = Jn, Tesp.
(h(ei, ej ))L)‘ = H,,, for the standard basis {e;}; of V = F", with the matrices J,,, resp.
H,, asin (2.6) and (2.7). Denote by S the matrix of the form h so that S = ], resp.
S=H,.
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Recall that we denote by G(V, h) the group of similitudes of the form h. By
the above, this is GSp,, (F), resp. GO, (F). We consider the minuscule cocharacter
= (10m,00m)) for G(V, h) expressed as a cocharacter for the standard torus in
GL(V) = GL,.

For 0 < v < m, we consider the lattice

/\:in@ej—i- i Oe;.
j=1

j=r+1

Then A C A. We will denote by « the inclusion A C A. The form h restricts to give
an O-bilinear form A x A — O and a perfect O-bilinear form A x A — ; we will
also write h for these forms. We also denote by h' the (different) alternating, resp.
symmetric, form on A given on the standard basis {rey, ..., 7e;, ex41,..., en} of A
by the matrix S . Denote by L the O-submodule of rank m of A generated by the first
m standard basis elements of A as listed above; it is totally isotropic for both forms
h’ and h.

In this case, the local model M'° can be described as follows. Let us first give
the “naive" local model M = M"¥¢ for this situation. Consider the functor over
Spec O whose points with values in an O-scheme § are given by Os-submodules
F C A®o Os, which are Os-locally free direct summands of rank m such that

(oog)(F) c T+,

Here the perpendicular ¥4 C A ®¢ Og is by definition the kernel of the Os-
homomorphism (A ®¢ Os)* = A ®¢ Os — F* which is the dual of the inclusion
F C A®o Os. This condition is equivalent to

This functor is representable by a projective scheme M over Spec O which is a closed
subscheme of the Grassmannian Gr(m, n) over Spec ©. The generic fiber of M can
be identified with the Langrangian, resp. (disconnected) orthogonal Grassmannian
of isotropic m-subspaces in n-space. The local model M'°¢ is by definition the (flat)
Zariski closure of the generic fiber in M.

Consider the involution 8 on G = PGL,, given by 0(g) = S~!(*g)~!S. The
fixed points H = PGLY can be identified with the groups PGSp,,, resp. PGO,,. Let
us consider the symmetric space X = G/H. The morphism

gH— Ag=('g) " S-g "
identifies X with the quotients

{A eMatnyn | 'A=—A, det(A) #0}/Gm,
{A eMatyyn |'A=A, det(A) #0} /G
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of antisymmetric, resp. symmetric n X n invertible matrices up to homothety. Con-
sider the wonderful completion X of the symmetric space X = G/H. By the construc-
tion of X, it follows that there is a morphism

T: X = PV ! = (Matnxn —{0})/Gm

which extends the natural inclusion G/H < (Mat,,xn —{0})/G». The morphism T
factors through the closed subscheme given by matrices which are antisymmetric,
resp. symmetric. Now let us consider the parabolic P of G that corresponds to , so
that Gr(m,n) = G/P. Let us also consider the Zariski closure Pmod H = P/P N H of
the orbit of 1 - H by the action of P C G in X.

There is a diagram

(8.4) G/P+X G x? (PmodH) & G/H.

Here G x” (PmodH) = (G x PmodH)/P where the quotient is for the right P-
action given by (g,x) - p = (gp,p~! - x). We have q(g,x) = gP and = is given by
7(g,x) = g - x, via the action of G on G/H. There is also a morphism

(8.5) t: G x” (PmodH) — G/P x G/H,

given by 1(z) = (q(z), 71(z)). These fit in a diagram

M—-—3G/Px G/H

S

G/P G/H,

where M = G x? (PmodH). As in [Br1], one can see that:

a) The morphism ¢ is an étale locally trivial G-equivariant fibration with fibers
isomorphic to P mod H.

b) The morphism t is a closed immersion which identifies G x” (P mod H) with
the closed subscheme of G/P x G/H whose points (gP, x) satisfy the “incidence"
condition x € g - (P mod H).

¢) The morphism 7t: M — G/H is flat.

Now consider the matrix Hy = (h(e;, ej))ij € Matnxn(O) obtained by the
restriction of our form h to A x A. Since h ®¢ F is perfect, this matrix HA gives an
F-valued point of G/H. By properness, this extends to a point

[HAl: SpecO — G/H.
After these preparations we can finally give the description of the local model.
Theorem 8.6 ([P2]). Under our assumptions, there is an isomorphism

Mo ~ M X G/, SPecO.
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Proof. (Sketch) Denote by M’ the base change in the statement of the theorem:

(8.7) M’ ——— G x? (PmodH)

| b

[HA] —_
Spec@ ———  G/H.

By c), M’ — Spec 0 is flat. Since, by definition, the local model M!°¢ is the Zariski
closure of the generic fiber M ®¢ F in the naive local model M, it remains to
show that M’ is a closed subscheme of M and has the same generic fiber, i.e.,
M’ ®9 F = M ®g F. Let us identify G/P with the Grassmannian using gP — F = gL.
Recall that we can identify M with a closed subscheme of G/P: this is the subscheme
of points gP for which [HA] € g - (P mod H), or equivalently g~! - [HA] € P mod H.
Using that L is an isotropic subspace for the form h’, we now obtain that the image
of P mod H under the morphism T is contained in the closed subscheme with affine
cone the antisymmetric or symmetric matrices A for which

(8.8) “YV.-A-w=0 forall vywelL.

Now suppose that gP isin M/, i.e, g~ !-[HA] € Pmod H. By applying T we find that
A = (*g)T([HA])g satisfies (8.8). Since, by definition, the O-valued point T([HA]) is

equal to Ha = (h(e, e ))i)., we obtain that

(8.9) Y.t gT(Hal)g-w =h(gv,gw) =0 forall vy wel.

Since F = gL, this shows that J is isotropic for h. Hence M’ is a closed subscheme
of M. Now it is not hard to show that the generic fibers of M’ and M are equal, and
the claim follows. O

Remark 8.10. This approach can also be applied to the local model studied by Chai
and Norman ([CN], cf. (6.5)) and to certain orthogonal local models corresponding
to pairs of lattices. The relevant symmetric space is the one corresponding to the
symplectic, resp. the orthogonal group. In the interest of brevity we omit discussing
these examples.

8.4. Wonderful completions and resolutions

In what follows, we will first explain in rough outline some of the constructions
of [F1] in the case of the local model M = M!°¢ for GL,, considered in 8.2 above.
Faltings’ approach also applies to cases of other groups, see Remark 8.17. Then
we sketch the method of [F2] to include more general parahoric level structures
(defined by more than two lattices). Similar constructions also appear in the work of
Genestier [Gel, Ge3]. The main goal of all these papers is to produce resolutions of
a local model M!°¢ which are regular and have as special fiber a divisor with normal
crossings. More precisely, this goal may be formulated as follows.
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Recall that, in all cases that it is successfully constructed, the local model
Mlgf{u}' . supports an action of the parahoric group scheme § ®¢ O«.

Definition 8.11. An equivariant modification of Mlé’f{u}l . consists of a proper Og-
scheme that supports an action of § ®¢ Or and a § ®¢ Og-equivariant proper
birational morphism 7t: N — Mlgf{u}, .+ which is an isomorphism on the generic
fibers. We can obtain such modifications by blowing-up § ®¢ Og-invariant sub-
schemes of M'é’f{ WL which are supported in the special fiber.

It is reasonable to conjecture that there always exists an equivariant modifi-
cation N — Mlglc{u}( . such that N is regular and has as special fiber a divisor with
(possibly non-reduced) normal crossings [P1].

Let us return to the local model M = M!*¢ for GL,, and p = (1("),0("7))
considered in 8.2. Consider, as in §6, the GL, x GL,-torsor

M= M
given by choosing bases for Ay/Fy and A;/F1,
M(S) = {(Fo, F1) € M(S), &o: Ao,s/Fo = OF, or: Ays/Fr = 05}
The scheme M affords a morphism q: M — Y, where Y is the O-scheme of matrices
(8.12) Y ={(A B) € Matyxr x Matyxr |A-B=B-A=m-1},

comp. (6.1). The morphism q is given by sending (Fo, F1; xo, 1) to the pair of
matrices that describe the maps Ags/Fo — Ays/F1, resp. A1s/F1 — Aos/TFo
induced by Ay ®¢ Os — A1 ®¢ Os, Tesp. A} ®o Os — Ay ®o Os. It is not hard to
see that the morphism q: M — Y is smooth, comp. [PR1, Th. 4.2]. The scheme Y
supports an action of GL, x GL, given by

(91,92) - (A,B) = (g1Ag, ', 92Bgy 1),
such that q is GL, x GL,-equivariant. Hence we obtain a smooth morphism of
algebraic stacks

(8.13) M — [(GL, x GL:)\YI.
Now consider the following variant of Y,
Yi={(AB,a) |A-B=B-A=a-1d} C Matyx; x Mat,,r x A",

regarded as a k-variety with GL, x GL,-action. Following [F1, p. 194], (see also
[Ge3, §2.2]), we can now see that the open subset Y; — {a = 0} is a G2 -bundle over
PGL, ~ (PGL, x PGL,)/PGL, and actually Y; can be viewed as a double affine cone
over the projective variety X in P(Mat,«,) x P(Mat,.) given by the closure of the
image of the map A — (A, A%Y), where A2 denotes the adjugate matrix of A. As
in loc. cit. we see that the total space of the corresponding affine bundle obtained
by pulling back by PGL, — X provides a resolution Y; — Y;. By intersecting Y;
with a — 7t = 0, we obtain a resolution Y — Y. Explicitly, Y can be obtained by
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successively blowing up ideals obtained from minors of A and B. This can now be
used to obtain that in this very special case:

Theorem 8.14. There exists an equivariant modification : N — M!°¢ such that N is
regular and has as special fiber a divisor with simple normal crossings. d

Remark 8.15. One can attempt to generalize this method of resolution, as well as
the method of [P2], to general parahoric level subgroups. Let us start with a lattice
chain
AgC AL C---CAe_1 Ct A

in V = F"* and consider the corresponding local model for G = GL,, and p =
(1), 0(m=7)). The natural replacement for PGL, = (PGL, x PGL,)/PGL, to accom-
modate more than two lattices would be a suitable completion X of the quotient
X = (PGL,)*/PGL,. Unfortunately, there is no easy “wonderful" choice for such
a completion. Indeed, the equivariant compactifications of such quotients have a
very complicated theory, which was developed by Lafforgue [Laf]. To transpose the
theory of [P2], one can then consider the corresponding closures in the completion
of a product of parabolics and attempt to obtain local models as pull-backs of the

corresponding universal families. The details of such a general construction have
not been worked out. On the other hand, as far as constructing resolutions of local
models in the style of Theorem 8.14 are concerned, an approach using completions
of (PGL,)%/PGL, is given in [F2], see also [Ge3].

Remark 8.16. A somewhat different but related point of view which also connects
with Lafforgue’s completions is explained in [F2]. Using it, Faltings constructs a
resolution of the local models of Remark 8.15 when r = 2 (when r = 1 the local
models themselves have the desired properties, cf. the second part of Theorem 2.3).
We will not attempt to fully reproduce his (ingenious!) construction in this survey,
but here is an idea.

Faltings starts with the following observation: If R is a discrete valuation ring,
then an R-valued point F(R) := {F;(R)}; of the local model M!°¢ gives a sequence of
free R-modules

FoCFLC---CFs 1
of rank r. This sequence can be viewed as a lattice arrangement in a vector space of
dimension r. Note that the local model M!°¢ and all its proper modifications N that
share the same generic fiber, also share the same set of R-valued points for a discrete
valuation ring R. We can now view the search for a suitable birational modification
N — M!°¢ as a search for a suitable parameter space of lattice arrangements as above.
Observe that to any such lattice arrangement we can associate its corresponding
Deligne scheme D = D(F(R)) over SpecR (which is a type of local model on its own)
cf. [F2, §5], [Mu]. A suitable blow-down of the Deligne scheme gives a “minimal”
model D™ with toroidal singularities. Now parameters for a space of lattice arrange-
ments can be obtained by looking at moduli of these minimal Deligne schemes.
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More specifically, Faltings constructs a universal family of lattice arrangements that
supports a universal minimal Deligne scheme. The base of this family is a projective
equivariant embedding of the homogeneous space (PGL,)*/PGL,. It turns out that
this embedding is of the kind considered by Lafforgue. As explained in Remark
8.15 above, this can then be used to obtain modifications of the local models. For
example, when r = 2, the Deligne scheme is a projective flat curve over Spec R with
generic fiber P! and special fiber a chain of P!’s intersecting transversely (our first
local model for Ty (p) in Example 2.4 is such an example of a Deligne scheme).
The minimal model D™" now gives a semi-stable curve over SpecR and we can
parametrize the lattice arrangement by a corresponding point of the moduli space
of genus 0 semi-stable marked curves. In this case, Faltings’ construction produces
a smooth compactification of (PGL,)*/PGL, and hence also a regular equivariant
modification of the corresponding local model for u = (1(?),0"~2)) and the peri-
odic lattice chain with s members. See also [KT] for some more recent developments
in this circle of ideas.

Remark 8.17. In [F1], Faltings gives a construction of resolutions of local models in
some cases related to other groups. This is done by working with explicit schemes of
matrices that give affine charts for M'°¢, and relating those to wonderful completions.
This then leads to resolutions for these affine charts. One can then obtain equivariant
resolutions of the corresponding local models as in Theorem 8.14 (note however
that the special fibers of these resolutions are not always reduced).

We conclude this section with a list of some matrix equations which are among
those investigated by Faltings [F1, §4]. Before doing so, we make two remarks. First
of all, even though some of the matrix equations that Faltings writes down are
among the ones discussed in §6 (e.g., Z in (6.5) appears in the middle of p. 194
in [F1], and N of (6.11), resp. (6.12) occurs in the middle of p. 195 in [F1]), and
therefore are closely related to local models, this is less clear for others. In fact, his
list arises from embedding symmetric spaces in projective spaces via homogeneous
line bundles, and considering the singularities which occur in their closures—so
there is a priori no connection to local models. Secondly, Faltings is less interested
in questions of flatness, but rather allows himself to pass to the flat closure of the
generic fiber, i.e., to the affine variety with coordinate ring obtained by dividing out
by 7t-torsion, and then tries to construct resolutions of those.

Again we fix O with uniformizer 7. One matrix equation considered in [F1] is

(8.18) Z={A € Mat,,,, | AA¥ = AMA — 7.1},

where A% is the adjoint of A with respect to a symmetric or a symplectic form.
Faltings proves that, when n is even, the flat closure of Z ®¢ F inside Z is Cohen-
Macaulay with rational singularities. When n is odd, the flat closure of Z ®¢ F
inside Z is not Cohen-Macaulay, but its normalization is, with rational singularities.
Furthermore, he gives equivariant resolutions of these flat O-schemes which have a
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normal crossings divisor as their special fibers, and computes the multiplicities of
the irreducible components.

In a similar vein, Faltings also analyzes the intersection of Z with the locus
where A = A%, ie,

(8.19) {A eMatyn |A=AY A2 =7 .1},

When A2 is the adjoint of A for a symmetric form, this matrix equation relates to
local models for the ramified unitary group, and the maximal parahoric subgroup
fixing a self-dual lattice, comp. (6.11). Similarly, he also considers the matrix
equation

(8.20) {A € Matyyn |A=—A" A2 =n.1).

We refer to [F1, §4] for further matrix equations, and results concerning them.

In [F2, Th. 13], Faltings constructs resolutions of local models in the case of
the symplectic group of genus 2, for more general parahoric subgroups (see also
[Ge3]).
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