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GOOD AND SEMI-STABLE REDUCTIONS OF
SHIMURA VARIETIES

BY Xunua He, GEorcros Pappas &« MicnaerL Raporort

Apstract. — We study variants of the local models constructed by the second author and Zhu
and consider corresponding integral models of Shimura varieties of abelian type. We determine
all cases of good, resp. of semi-stable, reduction under tame ramification hypotheses.

Résumi (Bonne réduction et réduction semi-stable de variétés de Shimura)

Nous étudions des variantes des modeéles locaux introduits par le deuxiéme auteur et Zhu,
et les modeles intégraux correspondants des variétés de Shimura de type abélien. Nous déter-
minons tous les cas de bonne réduction, resp. de réduction semi-stable, sous des hypotheses de
ramification modérée.
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1. INnTRODUCTION

The problem of the reduction modulo p of a Shimura variety has a long and com-
plicated history, perhaps beginning with Kronecker. The case of the modular curve
(the Shimura variety associated to GLs) is essentially solved after the work of Igusa,
Deligne, Drinfeld and Katz-Mazur. In particular, it is known that the modular curve
has good reduction at p if the level structure is prime to p. If the level structure
is of Ty(p)-type (in addition to some level structure prime to p), then the modular
curve has semi-stable reduction (one even has a global understanding of the reduction
modulo p, as the union of two copies of the modular curve with level structure prime
to p, crossing transversally at the set of supersingular points). Are there other level
structures such that the reduction modulo p is good, resp. is semi-stable?

This is the question addressed in the present paper, in the context of general
Shimura varieties. The question can be interpreted in two different ways. One can
ask whether there exists some model over Spec Z,) which has good, resp. semi-stable
reduction. In the case of the modular curve, one can prove that, indeed, the two
examples above exhaust all possibilities (this statement has to be interpreted correctly,
by considering the natural compactification of the modular curve). This comes down
to a statement about the spectral decomposition under the action of the Hecke algebra
of the ¢-adic cohomology of modular curves. Unfortunately, the generalization of this
statement to other Shimura varieties seems out of reach at the moment.

The other possible interpretation of the question is to ask for good, resp. semi-
stable, reduction of a specific class of p-integral models of Shimura varieties. Such
a specific class has been established in recent years for Shimura varieties with level
structure which is parahoric at p, the most general result being due to M. Kisin and
the second author [26]. The main point of these models is that their singularities
are modeled by their associated local models, cf. [35]. These are projective varieties
which are defined in a certain sense by linear algebra, cf. [18, 42]. More precisely, for
every closed point of the reduction modulo p of the p-integral model of the Shimura
variety, there is an isomorphism between the strict henselization of its local ring
and the strict henselization of the local ring of a corresponding closed point in the
reduction modulo p of the local model. Very often every closed point of the local
model is attained in this way. In this case, the model of the Shimura variety has good,
resp. semi-stable, reduction if and only if the local model has this property. Even when
this attainment statement is not known, we deduce that if the local model has good,
resp. semi-stable, reduction, then so does the model of the Shimura variety. Therefore,
the emphasis of the present paper is on the structure of the singularities of the local
models and our results determine local models which have good, resp. semi-stable
reduction.

Let us state now the main results of the paper, as they pertain to local models. See
Section 3 for corresponding results for Shimura varieties, and Section 4 for results on
Rapoport-Zink spaces. Local models are associated to local model triples. Here a LM
triple over a finite extension F' of Q,, is a triple (G, {1}, K) consisting of a reductive
group G over F, a conjugacy class of cocharacters {u} of G over an algebraic closure
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of F', and a parahoric group K of G. We sometimes write § for the affine smooth
group scheme over Op corresponding to K. It is assumed that the cocharacter {u} is
minuscule (i.e., any root takes values in {0,+1} on {u}). The reflex field of the LM
triple (G, {u}, K) is the field of definition of the conjugacy class {u}. One would like
to associate to (G, {u}, K) a local model M2°(G, {u}), a flat projective scheme over
the ring Og of integers in the corresponding reflex field E, with action of Gp,. Also,
one would like to characterize uniquely this local model.

At this point a restrictive hypothesis enters. Namely, we have to impose throughout
most of the paper that the group G splits over a tamely ramified extension. Indeed,
only under this hypothesis, X.Zhu and the second author define local models [41]
which generalize the local models defined earlier in the concrete situations considered
by Arzdorf, de Jong, Gortz, Pappas, Rapoport-Zink, Smithling, comp. [40]. Our first
main result is that the result of the construction in [41] is unique, i.e., is independent of
all auxiliary choices. This independence issue was left unexamined in loc. cit. In fact,
we slightly modify here the construction in [41] and define M2¢(G, {11}) in such a way
that it always has reduced special fiber, a property that is stable under base change.
In [41] this reducedness property for the local models of [41] was established only
when 71 (Gqer) has order prime to p (in which case the local model of [41] coincides
with M2¢(G, {})). This then also implies that the definition of Me¢(G, {u}) is well-
posed. Here, we need uniqueness after base-changing to an unramified extension to
even make unambiguous sense of our classification of local models which are smooth
or semi-stable. We show:

Tarorem 1.1. Let (G, {u}, K) be an LM triple such that G splits over a tamely ram-
ified extension of F. The local model MI¢(G, {u}) is independent of all choices made
in its construction. Its generic fiber is G g-equivariantly isomorphic to the projective
homogeneous space X,y , and its geometric special fiber MII%C(G, {p})®oy k is reduced
and is § ®o, k-equivariantly isomorphic to the {u}-admissible locus Ax (G, {u}) in
an affine partial flag variety over k.

We refer to the body of the text for undefined items. We conjecture that the proper-
ties in Theorem 1.1 uniquely characterize the local model M'e¢(G, {u1}), cf. Conjecture
2.13.

Local models should exist even without the tameness hypothesis. Levin [30] has
achieved some progress on this front by extending the Pappas-Zhu construction to
some wild cases. Scholze [45] considers the general case and defines a diamond local
model over Of attached to the LM triple (G, {u}, K). Furthermore, he proves that
there is at most one local model whose associated “v-sheaf” is the diamond local
model. Unfortunately, the existence question is still open. Hence in the general situa-
tion, Scholze does not have a construction of a local model but has a characterization;
under our tameness hypothesis, we have a construction but no characterization. In
the case of classical groups, the situation is somewhat better: under some additional
hypothesis, we then show that the local models of [41] satisfy Scholze’s characterizing
property, cf. Corollary 2.17.

JEP. — M., 2020, tome 7
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Our second main result gives a characterization of all cases when Pappas-Zhu
local models have good reduction. In its statement, F' denotes the completion of the
maximal unramified extension of F.

Tueorem 1.2, — Let (G, {u}, K) be a LM triple over F such that G splits over a
tamely ramified extension of F. Assume that p # 2. Assume that Gaq is F-simple,
lad 1S mot the trivial cocharacter, and that in the product decomposition over F,
Gaq QF F= éad,l X +ee X éad,m, each factor éad,i is absolutely simple. Then the
local model MI2S(G, {u}) is smooth over Spec O if and only if K is hyperspecial or
(G, u, K) is an LM triple of exotic good reduction type.

Here the first alternative, that K be hyperspecial, is the natural generalization of
the case of the modular curve with level structure prime to p. There are two cases
of the second (“exotic”) alternative: The first is a striking discovery of T. Richarz,
cf. [1, Prop. 4.16]. He proved that the local model associated to an even, resp. odd,
ramified unitary group G, the cocharacter {u} = (1,0,...,0), and the parahoric
subgroup which is the stabilizer of a m-modular, resp. almost m-modular, lattice has
good reduction (the case of a m-modular lattice is much easier and was known earlier,
cf. [39, 5.3]). The second case, which is a new observation of the current paper, is that
of the local model associated to an even ramified quasi-split orthogonal group G,
the cocharacter {u} that corresponds to the orthogonal Grassmannian of isotropic
subspaces of maximal dimension, and the parahoric K given by the stabilizer of an
almost selfdual lattice. We therefore see that in the statement of the theorem both
implications are interesting and non-trivial.

Let us comment on the hypotheses in this theorem. The hypothesis that G.q be
F-simple is just for convenience. However, the hypothesis that each factor éad’i be
absolutely simple is essential to our method. It implies that the translation element
associated to {u} in the extended affine Weyl group for Cur’ad,i is not too large and
this limits drastically the number of possibilities of LM triples with associated local
models of good reduction. Note that the tameness assumption on G is automatically
satisfied for p > 5 under these hypotheses. We refer to the passage after the statement
of Theorem 5.1 for a description of the structure of the proof of Theorem 1.2. Roughly
speaking, we eliminate most possibilities by various combinatorial considerations and
calculations of Poincaré polynomials. Ultimately, we reduce to a few cases that can
be examined explicitly, and a single exceptional case (for the quasi-split ramified
triality 2D,) which is handled by work of Haines-Richarz [19].

Our third main result gives a characterization of all cases when Pappas-Zhu local
models have semi-stable reduction.

Tueorem 1.3. — Let (G, {u}, K) be a LM triple over F such that G splits over a
tamely ramified extension of F'. Assume p # 2. Assume that G.q is absolutely simple.
Then the local model M2°(G, {u}) has semi-stable, but non-smooth, reduction over
Spec Og if and only if its enhanced Tits datum appears in the table of Theorem 5.6.
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Again, let us comment on the hypothesis in this theorem. We are limited in the
hypotheses of this theorem by the same constraints as in the criterion for good
reduction—but we have to avoid the product of semi-stable varieties since these are no
longer semi-stable: this explains why we make the assumption that G,q be absolutely
simple. The enhanced Tits datum of an LM triple is defined in Definition 5.3. In the
situation of Theorem 1.3, the enhanced Tits datum determines the LM triple over F'
up to central isogeny and up to a scalar extension to an unramified extension of F.

Again, as with Theorem 1.2, both implications in Theorem 1.3 are interesting and
non-trivial. The semi-stability in the case of the LM triple (PGL,, (1,0,...,0), K),
where K is an arbitrary parahoric subgroup has been known for a long time, due
to the work of Drinfeld [10]. The case of the LM triple (PGL,, (17, 0=")) K),
where r is arbitrary and where K is the parahoric subgroup stabilizing two adjacent
vertex lattices appears in the work of Gortz [15], although the significance of this case
went unnoticed. Related calculations also appear in work of Harris and Taylor [21].
Another interesting case is when G is the adjoint group of a symplectic group with
its natural Siegel cocharacter and K is the simultaneous stabilizer of a selfdual vertex
lattice and an adjacent almost selfdual vertex lattice. This subgroup K is the so-called
“Klingen parahoric” and the semi-stability in this case has been shown by Genestier
and Tilouine [13, 6.3]. The case that triggered our interest in the classification of
semi-stable local models is the case recently discovered by Faltings [12]. Here G is the
adjoint group of the split orthogonal group of even size 2n, the minuscule coweight is
the one which leads to the hermitian-symmetric space given by a quadric, and K is
the parahoric subgroup simultaneously stabilizing the selfdual and the selfdual up to
a scalar vertex lattices. Faltings’ language is different from ours, and it could take the
reader some effort to make the connection between our result and his. However, our
point of view allows us to view Faltings’ result as a corollary of the general results
of [26]; see Example 3.7. The list of Theorem 5.6 contains two more cases of LM
triples with semi-stable associated local models, both for orthogonal groups, which
seem to be new. Let us note here that the corresponding integral models of Shimura
varieties are “canonical” in the sense of [36]. In almost all of these cases of smooth or
semi-stable reduction, these integral models can also be uniquely characterized more
directly using an idea of Milne [32] and results of Vasiu-Zink [48], see Theorem 3.6.

We refer to the end of Section 5 for a description of the proof of Theorem 1.3. As a
consequence of the proof, we obtain the following remarkable fact.

Cororrary 1.4. Let (G,{u}, K) be a LM triple over F such that G splits over
a tamely ramified extension of F. Assume p # 2. Assume that G is adjoint and
absolutely simple. Then the local model MI2°(G, {u}) has semi-stable reduction if and
only if M2(G, {u}) has strictly pseudo semi-stable reduction.

We refer to Definition 6.1 for what it means that a scheme over the spectrum of a
discrete valuation ring has strictly pseudo semi-stable reduction. It is a condition that
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only involves the reduced special fiber; the above corollary shows that in the case at
hand it implies that the total scheme MR(G, {1}) is regular.

Let us now explain the lay-out of the paper. In Section 2, we recall the local models
constructed in [41] and show that they are independent (in a sense to be made precise)
of the auxiliary data used in their construction; we also introduce the modification of
this construction that has reduced special fiber, and compare it with the hypothetical
construction of Scholze [45]. In Section 3 we explain the relation between Shimura
varieties and local models. Section 4 does the same for Rapoport-Zink spaces. Section 5
contains the statements of the main results on local models. In Section 6 we introduce
the concepts of (rationally) strictly pseudo semi-stable reduction and the component
count property (CCP condition), and prove that the former condition implies the
latter. In Section 7, we give a complete list of all enhanced Coxeter data for which the
CCP condition is satisfied. In Section 8, we exclude from this list the cases that do not
have rationally strictly pseudo semi-stable reduction. At this point, we have all tools
available to prove Theorem 1.2, and this is the content of Section 9. In Section 10,
we use Kumar’s criterion to eliminate all cases that do not have strictly pseudo semi-
stable reduction. At this point, we have all tools available to prove one implication of
Theorem 1.3, and this is the content of Section 11, where we also prove Corollary 1.4.
In the final long Section 12, we prove the other implication of Theorem 1.3.

Notation. For a local field F', we denote by F the completion of its maximal un-
ramified extension (in a fixed algebraic closure). We denote by kp the residue field
of F' and by k the algebraic closure of kg which is the residue field of F. We always
denote by p the characteristic of kp.

For a reductive group G, we denote by Gge, its derived group, by G the simply-
connected covering of Gger, and by Gaq its adjoint group. If G is defined over the local
field F', we denote by B(G, F') the extended Bruhat-Tits building of G(F); if S C G is
a maximal F-split torus of G, we denote by A(G, S, F) C B(G, F) the corresponding
apartment. A parahoric subgroup K of G(F) is, by definition, the connected stabilizer
of a point x € B(G, F); by [5], there is a smooth affine group scheme G, over Op with
generic fiber G and connected special fiber such that K = §,(Op).

We often write the base change X Xgpec r Spec R’ as X ®p R’, or simply as Xp.

Acknowledgements. — We thank P. Deligne, G. Faltings, U. Gortz, T. Haines, V. Pil-
loni, T. Richarz, P. Scholze and B. Smithling for helpful discussions, and W. M. Mc-
Govern for interesting e-mail exchanges. We also thank the referee for his work.

2. LocAL MODELS

In this section, we discuss the theory of local models, as used in the paper.

2.1. LocaL mopEeL TrirLes. — Let F' be a finite extension of Q,, with algebraic clo-
sure F. A local model triple (LM triple) over F is a triple (G, {u}, K) consisting of
a connected reductive group G over F, a conjugacy class {u} of cocharacters of G,
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and a parahoric subgroup K of G(F). It is assumed that {y} is a minuscule cochar-
acter. We denote by § = G the extension of G to a smooth group scheme over Op
corresponding to K. Then G has connected fibers and satisfies K = G(Op). We set
K= G(Op). Sometimes we also write (G, {u},9) for the LM triple.

Two LM triples (G,{u}, K) and (G’,{p'}, K') are isomorphic if there exists an
isomorphism G — G’ which takes {u} to {1/} and K to a conjugate of K’. More
generally, a morphism

¢ (G A} K) — (G {1}, K7)

of LM triples is a group scheme homomorphism ¢ : G — G’ such that {y/'} = {¢opu}
and ¢(K) C ¢’K'g'~!, for some ¢ € G/'(F).

Let E be the field of definition of {u} inside the fixed algebraic closure F of F,
with its ring of integers Og. We denote by k the algebraic closure of its residue field
xp. Denote by Xy, the partial flag variety over E of G associated to {u}.

2.2. Grour scuemes. — Let G be a reductive group over F' that splits over a tame
extension of F. Choose a uniformizer = of F. The theory of [41] starts with the
construction of a reductive group scheme G over Or[u*] := Op[u,u™!] which induces
by specialization (Op[u®] — F,u + ) the group G over F. Let G’ be the reductive
group induced by G by specialization along (Op[u*] = kg (u)), 7 — 0).

By [41, Th.4.1], there exists a smooth affine group scheme § over Op[u] with
connected fibers which restricts to G over Or[u*] and which induces the parahoric
group scheme G under the specialization (Op[u] = Op,u — ). It also induces a
parahoric group scheme G’ under the specialization (Op[u] — £ru], ™ — 0), with an
identification

(21) g R0p,m—0 k= 9/ ®np[[u]],u>—>0 k.

We denote by G, resp. S, the group schemes over O3 [u*], resp. O #[u], obtained by
base change O — O .

Let us recall some aspects of the construction of these group schemes. The reader
is referred to [41] for more details. For simplicity we abbreviate O = Op, O = Op.

Denote by H (resp. G*) the corresponding split (resp. quasi-split) form of G over O
(resp. F'). These forms are each unique up to isomorphism.

Fix, once and for all, a pinning (H,Ty,By,eo) defined over O. As in [41], we
denote by =g the group of automorphisms of the based root datum corresponding to
(H, Ty, Bp).

Pick a maximal F-split torus A C G. By [5, 5.1.12], we can choose an F-rational
maximal F-split torus S in G that contains A and a minimal F-rational parabolic
subgroup P which contains Zg(A). In [41], a triple (A, S, P) as above, is called a
rigidification of G. Since by Steinberg’s theorem, the group G=GopFis quasi-
split, T = Z¢(S) is a maximal torus of G which is defined over F.

As in [41, 2.4.2], the indexed root datum of the group G over F gives a Zp-
torsor 7 over Spec(F'). Then, by [41, Prop. 2.3], we obtain a pinned quasi-split group
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(G*,T*, B*,e*) over F and, by the identification of tame finite extensions of F' with
étale finite covers of O[u™] given by u + 7, a pinned quasi-split group (G*,T*, B*, ¢*)
over O[u*] (see loc. cit., 3.3). As in [41], we denote by S* the maximal split subtorus
of T*. We have an identification

(22) (Q*vz*aﬁ*ag*) ®O[ui],ur—>7r F= (G*vT*, B*v 6*).

ReEmark 2.1

(a) The base change (G*,T", B*, e*) ®ou+) (j[ui] is independent of the choice of
uniformizer 7 of F'. This follows by the above, since the identification of the tame
Galois group of F' with Z'(1) = [1rsp Ze(1), given by v — y(mt/™) /7™ does not
depend on the choice of the uniformizer .

(b) Tt is not hard to see, using [41, 3.3.2], that the Picard group of every finite
étale cover of O[u®] is trivial. The argument in the proof of [8, Prop.7.2.12], then
shows that, up to isomorphism, a quasi-split reductive group scheme over Ofu*] is
uniquely determined by a corresponding = g-torsor over O[u®] and therefore obtained
by the above construction. In fact, any quasi-split reductive group scheme over Ofu*]
is determined, up to isomorphism, by its base change along O[u*] — F, given by
U — .

As in [41], we obtain from (2.2) identifications of apartments

(2.3) A(G*, 8%, F) = A(G} () Sy (W),

for both x = F, k. Given z* € A(G*,8* F) C B(G*,F), Theorem 4.1 of [41],
produces a smooth connected affine group scheme

§ =gl

over O[u] which extends G* ®0[ut] O[u®]. Using Remark 2.1 we see that g:. does
not depend on the choice of the uniformizer. (Notice that EZ* might not descend over
Olu] since z* is not necessarily F-rational.)

Now, given x € B(G, F) which corresponds to K, choose a rigidification (A, S, P)
of G over F, such that = € A(G, S, F).

Since G = G®@p F and G* @ F are both quasi-split and inner forms of each other,
we can choose an inner twist, i.e., a Gal(F'/F)-stable G4 (F)-conjugacy class of an
isomorphism
Then the class [gy] of the 1-cocycle o — Int(g,) = vop~to~! in HY(Z, G (F))
maps to the class in HY(Z, Aut(G*)(F)) that gives the twist G of G*. The orbit of
[95] under the natural action of Out(G*)(F) on H!(Z, G*,(F)) only depends on the
isomorphism class of G. In [41], it shown that there is a choice of ¢ that depends on
the rigidification (A, S, P) such that the inclusion

B(G, F) € BG, F) -2 B(G*, P)
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identifies A(G, S, F‘) with A(G*, S*,F‘); set x* := .(x). In loc. cit. the group

scheme G over Olu] is then constructed such that 1 extends to isomorphisms
wiG=8, 80 O] G, ¥:9, Gl

A priori, the group scheme G depends on several choices, in particular of G and of

the uniformizer 7. However, we now show:

Prorosition 2.2

(a) Up to isomorphism, the group scheme G = G ®0ou+) Ov[ui} depends only on
G=G®rF.

(b) Up to isomorphism, the group scheme Sm =9, Q0] O[u] depends only on
G ®p F and the Gad(F)-orbit of v € B(G,F).

(c) For any a € O, the group scheme §_ R0y Ov[u} supports an isomorphism

R, : a*(ﬁx ®0[u] O[u]) AN Ez ®O[u] O[u]
that lifts the isomorphism given by u +— a - u.

Proof. — By the construction, as briefly recalled above, there are isomorphisms
U uk o ~ «
g:QHQ7 ggw_)gz*
Hence, it is enough to show corresponding independence statements for Q* and gl
First we notice that by Remark 2.1, Q* only depends on G® pF and so part (a) follows.
Now using the argument in [41, 4.3.1], we see that changing the rigidification (A, S, P)
of G, changes the point z* to another point 2'* of A(G*, S*, F') in the same G, (F)-
orbit, hence in the same orbit under the adjoint Iwahori-Weyl group We:- . However,
each element w of WG:d lifts to an element n of G*4(O[u®]) that normalizes S*.
Acting by Int(n) gives an isomorphism between the group schemes SZ* and QZ/*' This
implies statement (b). To see (c), we first observe that Remark 2.1 implies that there
is an isomorphism over O[u*]
R, : a*(g*) = Q*

that lifts u — a - u. To check that this extends to an isomorphism over O[u] it is
enough to check the statement for the corresponding parahoric group scheme over
F[u]. This follows by an argument as in the proof of [51, Lem. 5.4]. O

Remark 2.3. — Suppose that G = G* is quasi-split over F. Then, by Remark 2.1 (b),
the extension G = G* over O[u*] is determined by G as the unique, up to iso-
morphism, quasi-split group scheme that restricts to G after v — 7. However, the
restriction G* ®@op,+) F, by u +— 7', where 7' = a - 7 is another choice of uniformizer,
is not necessarily isomorphic to G. For example, suppose G' = Resp g, (G,), with
L =Q,(p*/?), p odd. Suppose m = p. Then,

G = Resg, [ut)[x)/(x2-u) /2, [u*] (Cm)-

Specializing this by u +— 7' = —p, gives Resp/ /g, (Gn), with L' = Qp((—p)l/Q) which
is a different torus than G if p = 3 mod 4.
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Therefore, the extension G* depends on both G and 7. When we need to be more
precise, we will denote it by G. By the above, we have an isomorphism

R a* (G = G,
where a : Spec(O[u*]) — Spec(O[ut]) is given by u + a-u, which descends R, above.

2.3. WEYL GROUPS AND THE ADMISSIBLE LOCUS. We continue with the set-up of the
last subsection. The group scheme G admits a chain of tori by closed subgroup schemes
S C f which extend S and T and correspond to S *, i* via 1. These define maximal
split, resp. maximal, tori in the fibers G = G ®@p F and ¢/ = G’ R p(u) k()
of G. By the above constructions, we obtain identifications of relative Weyl groups,
resp. Iwahori Weyl groups,

(2.4) Wo(G,T) = Wo(&', T,  W(G,T)=W( T,

cf. [42, §2]. Assume now that we have a conjugacy class {u} of a minuscule geometric
cocharacter of G, so that (G, {u}, K) is a local model triple over F'. Then the above
give identifications of {u}-admissible sets in the Iwahori Weyl groups

(2.5) Adm({u}) = Adm'({n}),

cf. [42, §3]. Denoting by K’ the parahoric subgroup of G’(k((u))) defined by &, with
corresponding group scheme ', we also obtain an identification of {p}-admissible
subsets in the double coset spaces (cf. [42, §3]),

(2.6) Adm ({p}) = Admly, ({1}) C W \W /Wi = Wi \W' /W,

We define a closed reduced subset inside the loop group flag variety ¥ = LG’/ L+g
over k, as the reduced union

weAdm', ({1})

Here S,, denotes the LT§/-orbit corresponding to w € Wf(,\W'/WR,. We note that,
since {y} is minuscule, the action of LTS’ on Ax (G, {u}) factors through G’ Ppp[u] k-
Via (2.1), we obtain an action of § ®c, k on Ax (G, {u}).

CoroLrary 2.4. — Up to isomorphism, the group G over k() and its parahoric
subgroup K' are independent of the choice of the uniformizer m and of G. The iso-
morphism can be chosen compatibly with the identification (2.1), and the identifica-
tions (2.4) of Weyl groups and (2.6) of admissible sets. As a consequence, the affine
partial flag variety F' over k and its subscheme A (G,{u}) with action of § ®o, k
1s independent of the choice of the uniformizer m and of G.

Proof. — Follows from Proposition 2.2, its proof and the definition of the {y}-admis-
sible set. 0
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/

2.4. DESCENT. We continue with the set-up of the previous subsection; we will
apply a form of Weil-étale descent from O to O. The following result is not needed
for the proof of Theorems 1.2 and 1.3 about local models with smooth or semi-stable
reduction, see Remark 2.8. However, it is an important part of the argument for the
independence result of Theorem 1.1.

Prorosition 2.5

(a) The group scheme G ®opy O[u] depends, up to isomorphism, only on G, the
uniformizer m and the Gaa(F)-orbit of x € B(G, F). We denote it by G R0 Ofu].

(b) If 7’ = a - m is another choice of a uniformizer with a € O*, then there is an
isomorphism of group schemes

R :a*(§, , ®op Olul) = §; . @op) O]

where a : Spec Ofu] — Spec O[u] is given by u — a - u.
Proof. — We first show (a). For this we fix the uniformizer 7. By Proposition 2.2, the
base change §  ®oy) O[u] depends only on G and the G.q(F)-orbit of z € B(G, F).
We will now use descent. By the construction, the group §  in [41] is given by a
(o-semilinear) Weil descent datum

Int(g)-0:G. — G...

Here g € G’ (O[u¥]); this depends on various choices made in [41]. The action of o
is with respect to the rational structure given by the O[u*]-group G7; this depends
on our fixed choice of 7, see Remark 2.3. We start the proof by giving:
Levma 2.6. — The automorphism group «/* = Aut(g’, D) Olu]) of the group
scheme G, B[] Olu] has the following properties:

(i) It contains the normalizer AN ofg;(Ov[[u]]) in G4 (0((w).

(ii) The homomorphism o/* — Aut(Gk.) given by u— m is surjective. We have

ker(e/* — Aut(§3.)) = ker(§%, .. (Oful) =" Giq - (0))
and this kernel is pro-unipotent.
Proof. — Let us first study Aut(S%.): Passing to the generic fiber gives an injection

Aut(G:.) C Aut(GH).
There is also ([8, Prop. 7.2.11]) a (split) exact sequence
1 — G3y(F) — Aut(G*) — Out(G*) — 1.

This gives

1 — GEy(F)pr — Aut(G*) e = Aut(GE.) — Out(G* )y — 1

where the subscript 2* denotes the subgroup that fixes z* € B(G*, F).
Notice here that G*,(F),~ is the normalizer in G%,(F) of the parahoric subgroup
Gx.(0) = G*(F)Y.. (Indeed, by [5, 5.1.39], the normalizer of the stabilizer of any facet
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in the Bruhat-Tits building has to also stabilize the facet; this last statement easily
follows from that.) We also have

1 — Gig(F)Y — GEy(F)pe — Age — 1

where A, is the finite abelian group given as the group of connected components of
Bruhat-Tits group scheme for G}, over O.

* 99

the “stabilizer of x
Similarly, we have an injection «/* C Aut(Qu*). The quasi-split G* carries the

pinning (T, B*,e*) and we can use this to identify Out(Q*) = Out(G*) with a

subgroup of the group Zg of “graph” automorphisms. By [8, Prop. 7.2.11], we have

(2.8) Aut(G") = G (O((w) » Out(G).

We first show (i), i.e., that every g € A4 C GX;(O((u)) naturally induces an
automorphism Int(g) of §* (] Ofu]. (For simplicity, we omit the subscript z*
below.) The adjoint action of g € A™* gives an ind-group scheme homomorphism
Int(g) : LG* — LG* which preserves LTG*(0). Using the fact LTG* is pro- algebralc
and formally smooth over O, we can easily see that the set of points LT§*(F ) with F
as residue field is dense in L+9 Since L+9 is a reduced closed subscheme of the ind-
scheme LG" = LG" over O it follows that g induces a group scheme homomorphism

Int(g) : LYG" — LTG".

In particular, g also normalizes LTG*(F) = §*(F[u]). Since §* O] F((u) is quasi-
split and residually split, the F-valued points are dense in the fiber G* D[] F over
u = 0. Hence, we obtain by [5, 1.7.2] that Int(g) induces an automorphism of the group
scheme §* @ ]F [u]. Since §* is smooth over Ofu] and Int(g) gives an automorphism
of §* ®gy, é((u)), we see that Int(g) extends to an automorphism of §* @5, Olu]
as desired. This proves (i).

Let us show that o/* satisfies (ii). Sending u — 7 gives a homomorphism

o — Aut(GE.).

This restricts to A™* — G*;(F).-: To see this we use that LTG*(0) — §*(0) =
G*(F)Y. given by u +— 7 is surjective (by smoothness and Hensel’s lemma) and that
G*4(F),- is the normalizer of G*(F)%. in G4 (F). We obtain a commutative diagram
with exact rows

1 N o* Out(G )y — 1
(2.9) | | |
1— Gy (F) e — Aut(Gi.) — Out(G*) e — 1.

We will show that the left vertical arrow is a surjection with kernel equal to J£™* :=
ker(g:, .. (O[u]) BN 9ra.2-(0)) and that the right vertical arrow is an isomor-
phism. ThlS would imply part (ii).
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The subgroup G-, m*(OV[[u]]) C G4(O((w) is contained in A4*. Mapping u —

—a

followed by taking connected component gives a homomorphism
§: N — Gy (F)ge — Age.
We will show that the sequence

(2.10) 1 9%, (Ofu]) — A 25 Ay —51

is exact. Since §7 | . (Ou]) 225 G2 . (0) = G=,(F)0. is surjective (by smoothness

ad,x* x*
and Hensel’s lemma) this would show that u — 7 gives a surjective

N G y(F) e — 1

with kernel equal to 2™ := ker(g", x(é[[u]]) T Grd o (0)).
Let us show the exactness of (2.10). The subgroup §*, . (O[u]) lies in the kernel

of 6 and we can see that it is actually equal to that kernel: Let g € A4 with §(g) = 1.
Since g also normalizes G*(F[u]), we see as above, that g lies in GZ(F (). Using

the identification of apartments (2.2) we now see that since 6(g) = 1, g is actually in
the connected stabilizer G4 (F ()2 * (F[u]). Since g is also in G4 (O((w)),

Tz = Yad,z*
we have
9 € Gug,-(Flul) NG, - (O(w) = G - (O[ul).
Therefore, ker(d) = g7, Z(O[[u]]) It remains to show that ¢ is surjective. By

5, Prop. 4.6.28 (ii)], for each y € A,-, there is an element n € Noq(F) that fixes z*
in the building so that 6(n) = y. By the identification of the apartments (2.3), we
can lift n to n € N, 4(O((w)) which fixes the point z* considered in the building over
F((uw)). Then n normalizes LT G*(F) N G*(O((u) = LTG*(O) so n is in A*.

It remains to show that Out(Qv*)m* — Out(G*),- given by u — 7 is an isomor-
phism. The corresponding map Out(Q*) — Out(é*) is an isomorphism by the con-
struction of G from G*. Hence, it is enough to show that Out(Q*)x* — Out(G*),-
is surjective. By definition, v € Out((v}’*)z* is given by an automorphism of G* pre-
serving the pinning (T, B*,&*), such that ~(z*) = Int(g)(z*), for some g € G (F).
Since y(z*) and z* both lie in the apartment for $* C T, this implies that ~v(z*) =
Int(n)(z*), for some N;‘d(ﬁ). As above, we can lift n to n € N;d(é((u))) Using the

v

identification of apartments (2.3) we see that « is in Out(G ).». O

We can now resume the proof of Proposition 2.5. We will show that § ®ojy O[]
is independent, up to isomorphism, of additional choices. Suppose as above that
g € de(é[ui]) is a second cocycle giving a group scheme 3;, then g; is a form
of § . The twisting is obtained by the image of the cocycle given by

c=g-g7' € Gra(Ol™)).

(This is a cocycle for the twisted o-action on G4 (O[u¥]) given by Int(g).) Notice that
the restriction of ¢ along u = 7 preserves x*. Hence, c also preserves x* considered as a
point in the building over F'((u)). It follows that ¢ lies in the normalizer of the parahoric
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QZ*(F'[[u]]) Using O((w)) N Fu] = Ofu], we see that ¢ lies in the normalizer .4 of
gz*(éﬂu]) and it gives a cocycle for the twisted o-action. The isomorphism class
of the form §' ®op,) Ofu] is determined by the class [c] in HY(Z, o). Here o =
Aut(§, @, OlJu]) which is &* but with the twisted o-action. By Lemma 2.6 (ii),
2 * and therefore also the kernel #° = ker(&/ — Aut(§,)) is pro-unipotent. Using
this, a standard argument as in the proof of Lemmas 1 and 2, p.690, of [6], gives
that Hl(i,%) = 0. Since the specialization of the form g; at u = 7 is isomorphic
to G, the image of the class ¢ in Hl(i, Aut(G,)) is trivial. Hence, by the exact
sequence for cohomology, the class [¢] in Hl(z, &) is trivial. Therefore, we obtain
9 @0 Olu] ~ §, @opu) Olu], where in both, the choice of 7 remains the same. This
proves part (a).

To prove part (b), suppose that 7’ = a-7, a € O, is another choice of uniformizer.
By Proposition 2.2 (c), the group scheme G ®O[u] O[u] supports an isomorphism

Rq:a™(S}. @y Oful) = G.. Qo) Olu].
We would like to show that R, descends to an isomorphism
i :a*(9, . ®op Olul) = §, ., ®opu Olul-
Consider the descent datum & := Int(g) - o for 9, and its “rotation” given as
Ry(®) = Ry(a* Ini(g))o(Ra) ™ - o

for G _,. Consider also a descent datum &’ := Int(g’) - o for §__,. It is enough to
show that &' and R, (®) are cohomologous, i.e., that there is an éutomorphism h of
93 ®op) O[u] such that h™'R,(®) = & - o(h)~!. Then we can set Rl = h™'R,
which descends. To show the existence of h, note that R, is the identity on the
maximal reductive quotient of the fiber of §* ® Slu] O[u] over the point (u, 7). We have
9, ,.~9, . modulo (u,7) since they both are isomorphic to §, modulo 7. Hence, ¢’
and Ra(CI;) are cohomologous when considered modulo a (connected) pro-unipotent
group. An argument similar to the one in the proof of part (a) above then shows the
result. O

2.5. Pappas-Znu rocar mopeLs. — Let (G, {u}, K) be a local model triple over F
such that G splits over a tamely ramified extension of F'. Again we set O = Op.

In [41], there is a construction of a “local model” Mg ,. The Pappas-Zhu local
model Mg, is a flat projective Og-scheme equipped with an action of Go, such that
its generic fiber is G g-equivariantly isomorphic to Xy,). By definition, Mg, is the
Zariski closure of Xy, C Grg ®o[) F in Grg,o ®o Op, where Grg is the Drinfeld-
Beilinson (global) Grassmannian over O[u] for § and Grg o = Grg ®oy O is its base
change to O by u — m. A priori, Mg , depends on the group scheme § over Ofu| and
the choice of the uniformizer 7.

Tueorem 2.7. — The Go,-scheme Mg, over O, depends, up to equivariant isomor-
phism, only on the local model triple (G, {u}, K).
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Proof. — We first observe that Mg , can be constructed starting only with {4}, the
base change § ®op,) Ofu], and the ideal (v — ) in Ofu]. Indeed, we first see that
Grg,o only depends on § ®op,) O[u], and the ideal (u —7) in Ou]. Set t = u — 7.
The base change Grg o = Grg ®op, O by u +— 7 has R-valued points for an O-
algebra R given by the set of isomorphism classes of §-torsors over R[t] with a triv-
ialization over R[t,1/t]. By the Beauville-Laszlo lemma (in the more general form
given for example in [41, Lem. 6.1, Prop.6.2]), this set is in bijection with the set
of isomorphism classes of § ®op,) R[[t]]-torsors over R[[t]] = R[u] together with a
trivialization over R((t)) = R[u][(v — 7)~!]. To complete the proof we use Propo-
sition 2.5. It gives that § ®o[, O[u] only depends on the local model triple and ,
hence Grg,o only depends on the local model triple and m; for clarity, denote it by
Grg,o,x- Part (b) of Proposition 2.5 with the above then gives that pulling back of
torsors along a : Spec R[u] — Spec R[u], given by u — a - u, gives an isomorphism

Glfg’o’7T _— GI‘&OJ/.

Hence, by the above Grg o depends, up to equivariant isomorphism, only on GG and K.
The result then follows from the definition of Mg . O

Remark 2.8. We can obtain directly the independence of the base change
Mg, ®op Op, via the same argument as above, by using the simpler Proposition 2.2
in place of Proposition 2.5.

2.6. LocaL MODELS: A VARIANT OF THE PArpAs-ZHu LocaL MmopELs. — It appears that
the Pappas-Zhu local models Mg , are not well behaved when the characteristic p
divides the order of 71 (Gger ). For example, in this case, their special fiber is sometimes
not reduced (see [19], [20]). Motivated by an insight of Scholze, we employ z-extensions
to slightly modify the definition of [41]. Suppose that (G,{u}, K) is an LM triple
over F such that G splits over a tame extension of F'. Choose a z-extension over F

(2.11) 1—T — G — Gag — 1.

In other words, G is a central extension of Gaq by a strictly induced torus 7" and
the reductive group G has simply connected derived group, édcr = Gy (see for
example, [33, Prop. 3.1]). (Here, we say that the torus T over F is strictly induced
if it splits over a finite Galois extension F’/F and the cocharacter group X, (T) is
a free Z[Gal(F’/F)]-module.) We can assume that G, and then also T, split over a
tamely ramified extension of F. By [33, Applic. 3.4], we can choose a cocharacter [
of G which lifts 1aq and which is such that the reflex field E of {ii} is equal to the
reflex field Faq of {aa}. Let K be the unique parahoric subgroup of G which lifts
K,q. Then the corresponding group scheme § fits in a fppf exact sequence of group
schemes over O,
1—T—G—3Guq — 1,

which extends the z-extension above, comp. [26, Prop. 1.1.4]. We set

MR(G, {n}) = Mg ; @0y, OF
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which is, again, a flat projective Og-scheme equipped with an action of Sp, (factor-
ing through G.q,0,) with generic fiber G g-equivariantly isomorphic to X, Indeed,
the action of o, on Mg - factors through the quotient Suq,0, = So05/To, (be-
cause it does so on the generic fiber). Since G — G,q extends to a group scheme
homomorphism § — G,4, we also obtain an action of §p, on MII%C(G7 {u}).

Remark 2.9

(1) By [41, Th.9.1], Mg ﬁ has reduced special fiber. Therefore, the same is true for
the base change M¢(G, {u}) = Mg ®0p,, Op- By [41, Prop.9.2], it follows that
Mee(G, {u}) is a normal scheme.

(2) If p does not divide the order of 71 (G4er) then we have an equivariant isomor-

phism Mg - ®0,  Op =~ Mg, cf. [26, Prop. 2.2.7].(Y Therefore, in this case
MII%C(Ga {u}) =~ Mg ..

(3) Suppose that G’ — Gaq is another choice of a z-extension as in (2.11) and let i/
be a cocharacter that also lifts p,q with reflex field £ = E,4. Then the fibered product
H = Gxg,,G' — Gis also a similar z-extension with kernel the direct product T'x T”
of the kernels of G — Gaq and G’ — G.q. We have a cocharacter wg = (i, ') which
also has reflex field E. The parahoric group scheme for H corresponding to § is
H=G X Gy G’. We obtain M 1 @s in [41]. By construction, we obtain

M (uy — Mg gy, Mocquy — Mg,

both Hp,-equivariant isomorphisms. Hence, we obtain an isomorphism Mg G
M’é/,@} which is Gaq.0,-equivariant. As a result, M'2°(G,{u}) is independent of
the choice of the z-extension. We can now easily deduce from Theorem 2.5, that
Mee(G, {u}) also only depends on the local model triple (G, {u}, K).

(4) (Suggested by the referee) In fact, one can give an alternative proof that
Mee(G, {u}) is independent (up to isomorphism) of the choice of z-extension, by
noting that it can be identified with the normalization of Mg , (4.4} ®0x_, Op. In-
deed, by (1) above, M'2¢(G, {u}) is normal and, by its construction, it affords a map
to Mg, {y.a} ®0g,, Op which is finite and birational.

Derinition 2.10. — The projective flat Og-scheme M'2¢(G, {u}) with its Go,-action
is called the local model of the LM triple (G, {u}, K).

Tueorem 2.11. The geometric special fiber M'2(G, {u}) ®o,, k is reduced and is
§ ®o, k-equivariantly isomorphic to Az (G, {ji}).

Proof. — This follows from the construction and [41, Th.9.1, Th.9.3]. O

Note that this implies that the reduced k-scheme A g(é ,{@}) is independent of the
choice of z-extension and only depends on (G, {u}, K). (This fact can be also seen

D1n loc. cit. F = Qp, but the result holds for general F'.
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more directly using Corollary 2.4 and [38, §6].) We call this the p-admissible locus of
the local model triple (G, {u}, K) and denote it by Ax (G, {u}).

Remark 2.12. — Tt follows from [38, 6.a, 6.b] that ¢/ — G, and G’ — G, induce
equivariant morphisms

Ak (Ga {M}) — ‘AKad (Gadv {/J'ad})v ‘Af{ (67 {ﬁ}) — ‘AKad(Gad7 {:u‘ad})

which both induce bijections on k-points. As a result, we have equivariant bijections
A (G A{p}) (k) = A (G, {p})(k) = Ak..(Gada, {1taa}) (k).
The following conjecture would characterize the local model Me¢(G, {u}) uniquely.

Consecrure 2.13. — Up to equivariant isomorphism, there exists a unique flat pro-
jective Og-scheme M equipped with an action of Go, and the following properties.

(a) Its generic fiber is G g-equivariantly isomorphic to X¢, .
(b) Its special fiber is reduced and there is a G ®o, k-equivariant isomorphism of
k-schemes

M®o, k~ Ak (G, {u}).
The local models constructed above have the following properties.

Prorosition 2.14. — The following hold.
(i) If K is hyperspecial, then M2¢(G, {u}) is smooth over Op.
(ii) If F'/F is a finite unramified extension, then
(2.12) MR (G, {1}) @0, Op — MS(G @p F', {u@p F'}).

Note that here the reflex field E' of (G ®@p F',{u ®p F'}) is the join of E and F’.
(iii) If (G, {u}, K) = (G1,{p}, K1) x (G2, {p2}, K2), then

(213)  ME(G, {n}) = (MES(G1,{m}) @0, Op) x (ME5(G2, {u2}) ®o,, Or).

Note that here the reflex field E of (G,{u}) is the join of the reflex fields Ey and Es.

(iv) If ¢ : (G, {u},K) = (G, {p'}, K') is a morphism of local model triples such
that ¢ : G — G’ gives a central extension of G', there is a Go,-equivariant isomor-
phism,

(2.14) MR (G, {u}) = MG {1'}) ®o,, Op.
Proof. — When K is hyperspecial, we can choose the extension E over Op[u] to be
reductive; then MR¢(G, {u}) is smooth as required in property (i). By choosing the

extension §' = §®0 [ Or[u], we easily obtain (ii). For (iii), we choose the extension

g = 51 X 52 over Op[u]. Finally, (iv) follows by the construction since Goq = GLy. O
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2.7. ScHOLZE LOCAL MODELS. Under special circumstances, we can relate the local
models above to Scholze local models and give in this way a characterization of them
different from Conjecture 2.13. In particular, this gives a different way of proving
the independence of all choices in the construction of local models. Recall Scholze’s
conjecture [45, Conj.21.4.1] that there exists a flat projective Opg-scheme M?ﬁ;ﬂat
with generic fiber Xy,; and reduced special fiber and with an equivariant closed
immersion of the associated diamond, Mlg’c’iﬂat’o — Grg,spd 0, - Scholze proves that
Mlg;ﬂat is unique if it exists, cf. [45, Prop. 18.3.1]. Note that Scholze does not make
the hypothesis that G split over a tame extension. We are going to exhibit a class
of LM triples (G, {u}, K) (with G split over a tame extension) such that the local
models M¢(G, {u}) defined above satisfy Scholze’s conjecture.

We will say that a pair (G,{u}), consisting of a reductive group over F' and a
geometric conjugacy class of minuscule coweights is of abelian type when there is a
similar pair (G1,{p1}) with Fy C EF and with a central isogeny ¢ : G1,der = Gder
which induces an isomorphism (G1 ad, {#1,aa}) = (Gad, {#taa}) and is such that there
exists a faithful minuscule representation p; : G; — GL,, over F such that p; o 3
is a minuscule cocharacter pg of GL,,. Here by a minuscule representation we mean
a direct sum of irreducible minuscules (i.e., with all weights conjugate by the Weyl
group). In this case, we call such a pair (G1,{p1}) a realization of the pair (G, {u})
of abelian type.

Tueorem 2.15. — Let (G,{u}, K) be a LM triple over F such that G splits over a
tame extension of F, for which there is an unramified finite extension F'/F such
that the base change (G,{u}) ®p F' is of abelian type, with realization (G1,{p1})
such that p { |71(G1.der)|. Then the local model M'2(G,{u}) defined above satisfies
Scholze’s conjecture [45, Conj. 21.4.1].

Proof. — We already checked that the flat projective scheme M2°(G, {u}) has re-
duced special fiber. To show the conjecture it remains to show that the associated
diamond M'¢(G, {u}) over Spd(Or) embeds via an equivariant closed immersion in
Grg spd(0p) such that its generic fiber identifies with Xfu}'

Using étale descent along F’/F and property (ii) of Proposition 2.14, we see that it
is enough to show the conjecture for (G, {u}) ®r F’; so, we can assume that (G, {u})
is of abelian type to begin with. Let (G1,{u1}) be a realization. In fact, we can also
assume that F; C E. Observe that by using ¢, we obtain a parahoric subgroup K3
of G; which corresponds to K. By [26, Prop.1.3.3], p1 : G; — GL, extends to a
closed immersion

p1: 9 — 9L,

where G} is the stabilizer (possibly non connected) of a point in the building of
G1(F) that corresponds to K7 and where G4 is a certain parahoric group scheme for
GL,. In fact, by replacing p; by a direct sum pP™ we can assume that G is GL,,
over Op; we will do this in the rest of the proof. By [45, Prop. 21.4.3], Grgr spd(0p),u =
Grg, Spd(0p).ui» Where §1 = (G1)°. This gives a closed immersion Grg, spd(0p),u <
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Grge,spd(0g)- By [26, Prop.2.3.7], p1 : §§ < G£ induces
MSl,{m} — (MGLn,{Hd})OEl = Gr(d, n)oE17

which is also an equivariant closed immersion. (Here the local model Mqr, ¢, 18
the Grassmannian Gr(d,n) over Op.) By the assumption p t |71(G1 der)|, Remark 2.9
above gives that MI¢(G, {u}) ~ Mg, ,, ®0p, Op. This allows us to reduce the result
to the case of GL,, which is dealt with by [45, Cor. 21.5.10]. |

We view Theorem 2.15 as evidence for the following conjecture.

Consecrure 2.16. — For all local model triples (G, {u}, K) with G split over a tame
extension, the local model MIR(G, {u}) defined in the last subsection satisfies Scholze’s
Conjecture [45, Conj. 21.4.1].

It has in any case the following concrete consequence.(?)

Cororrary 2.17. Suppose that (G, {u}, K) is an LM triple with G adjoint and
classical such that G splits over a tame extension of F. Assume that there exists a
product decomposition over F‘, GopF =G x- % (v}’n“ where each factor G, is
absolutely simple. If there is a factor for which (Gy, {1:}) @p F is of type (Dy,wy)
withn > 4 (i.e., of type D in Deligne’s notation [9, Tables 1.3.9, 2.3.8]), also assume
that p is odd. Then the local model MX°(G,{u}) defined above satisfies Scholze’s
conjecture [45, Conj. 21.4.1].

Proof. — We will show that such a LM triple (G, {u}, K) is, after an unramified ex-
tension, of abelian type. Using our assumption, we can easily reduce to the case that G
is absolutely simple, quasi-split and residually split. The possible pairs (G, {u}) with
such G and {u} minuscule, are listed in the first two tables in Section 4. A case-by-case
check gives that, when G is a classical group, we can find a realization (G, {u1}) of
(G, {u}) as a pair of abelian type such that G1 ge is simply connected—except when
the type of G is Dy,. (See [9, Rem. 3.10].) In the latter case we can find a realiza-
tion with G ger simply connected in the case (D,,,wy) (i.e., of type DX in Deligne’s
notation), and a realization where m1(G1 qer) has order 2 in the case (D,,wy,) (ie.,
of type D! in Deligne’s notation). (For types A,, C,, and D the minuscule rep-
resentation p; is given over F by a sum of corresponding standard representations,
for types B, and DE, is given by a sum of spin representations.) In all cases, we can
pick pq so that E; = E. The result follows from Theorem 2.15. O

3. SHIMURA VARIETIES

3.1. CONSEQUENCES FOR SHIMURA VARIETIES. — Let (G, X) be a Shimura datum.
We fix a prime p > 2 such that G := G ®q Q, splits over a tamely ramified
extension of Q,. We consider open compact subgroups K of G(Ay) of the form

(2We were recently informed that a similar result, which also covers cases of wildly ramified
groups, was obtained by J. Lourenco (forthcoming Bonn thesis).
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K = K" K, C G(A}) x G(Qp), where K = K,, is a parahoric subgroup of G(Qj)
and K7 is sufficiently small. Let E be the reflex field of (G, X). Fixing an embedding
Q- @p determines a place p of E over p. Let E = E,. Then FE is the reflex field of
(G,{u}), where {u} is the conjugacy class of cocharacters over Q, associated to X.
We denote by the same symbol Shi (G, X) the canonical model of the Shimura
variety over E and its base change over F.

TarEOREM 3.1

(a) ([26]) Assume that (G,X) is of abelian type. Then there exists a scheme
8k (G, X) over Op with right G(A"})-action such that:

(1) Any sufficiently small open compact K? C G(A%}) acts freely on 8k (G, X),
and the quotient Sk (G, X) = Sk (G, X)/KP? is a scheme of finite type over Og
which extends Shi (G, X). Furthermore

$K(G. X) =1lim, Skr(G. X),

where the limit is over all such K C G(A%).

(2) For every closed point x of Sic (G, X), there is a closed point y of MILS(G, {u})
such that the strict henselizations of S (G,X) at x and of M2°(G,{u}) at y are
isomorphic.

(3) The scheme Sk (G, X) has the extension property: For every discrete valuation
ring R D Og of characteristic (0,p) the map

Sk (G, X)(R) — Sk(G, X)(R[1/p])
is a bijection.
(b) ([26]) Assume that (G, X) is of Hodge type, that K is the stabilizer of a point in

the Bruhat-Tits building of G, and that p does not divide |71(Gger)|. Then the model
8k (G, X) of (a) above admits a G(A%})-equivariant local model diagram over O,

Sk(G,X)

- / &)
Sk(G, X) MG, {1}),

in which m is a torsor under the group scheme So,, and ¢ is a Go,-equivariant and
smooth morphism of relative dimension dim G.
(c¢) ([49, Th.8.2], [22, Th.4.1]) Under the assumptions of (b) above, the mor-

phism @ in the local model diagram (3.1) is surjective. O

Remark 3.2 Part (a2) appears as [26, Th. 0.2], but is stated there for the original
local models of [41], and under the assumption p { |71 (Gger)|. The statement above is
for the modified local models of this paper and can be deduced by the results in [26].
Part (b) follows from [26, Th. 4.2.7] and Remark 2.9 (2).

Derinition 3.3. — Let O be a discrete valuation ring and suppose that X is a locally
noetherian scheme over O.
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(1) X is said to have good reduction over O if X is smooth over O.

(2) X is said to have semi-stable reduction over O if the special fiber is a normal
crossings divisor in the sense of [46, Def. 40.21.4].

Both properties are local for the étale topology around each closed point of X and
imply that X is a regular scheme with reduced special fiber.

Cororrary 3.4. — Assume that (G, X) is a Shimura datum of abelian type. If the
local model M'2S(G, {u}) has good, resp. semi-stable, reduction over O, then so does
Sk(G,X). If (G,X) is of Hodge type and satisfies the assumptions of Theorem
3.1(b), then the converse also holds.

Proof. — The first assertion follows from Theorem 3.1 (a). The second assertion fol-
lows from (b) and (c). O
3.2. CANONICAL NATURE OF INTEGRAL MODELS. — By the main result of [36], the integral

models 8k (G, X) constructed in [26] are, under the assumptions of Theorem 3.1 (b),
independent of the choices in their construction. In fact, they are “canonical” in
the sense that they satisfy the characterization given in [36]. In this paper, we are
dealing with models that have smooth or semi-stable reduction. Then, and under some
additional assumptions, we can give a simpler characterization of the integral models
using an idea of Milne [32] and results of Vasiu and Zink ([48]). More precisely, we
have:

Cororrary 3.5. — Assume that (G, X) is a Shimura datum of abelian type. Suppose
that MR (G, {u}) has good or semi-stable reduction over Og, that E/Q,, is unramified,
and that the geometric special fiber MIXS(G, {u}) ®0oy k has no more than 2p — 3 irre-
ducible components. Then Sk (G, X) is, up to isomorphism, the unique Og-faithfully
flat G(AY)-equivariant integral model of Shx (G, X) that satisfies (al), (a2) and the
following stronger version of (a3): The bijection

8k (G, X)(R) — Sk (G, X)(R[1/p])

holds for R any Og-faithfully flat algebra which is either a dvr, or a reqular ring which
is healthy in the sense of [48].

Proof. — Note that under our assumption, by [48, Th.3, Cor.5] (see also loc. cit.,
p.594), the scheme M'2(G, {u}) is regular healthy, when the maximum number of
transversely intersecting smooth components of its special fiber is < 2p — 3. Then, by
Theorem 3.1 (a), the same is true for Sk (G, X). By the construction of Sx (G, X)
in [26] and [48], it then follows that the limit Sk (G, X) also satisfies the extension
property not just for dvr’s but for all regular healthy schemes. The uniqueness part
of the statement then also follows (see also [32], [26]). O

Consider the cases of smooth or semi-stable reduction covered by the results in
this paper, see Theorems 1.2 and 1.3, for F' = Q,: it turns out that the number r
of geometric irreducible components of the special fiber of MIe¢(G, {1}) is < 2 in all
cases, except in the first case of Theorem 5.6 (the Drinfeld case). In the latter case,
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this number r is equal to the number of lattices in the primitive part of the periodic
lattice chain. Since we assume that p is odd to begin with, we obtain:

Tarorem 3.6. Assume that (G, X) is a Shimura datum of abelian type such that
the corresponding LM triple (G, {u}, K) satisfies the hypothesis of either Theorem 1.2
or Theorem 1.3, with F' = Q,,. Then, unless (G,{u}, K) corresponds to the “Drinfeld
case” of Theorem 5.6, the model Sk (G, X)) is canonical, i.e., it satisfies the conclusion
of Corollary 3.5. If (G, {u}, K) corresponds to the Drinfeld case of Theorem 5.6, then
Sk (G, X) is canonical, provided that K is the connected stabilizer of a facet in the
building of PGL,, that is of dimension < 2p — 4. O

-

Exampre 3.7. Consider the group G = GSpin(V'), where V is a (non-degenerate)
orthogonal space of dimension 2n > 8 over Q of signature (2n — 2,2) over R. Take

X={veVgyC| (v,v)=0 (v,7) <0}/C".

(Here (, ) is the corresponding symmetric bilinear form.) The group G(R) acts on X
via G — SO(V) and (G, X) is a Shimura datum of Hodge type.

Suppose that there exists a pair (Ag, Ay) of Z,-lattices in V ®g Qp, with Ay = A,
Ay = pA,, and pA, C Ay C A,. Let K, C G(Qp) be the parahoric subgroup
which corresponds to the connected stabilizer of this lattice chain. By combining
Theorem 5.6 and the above, we obtain that, for small enough K?, the Shimura variety
Shi (G, X) has a canonical Z,-integral model with semi-stable reduction. In fact,
we can see, using the calculations in Section 12.8, that the integral model is locally
smoothly equivalent to Z, [z, y]/(xy—p). This integral model was found by Faltings [12]
as an application of his theory of MJF-objects over semi-stable bases.

4. RAPOPORT-ZINK SPACES

We consider RZ-spaces of EL-type or PEL-type, cf. [44]. We place ourselves in the
situation described in [43, §4].

4.1. THE FORMAL SCHEMES. In the EL-case, we start with rational RZ data of EL-
type
D = (F,B,V,G,{u}, ).
Here F' is a finite extension of Q,, B is a central division algebra over F', V is a finite-
dimensional B-module, G = GLg(V') as algebraic group over Q,,, {u} is a conjugacy
class of minuscule cocharacters of G, and [b] € A(G,{u}) is an acceptable o-conjugacy
class in G (@p). Let E = Ey,) be the corresponding reflex field inside @p. In addition,
we fix integral RZ data Dy, , i.e., a periodic lattice chain of Op-modules A, in V. This
lattice chain defines a parahoric group scheme § over Z, with generic fiber G.
In the PEL-case, we start with rational RZ data of PEL-type

D = (F,B,V,(,), G, {u},[b]).

Here F', B and V are as in the EL-case, (, ) is a non-degenerate alternating Q,-bilinear
form on V, * is an involution on B, G = GSpg (V) as algebraic group over Q,, and {u}
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and [b] are as before. We refer to [43] for the precise conditions these data have to
satisfy. In addition, we fix integral RZ data Dz, i.e., a periodic self-dual lattice chain
of Opg-modules A, in V. In the PEL case we make the following assumptions.

-p#F2
— G is connected.
— The stabilizer group scheme G is a parahoric group scheme over Z,.

Then in all cases (G, {u},3) is a LM triple over Q,. As in Section 2, we sometimes
write the LM triple as (G, {u}, K) with K = §(Z,).

Let O be the ring of integers in E (the completion of the maximal unramified
extension of F). In either EL or PEL case, after fixing a framing object X over k
(the residue field of Oy), we obtain a formal scheme locally formally of finite type
over Spf Oy which represents a certain moduli problem of p-divisible groups on the
category Ni‘poé. We denote this formal scheme by J\/[nDazl;’e The reason for the upper
index is that we impose only the Kottwitz condition on the p-divisible groups appearing
in the formulation of the moduli problem. In particular, M%"‘;:e need not be flat over
Spf OE

Analogously, associated to Dz, there is the local model M%azive, a projective scheme
over O equipped with an action of G0, = § ®z, Op. Furthermore, there is a local
model diagram of morphisms of formal schemes over Spf O,

Nfnaive
M3,

(4.1) ;)/ p\Qi

naive naive\A
Msz (Msz ) )

in which 7 is a torsor under the group scheme Gp,, and ¢ is a §o,-equivariant and
formally smooth morphism of relative dimension dim G. Here (M:1V°)" denotes the
D

completion of beazi:e ®oy Op along its special fiber.

Lemva 4.1. — Assume that the group G attached to the rational RZ-data D splits over

a tame extension of Q,. Then the modified PZ-local model M2(G, {u}) of Section 2.6

attached to the LM triple (G,{p},9) is a closed subscheme of M, with identical
Zp

generic fiber.

Proof. — Notice that under our assumptions, since this is always true in the EL
case, G is connected. We can see that, under our assumptions, p does not divide
|71 (Gaer)|- Indeed, this is clear in the EL case since then (Gdor)@p is a product of
special linear groups SL. In the PEL case, (Gdcr)@p is the product of groups of types
SL, Sp, SO, and our assumptions include that p is odd. It follows from 2.9 (2) that
Mee(G, {u}) ~ Mg, .. By [41, (8.3)], under the above assumptions again (in particular,
the fact that G is connected is used), the local model Mg, agrees with the flat closure

of the generic fiber of the naive local model M%azi"e. The result follows. O
P
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We now use the local model diagram (4.1) to define a closed formal subscheme
Mo, of M%azive, defined by an ideal sheaf killed by a power of the uniformizer of Og.

Indeed, consider the ideal sheaf on M%azive defining M'2°(G, {u}). Tt defines, after

completion and pullback under ¢ an ideal sheaf on J\N/[?D"‘Zive which descends along 7

to Mrg‘)azive. We therefore obtain a local model diagram
P

MDZ,, ~

(4.2) 7 \90

MDZ,, (MII%C(Gv {M}))/\7

where we have recycled the notation from (4.1). Again, the left oblique arrow is a torsor
under Gp,, and the right oblique arrow is §p,-equivariant and formally smooth of
relative dimension dim G.

CororLrary 4.2. — Assume that the group G attached to the rational RZ-data D splits
over a tame extension of Q,. If the local model MIX(G,{u}) has good, resp. semi-
stable, reduction over O, then so does M'DZP~

Proof. — This follows by descent from the local model diagram. O

Remark 4.3. — In contrast to Corollary 3.4, the converse does not hold in general
because the morphism ¢ is not always surjective. However, the converse holds if the
RZ data D are basic, i.e., [b] is basic.

Prorosition 4.4. Assume that D is basic and that the group G attached to D
splits over a tame extension of Q. If the RZ space MDZ,, has good, resp. semi-stable,
reduction over O, then so does the local model M2°(G, {u}).

Proof. — Indeed, Mp, can be identified with the formal completion of an open and
closed subset of a Shimura variety of Hodge type along its basic stratum. But this
closed stratum is contained in the closed subset of non-smooth, resp. non-semi-stable
points (if these are non-empty). Therefore the assertion follows from Corollary 3.4. O

Prorosition 4.5. — Assume that the group G attached to the rational RZ-data D
splits over a tame extension of Q,. Then the formal scheme M@Zp is flat over
Spf Op and normal. Furthermore, it only depends on Dy, through the quadruple
(G,{u},S,[0]). Finally,

(4.3) Mop,, (k) = U  Xul).
weAdm g ({p})

Here Adm g ({u}) C WR\W/WR denotes the admissible set. Also X, (b) denotes for
w € Wi \W /Wy the affine Deligne-Lusztig set

Xu(b) = {g € G(Qy)/K | g~ 'bo(g) € KwK}

where b is a fixed representative of [b].
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Proof. Flatness and normality follows via the local model diagram from the cor-
responding properties of MI2¢(G, {u}), cf. Remark 2.9 (1). The uniqueness statement
follows from [45, Cor.25.1.3]. The final statement follows from [45, Cor.25.1.3] and
Theorem 2.11 together with (2.6) and the definition [45, Def.25.1.1] of the v-sheaf
Mi(%t,u,b) by observing the following: In the definition of Mi(‘amb) we can take, by
Corollary 2.17, the local model M°(G, {u}) to give the “diamond” local model v-
sheaf Mlg?cﬂ used there. g

4.2, Tae RZ rTower. We now pass to the RZ-tower of rigid-analytic spaces
(Mg, K C G(Qy)), cf. [43, §4.15]. For its formation, we can start with M%‘Zi;’e for an
arbitrary integral RZ datum Dz, for D; in particular, we need not assume that G is
tamely ramified.

Prorosition 4.6. — The RZ-tower (M) depends only on the rational RZ datum D
through the triple (G, {u}, [b]). Furthermore, if it is non-empty, then [b] € B(G,{u}).
The converse holds if G splits over a tamely ramified extension of Q,.

Proof. — The first assertion follows from [45, Cor.24.3.5]. The second assertion is
[43, Prop. 4.19]. To prove the converse, using flatness of Mo, , it suffices to prove
Mo, (k) # @. Via the identification (4.3), this follows from [23]. O

Remark 4.7. — The uniqueness statement is conjectured in [43, Conj. 4.16] without
the tameness assumption. The converse statement is conjectured in [43, Conj. 4.21],
again without the tameness assumption.

5. STATEMENT OF THE MAIN RESULTS

5.1. Gooo repuction. — In the following, we call the LM triple (G,{u}, K) of
exotic good reduction type if p # 2 and if the corresponding adjoint LM triple
(Gad, {ftad}> Kaq) is isomorphic to the adjoint LM triple associated to one of the
following two LM triples.

(1) (Unitary exotic reduction)

— G = Resp//p G'. Here F'/F is an unramified extension, and G" = U(V), with V'
a F'/F’'-hermitian vector space of dimension > 3, where F’/F’ is a ramified quadratic
extension.

—A{u} =A{uet,. 7 with {ue} = (1,0,...,0) or {uy} = (0,0,...,0), for any ¢.

— K = Resp,, 0, (K'), with K’ = Stab(A), where A is a m-modular or almost 7-
modular vertex lattice in V', i.e., AV = WI;}A if dimV is even, resp. A C AV C! WI;}A
if dimV is odd.

(2) (Orthogonal exotic reduction)

— G = Resp//p G'. Here F'/F' is an unramified extension, and G’ = GO(V), with V/
an orthogonal F’'-vector space of even dimension 2n > 6.

- {M} = {M¢}¢: FrF> With {:uadﬁ&} = (1(n)’0(n))ad or {Mad,ga} = (0707 s 70)’ for
any .
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— K = Reso,, /0, (K'), with K’ = Stab(A), where A is an almost selfdual vertex
lattice in V, i.e., A Ct AV C W}}A.

TaroreM 5.1. Let (G,{pu}, K) be a triple over F such that G splits over a tame
extension of F. Assume p # 2. Assume that Gnq is F-simple, that in the product
decomposition over F‘,

Gag ®p F = H Glad.i
each factor is absolutely simple, and that pa.q is not trivial. Then the local model
MRe(G, {u}) is smooth over Spec Og if and only if K is hyperspecial or (G, pu, K) is
a triple of exotic good reduction type.()

We are going to use the following dévissage lemma.

LEmma 5.2

(a) Let F'/F be a finite unramified extension contained in F. Let

(G A}, K) or F' =] (Gi, {mi}, K0),

where (Gy,{p:}, K;) are LM triples over F'. Then MRPS(G,{u}) is smooth over
Spec O if and only if Mllféf(Gi, {:}) is smooth over Spec Og, for alli.

(b) Let (G',{'},K') = (G,{u}, K) be a morphism of triples such that G' — G
gives a central extension. Then MRS(G,{u}) is smooth over SpecOg if and only
MRS(G', {i'}) is smooth over Spec Op.

Proof. — This follows from properties (ii)—(iv) of Proposition 2.14. O

The lemma implies that, in order to prove Theorem 5.1, we may assume that
Gaa is absolutely simple and that paq is not trivial. That MRS(G,{u}) is smooth
over Spec Og when K is hyperspecial is property (i) of Proposition 2.14. The case of
unitary exotic good reduction is treated in [1, Prop.4.16], comp. [40, Th. 2.27 (iii)].
The case of orthogonal exotic good reduction is discussed in Section 12.11.

The proof of the converse proceeds in three steps. In a first step, we establish a list
of all cases in which the special fiber of MI2¢(G, {u}) is irreducible, i.e., Ay (G, {u}) is
a single Schubert variety in the corresponding affine partial flag variety. This is done
in Section 7. In a second step, we go through this list and eliminate the cases when K
is not a special maximal parahoric by showing that in those cases the special fiber is
not smooth (in fact, not even rationally smooth, in the sense explained in Section 6).
This is done in Section 8. Finally, we deal with the cases when K is a special maximal
parahoric; most of these can be also dealt with by the same methods. In a few cases,
we need to refer to certain explicit calculations of the special fibers given in [39], [1],
and, in one exceptional type, appeal to the result of Haines-Richarz [19].

(3)Haines-Richarz [19] gives an alternative explanation for the smoothness of M2°(G, {u}) in the
case of exotic good reduction type for the even unitary case and the orthogonal case: in these cases,
the special fiber of MI2¢(G,{u}) can be identified with a Schubert variety attached to a minuscule
cocharacter in the twisted affine Grassmannian corresponding to the special maximal parahoric K.
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5.2, WEYL GROUP NOTATION. Recall that simple adjoint groups G over F are classi-
fied up to isomorphism by their associated local Dynkin diagram,® cf. [47, §4]. Recall
that to a local Dynkin diagram A there is associated its Coxeter system, cf. [3], which
is of affine type. The associated Coxeter group is the affine Weyl group W,. We denote
by W its extended affine Weyl group. Both W, and W are extensions of the finite
Weyl group Wy by translation subgroups, i.e., finitely generated free Z-modules. We
denote by X, the translation subgroup of W.

DEerINTTION 5.3

(1) An enhanced Tits datum is a triple (A, {\}, K) consisting of a local Dynkin
diagram 3, a Wy-conjugacy class {A\} of elements in X, and a non-empty subset K
of the set S of vertices of A.

(2) An enhanced Cozeter datum is a triple (W, S), {\}, f() consisting of a Coxeter
system (W, g) of affine type, a Wy-conjugacy class {\} of elements in X, and a non-
empty subset K of S.

Note that the Coxeter system (W,, S ) is given by its associated Coxeter diagram,
cf. [3, Chap. VI, §4, Th. 4]. The Coxeter diagram associated to a local Dynkin diagram
is obtained by disregarding the arrows in the local Dynkin diagram. An enhanced
Tits datum determines an enhanced Coxeter datum. The natural map from the set
of enhanced Tits data to the set of enhanced Coxeter data is not injective.

Let (G, {u}, K) be a LM triple over F' such that G is adjoint and absolutely simple.
We associate as follows an enhanced Tits datum to (G, {u}, K). The local Dynkin
diagram A is that associated to G = G ®r F. Let T be a maximal torus of G
contained in a Borel subgroup B containing T. We may choose a representative p
of {u} in X, (T) which is dominant for B. There is a canonical identification of X,
with X, (T)p, (co-invariants under the inertia group). The second component of the
enhanced Tits datum is the image A of p in X,. It is well-defined up to the action
of Wy (this follows, since Wy is identified with the relative Weyl group of G and any
two choices of B are conjugate under the relative Weyl group). The third component
of the enhanced Tits datum is the subset K of vertices of A which describes the
conjugacy class under G(F) of the parahoric subgroup K of G(F) determined by K.

Given a LM triple, one may compute its associated enhanced Tits datum as follows.
First, if G is a split group, with associated Dynkin diagram A, then the local Dynkin
diagram Ais simply the associated affine Dynkin diagram, cf. [4, VI, §2]. See Table 1.

Now let G be quasi-split and residually split. Then the affine root system is calcu-
lated following the recipe in [39, §2.3]. This gives the list in Table 2. In the column
“Local Dynkin diagram”, there are two rows associated to each group: the first row
gives the local Dynkin diagram of the group G over a (ramified) field extension F
of F such that G splits over F’; the second row gives the local Dynkin diagram of

(4)Note that only the first batch of cases on Tits’ list is relevant since G is automatically residually
split.
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Name (Index) Local Dynkin diagram Minuscule coweights
0
o
An (lAgzl,)n) forn > 2 ) O === === o o {wy}, 1<i<n
1 2 n—1 n
A1 (PAT) S fwi}
1 0
By (Bn,n) for n > 3 0<&———o0 0O----0 {le}
n n—1 n-2 2T~
o0
Cn (C'r(r,l,?’b) for n > 2 o———=o0 0- - - — 0&———o0 {w%}
0 1 2 n—1 n
lo on—1
D, (IDSZL) forn >4 \o 077770/ {wyswy _q w7}
00/2 3 n-— 2\on
ol
o/
B (\FQ) N {w) w0y}
0 2 4\0
5\06
02
Er (E$,7) o o o (‘J o o o {w¥}
0 1 3 4 5 6 7
Tasre 1.

the group G over F. In the column “Coweights”, there are two rows: the first row for
the minuscule coweight w; the second row for the corresponding A realized as a trans-
lation element of the associated extended affine Weyl group. Here we put minuscule
coweights between braces if they determine the same A which appears directly below.
We follow the notation in [47].

From this list we deduce the following statement.

Levva 5.4. — Two LM triples (G,{u}, K) and (G',{p'}, K') over F, with G and G’
absolutely simple adjoint, define the same enhanced Tits datum if and only if they
become isomorphic after scalar extension to an unramified extension of F. (|

Suppose that G and G/ are absolutely simple adjoint such that G @p F ~ G @ F.
The isomorphism classes of G and G’ are distinguished by considering the correspond-
ing action of the automorphism F of the local Dynkin diagram AofG~G ~G @k
given by Frobenius (see [47], [17]). In [17] one can find a very useful list of all possible
such actions and of the corresponding forms of the group. The parahoric subgroups
K, K’ correspond to non-empty F-stable subsets K of the vertices of A.

ExamrrLe 5.5. — Consider the enhanced Tits data defined by LM triples of exotic
good reduction type, cf. beginning of Section 5.1. Assume that G ® g F is absolutely
simple and adjoint. There are two cases:
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Name (Index)

Local Dynkin diagram

Coweights

B-C, O—0- - - - - = - - - o {wivvwé/n_i}y 1<i<n
(QA(l) ) 1 2 2n—2 2n-—1
2n—1,n
ol
forn >3 o=——=0 o————o/ w/
n n—1 n-2 27—
o0
o_0
C;‘B(lc;n ° g A % {w) wap 1 1 <i<n|{wy,wy 4}
( A2n 'n) " "
forn > 2 ge=—=0 g~ -oe——0 w) 2wy,
n—
o 0
/ \ VoV
ETONES ° {wrswi'}
C-BCy (A1) | 1 2
(1)_8 2wy
10 on
C-Ba) \5 — 01/ wy {wy,w¥ 1}
(*Dpi1n) 00— " \0n+1
forn > 2 8<:(i (2),,,,01:>$L wy wyy
n—
ol
/
[¢]
3
gemy | s fwy i}
4 6,4 0 2 4\0
5\06
0] O (e} (0] (0] wi/
0 1 2 3 4
1o o3
\ / v 2 \
Gl 8 {wl,wy,wy}
2 Oo/ \04
(3D4,2 or| o 0&——o0 w2v
6D4,2) 0 2 1
TasLE 2.

(1) G is the adjoint group of U(V), where V is the F//F-hermitian vector space for
a (tamely) ramified quadratic extension F of F.If dimV = 2m > 4 is even, then the
corresponding enhanced Tits datum is (B-Cy,, wy, {0}) for m > 3 and (C-Ba, wy,{0})
form = 2. If dimV = 2m—+1 > 3 is odd, then the corresponding enhanced Tits datum
is (C-BCy,, wY,{0}) for m > 2 and (C-BCy, 2wy, {0}) for m = 1.

(2) G is the adjoint group of SO(V') where V is an orthogonal F-vector space of
dimension 2m + 2 > 6. Then V has Witt index m and non-square discriminant. The
corresponding enhanced Tits datum is (C-By,, wy,,{0}).

5.3. Semi-staBLE REDUCTION. — In the classification problem of all triples (G, {u}, K)
such that M¢(G, {u}) has semi-stable reduction, Lemma 5.2 points to two problems.

JEP,
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First, the product of semi-stable schemes is semi-stable only when all factors except
at most one are smooth. And we can consider the problem of classifying the good
reduction cases as solved by Theorem 5.1. Second, the extension of scalars of a semi-
stable scheme is again semi-stable only if the base extension is unramified. Therefore,
we will consider in the classification problem of semi-stable reduction only triples
(G, {u}, K) such that G is an absolutely simple adjoint group.

Lemma 5.4 justifies classifying local models M¢(G, {u}) with semi-stable reduc-
tion by the enhanced Tits datum associated to (G, {u}, K). Indeed, for F’/F unrami-
fied, M2°(G, {u})®0, Or ~ MES(G', {i'}), where G’ = G p F' and {y'} and K’ are
induced from {u} and K, cf. Proposition 2.14 (ii). Furthermore, M¢(G, {1}) ®0, Op
has semi-stable reduction if and only if MI¢(G, {u}) has semi-stable reduction (this
follows because the reflex field E’ is an unramified extension of F).

Now we can state the classification of local models with semi-stable reduction.

Tueorem 5.6. — Let (G, {u}, K) be a LM triple over F such that G splits over a tame
extension of F'. Assume p # 2. Assume also that the group G is adjoint and absolutely
simple. The local model MI2¢(G,{u}) has semi-stable but not smooth reduction over
Spec(Og) if and only if the enhanced Tits datum corresponding to (G, {u}, K) appears
in the first column of Table 3.

Enhanced Tits datum Linear algebra datum Discoverer
éﬁ}o Split SLy,, r = 1 Drinfeld
All vertices are hyperspecial arbitrary chain of lattices of length > 2
#K > 2
O
.4 ,>o Split SL,, withn >4 Gortz

All vertices are hyperspecial s
1 is any minuscule coweight r arbitrary, (Ao, A1)

hs
0<—0—0- — — - o/. Split SO2p41 with n > 3,7 =1, (Ao, An) new
X
\0 hs
hs B=e—o- - - - 0<:>éhs Split Spy,, with n > 2, r =n, (Ao, A1) Genestier-Tilouine
hs ®hs
.\oio, I o/ Split SOz, with n >4, r =1, (Ao, An) Faltings
X
hs 0/ \O hs
hs o hs
.\oio, _ O/ Split SOa, with n > 5, r =n,A; new
X
hs 0/ \0 hs
TasLE 3.

In the second column, we list the linear algebra data that correspond® to the LM
triple (G, {u}, K) @p F.

<5)By definition, this means that the corresponding parahoric subgroup is the connected stabi-
lizer of the listed lattices. Note that in the last row, the connected stabilizer of the lattice A also
stabilizes Ag.
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In the diagrams above, if not specified, hyperspecial vertices are marked with an hs.
In order to also show the coweight {\}, a special vertex is specified (marked by a
square)(ﬁ) so that the extended affine Weyl group appears as a semi-direct product
of Wy and X.. Then {\} is equal to the fundamental coweight of the vertex marked
with x. The number r is the labeling of this special vertex. Finally, the subset K is
the set of vertices filled with black color.

Note that there are some obvious overlaps between the first two rows.

Remark 5.7. — Starting with the table in Theorem 5.6 above, one can also easily
list all LM triples (G, {u}, K) over F, with G adjoint and absolutely simple such
that G splits over a tame extension of F' and with M¢(G, {u}) having semi-stable
reduction over Og (provided p # 2). These are given by hstmg the possible conjugacy
classes of Frobenius automorphisms in the group Aut(A K ) of automorph1sms of the
corresponding local Dynkin diagram A that preserve the black subset K. B. Gross [17]
gives a convenient enumeration of possible Frobenius conjugacy classes in Aut(A).

For example, in the first case of our list, there could be several possible Frobenius
actions on the n-gon that stabilize K depending on that set; the corresponding groups
are the adjoints of either unitary groups or of SL,, (D), where D are division algebras
and m|n (see [17, p. 15-16]).

In the second case, there is only one possibility of a non-trivial Frobenius action on
the n-gon that stabilizes the set of two adjacent vertices: A reflection (F of order 2).
Then G is the adjoint group of U(V') where V is a non-degenerate Hermitian space for
an unramified quadratic extension of F. Furthermore, when n = 2m is even, F cannot
fix a vertex so V' does not contain an isotropic subspace of dimension m ([17, p. 16]).

In the third and fourth cases, there are no non-trivial automorphisms F' that pre-
serve the subset K and so G is split.

In the fifth case, there is also only one possible non-trivial Frobenius action that
stabilizes K , up to conjugacy in the group Aut(ﬁ,l? ). The corresponding group is
the adjoint group of U(W) where W is a non-degenerate anti-Hermitian space over
the quaternion division algebra over F'; the center of the Clifford algebra is F'x F'if n
is even and the quadratic unramified extension L/F if n is odd ([17, p. 18-20]).

In the sixth case, there are three possibilities of a non-trivial Frobenius action
that stabilizes K up to conjugacy in the group Aut(A K ). In the one case, the
group is the adjoint group of SO(V) where V is a non-degenerate orthogonal space
of dimension 2n, discriminant 1 and Witt index n — 2. In the other two, the group is
the adjoint group of the unramified quasi-split but not split SO(V') ([17, p. 18-20]).

In all these cases, we can realize K as the parahoric stabilizer of a suitable lattice
chain.

Remark 5.8. — We note that M'2¢(G, {11}) has semi-stable reduction if and only if the
base change M¢(G, {u})®0, Op, has strictly semi-stable reduction, i.e., the geometric

(6)Note that the local Dynkin type C-BC), does not occur here so that all special vertices are
conjugate; hence this specification plays no role.
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special fiber is a strict normal crossings divisor, in the sense of [46, Def.40.21.1]:
Indeed, both M¢(G, {u}) ®o, Op and all the irreducible components of its special
fiber are normal [41], hence unibranch at each closed point z. From this we deduce that
each intersection of a subset of irreducible components of the geometric special fiber in
the strict henselization of Mi2°(G, {u}) at z (i.e., of “branches”), is isomorphic to the
strict henselization of the intersection of a corresponding subset of global irreducible
components at x. Therefore, if the geometric special fiber is (étale locally) a normal
crossings divisor, it is in fact (globally) a strict normal crossings divisor.

Remarks 5.9. Let us compare this list with the local models investigated in ear-
lier papers. We always assume p # 2. We use the terminology rationally smooth,
strictly pseudo semi-stable reduction, rationally strictly pseudo semi-stable reduction
introduced in the next section.

(i) Let us consider the LM triples whose first two components are G = GU(V)
where V is a split F//F-hermitian space of dimension 3 relative to a ramified qua-
dratic extension F’/F, and where {u} = (1,0,0). We identify E with F’. We use the
notation for the parahoric subgroups as in [40]. Since G is not unramified, there are
no hyperspecial maximal parahoric subgroups. If K is the stabilizer of the self-dual
vertex lattice Ag, then K is a special maximal parahoric and the special fiber is ir-
reducible, normal with an isolated singularity which is a rational singularity, comp.
[40, Th. 2.24]. The special fiber occurs in the list in [19] of rationally smooth Schubert
varieties in twisted affine Grassmannians. The blow-up of Me¢(G, {11}) in the unique
singular point of the special fiber has semi-stable reduction, cf. [34, Th.4.5], [27]. This
is an example of a local model which does not have semi-stable reduction but where
the generic fiber has a different model which has semi-stable reduction.

If K is the stabilizer of the non-selfdual vertex lattice Aj, then MS(G, {u}) is
smooth over Spec Op: this case is of exotic good reduction type.

Finally, if K is an Iwahori subgroup, then the local model does not have rationally
strictly pseudo semi-stable reduction, comp. [40, Th. 2.24, (iii)]. And, indeed, this case
is eliminated in Section 8.13.

(ii) Let us consider G = GU(V), where V is a split F’/F-hermitian space of
arbitrary dimension n > 2 relative to a ramified quadratic extension F’/F. Let us
consider the LM triple (G, {u}, K), where {u} = (1,0,...,0), and where K is the
parahoric stabilizer of a self-dual lattice A (except when n = 2, K is the full stabilizer
of A, cf. [39, 1.2.3]). If n = 2, then MIR°(G,{1}) has semi-stable reduction, cf. [40,
Rem. 2.35]. If n > 3, the special fiber of M2¢(G, {u}) is irreducible and has a unique
isolated singular point, cf. [34, Th. 4.5]. Generalizing the previous example, the blow-
up of this singular point has semi-stable reduction, cf. [34, 27].

For n > 3 with n = 2m + 1 odd, the associated local Dynkin diagram is of type
C-BC,, and the parahoric subgroup K corresponds to the special vertex m in the
local Dynkin diagram. The special fiber of the local model is a Schubert variety that
occurs in the list in [19] of rationally smooth Schubert varieties in twisted affine
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Grassmannians. Remarkably, Zhu [52, Cor. 7.6] has shown in this case that the Weil
sheaf defined by the complex of nearby cycles is the constant sheaf Qg, even though
the special fiber is singular. In particular, as shown previously by Kramer [27, Th. 5.4],
the semi-simple Frobenius trace function is constant equal to 1 on the special fiber.

For n = 2m > 4 even, the associated local Dynkin diagram is of type B-C,,
and the parahoric subgroup K corresponds to the non-special vertex m in the local
Dynkin diagram if m > 3, or C-By and the non-special vertex 1, if m = 2. By §8.8.2,
resp. Section 8.7, the associated Poincaré polynomial is not symmetric and hence the
special fiber is not rationally smooth, cf. Lemma 6.2. In this case, Kramer [27, Th. 5.4]
has shown that the semi-simple Frobenius trace function is not constant equal to 1
on the special fiber, but rather has a jump at the singular point.

(iii) Let us consider G = Respr/p(GL,), where F'/F is a totally ramified (possi-
bly wildly) extension. This is excluded from the above considerations (both for the
classification of good reduction and of semi-stable reduction); still, it is interesting to
compare this case with the above lists. Let K = GL,,(Op/) and

{n} = ()07 7).
The singularities of the special fiber are analyzed in [37] by relating the special fiber
ME(G, {u}) ®o, £E with a Schubert variety in the affine Grassmannian for GL,,.
More precisely, the special fiber is irreducible and reduced and there is an isomorphism
of closed reduced subschemes

ME(G, {1}) ®o, rp = Ot.

Here Oy is the Schubert variety associated to the dominant coweight ¢ = ¥ dual to

r=(75)p, ie.,
ti=#{plro, 21}, ta=#plr,>2}, ...

By [19] (cf. also [31] for the analogue over a ground field of characteristic zero, and
[11], [50] for the analogue over C), Oy is smooth if and only if ¢ is minuscule, i.e.,
t1 —tn, < 1. This holds if and only if there is at most one ¢ such that r, ¢ {0,n}. We
conclude that M2¢(G, {u}) is smooth only in the trivial case when at most one 7, is
not 0 or n.

(iv) Very similarly to the case above, we can also consider G = Resp/,p(H),
where F' is a totally ramified (possibly wildly) extension, and H is unramified over F’
(i.e., quasi-split and split over an unramified extension of F’). Then H extends to a
reductive group scheme over Op/ which is unique up to isomorphism and which we
will also denote by H. Take K = H(Op), let {u} = ((Nv)w ), and consider the
LM triple (G, {u}, K).

When F’/F is wildly ramified, the theory of [41] does not apply to (G, {u}, K).
However, Levin [30] has extended the construction of [41] to such groups obtained
by restriction of scalars and has defined local models M2¢(G, {u}) for such triples.
Assume that p does not divide |m;(Hger)|- Then, by [30, Th.2.3.5], the geometric
special fiber MR¢(G, {u}) ®o, k is reduced and can be identified with a Schubert
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variety Grg,» of the affine Grassmannian for H over k. Here, A is given by the sum
>, He of the minuscule coweights p,. By [19], (or [31] for the analogue over a ground
field of characteristic zero), Gry » is smooth if and only if A is minuscule. Therefore,
Me(G, {p}) is smooth over O if and only if at most one of the coweights (i, aq is
not trivial.

The proof of Theorem 5.6 proceeds in four steps. In a first step, we establish a list
of all cases which satisfy the component count property condition (CCP), cf. Section 7.
This condition is implied by strictly pseudo semi-stable reduction. This last condition,
concerns only the special fiber and entails in particular that all irreducible components
are smooth, with their intersections smooth of the correct dimension, cf. Section 6.
By weakening the condition of smoothness to rational smoothness, we arrive at the
notion of rationally strictly pseudo semi-stable reduction, cf. Section 6. The second
step consists in eliminating from the CCP-list all cases which do not have ratio-
nally strictly pseudo semi-stable reduction, cf. Section 8. In a third step, we eliminate
all cases which have rationally strictly pseudo semi-stable reduction but not strictly
pseudo semi-stable reduction, cf. Section 10. In the final step we prove that in all the
remaining cases strictly pseudo semi-stable reduction implies semi-stable reduction.
This last step is a lengthy case-by-case analysis through linear algebra and occupies
Section 12.

6. S'I‘RICTLY PSEUDO SEMI-STABLE REDUCTION AND THE CCP CONDITION

Derintrion 6.1

(a) A scheme over the spectrum of a discrete valuation ring is said to have strictly
pseudo semi-stable reduction (abbreviated to SPSS reduction) if all irreducible com-
ponents of the reduced geometric special fiber are smooth and of the same dimension,
and the reduced intersection of any i irreducible components is smooth and irreducible
and of codimension ¢ — 1.

(b) A scheme over the spectrum of a discrete valuation ring is said to have ratio-
nally strictly pseudo semi-stable reduction if all irreducible components of the reduced
geometric special fiber are rationally smooth and of the same dimension, and the re-
duced intersection of any ¢ irreducible components is rationally smooth and irreducible
and of codimension ¢ — 1.

Here we recall that an irreducible variety Y of dimension d over an algebraically
closed field k is said to be rationally smooth™) if for all closed points y of Y the
relative f-adic cohomology (for some ¢ # char k) satisfies

0 i#2d

dimg, H (Y, Y , =
Qe ( \{y} QE) {1 i = 9d.

(MDA priori, this definition depends on £. However, as we will see from the proof, the schemes we
consider in this paper will be either rationally smooth for all £ or non rationally smooth for any £.
We will simply use the terminology “rationally smooth” instead of “¢-rationally smooth”.
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When k = C, this definition (for singular cohomology with coefficients in Q) appears
in [25], cf. also [4, 28, 2].

We note that both notions, that of SPSS reduction and that of rationally SPSS
reduction, only depend on the geometric special fiber. For instance, they do not imply
that the scheme is regular.

Lemma 6.2. Let Y be a proper irreducible variety of dimension d over an alge-
braically closed field. If Y is rationally smooth, then the Poincaré polynomial

2d 4

— 42

P(t) - Zi:O alt )
of cohomology with Qg-coefficients (¢ # chark) is symmetric, i.e., a; = asq—;, for
all i. O

Remark 6.3. — By [19, Prop. 2.1], if the irreducible variety Y is rationally smooth,
then the intersection complex ICy is isomorphic to Q[d]. Thus the cohomology groups
with Qg-coefficients satisfy Poincaré duality. Also, in the applications in this paper,
the varieties involved are unions of affine spaces and thus the polynomials P(t) can
be computed by counting rational points on the varieties.

Remark 6.4. — Tt is proved in [7] that for Schubert varieties in the finite and affine
flag varieties for split groups, the converse is true. Namely, in this context, a Schu-
bert variety is rationally smooth if and only if its Poincaré polynomial formed with
Qg-coeflicients is symmetric. Something analogous holds in the Kac-Moody context,
cf. [29, 12.2 E(2)].

Norarion 6.5. — In the rest of this section and also in Sections 7, 8 and 10 we consider
the enhanced Tits datum (A, {\}, K) obtained, as in §5.2, from a local model triple
(G,{p}, K) with G adjoint and absolutely simple.

On the other hand, the enhanced Tits datum (ﬁ, {A}, K ) also corresponds to an
adjoint, absolutely simple group G” over k((u)), a G®(k((u))*P)-conjugacy class of a
minuscule cocharacter, and a conjugacy class of a parahoric subgroup K” = Sb(k[[u]]).
In terms of the identifications of §2.3, we have G* = &/, K> = K', §" = S @01 ku],
and the class of the cocharacter is the one that corresponds to {u}.

By Theorem 2.11, and the above discussion, the geometric special fiber of
Me(G, {u}) can be identified (up to a radicial morphism) with the union, over the
set Adm ({\}), of Schubert varieties in the partial flag variety LG®/L*S". In what
follows, to ease the notation, we will denote this partial flag variety by G”/K” and
its Schubert varieties as K’wK”/KP".

Below, and also in Sections 7, 8 and 10, we will employ various combinatorial
arguments in the extended Weyl group W which only involve (5, {A}, K ); for example,
which use cosets for the subgroup Wy. For these arguments, we will often omit the
tilde from the notation. For example, we will simply write Wy instead of Wj; in any
case, this subgroup ultimately only depends on the conjugacy class of the parahoric
subgroup K C G(F).
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Let us first make Lemma 6.2 explicit in the case of interest for us, namely for affine
Schubert varieties in the partial flag variety G”/K”. Note that for any w € W, we
have the projection map

I'vl? /1" — KPwK /K,

where v = max(WrwWi). This map is a locally trivial fiber bundle (for the étale
topology) with fibers isomorphic to the smooth projective variety K°/I”. Hence
K wK"/K? is rationally smooth if and only if I°vI”/I° is rationally smooth. Thus we
may use the Poincaré polynomial of I°vI”/I° to determine if K°wK” /K" is rationally
smooth.

We denote by WE the set of elements w € W that are of minimal length in their
coset wWpg . For any translation element A in W, we set
(6.1) Wer i ={v e WE | v < max{Wxt"\Wg}}.

The set W) k contains a unique maximal element, which we denote by wy x. For
any w € Wey i, we define the colength of w to be {(wy k) —¢(w), where ¢(w) denotes
the length of w.

We have KPAK®/K? = ||, e,
P(t) for K’ AK"/K?" is obtained from counting the rational points on K* \K®/K". Set
q = t2. Then P(t) equals to

(6.2) Py x(q) = Z q'™.

veEWA K

IPvK® /K >, The associated Poincaré polynomial

On the other hand, set v; = max(Wxt*Wp). Then
PP/ = || L] IPval’/T.

v<Wen k T€WK

The associated Poincaré polynomial is

> = Pak(a) Y, ¢"@.

1)EW<,\,qu(UI) reWgk
xeEWK

As Y ewn q"® is symmetric, we deduce that P<y r(q) Y eeWn ¢“®) is symmetric if
and only if Py k(g) is symmetric. By Lemma 6.2, we have

Prorosition 6.6. — If the Schubert variety K’XK°/K" is rationally smooth, then
Py x(q) is symmetric.

Derinition 6.7. — The LM triple (G, {u}, K) has the component count property
(CCP condition) if the following inequality is satisfied,
#{extreme elements of Adm g ({A\})} < #K.

Provositiox 6.8. — If the local model MIS(G, {u}) has rationally SPSS reduction
over O, then the CCP condition holds for the triple (G,{u}, K).

Proof. — Let (A, {)\}, K) be the associated enhanced Tits datum. As X is not central,
there exists A € Wy - A such that (N, a) # 0 for some root « of K.

By Theorem 2.11, K’ X K®/K" is an irreducible component of the geometric spe-
cial fiber of M2°(G, {u}). Thus if M2¢(G, {1}) has rationally SPSS reduction, then
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K°XN K" /KP is rationally smooth. Therefore by Lemma 6.2, the Poincaré polynomial of
K’ X K"/K" is symmetric. But this coincides with the Poincaré polynomial of W k.,
cf. (6.2), which is therefore symmetric.

Any length one element in W¢y g C WX is of the form s for some s € K ,
where 7 is the unique length-zero element in W with ¥ € W,r. Thus there are at
most #f( length one elements in Wy x. Hence there are also at most #f( colength
one elements of Wy .

Now list the irreducible components of the geometric special fiber as X; =
K°NK’/K®, Xs,...,X,. By the definition of rationally SPSS reduction, for any 4
with 2 < 4 < /, the intersection X; N X; is of the form K°w;K"/K”, where
w; € Wen kg with dim(K°w; K’ /K”) = dim(K°XK”/K") — 1. In particular, w;
is a colength one element in Wy x. As the intersection of any three irreducible
components of the geometric special fiber is of codimension 2, we have w; # w; for
i # j. In particular, {we,ws, ..., we} C Wey g is a subset of colength one elements.

Next we construct another colength one element of W/ k. Recall that wys g is the
unique maximal element of W/ k. Let s ¢ K. Then Swx K € WKt’\lWK. Therefore,
we have either swy xr < wx i, or swx g > wx gk and swy g = wy ks for some
s ¢ K.

If SWN' K > WX K for all s % K, then WKwMK = w,\/,KWK. Since WX K €
WictN Wi, we get Wit? = t* Wi. This contradicts the assumption that (N,a) £0
for some o € Py

Therefore there exists s ¢ K such that swy x < wy k. Since wy g € WK, we have
swy K € WK . Hence swy k € We i is a colength one element. As Kb(sz,K)Kb =
wa,\/’KKb = K°X'K”, we have swy g # w; for any 1.

We now have found at least ¢ distinct colength one elements in W,/ g, namely
swy x and wa, ..., w,. Thus we have £ < #f(. The proposition is proved. O

7. AnaLysts oF THE CCP coNpITION

7.1. StarEmenT oF THE RESULT. — The purpose of this section is to determine for
which enhanced Tits data the CCP condition is satisfied. Note that the CCP condition
only depends on the associated enhanced Coxeter datum.

Tarorem 7.1. — Assume that G is adjoint and absolutely simple. The enhanced Coz-
eter data satisfying the CCP condition are the following (up to isomorphism):
(1) Irreducible cases:
(a) The parahoric subgroup corresponding to K is mazimal special;
(b) The triple (Bn,w),{n}) withn >3 and 1 <r < n—1;
(¢) The triple (Cp, lw), {i}) withn =2, =1 or2 and 1 <i<n—1;
(d) The triple (Fy,wY,{4}).
(e) The triple (Ga,wy, {1}).
(2) Reducible cases:
(a) The triple (Zl, 2wy, {0,1});
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(b) The triple ( n—1,wy, K ~) with arbitrary K of cardinality > 2;
(¢) The triple (Ap—1,w;,{0,1}) with n > 4 and 2 <i<n—2;
(d) The triple (Bn wy,{0,n}) withn >

(e) The triple (Bn,wn, {0,1}) with n > 3
(f) The triple (Cn wy,{0,n}) with n > 2;
(g) The triple (Cn,&un, {i,i4+1}) withn>2,0=10r2and 0<i <5 —1;
(h) The triple (Dy,,wy,{0,n}) with n >

(i) The triple (Dy,w),{0,1}) with n > 5.

Here “irreducible” and “reducible” refer to the components in the special fiber.

7.2. Crassicar types. — We first study the classical types. Let E = R™ with the
canonical basis (e1,...,&,). We equip E with the scalar product such that this basis
is orthonormal and we identify E with E*.

We regard the Weyl group W(B,,) of type B, (and also C,) as the group of
permutations o on {£1,...,+n} such that o(—i) = —o(i) for 1 < i < n. The Weyl
group W (A,,_1) of type A,,_1 is the subgroup of W (B,,) consisting of permutations o
with o(7) > 0 for all 1 < ¢ < n. We have W(A4,,_1) = 5, the group of permutations on
{1,2,...,n}. The Weyl group W(D,,) of type D,, is the subgroup of W (B,,) consisting
of permutations ¢ such that #{i;1 < ¢ < n,o(i) <0} is an even number.

7.3. Tyee A,_y. — One may consider the extended affine Weyl group Z" x S, in-
stead. In this case, one may use the coweight (17,0"~") instead of the fundamental
coweight w).

It is easy to see that the triple (/L, 2wy, f() with K arbitrary satisfies the CCP
condition. Now we assume that A = w,’ for some r.

By applying an automorphism, we may assume that 0 € K.t is easy to see that
the case K = {0} satisfies the CCP condition. Now we assume that #K > 2. Then
K = {0,41,...,4¢—1} with £ > 2 and i; < --- < 4. Then the action of Wx on

{1,2,...,n} stabilizes the subsets {1,...,i1}, {i1 +1,... 42}, ..., {ip—1 + 1,...,n}.
So for A = (17’ 0™~"), the number of extreme elements equals the number of partitions
r =41+ -+ jp, where 0 < j,, < — im_1 for any m. Here by convention, we set

10 = 0 and 72y = n. Now the statement of Theorem 7.1 for type A follows from the
following result.

Prorosition 7.2. — Let £ > 2 and n,r,nq,...,ng, be positive integers with n = ny +
-+ mng and r < n. Set
X ={(1,--sde) | m=g1+-+3je, 0<Gi <ny for all ).
Then #X > ¢ and equality holds if and only if r =1, or £ = 2 and n1 or no equals 1.
Proof — Without loss of generality, we may assume that r < n/2 and ny > ng >
->2ny. Let t € Zsg such that n1+---+mn4_1 <r <ni+---+n;. Note that if t = £,

then n —r < ny, < ny < r, which contradicts our assumption that r < n/2. Therefore
t <.
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We have g = (n1,...,n4_1,7 —n1 — - —ny_1,0,...,0) € X. For any 1 < 47 <
t,t+1 < iy < ¥, we obtain a new element in X from the element xy by subtracting 1
in the i;-th factor and adding 1 in the é5-th factor. In this way, we construct 1+¢(¢—1t)
elements in X. Note that t(¢ —t) > ¢ — 1 and the equality holds if and only if ¢t = 1
or t = ¢ — 1. Therefore, #X > /.

Moreover, if #X = /¢, thent =1 or t = £ — 1, and the elements we constructed
above are all the elements in X.

Case (i): t = 1. In this case, g = (r,0,...,0). By our construction, there is
no element of the form (r — 2,js,...,5¢) in X. This happens only when r = 1 or
Nno + -+ +ny = 1. In the latter case £ = 2 and ny = 1.

Case (ii): t = £ — 1. In this case, o = (n1,...,np—2,7 —n1 — -+ —ny_1,0). By our
construction,

(1) there is no element in X with 2 in the last factor;
(2) there is no element in X with r —ny —--- —ny_1 + 1 in the £ — 1 factor.

Note that (1) happens only when r = 1 or n; = 1 and (2) happens only when ¢ = 2 or
r=mn1+---+ne_1. However, if r =nq +--- + ny_1 and n, = 1, then, since r < n/2,
we must have n = 2 and r» = 1. Hence both (1) and (2) happen only when » = 1 or
¢ =2and ny, = 1. O

7.4. TvrE B,,. By applying a suitable automorphism, we may assume that if 1 € K ,
then 0 € K. Let £ = #({0,n} N K).

We have {iy,...,is} C K C {0,iy,...,ig,n}, where 1 < iy < -+ < ig < n— 1.
Then

WK = Wl X Siz—il X+ X Sig—ie71 X Wg,
W(D;,), if0¢K W(Bn_i,), ifné¢K
where Wy = (D), i0¢ - and W, = ( o ifng ~
Siy, ifo0e K Sn—iss ifn e K.

Case (i): £ = 0.

In this case K C {0,n}.

If K = {0}, then K is maximal special and there is a unique extreme element.

If K = {n}, then p(Wx) is of type D,, and p(Wx)\W; has cardinality 2. Thus X
is the only extreme element if and only if p(Wg )W, = Wy, ie., Wy € p(Wk). This
happens exactly when A = wy with r < n.

If K = {0,n}, then Wi = S,,. In this case, the number of extreme elements
equals 2", where A = w,’. Thus the CCP condition is satisfied exactly when r = 1.

Case (ii): € > 1.

Case (ii)(a): £ > 1 and 7 < n.

By Proposition 7.2, the number of extreme elements with nonnegative entries is at
least ¢ + 1.

Note that for any m with 2 < m < £, if N = (c},...,c,) is an extreme element,

rn
" __ /! AN /" A
then \" = (cf,...,c,) is another extreme element, where ¢} = —c; ., ., , for

e n

any k with i,,_1 + 1 < k <, and ¢} = ¢}, for all other k’s.
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In particular, there exists an extreme element with some negative entries among
the {im—1+1,...,%;,}-th entries, and with all the other entries nonnegative. If 0 € K
(resp. n € K ), then there exists an extreme element with some negative entries among
the {1,...,4; }-th entries (resp. {i¢+1,...,n}-th entries), and with all the other entries
nonnegative. In this way, we construct £ — 1 + ¢ extreme elements.

Therefore the number of extreme elements is at least /+1+¢—1+¢e > {+¢. The
CCP condition does not hold in this case.

Case (ii)(b): £ > 1 and r = n.

Note that if € = 2, then {0,n} C K and there are 2" > n > { extreme elements
and the CCP condition does not hold in this case.

Now assume that ¢ < 1. It is easy to see there are at least 2¢ extreme elements,
whose entries are 1, and there are at most one —1 entry in the {i,,—1+1,..., 4y, }-th
entries for 1 gmgﬁ(ifOef(),or2§m<€+l (ifnef(). Here we set 19 = 0 and
i¢+1 = m. Thus if the CCP condition is satisfied, then 2t < 0+ ¢ < 0+ 1. Therefore
¢=1ande=1. Hence K = {0,i} or K = {i,n} for some 1 <i<n—1.

For K = {0, 4}, there are 2¢ extreme elements. Thus the CCP condition is satisfied
if and only if ¢ = 1. For K = {i,n}, there are 2"~iT! > 4 extreme elements and the
CCP condition does not hold in this case.

7.5. Tvee Cy. — By applying a suitable automorphism, we may assume that if n € K ,
then 0 € K. We have {iq,...,i¢} C K C {0,41,...,4¢,n}, where 1 < i3 < -+ < iy <
n — 1. Then

W Wy X Siy—iy X oo X Sipiy_y X Wa,
W(B; if 0¢ K W (Bn_i if n¢ K
where W, = (Bir), i£0¢ ~ and W, = (Bn—i,), ifn¢ ~
Sii, if0e K Sn—igs ifne K.
Case (i): £ =0.

If K = {0}, then K is maximal special and the number of extreme elements is 1.

IfK = {0,n}, then Wi = S,,. In this case, the number of extreme elements equals
to 2", where A = w,/. Thus the CCP condition is satisfied exactly when r = 1.

Case (ii): £ > 1.

Let ¢ = #({0,n} N K). By the same argument as in Section 7.4, if the CCP
condition is satisfied, then we must have A = w, or 2w,/, and € < 1.

Case (ii)(a): £ > 1 and € = 0.

Similarly to the argument in Section 7.4, there are at least 27! extreme elements.
If the CCP condition is satisfied, then 2¢~' < ¢ and hence ¢ < 2. If £ = 1, then
K = {i} for some 1 < i < n — 1 and there is only one extreme element, i.e., the
element \. If £ = 2, then K = {i1,12} for some 1 < i3 < iz < n. The number of
extreme elements is 2?27, In this case, the CCP condition is satisfied if and only if
io =141 + 1.

Case (ii)(b): £ > 1 and € = 1.

By our assumption, 0 € K. Similarly to the argument in Section 7.4, there are at
least 2¢ extreme elements. If the CCP condition is satisfied, then 2¢ < £4 1 and hence
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/

¢ =1. Thus K = {0,i} for some 1 < i < n — 1. In this case, there are 2¢ extreme
elements and the CCP condition is satisfied exactly when i = 1.

7.6. Tvee D,,. By applying a suitable automorphism, we may assume that if 1 € K,
then 0 € K, and if n — 1 € K, then n € K, and if n € K, then 0 € K.

We have {iy,...,is} C K C {0,i1,...,ig,n}, where 1 < iy < --- < ig < n— 1.
Then

WK = W1 X Sig—il X oo X Sitz—ief1 X Wg,
W(D;,), if0¢K W(D,,_;,), ifné¢K
where Wy = (D), i0¢ ~ and W, = ( o g -
Siy, if0e K Sn—is; ifne K.
Case (i): £ =0.

If K = {0}, then K is maximal special and the number of extreme element is 1.

IfK = {0,n}, then Wi = S,,. In this case, the number of extreme elements equals
to 27. Thus the CCP condition is satisfied exactly when r = 1.

Case (ii): £ > 1.

Similarly to the argument in Section 7.4, if the CCP condition is satisfied, then

— \% \%
A =wy or w

n—1-

Let ¢ = #({0,n}NK). If ¢ = 2, then there are 2”1 extreme elements. Since n > 4,
we have 2"~1 > n > ¢. Thus the CCP condition does not hold.

If € < 1, then similarly to the argument in Section 7.4, there are at least 2¢ extreme
elements. If the CCP condition is satisfied, then 2¢ < ¢ + ¢. Hence £ = ¢ = 1. Thus
K = {0,i} for some 1 < i < n — 1. In this case, the number of extreme elements
is 2/, Thus in this case, the CCP condition is satisfied if and only if K = {0,1}.
Note that wy and wy_; are permuted by an outer automorphism of the finite Dynkin
diagram of D,,, which preserves {0, 1}.

7.7. EXCEPTIONAL TYPES. For exceptional types, we argue in a different way.

Suppose that the extreme elements are Ay = A\, Ag, ..., Ax. Then we have Wy - A =
|_|f:1 Wik - Ai. We denote by Wy C Wy the isotropy group of A and Wi », C Wi the
isotropy group of A;. Then we have

k
(7.1) #Wo/Wx =D #Wi /Wi x,.
i=1
The trick here is that in most cases, we do not need to compute explicitly the
coweights \;. Instead, we list the possible cardinalities #Wx /Wk ,. We then check
that, in most cases, #Wy /W) does not equal to the sum of at most #K such numbers.
Thus the CCP condition is not satisfied in these cases.

7.8. Tyrr ég. — Note that A = wy and #W, /W, = 6. Suppose that the CCP condi-
tion is satisfied. If #K = 1, then #Wjy > 6. This implies that K = {0} or K= {1}.
One may check directly that these two cases satisfy the CCP condition. If #f( =2,
then #Wyx > 3, which is impossible.

JEP.— M., 2020, tome;



538 X. He, G. Parras & M. RarororT

7.9. Tyee Fy. Note that A = wy. We refer to [3, Plate VIII] for the explicit de-
scription of the root system of type Fj. In particular, we have wy = e} +¢3. Below is
the list of maximal parahoric subgroups K and #Wg /#Wi .

K |#Wk/Wk
(0} 24
! 2
2} 6
(3} 12
(4} 24

Thus the CCP condition is satisfied if K = {0} or {4}.

(a) Now suppose that #K = 2 and the CCP condition is satisfied. Then the (linear)
action Wx on Wy - X has exactly two orbits: the orbit of A and the orbit of another
element N with \ € Wy - A\. Then #WK/WK)\ + #WK/WK,A/ = #Wo/W, = 24.
In particular, 24 — #Wx /Wi » divides #W . This condition fails if 1 € Kor2€eK,
since in both cases #Wx /Wi x < 6. Thus K must be {3,4}, or {0,4}, or {0,3}.

If K = {3,4}, then we take \' = & — ey. By direct computation #Wg /Wi x +
#WK/WK,)\/ =124 6 # 24.

If K = {0,4}, then we take N = —¢} 4 &¥. By direct computation #Wyx /W +
HWie /Wi = 6+ 6 £ 24.

If K = {0,3}, then #Wg /Wi » = 3 and 24 — 3 = 21 does not divide #Wk.

(b) Now suppose that #K = 3. If the CCP condition is satisfied, then #Wjx >
24/3 = 8 and thus K = {0,1,4}. However, in this case Wi = Wk, and thus for
any X, X, we have #Wg /Wi + # Wi /Wi x + #Wk /Wk < 24. That is a
contradiction.

(c) If #IZ’ > 4, then #I? - H#Wg <52 =10 < 24. So the CCP condition is not
satisfied in this case.

7.10. Tvee Fg. — By the definition of a minuscule coweight, A is conjugate by an
element of Wy to the trivial coweight or a minuscule coweight X' of Wi

In Table 4 below, we list all the numbers #Wg /Wiy, where X is either trivial
or a minuscule coweight of Wy . A direct product of Coxeter groups of type A like
An, X - x Ay, is abbreviated as A,,, . n,. We use a double line to separate the
subsets K with different cardinalities.

One may check case-by-case that if 27 equals the sum of #IN{ elements in the list
of #Wk /Wi » from Table 4, then Wi is of type Eg.

7.11. Tvee E;. In Table 5 below, we list all the numbers #Wgx /Wi »/, where X
is either trivial or a minuscule coweight of W

One may check case-by-case that, if 56 equals the sum of #IN( elements in the list
of #Wi /Wi » from Table 5, then Wi is of type E7, A7, Eg or Ag.

If Wi is of type A7, then #Wi /Wi » = 8 # 56.
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Type of Wk | # Wk /Wi x| Type of Wi | # Wk /Wi x| Type of Wi | # W /Wi s

Fo 27,1 Asq 20,15,6,2,1 | Azans 3.1

Ds 16,10, 1 A5 20,15, 6,1 Ass 10,5,2, 1
A3,171 6,4,2,1 A2,2,1 3,2,1

Dy 8.1 Ay 10,5,1 As 1 6,4,2,1
A2’2 3,1 A2’1,1 3,2,1

As 6,4,1 A271 3,2,1 A1,171 2,1

Ay 3,1 Ar 2,1

A 2.1

TaBLE 4.

If Wi is of type Eg, then #Wx /Wi » = 1 and thus there is no X with
#Wi /Wi x + #Wk /Wi x = 56.
If Wi is of type Ag, then #Wx /Wi » =7 or 1. Thus there is no A" with
#FWr [Wr x + #Wik /Wi x = 56.

Type of Wi | # Wk /Wi x| Type of Wi | # Wk /Wi xr | Type of Wi | #Wx /Wi nr
Er 56,1 Az 70,56,28,8,1 Dg x A 32,12,2,1
As2 20,15,6,3,1 A3z 3,1 6,4,2,1
Eo 27,1 Ds 32,12, 1 Ag 35,21,7,1
D5 x Aq 16,10,2,1 As1 20,15,6,2,1 | Dy x A1 X A 8,2,1
Ay s 10,5,3,1 As 3 6,4,1 Az 2.1 6,4,3,2, 1
A3z1,1,1 6,4,2,1 Az.2.2 3,1
Ds 16,10, 1 As 20, 15,6, 1 Dy x Ay 8,2,1
Asa 10,5,2,1 As 2 6,4,3,1 Az 11 6,4,2,1
A2.2.1 3,2,1 A21.1,1 3,2,1 A11,1,11 2,1
Dy 8,1 Ay 10,5,1 A3zl 6,4,2,1
Az 2 3,1 Az1,1 3,2,1 A11,1,1 2,1
As 6,4,1 Az 3,2,1 A1 2,1
Ao 3,1 A1,1 2,1
A 2,1
TasLE 5.

8. RA'I‘IONALI,Y STRICTLY PSEUDO SEMI-STABLE REDUCTION

In this section, we exclude the cases from the list in Theorem 7.1 that do not have
rationally SPSS reduction. By Lemma 6.2, we check if the Poincaré polynomial is
symmetric. As we have seen, the Poincaré polynomial depends only on the enhanced
Coxeter datum, not the enhanced Tits datum. We start the elimination process with
the exceptional types.
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8.1. Tur cask (C:‘g,w;,{l}). Here t* = 595951525152 and the unique maximal
element in W¢y g is wa g = s25052515251. The set Wy x has a unique element
of length 1, which is s;, but has two elements of length 5, which are syw) x and
sowx, k- Therefore the Poincaré polynomial is not symmetric and K’ AK?/K" is not
rationally smooth.

8.2. THE casE (ﬁ4,wlv, {4}). — Here t* = 50515253545253515253545152535251 and the
unique maximal element in W¢y i is wx, g = 51525352515051525354525351525354. The
set W¢a k has a unique element of length 2, which is s3s4, but has at least two
elements of colength 2, which are sysjwy g and sosjwy, x. Therefore the Poincaré
polynomial is not symmetric and K’ AK"/K” is not rationally smooth.

8.3. Tk cask (Fy,wy, {0}) (SPECIAL PARAHORIC). Here the unique maximal element

. . _ 0,1 . .
in Wera g iswyg =t A= wé ’ }wén}so, where wé( is the longest element in Wi

for K’ = {0} or {0,1}. Thus
ZzEW q
Pok =1+ ——.
Z:EEW{OJ} q
Note that (erw{o} qf(i))(zxew{m} q"@®)~1 is a symmetric polynomial and not all

the coefficients are equal to 1. Thus Pcy k is not symmetric and K’ AK®/K" is not
rationally smooth.

8.4. Tue cLassicaL Tvpes. — Now we consider the cases where W is of classical type.
Let ®,¢ be the affine root system of a split group whose associated affine Weyl group
is W,. Let ® be the set of finite roots. As ®,¢ comes from a split group,

Dy ={a+nd | acP,neZ}
The positive affine roots are
{a+nd | a€e®t neZoofU{-a+nd | acd®  neZsy}

In other words, the element t* € W acts on the apartment by the translation —A\.
We have the following formula on the length function of an element in W (see [24]).

Lemva 8.1. — Forw € Wy and a € @, set

5u(c) 0, ifwaecdT;
w () =
1, ifwaed .

Then for any x,y € W, and any translation element N in W,

Waty™) = 3 1N, ) +8ala) - 6, ().

aedt
We also have the following well-known facts on the Bruhat order in W.
Lemva 8.2. — Let w € W. If a € @y is positive, and w~ () is positive

(resp. negative), then sqw > w (Tesp. sqw < w).
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1

Remark 8.3. In particular, if K = {0}, then t= € WE for any dominant .

Levvia 84. — Let w € WK and s € S. If sw < w, then (sw) = L(w) — 1 and
swe WK,

The following result on the maximal element wy x of Wy x will also be useful in
this section.

Lemwva 8.5. The mazimal element wy x in Wy ik s N, where X is the unique
element in Wi - X such that (X, a) > 0 for any affine simple root a not in K.

Proof. — Let wk be the longest element in Wi.
Cram. — The element t>"w£< is the mazimal element in Wt Wy = Wit \W.

Let a be a simple affine root that is not in K. Then
(" wi) T (@) = (wg) o = (V,)8) = (wg) @) = (N, )d

is a negative affine root. Hence by Lemma 8.2, sot*wl < tMwk. Similarly,
N wi)(a) = N (W (@) = wl (o) + (N, wE (a))d. Note that wi(a) equals to —j
for some simple affine root 3 that is not in K. Hence (M wk)(a) is a negative affine
root. By Lemma 8.2, txwé{sa < t’\/wg. The claim is proved.

Note that by the assumption on X, t’\/(a) is a positive affine root for any simple
affine root « that is not in K. Therefore X € WK,

Since t*' is the unique element contained in both (t’\/wé( YW and WK , and t)‘/wé(
is the maximal element in Wxt*Wk, A is the unique maximal element in Wy k.
The statement is proved. O

With these facts established, we can now continue our elimination process.

8.5. Tuk cask (By,wy, {0}) (spEciaL paraHORIC). — Here n >3 and 2 <i<n— 1.

Note that the set W< x has a unique element of length 2, which is 7s25¢. Here 7, as
usual, is the unique length-zero element in W with £* € W,T. By Lemma 8.2, 5;t~* <
t= and si,lsit*)‘,siﬂsit’/\ < st~ By Lemma 8.4, sit™™ is a colength-1 element
in Wga, x and Si_18it™, Si+1$it_>\ are colength-2 elements in W¢ ) x. Hence the set
W« k has at least two elements of colength 2. Therefore the Poincaré polynomial is
not symmetric and K?A\K”/K" is not rationally smooth.

8.6. Tue case (CN'n,in, {0}) (spEcIAL pARAHORIC). — Heren >3 and 2 <i<n— 1.
Note that the set Wy x has a unique element of length 2, which is s;so.
By Lemma 8.2, sit™™ <t~ and si,lsit_’\,siﬂsit_’\ < st~ By Lemma 8.4, gt~
is a colength-1 element in W¢y g and 5;_18;t~*,8;415;t~> are colength-2 elements
in Wgy k. Hence the set W¢y ik has at least two elements of colength 2. Therefore
the Poincaré polynomial is not symmetric and K’ \K? /K" is not rationally smooth.
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8.7. Tuk cask (Ch, lwy, {i}). Heren>2,¢/=1or2and 1 <i<n—1L

By Lemma 8.5, wy g = V', where the first  entries of X are £/2 and the last n —i
entries of X are —¢/2. Note that the set W¢y x has a unique element of length 1,
which is 7s;. Here 7, as usual, is the unique length-zero element in W with ¥ € Wort.
By Lemma 8.2, sot < V. By Lemma 8.4, sott is a colength-1 element in Wy k.
Similarly, s,t" is a colength-1 element in Wy . Thus the set Wy g has at least
two elements of colength 1. Therefore the Poincaré polynomial is not symmetric and
K°XK"/K" is not rationally smooth.

8.8. THuE case (En,wl, {n}). Heren>3and 1 <r<n—1.
By Lemma 8.5, wx g = t)‘/, where the first n — r entries of X are 0 and the last r
entries of A’ are —1.

8.8.1. The case 2 < r < n—2. — Note that the set W¢, x has a unique element of
length 2, which is 7s,_15,, where again 7 is the unique length-zero element in 1%
with % € Wer.

By Lemma 8.2, st < N and s,n_ls,«t)‘,, 87«4_18,«15)‘, < srt)‘/. By Lemma 8.4, st
is a colength-1 element in W¢y x and sr_lsrt)‘/,s,q_lsrt)‘, € Wgy i are colength-2
elements in Wy k. Hence the set W¢y k has at least two elements of colength 2.
Therefore the Poincaré polynomial is not symmetric and K’ XK /K" is not rationally
smooth.

8.8.2. Thecaser =1. — By direct computation,
Wx,K = T(Sn—18n—2 """ 52)(8081 " Sn)

and the Poincaré polynomial is (1+¢+- - ~+q2(”_1))q—|—q" + 1 which is not symmetric.
Thus K°AK’/K?” is not rationally smooth.

8.8.3. Thecaser =n—1. — The set W¢y i has a unique element of length 1 which
is 75y, but has at least two elements of colength 1, namely sywy x and sowy k. The
Poincaré polynomial is not symmetric and K*AK?/K” is not rationally smooth.

8.9. Tuk case (Cp, 2wy, {i,i +1}) witn 0 <i <n/2—1. — Here n > 2.

By Lemma 8.5, wy g = t)‘,, where the first :+1 entries of X' is 1 and the last n—i—1
entries of X' is —1. In this case, Wy k has exactly two elements of length 1 which
are s; and s;41. Similarly to the argument in §8.7, snt* and sot* are colength 1
elements in W¢y . By Lemma 8.2, 525i+1+25t>‘, = (i4+1,—@G+ 1)) <t and
82€1+25t/\, € WX. Here the first i-entries of A" is 1 and the last n — i-entries of )’
is —1. By Lemma 8.1, €(82€i+1+25t’\/) = (") — 1. Hence 826i+1+25t/\/ is a colength-1
element in Wy k. Therefore W¢y g contains at least three elements of colength 1
and the Poincaré polynomial of Wy g is not symmetric.
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8.10. Tue case (Cp,wy, {i,i+1}) witn 1 <i <n/2 — 1. Here n > 2.

By Lemma 8.5, wy g = t>‘/, where the first ¢ + 1 entries of X is 1/2 and the last
n—i—1 entries of ' is —1/2. In this case, W, x has exactly two elements of length 1
which are 7s; and 7s;41, where again 7 is the unique length-zero element in W with
t\ € W,r. Similarly to the argument in Section 8.7, spt? and sot? are colength 1
elements in W¢y x. By Lemma 8.2, 526i+1+5t>‘/ = (i4+1,—( + 1)) < t* and
32€1+5t)‘/ € WK . Here the first i-entries of \ is 1/2 and the last n — i-entries of \”’
is —1/2. By Lemma 8.1, €(526i+1+5t)\l) = ((t") — 1. Hence 82€H1+5t>‘, is a colength-1
element in Wgy k. Therefore Wy x contains at least three elements of colength 1
and the Poincaré polynomial of W g is not symmetric.

8.11. TuE casE (én,w%, {0,1}). Here n > 3.

By Lemma 8.5, wy g = ', where N = (1,-1,-1,...,—1). In this case, W¢x x
has exactly 3 elements of length 2 which are 7sgs1, 7s25¢ and 7s2s1. Similarly to the
argument in Section 8.9, snt’\/ and 851+5t>\/ = (1, —1)t“"¥ are colength-1 elements in
Wg,\,K.

By Lemma 8.2, sn_lsnt)‘/ < snt)‘/ and snsgﬁgt)‘, < 851_;,_575)‘/. By Lemma 8.4,
Sn_15n1" and s, s., 5t are colength-2 elements in W x. The next lemma produces
two more elements of colength 2.

Lrywma 8.6. The elements s€1+5txsgl_5n and Sel—sn-s-ésel-s-&tx are colength 2 ele-
ments in W k.
Proof. — We have
Se,yst™ (61 —en) = (1,=1) - (61 — en) = —€1 — &
Thus se, 45t sc, e, < 8e,45" . Note that s., 5t s, o, = (1, —1)(1, n)t~“n.
For 2 <i < n—2, we have
Sy ot Sei—e, - (i —€ip1) = (L =1)(1,n) - (g — €i11) = & — €it1.
We have
351+6t)\ Se1—ey ° (En—l - En) = (17 —1)(1,71) : (6n—1 - 5n) =€1+En-1-
We have )
Seiast™ Sey e, en = (1, =1)(1,n)(ep — 0) = —&1 — 6.
Therefore s, 45t s, ¢, € WK,
Finally, by Lemma 8.1, we have
U8, 151" e, —c) = L) — 2.
Therefore s€1+5t)‘/ Se,—e, is a colength 2 element in Wy k.
Similarly, we have
(351+5t’\ )h(eg —en+0) = —e1 — &, — 0.
Thus 351,57L+5351+5t/\/ < 561+5t)‘/. Note that

Sey—entsSertst’ = (1,n)(1, —1)t(O LT 1O),
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For 2 <i < n — 2, we have
551—6n+5551+5t)\, (6i —€iy1) = € — Eig1-
We have
Sey—ey+65e, 46t (En1 —en) = (1,n)(1, 1) - (En—1 — n — 8) = £p_1 — &1 — 6.
We have
881—€n+5881+5t)\/ “E€np = E1.

Therefore s, 45t s, ¢, € WK,
Finally, by Lemma 8.1, we have

6(861—6n+5881+5t)\/) = e(tx) - 2.

Therefore 851+5t>‘/ S¢,—e, 15 a colength 2 element in Wy k. O

Therefore W, g contains at least 4 elements of colength 2 and the Poincaré poly-
nomial of Wy g is not symmetric.

8.12. Tue case (Cp,wy,{0,n}). — This case is more complicated than the cases
we have discussed earlier. In fact, the geometric special fiber has two irreducible
components and the Poincaré polynomials of the irreducible components are both
symmetric. However, the Poincaré polynomial of their intersection is not symmetric.
Let A = (1,0,...,0) and X = (0,0,...,0,—1). The irreducible components of the
geometric special fibers are K’ AK”/K? and K° X K"/ KP".
We set w; = max(Wgt*Wg) and wy = maX(WKt)‘/WK). By direct computation,

w1 = (sn718n72 ce So)(8132 ce sn)w(I)(v Wz = (8182 te Sn)(sn713n72 ce So)w(lf,

where wé( is the longest element in Wy . Moreover, the set
{w' e Wiw' <wy,w’ < ws}
contains a unique maximal element ww{, where

w= (8182 8$pn—1)(Sn—28n—3 " $1)S0Sn € wk.

Set Wew,xk = {v € WK;U < w}. The intersection of KPAK?/K® and K’N K’ /K" is
K wK’ /K" and the associated Poincaré polynomial is

Pew(@)= Y, ¢

vEWgw, Kk
We have W,k = {1, v150, V25n, U3505, }, Where
v1 € Wiony N wioln}t — {1,51,8281, -y 8n—18n—2+""S1},
va € Wigpy N wion=tn} — {1, 8n—1,8n—28n—1,---,8182 " Sn—1},

U3 € W{O,n} A wioLn=1n}

JE.P.— M., 2020, tome 7



;()(JI) AND SEMI-STABLE REDUCTIONS OF SDHIMURA VARIETIES 3 5
( S 4

Note that Wy, N WOLn=tnt = W (A, ){tn—1} where W(A,_1) is the finite
Weyl group of type A,,_1. Thus
L(v)

Z g6) = D vew (4, 1)

f— ... n_2 “ .. n_l
S e, o 0 (I+g+- - +¢" ") (1+g+--+¢" ).

v3EW (g, nyNW{0:1:n—1.n}
Hence
Powr=14+21+q+ - +¢" g+ 1+qg+ - +¢" A +qg+-+¢" "
— (14204 4+ 1"+ (n+ 1g") + (n— g™+
+(n—=2)¢" P2+ 4.
Note that the coefficient of ¢"~! is n and the coefficient of ¢" is n + 1. Therefore

P¢, Kk is not symmetric.

8.13. The cask (Aq, 2wY,{0,1}). — Finally, we consider the case (A;, 2wy, {0,1}). In
this case, K” = I" and Adm(\) = {s¢s1, 5150, 51, S0, 1}. The irreducible components

of the geometric special fiber are I°sgs1I°/I” and I’s;soI°/I°. Their intersection is
I*s11° /1" U I’sI? /1” and thus is not irreducible.

9. Proor ofF THEOREM .1

In this section we assume p # 2. As already explained in Section 5.1, we may
assume that G.q is absolutely simple. By Proposition 2.14 (iv), we may change G
arbitrarily, as long as G,q is fixed. Let us check one implication. If K is hyperspecial,
then MR¢(G, {u}) is smooth over Op, cf. Proposition 2.14 (i). Let G = GU(V) be
the group of unitary similitudes for a hermitian space relative to a ramified quadratic
extension F/F, and let {y} = (1,0,...,0). If K is the stabilizer of a m-modular
lattice A if dim V' is even, resp. is the stabilizer of an almost m-modular lattice A if
dimV is odd, then E = F and the local model Me(G, {u}) is smooth over Op,
cf. [1, Prop.4.16], [40, Th.2.27 (iii)]. Now let G = SO(V') be the orthogonal group
associated to an orthogonal F-vector space of even dimension > 6, {11} the cocharacter
corresponding to the orthogonal Grassmannian of isotropic subspaces of maximal
dimension, and K the parahoric stabilizer of an almost selfdual vertex lattice, as in
5.1(2). After an unramified extension of F, the set-up described in 12.11 applies;
by the calculation in 12.11 and Proposition 2.14 (ii) the local model M'2°(G, {u}) is
smooth over Og. The general case of exotic good reduction type (which involves in
addition an unramified restriction of scalars) follows.

Conversely, assume that MR¢(G, {u}) is smooth over Op. Then its geometric spe-
cial fiber is irreducible, and hence the triple (G, {u}, K) produces enhanced Coxeter
data that appear in Theorem 7.1 under the heading (1). By Sections 8.1 and 8.2,
the exceptional types (d) and (e) do not have rationally SPSS reduction. Similarly,
Section 8.8 eliminates the case (b), and Section 8.7 eliminates the case (c). Therefore,
the only remaining possibilities are in case (a), i.e., Kisa special maximal parahoric.
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Hence the associated enhanced Tits datum (A, {A}, K) is such that K consists of a sin-
gle special vertex. From these cases, Section 8.3 eliminates (Fy,wy, {0}). Sections 8.5
and 8.6 eliminate (B,, wy,{0}) and (én,wiv, {0}),forn > 3and 2 < i < n—1. (In these
cases, the special fiber is irreducible but, again, not rationally smooth). When K is
hyperspecial and A is minuscule we have good reduction. When K is hyperspecial
and A is not minuscule the reduction is not smooth by [31]. (This reference is for k
replaced by C but the same argument works; see also [19, §6] for an explanation of
the passage from C to k.) It remains to list the remaining cases in which K is special
but not hyperspecial. Here are these remaining cases:

(1) (Bp,wy,{0}), n > 3.

Since we are only considering the cases in which {0} is not hyperspecial, the lo-
cal Dynkin diagram is B-C,,. Since the non-trivial automorphism of B-C,, does not
preserve {0}, the Frobenius has to act trivially (see [17]). The corresponding group
is a quasi-split (tamely) ramified unitary group U(V') for V of even dimension 2n
(e.g. [17, p. 22]). The coweight corresponds to {u} = (1,0,...,0) and K is the para-
horic stabilizer of a T-modular lattice (notations as in 5.1 (1)). This is a case of unitary
exotic good reduction.

(2) (Bn,wy,{0}), n >3,

As above, the local Dynkin diagram is B-C, and the corresponding group a
(tamely) ramified unitary group U (V') for V of even dimension 2n. The subgroup K is
the parahoric stabilizer of a w-modular lattice. In this case, the coweight corresponds
to {u} = (1™,0() so this is the case of signature (n,n). By [39, (5.3)], we see
that the geometric special fiber of the local model contains an open affine subscheme
which has the following properties: It is the reduced locus C™9 of an irreducible
affine cone C' which is defined by homogeneous equations of degree > 2 and which is
generically reduced. Then C*¢ is the affine cone over the integral projective variety
(C —{0})**d/ ~, also given by such equations, and is therefore not smooth. We see
that, in this case, MR¢(G, {u}) is not smooth.

(3) (Cnyw,{0}), n > 2.

Since we are only considering the case in which {0} is not hyperspecial, the local
Dynkin diagram is C-BC),, or C-B,. In both cases, only the trivial automorphism
can preserve {0} so Frobenius acts trivially. In the case C-BC,,, we have a ramified
unitary group U(V) for V of odd dimension 2n+ 1; here there are two possibilities for
a corresponding enhanced Tits datum. There are three cases overall that also appear
as cases (1-a), (1-b), (1-c) in the next section:

(a) Ramified quasi-split U(V) for V of odd dimension 2n + 1, {u} = (1,0,...,0),
and K the parahoric stabilizer of an almost m-modular lattice. This is a case of unitary
exotic good reduction.

(b) Ramified quasi-split U (V') for V of odd dimension 2n4-1, {u} = (1=, 0("+2))
and K is the parahoric stabilizer of a selfdual lattice. Then the local model has non-
smooth special fiber by Section 10.3 (or one can employ an argument using [39, (5.2)]
as in (2) above).
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(¢) Ramified quasi-split orthogonal group SO(V') for V' of even dimension 2n + 2,
w is the cocharacter that corresponds to the quadric homogeneous space and K is the
parahoric stabilizer of an almost selfdual vertex lattice. Then the local model is not
smooth; this follows by combining Propositions 12.7 and 12.6 (IT).

(4) (Cnywy;,{0}), n>2.

The local Dynkin diagram is C-B,. As above, we see that we have a ramified
quasi-split but not split orthogonal group SO(V') for V of even dimension 2n + 2,
{p} corresponds to the orthogonal Grassmannian of isotropic subspaces of dimension
n+1and K is the parahoric stabilizer of an almost selfdual vertex lattice. This is the
case of orthogonal exotic good reduction (see also Section 12.11).

(5) (Ch, 2wy, {0}), n > 1.

The local Dynkin diagram is C-BC,,. We have a ramified unitary group U (V) for V
of odd dimension 2n + 1, {u} = (10 0(**1)) and K is the parahoric stabilizer of an
almost 7T-modular lattice. Using [39, (5.2)] and an argument as in 2) above, we see
that the special fiber is not smooth when n > 1. If n = 1, then {u} = (1,0,0) and
this is a case of unitary exotic reduction.

(6) (G2,ws,{0}).

Again Frobenius is trivial and we have the quasi-split ramified triality group of
type 2Dy4. The tameness assumption implies that p # 3. Therefore, the main result
of Haines-Richarz [19] is applicable and implies that the special fiber is not smooth.
(In principle, this non-smoothness statement can also be deduced using Kumar’s
criterion—see Section 10.2 below. However, this involves a lengthy calculation that ap-
pears to require computer assistance, see the (simpler) case of G in [31, (7.9)—(7.12)].)

10. STRICTLY PSEUDO SEMI-STABLE REDUCTION

10.1. STATEMENT OF THE RESULT. Our goal here is to examine smoothness of the
affine Schubert varieties contained in the geometric special fiber of M2¢(G, {u}). By
Theorem 2.11, this fiber can be identified with the admissible locus JAx (G, {p}) in
the partial affine flag variety for a group G which is isogenous to G° but which has
simply connected derived group. In the rest of this section, we will omit the tilde from
the notation; but it is understood that the affine Schubert varieties will be for a group
with simply connected derived group. This issue did not appear in our discussion of
rational smoothness since this is defined via f-adic cohomology which is insensitive
to radicial morphisms. In fact, the rational smoothness of the affine Schubert variety
I*wI®/I° only depends on the element w in the Iwahori-Weyl group, and does not
depend on the reductive group itself. On the other hand, the smoothness of the affine
Schubert variety I°wlI”/I° depends on the reductive group, not only the associated
Iwahori-Weyl group. In other words, smoothness of the affine Schubert varieties in
question (assuming simply connected derived group) depends on the enhanced Tits
datum, and not only on the enhanced Coxeter datum.

In this section, we consider the enhanced Tits data associated to the enhanced
Coxeter data (Cp,wY,{0}), (Bn,wy,{0,n}) and (Cp,w,{0,1}). They are as follows:
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(1) The triple (Cy,wy, {0}) with n > 2:

Label Enhanced Tits datum Linear algebra datum
(1-a) 9 10>< 2 _no ! n Nonsplit Uap41,7 = 1, Ag
(1-b) | 9 1 2. n=LX  n | Nonsplit Uspir, 7 =n—1,An
(1-c) 9 1o>< %, __ne 1 2 | Nonsplit SO2pt2,7 =1, A0
(2) The triple (B,,,wy,{0,n}) with n > 3:
Label Enhanced Tits datum Linear algebra datum
?
2a) | gt "52 27 |Split SO2ni1, v =1, (Ao, An)
\10><
9
(2b) | Bl no2 2 Usn, 7 =1, (Ao, An)
\10><
(3) The triple (Cy,w),{0,1}) with n > 2:
Label Enhanced Tits datum Linear algebra datum
(3-a) 9:>l %, _n g<1zno>< Split Sp2yn, T =n, (Ao, A1)
(3-a) (.]<:l %, o 31:’;5 Nonsplit SO2p42,7 =n+ 1, (Ao, A2)

Here the numbers above the vertices of the Dynkin diagrams are the labellings.
The main result of this section is

Prorosirion 10.1. — The cases (1-b), (1-¢), (2-b) and (3-a) are not strictly pseudo
semi-stable reduction.

We prove Proposition 10.1 by showing that at least one of the irreducible compo-
nents of the geometric fiber is not smooth.

10.2. Kumar’s criterion. — Note that for any = € W and parahoric subgroup K, the
smoothness of K?xK”/K" is equivalent to the smoothness of I’wI?/I”, where we set
w = max{WgaWgk}. To study the case (1-b), we use Kumar’s criterion [28], which
we recall here.

Let @ be the quotient field of the symmetric algebra of the root lattice. Follow-
ing [4], we fix a reduced expression w = TSq, - - Sq, of w, where 7 is a length-zero
element in W and ai, ..., ap are affine simple roots. For any = < w, we define

¢
(10.1) e X(w)= > J[s1--si(e;) €q,
(s1,...,8¢) J=1
where the sum runs over all sequences (si,...,s¢) such that s; = 1 or s,; for any j
and s1---sp = x. We call such sequences the subexpressions for x in w. It is known
that e, X (w) is independent of the choice of the reduced expression w of w. Kumar’s
criterion gives a necessary and sufficient condition for the Schubert variety to be
singular in terms of e; X (w) when the field is C. It is not known if a similar result
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holds in positive characteristic. However, one implication can be shown following
[19, §6]. The statement we will use is the following:

Tueorem 10.2. If e1X(w) # H{ae{ﬁf\sagw} a~t, then the Schubert wvariety
IPwI®/1° is singular.

10.3. The case (1-b). — Set X' = (=1,—1,...,—1,0). By Lemma 8.5, "' is the max-
imal element in W¢ v k. Set w = maX(WKtXWK). By direct computation,

w = (Sn—lsn—Q s 80)(8152 cee Sn)wé(,

where w{’ is the longest element in Wy.

As s, is the reflection of a long root, and the other simple reflections are reflections
of short roots, in any expression of 1, the simple reflection s, must appear an even
number of times. Note that in a reduced expression of w, the simple reflection s,
appears only once, thus s, does not appear in the subexpression for 1. Moreover,
the reduced expression w of w may be chosen to be of the form ...s,_18,8n_1....
Thus any subexpression (si,...,s;) for 1 in w is of the form (...,1,1,1,...),
(cvoySn—1,1, 801, ), (s Sn—1, 1,1, .00), (oo, 1,1, 8—1, ... ). Here the three terms
in the middle are the subexpressions of s,_15,5,_1 in which s,, does not appear. A
direct computation for the rank-two Weyl groups shows that

e1X (Sn—18n8n-1) = —€s, ; X(Sn—18n5n—1)
(10.2) _ —lamay) 2

anan—lsn—l(an) anan—lsn—l(an) .

We rewrite the formula (10.1) as

14 4
aX(w)= Y J[si-sila)+ > [ siep™

(el 11, ) (oosmts L ntye )

4 4
+ > s+ > TIsisila)™

(sn_1,1,1,...) 4= (ol 1,801,...) 4=1
By (10.2), all coefficients in the first and in the second line are multiples of 2. By
Theorem 10.2, I’wI®/I” is not smooth.

10.4. Tue cask (1-¢). — The special fiber is irreducible but not smooth. As was also
mentioned in Section 9, Case (3), this follows by combining Propositions 12.7 and
12.6 (I1).

10.5. Tue case (2-b). Set A = (0,0,...,0,1). By Lemma 8.5, " is the maximal
element in W¢y i. Set w = max(WKtX Wik). By direct computation,

W= T(Sp—15n—2 " 52) (5051 - - 8 )W,

where 7 is the unique length-zero element in W with ¥ € W, and w{ is the longest
element in Wiy
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Note that in a reduced expression of w, the simple reflection s, appears only
once, thus s, does not appear in the subexpression for 1. Similar to the argument in
Section 10.3, I’wI® /1" is not smooth.

10.6. Tue case (3-a). — Set N = (—3,—3,...,—3). By Lemma 8.5, " is the maxi-
mal element in W¢y k. By direct computation,

maX(WKt)‘/WK) = Tw({)n}wéom}wé(v

where 7 is the unique length-zero element in W with ¥ € W, and where wl " is the
longest element in W for K/ = {0,1}, {n} or {0,n}. Note that

KMVEKYJKY = PVKY K = Pwi™wl®™ K0 /K = pol™ o K0 K ¢ KK,
where K7 = {0,1,n} and Ky = {n}.

Let Uy, be the pro-unipotent radical of K5 and G’ = K'Q’/UKZ the reductive
quotient of K3. Note that G/, is the adjoint group of type B,, over k. Let P = K{/UKE.

This is a standard parabolic subgroup of G’. We have K5/K?} = G'/P. This is a partial
flag variety of finite type.

Group Affine/Finite Dynkin diagram
e——eo 0- - — - o=——0
el n n—1 n—2 1
ec——eo 0----0
TasLE 6.

In Table 6, the parahoric subgroup K of G and the parabolic subgroup P of G’
correspond to the set of vertices filled with black color in the corresponding diagram.

The finite Dynkin diagram of G’ is obtained from the local Dynkin diagram of G
by deleting the vertex labeled n. The labeling of the Dynkin diagram is not inher-
ited from the local Dynkin diagram of GG, but is the standard labeling of the finite
Dynkin diagram in [3]. The reason is that we will apply the smoothness criterion for
finite Schubert varieties, and we follow the convention for finite Dynkin diagrams and
finite Weyl groups. We identify the finite Weyl group Wg: of G’ with the group of
permutations of {£1,+2,...,+n}.

Under the natural isomorphism K3/K? 2 G’/ P, the closed subset of the affine par-
tial flag variety I"w({)n}wéo’"}K'{/Kf is isomorphic to the closed subvariety B'w’P/P
of the finite type partial flag variety, where B’ = I’ /U K3 is a Borel subgroup of G’
and w’ € Wgr is the permutation (1,—n)(2,—(n—1))---.

The smoothness of B'w’P/P is equivalent to the smoothness of B'w'wfB’'/B’,
where w{’ is the longest element in the Weyl group Wp of P. The element w'w{ is
the permutation of {+1,£2,...,4n} sending 1 to —2,2to —3,...,n—1to —n and n
to —1. By the pattern avoidance criterion (see [2, Th.8.3.17]), B'w'wf B’/B’ is not
smooth. Hence K’ X K?/K” is not smooth.
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11. PROOF OF ONE IMPLICATION IN THEOREM 5.6

Assume that M2°(G, {u}) has strictly semi-stable reduction. Inspection of all cases
considered in the previous section shows that then (G, {u}, K) appears in the list of
Theorem 5.6. In the remaining section of the paper, we show that indeed for all
triples (G, {u}, K) on this list the corresponding associated local models have semi-
stable reduction. As a consequence of this assertion, we obtain the following somewhat
surprising result.

Cororrary 11.1. Let (G, {p}, K) be a triple over F' such that G splits over a tame
extension of F'. Assume p # 2. Assume also that the group G is adjoint and absolutely
simple. If MIRS(G, {u}) has strictly pseudo semi-stable reduction, then MI2(G, {u})
has (strictly) semi-stable reduction, in particular, it is a reqular scheme with reduced
special fiber. O

12. PROOF OF THE OTHER IMPLICATION OF THEOREM 5.0

In this section, we go through the list of Theorem 5.6, and produce in each case
an LM triple (G,{u}, K) in the given central isogeny type which has semi-stable
reduction. By Lemma 5.2, we may indeed assume that G is a central extension of the
adjoint group appearing in the list of Theorem 5.6. So, for instance, in this section,
we work with GL instead of SL, GSp instead of Sp, and, in some instances, with GO
instead of SO.

We precede this by the following remarks. The first remark is that the locus where
Mee(G, {u}) has semi-stable reduction is open and G-invariant. Therefore, in order to
show that M'2¢(G, {u1}) has semi-stable reduction, it suffices to check this in a closed
point of the unique closed § ®o,. k-orbit of the special fiber.

The second remark is that we may always make an unramified field extension F'/F.
This implies that, in checking semi-stable reduction, we may assume that in the LM
triple (G, {u}, K), the group G is residually split.

The third remark is that in most of the cases which we treat, the LM triples are
of “EL or PEL type.” Then the corresponding local models of [41] have a more stan-
dard/classical description, as closed subschemes of linked classical (i.e., not affine)
Grassmannians. This description, which was in fact given in earlier works, is estab-
lished in [41, 7.2, 8.2]; we use this in our analysis, sometimes without further mention.
There are two cases which are different: These are the LM triples for (special) orthog-
onal groups and the coweight wy (i.e., r = 1). The corresponding local models have as
generic fiber a quadric hypersurface. These are just of “Hodge type” and, for them,
we have to work harder to first establish a standard description. Most of this is done
in Section 12.7 with the key statement being Proposition 12.7.

12.1. Previminaries oN GL,,. — In this subsection, we consider the LM triple

(G = GLn7 {,U} = Ly = (1(7’)70(?177’))7[(1)
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for some r > 1, where K is the stabilizer of a lattice chain A; for some non-empty sub-
set I € {0,1,...,n—1}. We use the notation (GLy, yir, I). We follow Gortz [15, §4.1]
for the description of the local model in this case (the standard local model) and of
an open subset U around the worst point, cf. [15, Prop. 4.5].

The local model M¥¢(GL,, s1,-) represents the following functor on Op-schemes.
Write I = {ig < i1 < -+ < ipm_1}. Then MP¢(GL,, i) (S) is the set of commutative
diagrams

T
AimS > Ail,s T Aimfl,s — Aio,S
(12.1) J J j J
‘rf() 971 s S’Hmfl —_— 37()
where A; is the lattice generated by e! := w‘lel,...7e§ = 71'_161',6::_’_1 =
Citly---y€l 1= en, Ais is Ay ®op Og, 7 is a fixed uniformizer of F, and where

the &, are locally free Og-submodules of rank r which Zariski-locally on S are direct
summands of A;,_ g.

12.2. Tue case (GL,,r = 1,I), I arsitrary. — That in this case we have semi-stable
reduction is well-known and follows from [15, Prop. 4.13].(8)

12.3. PreLiminaries ox (GLy,, 7, {0,k}), » arBiTRARY. — Note that to verify the
remaining case for GL,, we only need the case k = 1, cf. Section 12.4. However,
as we will see later, in order to verify the cases for other classical groups, we need
to describe the incidence relation between 0 and x for some other k. So we discuss
arbitrary s here.

In terms of the bases {ef,..., et} of A; g, the transition maps Ags — Ags,
resp. m: A, 5 — Ag,5 are given by the diagonal matrices
(12.2) bo.. = diag(7™ 17%)) | resp. ¢ 0 = diag(1"), k(" 79)).

For the open subset U around the worst point we take the pair of subspaces Fy of
Ag,s, resp. F; of A, g, given by the n x r-matrices

K K K
Ap—r—k+1,1 An—r—k+1,2 " Qn—r—k+1,r
1
K K K
1 Ap—r1 Ap—r2 o Ap—ryr
1
: 1
970 = 1 ) gﬁ =
0
aiy a1z ay,
. 1
: K K
o 0 0 aty ata ayy
Ap—p1 Cp—p2 COp_pp .
K K K
an—r—m,l an—r—fc,Q an—r—m,r
(8)More precisely, in loc. cit., the case I = {0, ...,n—1} is considered, but the case of an arbitrary

subset [ is the same.
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Then the incidence relation from 0 to & is given by
@0,k - Fo = T - No,
and the incidence relation from k to 0 is given by

QSR,O'?R:?O'NH?

where Ny, N,; € GL,.(Og) are uniquely defined matrices. These equations can now be
evaluated and lead to the following description of U:

Prorosirion 12.1 ([15, §4.4.5]). Let k < r. Let

A= (a?,j)i,j:1,.4.,n7B = (af,j)i:1,...,n,j:r—n+1,...,r
be k X k-matrices of indeterminates. Then
U = SpecOp[A,B]/(BA—7m,AB — 1) x V,
where
V = SpecOf [agj]i:l,..4,7-,j:n+1,..4,n—7' x Spec Of [aﬁj]i:L...,7'—m,j:1,...,f§
s an affine space A== Gper Op. |

Something analogous holds in the case when x > r, cf. loc. cit..

12.4. Tuk case (GLy,,r = 1,1 = {i,i+ 1}), r ARBITRARY. After changing the basis,
we may assume that ¢ = 0. Then the above proposition implies that U is a product
of Spec Or[X,Y]/(XY — 7) and an affine space A(»~")"~1. Hence U is regular and
the special fiber is the union of two smooth divisors crossing normally along a smooth
subscheme of codimension 2. Hence U has semi-stable reduction.

Remark 12.2. — In contrast to the case of a general subset I, in this case the incidence
condition from Fy to F; automatically implies the incidence relation from F; to Fp.

12.5. Tue cask (GSp,,,,r =n,{0,1}). In the case of GSp,,, there is only one non-
trivial minuscule coweight {u} = p,. Let e1,...,es, be a symplectic basis of F?",
ie., (€i,€am—jy1) = £0;; for i,j < 2n (with sign + if ¢ = j < n and sign — if
n+ 1 < i = 7). Then the standard lattice chain is self-dual, i.e., A; and Ag,_1 are
paired by a perfect pairing. In this case, a parahoric subgroup K is the stabilizer of a
selfdual periodic lattice chain Ay, i.e., I satisfies i € I <= 2n — i € I. In this case,
the local model is contained in the closed subscheme M»V¢(GSp,,,, it,) of the local
model MIIOC(GLQn, ln) given by the condition that

(12.3) F = F5, iel.

2n—1i’

In fact, by [16], it is equal to this closed subscheme but we will not use this fact.
Now let Iy = {0,1,2n —1}. Then, since Fa,,—1 is determined by F; via the identity

(12.3), we obtain a closed embedding Mp*"(GSpyy,. tn) C M 1y (GLan, fin)-
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As open subset U of the worst point we take the scheme of (Fy, F1), where

1 an1 an2 Gnn
1
1
1
Fo = 1 F1 = 1

C11 C12 *** Cin

a1 @12 A1n
Cnl Cn2 " Cnn

Gn—-1,1 Gp—-1,2 **° Gpn—-1n

The condition that Fy be a totally isotropic subspace of Ay g is expressed by
(12.4)

Cuv = Cpn—v+1,n—p+1-

The incidence relation from Fy to F; is given by the following system of equations,

. 0 0 anl an2 Ann
0 1 0 1 0 0
0 1 0 0O 1 0. 0
: . 00 1..0
0 0 1 : .
ci] € c 0 0 1 ' '
11 C12 ... Cin an 10 a1n 0 0 0... 1
C11 C12 €13 - .. Cin
Cnl Cnp2 - .. Cnn
p—-1,1 An—-1,2 -+ n—-1n

The first row of this matrix identity gives

(125) apnC11 = T,

and allows one to eliminate an1,...,0nn—1. The last n — 1 entries of the n 4+ 2-th

row allow one to eliminate aq1,...,a1,,—1, the last n — 1 entries of the n + 3-th row
allow one to eliminate asy,...,a2 -1, etc., until the last n — 1 entries of the 2n-th
row eliminate a,,—1,1,...,an_1,—1. Finally, the first column of these rows allows one
to eliminate ca1,,...,c,1. All in all, we keep the entries ay,, . .
w = v > 1, which are subject to equation (12.5).

Let Grass'®(Ag) x Grass(A;) be the product of the Grassmannian variety of

-, Gnn, C11, and ¢y, for

Lagrangian subspaces of Ay and of the Grassmannian variety of subspaces of dimen-
sion n of A;. Let M denote its closed subscheme of elements (Fp,F;) such that Fy
is incident to ;. Note that M and MII%C(Gszmun) have identical generic fibers.
We have a chain of closed embeddings

(12.6) MP(GSpays fin) C MEN(GSPay, fin) C M.

But we just proved that M has semi-stable reduction, and is therefore flat over Op.
Hence all inclusions are equalities, since we can identify all three schemes with the
flat closure of the generic fiber of M&%C(GSpgn, fip) in M{{%fl}(GLgn, n)- In particular,

JLEP
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M2¢(GSpay,, fin) has semi-stable reduction (in fact, with special fiber the union of
two smooth divisors meeting transversally in a smooth subscheme of codimension 2).

Remark 12.3. Again, as in the case of GL,, in this case the incidences from F; to
Fo,—1 and from Fay,,_1 to Fy are automatic.

12.6. Tue case (split GOgy,,r = n, {1}). In this subsection, we assume p # 2.
Let e1,...,es, be a Witt basis of F2", i.e., (€i, €2n—j+1) = 0i; for ¢,j < 2n. Then
the standard lattice chain is self-dual, i.e., A; and Ao, ; are paired by a perfect
pairing. In this case K is the parahoric stabilizer of a selfdual periodic lattice chain Ay,
i.e., I has the property i € I < 2n — i € I. In this case, by [41, 8.2.3], the local
model is contained in the closed subscheme M?*V¢(GOy,, i,) of the local model
M¢(GLay,, ptn) given by the condition that

(12.7) Fi=95,., i€l

Now let Iy = {1,2n — 1}. Then, since Fa,_; is determined by F; via the identity
(12.7), we obtain a closed embedding MP¢(GOzy,, p1n) C MI{C}C}(GL%, n)-
As open subset U of the worst point we take the scheme of (¥, Fa,_1), where

ap,1  Qn2 -+ Qpn 0 1 0... 0O

1 0 0 1... 0O

1 . .

0 00... 1

F Fyo | =
' 1 7 et bi1 b1z -+ bin
a11 ai2 - A1n : :

bn,l bn,2 e bn,n

Gp—1,1 Gn—1,2 *** An—-1n 1 0 ce 0

The condition that F; and Fy,_1 be orthogonal is expressed by

(12.8) buy = —Gn—vi1,n—pt1-

Recall the spin condition on 7, cf. [39, 7.1, 8.3]. This is a set of conditions stipulating
the vanishing of certain linear forms on A™A; on the line A"J; in A™A; g. These linear
forms are enumerated by certain subsets E C {1,...,2n} of order n. For a subset
E c {1,...,2n} of order n, set E+ = (2n + 1 — E)°. Also, to such a subset E is
associated a permutation og of S, cf. [39, 7.1.3]. We call the weak spin condition
the vanishing of the linear forms corresponding to subsets F with the property

(12.9) E=E*+ |En{23,....n+1}=n—1, sgnop=1.

It is easy to see that there are precisely the following subsets satisfying this condition:
{1,...,n}and {2,...,n —1,n+1,2n}.

Levva 12.4. The weak spin condition on Fy implies an—1,n—1 = apn = 0.
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Proof. — Indeed, the linear forms for
E={1,...,n}, resp. E={2,...,n—1,n+1,2n},

are the minors of size n consisting of the rows

{1,...,n}, resp.{2,...,n—1,n+1,2n}. |
The incidence relation between Fo, 1 and F; is given by the following system of
equations,
O = 0 ... O An1 An2 -+ Qnn
0 0 1 0 1 o ... 0
0O 0...0 1| : . :
bi1 b1z ... bin | 0 0o ... 1 0 0..0 1
: : a1 Q13 ... a1 bi1 b12 b1z ... bin
: : b1 bao baz ... boy
bnl bn2 e bnn
T 0 ... 0 n—-1,1 Gp—1,2 --- Gpn—-1n

Using (12.8) and Lemma 12.4, we may also write the equations for the closed sublocus
UYsPIn where, in addition to the incidence relation from JFy to J; and the isotropy
condition on Fy, the weak spin condition is satisfied, as an identity of n x n-matrices,

0 ™ PN 0 an1 ... GOpnp—1 0
—O0ppn—2 —O0n-1n-2 ... —Q1n-2 air ... Q1n-1 ain
—Qppn—-3 —An—-1n-3 --- —A1n-3 a1 ... A2n-1 a2 n
—Qnp,1 —ap—-1,1 - -- —aii An—21 -+ An—2n—1 An—2n
™ 0 0 An—-1,1 «-- 0 An—1,n
0 0 1 e 0
0 0 0 e 0
0 0 . 0 1
0 —O0p—-1,n —0p—2n ... —0Aln
—An,n—1 0 —an—2n—1--- A1 n-1

It implies (look at the (1,2) entry, which also equals the (n, 1) entry)
(1210) Up—1,n * Gpnn-1 = —T.

Let us call E;; the polynomial identity among the a,, that is given by the entry i, j
of the above matrix identity. Then E, ; for 3 < j < n is of the form

anj—2 = P1 j(Gen—1,0un)-
The identities E,, ; for 3 < j < n are of the form

Un—-1,5 = Pn,j (a-,n—la ao,n)~
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The identities F;; for 2 < i < n — 1 are of the form
ann—i = P;1(Gen-1,00n)
The identities E; o for 2 <4 < n — 1 are of the form
n—1p—i = P 2(Cen_1,0un).
The identities F; ; for 2 <i < n —1 and 3 < j < n are of the form
Ai—1j-2+ Cnt1—jn—i = Pi j(Gen—1,00n)-

We also note the following identities

E;j=FEnto_jnto—i, forie2,n—1], j€[3,n];

Ei;=FE,42_j1, for j € [3,n —2];

E,

Fi n—7,2 for j € [3,n —2].

We keep the 2(n — 2) variables a, ,—1 and a.,, but eliminate a, ; and a,_1 ;, for
J € [1,n — 2]. Then the remaining variables a;; with ¢,j € [1,n — 2] satisfy the
identities

Qij+ n-1—jn—1—i = Qi j(Gen—1,0en)-

It follows that
(12.11) U™sP ~ Spec Op[X, Y]/ (XY — ) x An(=1/2-1,

We obtain the semi-stability of MII‘(’)C(GO%, i) as in the case of the symplectic group
via the chain of closed embeddings

M} (GOgn, pin) C M (GO2p, 1) C MY (GLizn, i)

Remark 12.5. — Again, as in the case of GL,,, in this case we can see, using flatness,
that the further incidence relation from F; to F5,_1 and from Fo,_1 to Fy, as well
as the full spin condition are automatically satisfied.

12.7. Quapric LocAL MODELS. — Let V be an F-vector space of dimension d = 2n
or 2n + 1, with a non-degenerate symmetric F-bilinear form ( , ). Assume that d > 5
and that p # 2. We will consider a minuscule coweight p of SO(V')(F) (i.e., defined
over F') that corresponds to cases with r = 1.

Recall the notion of a wertex lattice in V: this is an Op-lattice A in V' such that
A C A C 7 'A. We will say that an orthogonal vertex lattice A in V is self-dual if
A =AY, and almost self-dual if the length lg(AY/A) = 1. We list this as two cases:

(I) A is self-dual, i.e., AY = A.

(II) We have A C AY C 771A, and Ig(AV/A) = 1.

Now let us consider the following cases:

(a) d =2n+ 1, there is a basis e; with (e;, eq41—;) = 0;5, and A = @?:101: - €;, SO
that AY = A.

(b) d = 2n, there is a basis e; with (e;,eq11-;) = 0;;, and A = &, Op - e;, so that
we have AY = A.
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(c) d=2n+1, there is a basis e; with (e;, eq41—;) = md;;, and
A= (B]-,0F -7 "e;) ® (B, 110F - &),
so that A C AV C m—A.

(d) d = 2n, there is a basis e; with (e;,eqy1—j) = 0i5, if 4,5 # n,n + 1, and
{en,en) =T, {ent1,eni1) = 1, (€n,ent1) = 0,and A = &% Op -e;, so that A C AV C
7 1A,

In all these cases, we take u : G,,, — SO(V) to be given by

w(t) = diag(t=1,1,...,1,t)

(under the embedding into the group of matrices by giving the action on the basis).
Tt follows from the classification of quadratic forms over local fields [14] that for each

(V,(,),A) with lg(AY/mA) < 1, and p as in the beginning of this subsection, there is

an unramified finite field extension F’/F such that the base change of (V, ( , ), A) to F’

affords a basis as in one of the cases (a)—(d), and p is given as above. In fact, we can

also consider similarly cases of (V,(, ), A) with 7A C AY C A, with 1g(Av/7A) < 1,

by changing the form ( , ) to 7( , ); these two forms have the same orthogonal group.
In what follows, for simplicity we set Op = O.

12.7.1. Quadrics. We will now consider the quadric Q(A) over Spec O which, by
definition, is the projective hypersurface in ]P’do_1 whose R-valued points parametrize
isotropic lines, i.e., R-locally free rank 1 direct summands

FC AR = A ®o R,
with (F,F)r = 0. Here ( , ) is the symmetric R-bilinear form Ar X Ag — R obtained
from (, ) restricted to A x A by base change.

Prorosrriox 12.6. — Set ]P’dé_1 = Proj(Olz1, . .., x4)).
In case (I), Q(A) ®o O is isomorphic to the closed subscheme of ]P’dé_l given by

d

E . Tixgy1—, =0
i=1

and the scheme Q(A) is smooth over O.
In case (II), Q(A) ®o O is isomorphic to the closed subscheme of IP’dé_l given by

d—1 5
E - TiTq—; +mxy = 0.
1=

Then Q(A) is regular with normal special fiber which is singular only at the point
(0;...;1); this point corresponds to Fog = wAY /A C AJ/rA = AR k.

Proof. — Follows from the classification of quadratic forms over F, by expressing
Q(A) in cases (a)—(d). (To get the equations in the statement we have to rearrange
the basis vectors.) O
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12.7.2. Quadrics and PZ local models. — We can now extend our data to Olu,u™!].
We set V= @¢_,0[u,u™1] - ¢; with {,):V xV = O[u,u™!] a symmetric O[u,u™!]-
bilinear form for which (e;,e;) is given as (e;, e;) above, but with 7 replaced by w.
We define i : G, = SO(V) by u(t) = diag(t~',1,...,1,t) by using the basis ;.

Similarly, we define LL to be the free O[u]-submodule of V spanned by ¢, (or u™'e,
and Qj) as above, following the pattern of the definition of A in each case. Then, the
base change of (V,(, ),L) from Ofu,u™"] to F given by u — m are (V,(, ), A).

We can now define the local model M!¢ = M!°¢(A) = MR¢(SO(V'), {11}) for the LM
triple (SO(V), {u}, K) where K is the parahoric stabilizer of A, as in [41]. Consider
the smooth affine group scheme § over Ofu] given by g € SO(V) that also preserve L
and LV. Base changing by u — 7 gives the Bruhat-Tits group scheme G of SO(V)
which is the stabilizer of the lattice chain A € AY C 7~ !'A. This is a hyperspecial
subgroup when AY = A. If lg(AY/A) = 1, we can see that § has special fiber with Z/27Z
as its group of connected components. The corresponding parahoric group scheme is
its connected component §°. The construction of [41] produces the group scheme QO
that extends G°. By construction, there is a group scheme immersion go — §.

As in [41], one can see that the Beilinson-Drinfeld style (“global”) affine Grassman-
nian Grg o, over O[u] represents the functor that sends the O[u]-algebra R given by
u +— 7 to the set of projective finitely generated R[u]-submodules £ of V®¢o R which
are R-locally free such that (u—7r)NL C £ C (u—r)~NL for some N > 0 and satisfy
LY = L in case (I), resp.

v =1 1 ,d=1 4
ulY Cc LCLY C u L

in case (II), with all graded quotients R-locally free and of the indicated rank.

By definition, the PZ local model M'°° is a closed subscheme of the base change
Grgoo = Grgo o) ®op O by Olu] — O given by u — m. Consider the O-valued
point [£(0)] given by

L£(0) = p(u —m)L.

By definition, the PZ local model M!°¢ is the reduced Zariski closure of the orbit of
[£(0)] in Grgo o; it inherits an action of the group scheme G° = QO ®o[u) O- As in
[41, 8.2.3], we can see that the natural morphism Grgo oy = Grg o induced by
G° < § identifies M'°® with a closed subscheme of Grg 0 = Grg o[ @0 O-

Provosirion 12.7. — In each of the above cases (a)—(d) with 1g(AY/A) < 1, there is
a G-equivariant isomorphism

M¢(A) = Q(A)

between the PZ local model as defined above and the quadric.
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Proof. Note that since, by definition, § maps to GL(A) and preserves the form
(', ), it acts on the quadric Q(A). By the definition of £(0), we have

& - ¢
(u—mL cCL(0)NL L+ £(0) C (u—m)~'L,
(\5(0)

where the quotients along all slanted inclusions are O-free of rank 1. Consider the
subfunctor M of Grg o, parametrizing £ such that

(u—mLCLcC(u—m)'L

Then M is given by a closed subscheme of Grg o which contains the orbit of £(0);
therefore the local model M!°° is a closed subscheme of M and M'° is the reduced
Zariski closure of its generic fiber in M.

We now consider another projective scheme P(A) which parametrizes pairs (F,F")
where F C Ag, I C A}, are both R-lines, such that F is isotropic for ( , )r and F' is
isotropic for 7( , ) g, and such that F, F’ are linked by both natural R-maps Ap — A},
and 7 : Ay, = Ag.

Lemma 12.8. — In case (1), the forgetful morphism f : P(A) = Q(A) is an iso-
morphism. In case (I1), denote by P(A)? the flat closure of P(A). Then the forgetful
morphism f : P(A)! — Q(A), given by (F,F') — F, can be identified with the blow-up
of Q(A) at the unique singular closed point of its special fiber. In particular, it is an
isomorphism away from the closed point given by F = the radical of the form { ,)
on Ny.. If F is the radical, then F' lies in the radical of the form w( , ) on A ®¢ k.
Since this radical has dimension d — 1, the exceptional locus is isomorphic to Pﬁ;Q.

Proof. — In case (I), we have ' = F, so P(A) ~ Q(A). Assume we are in case (II).
Using the universal property of the blow-up, we see it is enough to show the statement
after base changing to O. For convenience we rearrange the basis of V' such that A /A
is generated by 7 leg. Set

d d—1
F = <Z xiel), F = (Z yie; + ydﬂ_led).
i=1 i=1
Since F maps to ' by Ag — A}, and F maps to F by 7 : A}, = Ag, there are
A, 1 € R such that Ay =7 and

T1 =M1y, Td—1 = ANYd—1, TT3= AYq

TYr = UT1, ..., TYd—1 = UTd—1, Yd = HUZq.

The isotropy conditions are

d—1 d—1
Z TiTd—i + MZ =0, Zﬂyiyd—i + yg =0.
i=1 i=1
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Let us consider the inverse image of the affine chart with x4 = 1 under the forgetful
morphism f: P(A) — Q(A). We obtain y4 = p and the equations become

d—1 d—1

A <Z TiYd—i + H) =0, u (Z TiYa—i + M) = 0.

=1 i=1

The flat closure P(A)% is given by A = 7 and Z?:_ll TiYq—; + p = 0. Since z; = A\y;,
we get A Zf;ll YiYd—; + p = 0. Eliminating p gives

d—1
-\ (Z yiyd—i> =m.
i=1

An explicit calculation shows that this coincides with the blow-up of the affine chart
xq = 1 in the quadric Q(A) at the point (0 : --- : 1) of its special fiber. In fact,
we see that P(A)! is regular and that the special fiber P(A)! has two irreducible
components: The smooth blow up of the special fiber Q(A) ®o kr at the singular
point and the exceptional locus ]P’z;? for A = 0; they intersect along a smooth quadric
of dimension d — 3 over k. The exceptional locus has multiplicity 2 in the special
fiber of P(A)!. The rest of the statements follow easily. O

We now continue with the proof of Proposition 12.7. Assume that (F,3’) gives
an R-valued point of P(A). The pair (F,F) uniquely determines lattices £(F) and
£'(F') with

11
(u—mLcL'(F)YCLcCLF)C(u—m)""L,
by
L(F) = the inverse image of F under u — 7 : (u — 7) 'L — L/(u — n)L = Ap,
L'(F’) = the inverse image of F* C Ag under L — L/(u — 7)L = Ag.

The other conditions translate to (u — 7)L(F) C L'(F') C L(F) and

L'(F) C LT cu L' (T,

L(F) c L'(F) cutL(F).
Note that we obtain a symmetric R-bilinear form by interpreting the value (, ) in
(u—m)"'R[u]/R[u] ~ R,

h:L(F)/LN(F)x L(F)/L'(F)— R

Consider the scheme Z — P(A)! C P(A) classifying isotropic lines in the rank 2
symmetric space £(FuV) /L' (F1V) over P(A). One of these isotropic lines is always
L/L'(F'). Suppose R = k. When F is the radical in Ay, then £(F) = LY. Then
L/L'(F') is the radical of h and gives the unique isotropic line. If F is not the radical
in Ay, then h is non-degenerate and there are two distinct isotropic lines, one of which
is L/L/(F).

We first consider case (I),i.e., A =AY. Then F = F, and P(A) = Q(A). The form h
is perfect (everywhere non-degenerate) and Z is the disjoint union Z = Z° U Z1,
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where Z° is the component where the isotropic line is /£’ (F"). Each component Z*
projects isomorphically to Q(A). We can give a morphism

g:Z" ~ P(A) = Q(A) — M°

by sending F to L characterized by the condition that £/L'(F) C L(F)/L'(F') is
the tautological isotropic line over Z'. The morphism g is the desired equivariant
isomorphism Q(A) ~ M©¢(A).

We now consider case (II), i.e., lg(AY/A) = 1. Then the scheme Z — P(A)" has two
irreducible components Z°, Z!, where Z° is the irreducible component over which the
isotropic line is L/£(J") and where Z! is the irreducible component over which the
isotropic line generically is not IL/£(F"). By the above, the two components intersect
over the exceptional locus of the blow-up P(A)? — Q(A). Each irreducible compo-
nent maps isomorphically to P(A)®. (Note that P(A)? is normal and each morphism
Z' — P(A)! is clearly birational and finite.) We can now produce a morphism

g: 2" ~ P(A) — Moc

by sending (F,F’) to £ characterized by the condition that £/L(F") C L(F)/L(F") is
the tautological isotropic line over Z!,

L

¢ ¢
(u—mL C L'(F) L(F) C (u—m) L.
o ¢
L

When £ # L, then £(F) = L+ £ and £'(F) = LN L and so (F,F) is uniquely
determined by its image £ in M. Hence, g is an isomorphism over the open sub-
scheme of M'°¢ where £ # L. When £ = L, L/£(J") is isotropic in L£(F)/L(F)
and, as above, ¥ = the radical of the form on Ajg. This shows that the inverse
image of g : P(A) — M over [L] agrees with exceptional locus of the blow-up
f: P(AM)% = Q(A) over the point F given by the radical. Since Q(A), M'°® are both
normal, we can conclude that the birational map fog™! : M!°¢ ——s Q(A) is an iso-
morphism; it is G-equivariant since this is true on the generic fibers. This completes
the proof of Proposition 12.7. O

12.7.3. More orthogonal local models. We will now consider orthogonal local mod-
els associated to the self-dual chains generated by two lattices Ag, A, and their duals,
where Ag, A,, are both self-dual or almost self-dual vertex lattices, Ag for the form
(, ) and A, for its multiple ( , ). In all cases, the self-dual lattice chain has the form

T S
CAhCAyCA, Ca A Ccr Ay C -

with each r, s either 0 or 1. Again, after an unramified extension of F', we can reduce
to the following cases:

(1) d = 2n + 1, there is a basis e; with (e;, e411—;) = 65, Ao = &L, 0 - e; so that
Ay =N and A, = (@1-,0 -7 1e;) ® (B, .10 - €;) so that A,, C 7 1Ay.
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(2) d = 2n, there is a basis e; with (e;,eqy1—j) = d;5, Ao = ®L,0 - e; so that
Ay = Ao, and A, = (@710 -7 'e;) & (B, 1,0 - €;) so that A, =7 1A},

(3) d = 2n, there is a basis e; with (e;,eqr1-5) = &5, if i,j # n,n + 1, and
(en,en) =, (eni1,ent1) =1, (en,eni1) = 0, and Ag = ®L,0-¢; so that Ag C Ay C
7~ Ag and A, = (87,0 -7 te;) ® (B, 1,0 - €;) so that Ay, C A, C m1AY.

We extend (V,(,)) and Aj to (V,(,)) and L; over O[u] as in 12.7.2. We consider
the (smooth, affine) group scheme § = g, over Olu] given by g € SO(V) that also

preserve the chain
L,:---CLycLycL,Ccu LY cu™'LgC---

The base change of § by u +— 7 is the the Bruhat-Tits group scheme § for SO(V)
that preserves the chain

Ay:---CAhCAyCA ,Ca A cntAgC---

This is connected and hence parahoric in cases 1) and 2), since it is contained in the
hyperspecial stabilizer of Ag. In case 3), the group of connected components of its
special fiber is Z/2Z. The corresponding parahoric is the connected component of G.
We can now see that the diagonal embedding gives a closed immersion

Sy, 9, %9,

of group schemes over O[u]. Similarly, we have a compatible closed immersion of the
global affine Grassmannian for §; ~into the product of the ones for §; “and §; .

The global affine Grassmannian for QL. represents the functor which sends the
Olu]-algebra R given by u — r to the set of pairs of projective finitely generated
R[u]-submodules (L, £,,) of V®o R which are R-locally free, such that (u—r)NL C
L; C (u—7r)"NL for some N > 0, and

Lo CLy'C Ly Cutey 'S ulL
with all graded quotients R-locally free and of the indicated rank. From this and the

discussion before Proposition 12.7 it easily follows that there is an equivariant closed
embedding of local models

MIOC(A.) PN MIOC(AO) % Mloc(An)
which restricts to the diagonal morphism on the generic fibers. Proposition 12.7 now
gives equivariant isomorphisms M'°¢(Ag) ~ Q(Ao, ( , )) and M!°¢(A,,) ~ Q(A,, w( , )).
In fact, we can now see that the construction of these isomorphisms in the proof of
this proposition implies that the image of the resulting closed embedding

M'¢(A,) = Q(Ao, (, ) x Q(Ay,7( )

lies in the closed subscheme of the product of the two quadrics where the two lines
(50, F,) are linked in the same manner as for the corresponding local model for GLy,
ie., Jy C Ag,g maps to I, C A, g via Ag g = A, g induced by Ay C A, and T,
maps to Fp under A, g = Ag g induced by 7 : A, = Ag. Indeed, the reason is that
M°¢(A,), as a closed subscheme of the Beilinson-Drinfeld Grassmannian, classifies
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(Lo, L,) which in particular satisfy £, C £, C u~1Lg. Therefore, we have that
Lo+ Lo CL,+ L, Cut(ILy+Lo). But, as the proof shows, on the open dense non-
singular part of the quadrics, the sums Ly + £y and LL,, + £,, determine the lines Fy
and F,, and we easily see that the linkage inclusions as above are satisfied.

12.8. Tue case (split SO, 7 = 1,{0,n}). — This corresponds to case 2) in 12.7.3.
We continue to assume p # 2. We have V = @2 F - ¢; with symmetric F-bilinear
form determined by (e;, e2p1+1—;) = d;;. For 1 < j < n, set

-1 -1 — 21 .
Aj:(ﬂ‘ €ly...,T €j,ej+1,...,€2n)_0 cV;

Then Ay = Ay, mA,, = A}. In this case, the local model is contained in the closed

subscheme M{ggffi(so%, 1) of the local model Ml{%fn}(GLG, 1) given by the condi-

tion

(12.12) FoC Ty, FnCTi

As open subset U of the worst point we take the scheme of (Fy, F,), where
Fo=(e1 +area + -+ azn_1€2n),

Fn= (bnﬂ-_lel +---+ b2n—17r_1en + ént1 + blen+1 +---+ bn—le2n)-

The incidences from Fy to F,, resp. from F,, to Fy are given by the following matrix
relations
bn

T b
b " 1
Ta, n+1 :
ai
b b2n71
_ 2n—1 o .
TAp—1 | = <Oy, T = - by,.
1 b an
a ™
n bl 1
. a2n—1
a2n—1 b Thp—_1
n—1
We deduce that
(12.13) anby, =7,
and the following identities for i =1,...,n — 1,
anbi = An+i, bna'i = bn-i—ia

(12.14)

nbpti = ma;,  bpanpy; = by
The isotropy conditions on Fo, resp. F,, are given by the following equations,

a2n—-1 + a1a2p—2 + -+ ap_1a, =0,

(12.15)
bon—1 + bibop—2+ -+ by_1b, =0.
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We use the first lines of (12.14) to eliminate an41,...,02,-1 and byi1,...,ban_1.
Then the second lines in (12.14) are automatically satisfied (use (12.13)),

apbpyi — Ta; = apbpa; — wa; = a;(apb, — m) = 0;

bpanti — by = bpapb; — wb; = bi(apb, — ) = 0.

Expressing a1, ...,ad2,—1 in terms of by,...,b,_1 in the first equation of (12.15),
we obtain the equation

an(bn—l +aibp_2+ -+ an—2by_1 + an—l) =0.
Similarly, the second equation of (12.15) gives

bn(bn—l + albn—2 + -+ an—an—l + an—l) =0.
These equations also hold in the generic fiber of U; but by (12.13), both a,, and b,
are units in the generic fiber, and hence we obtain the following equation, first in the
generic fiber but then by flatness on all of U,

(1216) b1+ aiby—o+---+ap—2b,—1 +a,—1 =0.

We can now eliminate b,_; and remain only with equation (12.13) among the inde-
terminates aq,...,a,,b01,...,b,_2,b,. Hence

U ~ SpecOp[X,Y]/(XY —m) x A*"~3
has semi-stable reduction.
12.9. Tue cask (split SOgy, 41,7 = 1,{0,n}). — This corresponds to case (1) in 12.7.3.
We continue to assume p # 2. Again we denote by eq,...,ea,11 a Witt basis, i.e.,
<€i, e2n+27j> = 6ij for 1,5 < 2n+ 1.

The local model is contained in the closed subscheme Mr{lg’i;/li(SOQn+17 u1) of the
local model M{{%‘in} (GLay41, 11) given by the condition

(12.17) Fo C Ty, FnC Ty

where the second L is for the form 7 ( , ) on A, g.
As open subset U of the worst point we take the scheme of (Fg,F,,), where

Fo = (61 +ajeg+ -+ a2ne2n+1)7

?n = (blw_lel +---+ bnw_len + €n+t1 + bn+len+1 + -+ b2n62n)~
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The incidences from Fy to F,, resp. from F,, to Fy are given by the following matrix

relations
by
b
" by ! 1
mTay :
. : a
: b '
by, " :
MTp_1 | = o, T = -by.
1 an
Qp b 7Tbn+1
n+1 .
a2n b 7Tb2n 2n
2n
We deduce that
(12.18) apby =T,
and the following identities,
(12.10) Onbnti = Qnti, for.i: 1,...,n bia; = b;11, for i.: 1,....,n—1
anbiy1 =ma;, fori=1,....n—1 biapy; =mbyq; fori=1,...,n.

The isotropy conditions on Fy, resp. F,,, are given by the following equations,
209, + 2a102,—1 + -+ - + 2anan41 + a2 =0,
7+ 2b1bay, + 2boboy—1 + - - - + 20,0541 = 0.

We use the first lines of (12.19) to eliminate an11,...,a2, and ba, ..., b,. Then the
second lines in (12.19) are automatically satisfied (use (12.13)),

(12.20)

anbi+1 —TmTa; = anblai —Ta; = ai(anbl - 7'(') = 0;
blan_H' — 7Tbn+i = blanan - 7Tbn+1' == bn_H'(anbl - 7T) =0.

Expressing a1, ...,a02,—1 in terms of by,...,b,_1 in the first equation of (12.20),
we obtain the equation

an(an +2a1bop—1 4+ -+ 2ap-1bpy1 + an) =0.
Similarly, the second equation of (12.14) gives
b1(2b2n + arban—1 + -+ 2an_1bpy1 +an) = 0.

These equations also hold in the generic fiber of U; but by (12.13), both a,, and b,
are units in the generic fiber, and hence we obtain the following equation, first in the
generic fiber but then by flatness on all of U,

(1221) 2boy, + a1boy—1 4+ - + 2an_1bn+1 + a, = 0.

We can now eliminate by, and remain only with equation (12.13) among the indeter-
minates ay,...,an,b1,bn41,-..,b2,—1. Hence

U ~ SpecOp[X,Y]/(XY —m) x A*" 2

has semi-stable reduction.
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12.10. Tue case (nonsplit SOz, r = 1,{0,n}). This corresponds to case (3) in
12.7.3. We continue to assume p # 2. Considering this case is not essential for the
proof of the main result, since it has already been excluded in Section 10.6. However,
we include it here since it fits the pattern of the previous cases.

We have V = @2 F - e; with symmetric F-bilinear form determined by

(€i762n+17j) = 6ij> for 4, J 7é n,n+1, (en>€n) =T, (€n+laen+1) =1, (enyenJrl) =0.

Here, Ag C Ay C 7 'Ag, mA,, C A} C A, with the quotients Ay /Ag, A} /7A, both
of length one.

We consider the functor which to an O-algebra R, associates the set of Fy C
Ao®o R, F,, C A, ®0 R, both R-locally direct summands of rank 1 that are isotropic
for the symmetric forms induced by (,) on Ag ®o R, resp. by 7(,) on A, ®o R, and
which are linked, i.e., AgRo R — A,,®o Rmaps Fypto F,, and 7 : A,, Qo R = AgQ@o R
maps F,, to Fy. This functor is represented by a closed subscheme

MR (SO(V), 1) € Q(Ao, (1) x Q(An,7(,))

of the product of the two quadrics. The local model M'°(A,) is the flat closure of the
generic fiber of this subscheme. Set

2n n 2n
Fo = <Z xi@i)7 Fn = <Z yim e + Z yiei)-
i=1 i=1

1=n+1

The isotropy conditions translate to:

(12.22) T1Ton + +  + Tp_1Tpio + Wﬂ?i + $i+1 =0,
(12.23) Yi¥an + 0 F Yn—1Yna2 + Y2+ YR = 0.
(Here (z1;...;22n), (Y15...;Y2n) are homogeneous coordinates.) Linkage translates

to the existence of A, u € R with

n 2n n 2n
Zfﬁiei + Z Tie; = A- <Z ym Ye; + Z yiei),
i=1 i=1

1=n+1 1=n+1
n 2n n 2n
g Yyie; + E TYi€; = b+ < g rie; + E Ii€i>-
i=1 i=n+1 i=1 i=n+1
This gives
TXL = AY1, .., TTp = NYn, Tl = ANYnil,- -T2 = AY2n,
Yr = HT1, .- Yn = fTn, TYn+1 = HTn41,y .- - TY2n = [L2n-

We obtain Ay = m. Now the two isotropy conditions become:
TINY2n + o+ TpAYn + A2yo, =0,
T1fY2n + -+ + PP+ Tnp1 ng1 = 0.
These give:
A (@Yo + - A Tnln + A1) = 1 (T1y2n + -+ pT) + TogpaYnsr) = 0.
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Since Tp41 = AYn+1, Yn = UTn, the expressions in both parentheses are the same,
and are equal to

T1Yon + -+ TpYn + Tnt1Yn+1-

By flatness, z192n + -+ + Zn¥n + Tni1Yns1 = 0 holds on M'°¢(A,). In fact, the worst
point lies in the affine chart U with z, =1 and y,+1 = 1. Then g =y, and A = z,,11
and we can see

U~ SpeCOF[vala ey Tn—1yYn+25 - - - 7y2n]/(X(X + T1Y2n +--- 4+ xnflyn+2) + 77)

with X = x,,41. The special fiber U, , has two irreducible components that are both
isomorphic to A2"~2. Their intersection is isomorphic to

SPeCKR[T1, . s Tne1,Ynt2, - Y2n)/(T1Y2n + - + Tn_1Ynt2),

which is singular. Therefore, in this case, the local model M'°¢(A,) indeed does not
have pseudo semi-stable reduction.

Note that MR*v¢(SO(V), u1) is not flat; the special fiber contains A = p = 0 and
Tpg1 = =29, =0,y =--- =y, = 0. This shows that there is an extra irreducible
component isomorphic to IP’,CfF_l X ]P’ﬁ;l given by

(1530, 05...50) X (05...50, Ynt15- -5 Y2n)-

On this component, the equation z1ya, + -+ + TnYn + Tnr1Ynt1 = 0 becomes x1y; +
<o 4+ Xp_1Ynt+e = 0 and it is not satisfied.

12.11. Tur case (nonsplit SOg,,,7 =n, {0}). — Here n > 2. We have V = @ F - ¢;
with symmetric F-bilinear form determined by

(e, €ant1—j) =055, for i, j #n,n+1, (en,en) =, (€nt1,€nt1) =1, (én,ent1) =0.

Then Ay C' Ay C 7 1Ay, the quotient Ay /Ag is of length one. In this case, K is the
parahoric stabilizer of the selfdual periodic lattice chain

e CTAy C Ay CAy CT Ay C e

The reflex field E is the ramified quadratic extension of F' obtained by adjoining the
square root of .

Set I = {0,1}. In this case, by [41, 8.2.3], the local model is contained in the closed
subscheme M?2V¢(GOa,,, 1, of the local model M°¢(GLay,, i1,) ®0 O described by

(12.24) F1=TF.

(Note that the group GO, is not connected and so the discussion in [41, p.215]
applies.) As open subset U of the worst point we take the scheme of

(Fo, F1) = (Fo,F5),
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where
1
1
Fo = 1
ailp a2 --° Aain
an,1 AQp2 *** Apn

We can now see that U is a subscheme of the closed subscheme of Spec(Og[a; j]1<i,j<n)

defined by the equations
2
ai, =7, and anpy1-4; +any1-j; +aar; =0,

(if at least one of 4 or j is not equal to n). This has two irreducible components defined
by setting ai, = /7, or a1, = —/7 respectively. As we can see from the equations,
each component is isomorphic to affine space over Og in the coordinates a;; with
i+ j < n, and is therefore smooth over Op. The generic fiber U ®p, E has two
isomorphic connected components, given by the generic fibers of these two irreducible
components and the two irreducible components above are the Zariski closures of
these two connected components. Our discussion implies that the corresponding local
model, which has an open affine given by the Zariski closure of one of these connected
components, is smooth.
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