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Introduction

Let k denote an arbitrary field and let G = Sl,, denote the special
linear group over k. The affine Grassmannian for G is constructed as
an algebro-geometric model of the quotient G(k((2)))/G(k[[z]]). This
means that one considers on the category of k-algebras the functor

G =0c: R— G(R((2)))/G(R[[=]])

(or rather the fpqc-sheaf associated with this functor) and obtains a
description of G as an ind-scheme over k as follows. Let R be any
k-algebra. Recall that a lattice L C R((z))" is a finitely generated pro-
jective R[[z]]-submodule of R((z))" which satisfies L ®@pg[.y R((2)) =
R((z))"™. Further, let N be any positive integer, and let Latty(R) be
the set of lattices L with the property that 2V R[[z]]* € L C 2=V R[[z]]".
Denote by Latty’(R) C Latt?(R) the subset of special lattices — that
is, lattices L with the additional property A" L = R[[z]]. In this situa-
tion Beauville and Laszlo [BL94] prove that G(R) = UyenLatty’(R)
and that the functor ,Catt;t;o is represented by a closed subscheme of
an ordinary Grassmannian (more precisely, the Grassmannian which
parametrizes nN-dimensional k-linear subspaces in k**V). Hence the
functor G is an ascending union of projective k-schemes, or, in other
words, an ind-projective k-ind-scheme. This ind-scheme is the affine
Grassmannian for G = Sl,,. The affine Grassmannian, also for other
linear algebraic groups than Sl,,, and its variants such as partial or full
flag varieties, are well studied as natural objects within the geomet-
ric Langlands program (see e.g. Mirkovic-Vilonen [MV00], Frenkel
[Fre07], and others) as well as for example in the theory of local mod-
els for certain Shimura varieties: The special fibers of the various local
models of Shimura varieties constructed by Rapoport-Zink in [RZ96],
and by Pappas-Rapoport in [PRO03] and [PRO5], are closed subvari-
eties of affine partial flag varieties. See also Gortz [Gor01].

However, from the point of view of number theory it is also natural
to look at quotients of the form G(L)/G(O), where G is a linear alge-
braic group G over some perfect field k£ of positive characteristic, and

A%



vi INTRODUCTION

O = W(k) denotes the ring of Witt vectors over k and L = W (k)[1/p].
Let us refer to this setting as the ‘p-adic case’ in the following, while
by the ‘function field case’ we mean the situation discussed in the pre-
ceding paragraph.

One motivation for the search for an algebro-geometric structure
on G(L)/G(0O) is the following. Assume that k is algebraically closed,
and let X be a p-divisible group over k£ and consider the functor M de-
fined in [RZ96], Def. 2.15. Loosely spoken, this functor parametrizes
families, on locally nilpotent O-schemes, of p-divisible groups together
with a quasi-isogeny to X over the locus {p = 0}. Rapoport and Zink
prove that M is representable by a formal scheme over O and that
its special fiber is a scheme over k£ whose irreducible components are
projective k-schemes. On the other hand, Dieudonné theory provides
an anti-equivalence of categories between the category of p-divisible
groups and the category of Dieudonné modules which are finitely gen-
erated and free as modules over O. Via this anti-equivalence, the set
M(k) is identified with a ‘generalized affine Deligne-Lusztig set’

Xu(b) ={g € G(L)/G(0) | g~'bo(g) € G(O)"G(O)},

where b € G(L), and p is a dominant cocharacter of a maximal torus
of G. (For a detailled discussion of generalized affine Deligne-Lusztig
sets see e.g. Viehmann [Vie08].) In other words, the subset X, (b) C
G(L)/G(O) carries the structure of a k-scheme, and it would be in-
teresting to see whether this scheme-structure is induced by a similar
structure on all of G(L)/G(O).

In his paper [Hab05], Haboush attempts to endow the quotient
sets Sl,(L)/ SL,(O) with an ind-scheme structure over k analogous to
the one discussed above for the function field case. However, the situa-
tion seems to be significantly more complicated in the p-adic case, and
what Haboush does in [Hab05] seems to be at least problematic. One
source of complication in the p-adic case is certainly the simple fact
that W(R) (R any ring) does not carry a structure of R-module, which
makes impossible the construction of an analogue of Eatt’;\;o(R) inside
an ordinary Grassmannian, as described above for the function field
case. The natural strategy, pursued by Haboush, is to identify lattices
in the p-adic situation with certain subvarieties (‘lattice schemes’) of
the ‘affine space’ W(k)", and parametrize these by a closed subscheme
of a (multigraded) Hilbert scheme. However, it is a well-known and
very natural phenomenon that certain fibers in flat families of schemes
are non-reduced, even if the family as a whole is reduced. And indeed
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it turns out that Haboush’s lattice schemes will in general carry in-
finitesimal structure, with the consequence that the desired bijection
(lattices < lattice schemes) does not exist. There are simply too many
lattice schemes with different infinitesimal structure giving rise to the
same lattice.

Before we proceed with a detailled outline of the present work, let
us mention that Sl,(L)/Sl,(O) is the set of vertices of the Bruhat-
Tits building B,, of Sl,,(L), and we are in fact looking for a geometric
structure on this set of vertices. In [Ber95] Berkovich describes the
construction of an equivariant closed embedding of B,, into the analyti-
fication of the n—1-dimensional Drinfeld half plane €2,,. This induces on
B,, the structure of an analytic space. However, the structure which is
induced on the set of vertices of 3,, by this construction is discrete, and
this is certainly not what we are looking for. For details on Berkovich’s
construction see also Berkovich [Ber90] and Werner [Wer04].

Part 1. In Part 1 of the present work we study the phenomenon of
infinitesimal structure on lattice schemes in a simplified setting, which
is motivated by the Witt vector situation, but ultimately gives rise
to objects which are very close to Demazure resolutions of Schubert
varieties in the function field case. Much of the material presented
here, and in particular the main result Theorem 0.1 below, has been
published by the author in [KrelO].

Let k be a field of positive characteristic p. For every dominant
cocharacter A € X, (T) of the standard maximal torus 7' C Sl,, we con-
struct a projective k-subvariety D()\) of a multigraded Hilbert scheme.
The variety D(\) will be a parameter space for certain ‘lattice schemes’.
To the Schubert variety S(A\) C Ggj, we can associate a Demazure res-
olution 7w(A) @ X(p1,...,un) — S(A) (where the y; are suitably cho-
sen minuscule dominant cocharacters) such that the following theorem
holds.

THEOREM 0.1 (Kreidl, [Krel0]). The k-variety D(X) is an iterated
bundle of ordinary Grassmannians, and there is a universal homeomor-
phism

o :DA) — X(p1, -, fin)-

Furthermore, let ' (X) : D(A) — X(p1,...,un) — S(A\) denote the
composition of o with the Demazure resolution w(A) of S(\). Then a
lattice scheme given by a k-valued point in D(N) is reduced if and only
if it is mapped under ' (X) to the big cell of S(\).
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Hence the fiber of the Demazure resolution 7(\) over a lattice £
in the boundary of S(A) is universally homeomorphic to a variety of
non-trivial infinitesimal structures on L.

Further, we illustrate this result by explicitly calculating the re-
spective objects and morphisms occuring in Theorem 0.1 for the sim-
plest non-trivial situation, given by n = 2 and A = (1, —1) € X (7).
(Surprisingly, this example will reappear in Part 2.) In particular, we
obtain

PROPOSITION 0.2 (Kreidl, [Krel0)). In the situation n = 2 the va-
riety D((1,—1)) is a bundle of projective lines over P.. More precisely,

D((1,-1)) = Projp: (Op1 @ Op1(—2p)).
The boundary of the big cell is the divisor P}, x;, {oo}.

All the above is treated in Chapter 3. To set the ground, we recall in
Chapter 1 the well-known construction by Beauville and Laszlo of the
affine Grassmannian for Sl,, in the function field case, while in Chapter
2 we explain two well-known interpretations of Demazure resolutions,
on the one hand as quotients of loop groups, and on the other hand
as varieties of lattice chains. As a sort of aside, we explain in Chapter
1 the moduli interpretation of the affine Grassmannian in terms of
vector bundles on curves, and we give a seemingly new, very elementary
proof of the correspondence (R-valued points of Gg;,) < (equivalence
classes of pairs (E, p), where FE is a vector bundle of rank n of trivial
determinant on the fixed projective curve X/k, and p is a trivialization
outside the fixed closed point p € X). In particular, our proof does
not refer to the ‘descent lemma’, proven by Beauville and Laszlo in

[BL95].

Part 2. Here we return to the original question for a p-adic version
of the affine Grassmannian. Again we consider a field k£ of positive
characteristic, and assume furthermore that k is perfect.

Haboush introduces in [Hab05] the notion of ‘localized Greenberg
realization’ in the category of topological k-schemes. It seems that this
is not the ‘correct’ notion as we will argue by example in Chapter 4.
Further, we discuss Haboush’s construction of spaces of (p-adic) lat-
tices, which are meant to play the role of Schubert varieties. However,
it turns out that Haboush’s constructions parametrize lattice schemes
which will in general carry infinitesimal structure. In fact, pursuing his
construction for p > 2, n = 2 of the parameter space of lattice schemes
of ‘height at most 1’ we obtain precisely the variety D((1,—1)) de-
scribed in Proposition 0.2.
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In the subsequent Chapter 5 we explain an alternative construction
of ‘localized Greenberg realizations’ in the category of ind-schemes,
and in particular the p-adic loop groups L, Sl, and L;f Sl,, and we
introduce the p-adic affine Grassmannian for Sl,, as the fpqc-quotient
Grass, = L, Sl,, / L Sl,. Moreover, we prove the following

THEOREM 0.3. For every dominant cocharacter A of 1" there is a
projective k-variety Dy together with a natural action of the positive p-
adic loop group L;; Sl,, and an L; Sl -equivariant morphism wy @ Dy —
grass, with the following properties: Let Cx C D) be the open orbit,
and let Cyx C Grass, be the Schubert cell corresponding to X\. Then
my nduces an isomorphism of functors C\ =~ Cy, which proves that
the Schubert cells are quasi-projective k-schemes. Moreover, the image
under mx(k) of Dy(k) is precisely the union of the sets of k-valued points
of the Schubert cells indexed by X' with ' < X for the Bruhat-order.

Unfortunately, the morphisms 7, are not injective on the level of
k-valued points as one might hope. In the case p > 2, n = 2, A\ =
(1, —1), the variety D, is equal to D()) from Part 1. This suggests that
the D, should perhaps better be viewed as an analogue of Demazure
resolutions in the p-adic setting.

We also deal with the question whether we can describe not only
the k-valued points of the p-adic Grassmannian, but also its R-valued
points for more general k-algebras R. In the case of a perfect k-algebra
R we introduce a notion of lattice in W(R)[1/p]™ analogous to the
function field case, and we prove that the property of being a lattice
is local on the base R - just as in the function field case. We prove
different characterizations of lattices and obtain

THEOREM 0.4. If R is a perfect k-algebra, then the set of R-valued
points of Grass, is equal to the set of lattices L C W(R)[1/p]™ with
N'L = W(R).

Finally, in the Appendix we collect a couple of easy resp. standard
results on fpqc-sheaves and fpqc-sheafification which are used through-
out the paper. Moreover we discuss very briefly the set-theoretical
problems which occur when talking about fpqc-sheafifications, and
which are often ignored. Using results of Waterhouse, [Wat75], we
check that such complications do not occur in our construction of the
p-adic affine Grassmannian as an fpqc-sheaf quotient of p-adic loop
groups.
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CHAPTER 1

The Affine Grassmannian

1.1. Spaces and Ind-Schemes

Throughout this section, k£ denotes a field.

In this work we make extensive use of the language of ind-schemes.
Since there are different definitions of the term ‘ind-scheme’ scattered
through the literature let us begin by fixing terminology and giving a
brief discussion of our notion of ind-scheme.

DEFINITION 1.1. Let S be a scheme. An S-space is a sheaf on the
fpgc-site over S. An ind-scheme over S (or S-ind-scheme, or simply
ind-scheme ) is the colimit in the category of S-spaces of a direct system
of quasi-compact S-schemes. Morphisms of ind-schemes are morphisms
of functors.

If an S-ind-scheme X has the form X = lii>ni€1Xi with all the X;
quasi-compact, then we say that X s represented by the direct sys-
tem (X;)icr- By abuse of language we will also simply speak of the
ind-scheme (X;). Moreover, an ind-scheme (X;)icr is called ind-affine
(resp. ind-projective,...), if all the X; can be chosen to be affine (resp.
projective,...).

If X is an ind-scheme, then by a sub-ind-scheme Y C X we mean
a subfunctor of X which is itself an ind-scheme. A sub-ind-scheme
Y C (X3); is called ind-closed, if it is represented by a system of closed
subschemes Y; C X;.

We will always assume the directed index set I to be countable.
In particular, there always exists a cofinal subset I’ C I which can
be identified with the natural numbers. We denote the category of S-
spaces by (S-Sp) (the morphisms between two S-spaces being natural
transformations of functors), and by (ind-Sch/S) we denote its full
subcategory whose objects are the S-ind-schemes. In other words, we
have the following fully faithful functors:

(Sch/S) < (ind-Sch/S) — (S-Sp)
REMARK 1.2. (1) Our definitions of S-space and S-ind-scheme co-
incide with those given by Beauville and Laszlo in [BL94] in the case
3
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where S=Speck. There are different definitions for these terms, e.q.
by Drinfel’d in [Dri03].

(2) The existence of colimits in the category of S-spaces of a of
direct system of S-schemes needs a little justification which is given
in the appendiz (Corollary A.7). In fact, sheafification of an arbitrary
presheaf for the fpqc-topology poses set-theoretical problems, for whose
discussion we refer to Waterhouse, [Wat75], and again to the appendizx
of this thesis.

Let us collect a few easy facts about ind-schemes.

LEmMA 1.3. If T is a quasi-compact scheme and X is an ind-
scheme which is represented by a direct system (X;), then

Mor(T, X) = limMor(T, X;).

PROOF. As we prove in the appendix (Corollary A.7), the ind-
scheme X is just the Zariski-sheafification of the presheaf-direct limit
limX;. Since every Zariski-covering of a quasi-compact 7" has a finite
subcovering, the lemma follows. (l

Let X and Y be ind-schemes which are represented by direct sys-
tems (X;) and (Y;), respectively. Any morphism of direct systems
(X;) — (Y;) (i.e. a system of compatible maps f; : X; — Yj;) induces
a morphism f : X — Y. In this case we say that f is represented by
the system (f;). From the above lemma the following converse is easy
to deduce.

LEMMA 1.4. Let X and Y be ind-schemes which are represented by
direct systems (X;) and (Y;), respectively. Then every morphism X —
Y s represented by a compatible system of maps f; : X; — Y. 0

Note that this lemma holds precisely because quasi-compactness of
all the X; is built in the definition of ind-scheme resp. representing
direct systems. Moreover, as remarked above, we can always assume
that all our index sets are equal to the set of natural numbers, and that
compatible systems of maps are of the form f; : X; — Y; (i.e. preserve
the index).

LEmMMA 1.5 (Products). Let X,Y, Z be ind-schemes which are rep-
resented by direct systems (X;),(Y;), (Z;), respectively, and let X — Z
and Y — Z be morphisms represented by compatible systems of maps
X, — Z; and Y; — Z;. Then the fiber product (in the category of
k-spaces) X Xz Y is an ind-scheme and is represented by the direct
system (X; Xz, Y;). O
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We will make a further assumption to simplify our presentation.
Throughout this work, all test-schemes which occur will be assumed to
be quasi-compact. In other words, all functors are considered to be
functors on categories of quasi-compact schemes. This simplification
is justified by the fact that an S-space is determined by its values
on quasi-compact (or even affine) S-schemes. Thus we will not further
distinguish between the ind-scheme represented by a direct system (X;)
and the presheaf-direct limit lim X;. This is also the point of view taken

by Beauville and Laszlo in [BL94].

1.2. The Affine Grassmannian after Beauville and Laszlo

We summarize in this section the construction of the affine Grass-
mannian for the group Sl,. Everything discussed here is contained in
the paper [BL94] by Beauville and Laszlo, however, at some points,
as for example in the discussion of the several equivalent definitions of
‘lattice’, we try to present more details.

Let G be a linear algebraic group over k and consider the following
functors on the category of k-algebras:

L*G: Rw— G(R[[Z]]) (the ‘positive loop group’),
LG: R+~ G(R((z))) (the ‘loop group’).

[t is easy to see that the positive loop group is representable by an (infi-
nite dimensional) affine k-scheme, while the loop group is representable
by an ind-affine k-ind-scheme. Indeed, the functor which associates to
every R the subset LG=Z"VG(R) C G(R((2))) of matrices whose entries
have pole order at most N, is represented by an (infinite dimensional)
affine scheme, L= G being L™ G, of course. The natural inclusions
of functors L==" G ¢ L=""~1 @ then determine closed immersions of
the corresponding affine schemes. The inductive system so obtained is
the k-ind-scheme L G. Let us note here, that the scheme L™ G is an
instance of a general construction, the so-called Greenberg realization
of the k[[z]]-group G xj Spec k[[z]]. For a detailled explanation of this
notion we refer to Chapter 5 in this work, and to the original work by
Greenberg [Gre61]. On the other hand, the ind-scheme representing
the loop group L G will be a special case of the construction of ‘localized
Greenberg realization’, to be developed in Chapter 5, too. However,
we do not need these notions here.

DEFINITION 1.6. The quotient LG/ LT G in the category of k-spaces

is called the affine Grassmannian for G. In the sequel we write Gg =
LG/L" G for the quotient-k-space.
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REMARK 1.7. In general there arise set-theoretical problems when
one wants to talk about sheafifications for the fpqc-topology (as we do
in Definition 1.6). This means, sheafifications of general functors exist
only after restricting to a fized universe, but the sheafification so ob-
tained will depend on this choice. For a discussion of these questions
we refer to the Appendiz A. However, in our particular situation such
problems do not occur. In the cases G = Gl,, and G = Sl,, Theorem
1.9 will give us an explicit description of the desired sheafification of
the presheaf-quotient LG/ LY G in terms of lattices.

As we have just pointed out, there is a close relationship between
the affine Grassmannian and lattices in R((z))", which we are going to
study now. The following definition and theorem are basically due to
Beauville and Laszlo, [BL94]; for a discussion similar to ours see also
Gortz, [Gorl0].

DEFINITION 1.8. Let R be a k-algebra. A lattice L C R((z))" is a
finitely generated projective R|[z]|-submodule such that L& g R((2)) =
R((z))". A lattice L is called special, if its determinant is trivial, i.e.

AL = R[[2]].

THEOREM 1.9. For an R|[z]]-submodule L C R((z))"™ the following
are equivalent:

(1) The submodule L is a lattice.

(2) Zariski-locally on R, L is a free R[|z]]-submodule of rankn (i.e.
there exist fi,...,f. € R such that (f1,...,f;) = R and for
all i, L @pyy Ry, [[2]] is free of rank n and L Qg Ry, ((2)) =
Ry ()"

(3) fpgc-locally on R, L is a free R[[z]]-submodule of rank n (i.e.
there exists a faithfully flat ring homomorphisms R — S such
that L gy S[[2]] is free of rank n and L Qg S((2)) =
S((2))"-

(4) There exists a positive integer N such that 2N R[[2]]" C L C
2 NR[[Z]]" and 2~V R[[2]]"*/L is a projective R-module.

PROOF. Let us check (1) = (2). Note that L is by definition
finitely generated and projective over R[[z]], which implies that it is
even finitely presented and further that it is Zariski-locally free. In
other words, there exist gi,...,9, € R[[z]] which generate the unit
ideal and such that L @ gy R[[2]]4, is free for every i. But if we denote
by f; the constant coefficient of g;, then R[[z]],, C Ry,[[#]] and the f;
have the properties required in (2).

The implication (2) = (3) is trivial. Let us check (3) = (4). We
write Fr = R[[z]]" for any k-algebra R. If R — S is a faithfully flat
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homomorphism of k-algebras such that L @ gy, S|[[2]] is free of rank n
and L ®pgp S((2)) = S((2))", then there exists a positive integer N
such that

& Fs C L@py S[l]] € 27" Fs.
This implies that the homomorphism of modules
L— S((2)")zNFg = @iz_N_iFS/FS

is zero. On the other hand, this morphism is obtained as the composi-
tion

L — R((2))"/= " Fr — S((2))" /2" Fs,
the right hand map being injective since R — S is flat. This implies
L C 2N Fg. Similarly, the homomorphism

ZNFR/ZNJriFR — ZﬁNFR/<L + ZN+iFR)

is zero after base change from R to S, and hence is itself zero, which
proves that zVFr C L by passage to the limit over i. This proves
the first part of (4). To check the second part, note that clearly
(L/2*NL) ®pyy S[lz]] = (L/2*NL) ®g S is projective (even free) over
S and thus, by faithful flatness of R — S, L/2*NL is projective over
R. We consider the short exact sequence

(1.2.1) 0— Fr/ZNLes 2 NL/NL — 2 NL/Fr — 0,

and observe that this sequence is split by the retraction 2™V L /2N L —
Fgr/2zN L which is induced by 2=2¥ Fr — Fx. This shows that 2= Fp/L
is a direct summand of the projective R-module z=VL/2NL, ie. it is
itself R-projective.

In order to check (4) = (1), we apply a similar argument as just
before: Clearly, a module L as in (4) is finitely generated over R[[z]]
and satisfies L ®pg.) R((2)) = R((2))". Let us consider the short exact
sequence

(1.2.2) 0— L/2NFre— 2 NFr/2NFr— 2 VFr/L — 0,

and observe that by R-projectivity of the right hand module this se-
quence splits. In particular, L/z" Fg is projective over R. This implies
that in the sequence (1.2.1) the two outer modules are finitely pre-
sented and projective over R, whence the same is true for L/2*NL. Tt
now follows from Lemma 1.10 that L is projective as an R[[z]]-module.
This finishes the proof. O

LEMMA 1.10. Let (A;)ien be an inverse system of rings, with all
the connecting maps A; — A;_1 surjective, and let A be its limit. Let
M be a finitely generated A-module, write M; := M ® ; A; and assume
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that M = lim M;. If all the M; are projective A;-modules, then M is a

projective A-module.

PRrOOF. Consider a surjective A-homomorphism 7 : A" — M. We
shall show that it splits by constructing a system of compatible split-
tings of the induced maps m; : A — M.

Of course, the maps m; split, since the M, are projective by as-
sumption. Our strategy will be to construct compatible splittings by
induction on i. So assume we have a compatible system of splittings
s; + M; — A up to a certain index i. By tensoring the sequence
0 — ker — A1 — A; — 0 with 741 (A1) — M1 we obtain the
following diagram of A;,;-modules, with exact rows (L and K being
the kernels by definition) and all vertical maps surjective:

0 L Al A? 0

|k

0— K — M1 — M; —0.

Note that the map L — K is surjective, for the following reason:
Projectivity of M;; yields a decomposition A}, = M;.; @ Ciyq, Cipy
being the kernel of ;. By tensoring with A; we obtain an analogous
decomposition A? = M; @ C;, with C; 4, surjecting onto C; = ker(m;).
Now the 5-lemma shows that indeed L surjects onto K.

By induction, for the map m; : A} — M, we already have a splitting
s;. By A;yi1-projectivity of M;,, we may lift the composition M;,; —
M; — A in order to obtain a map s;11 : M;. 1 — A4, rendering the
right square in the following diagram commutative:

0 L Al A? 0

B

0—K—>= M1 — M; —0.

In general, 5;,; will not be a splitting of 7,1, but it can be properly
adjusted: a diagram chase shows that the difference 9; := (m; 1108, 71—1)
is a map M;,; — ker(M,;y; — M;) = K. Again by projectivity, we can
lift 6; to A; + My, — L — A7, (as remarked above, L — K is
surjective). If we set s;11 := 5,71 — A, we get indeed a splitting of ;41
which still forms a commutative square

n n
Al —— A

Si+1 T SiT

M — M,;.
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Inductively applying this construction, we end up with a projective
system of splittings, the limit of which is the desired splitting of .
Thus we are done. 0

We may interpret the equivalent characterizations in Theorem 1.9
as follows. Let Latt™ (resp. Latt™) be the functor which associates to
every k-algebra R the set of (special) lattices in R((2))". Then from
Theorem 1.9 (4) it follows immediately that Latt" (resp. Latt™) is a
sheaf for the fpge-topology. From Theorem 1.9 (2) (resp. (3)), we de-
duce then that Latt™ (resp. Latt™?) is the Zariski-sheafification (resp.
fpqc-sheafification) of the functor which associates to R the set of free
(special) lattices in R((z))". (Here we invoke the characterization of
sheafifications given in Proposition A.2 in the appendix). This lat-
ter functor is nothing but the presheaf-quotient L Gl, /L™ Gl, (resp.

LSL, /L* Sl,). Thus we obtain

COROLLARY 1.11. The action of L Gl, on Latt™ induces isomor-
phisms

Ga, ~ Latt™;  Gg),, ~ Latt™.

In the following we consider the case G = Sl,,, and we abbreviate
G = Gg,,. Let T C B C G be the standard maximal torus (of diag-
onal matrices) and the standard Borel subgroup (of upper triangular
matrices) of Sl,,. Moreover, denote by X(T') the group of cocharacters
of T, and by X (T) the subset of dominant cocharacters (with respect
to the fixed Borel B). Further, we identify X(7') with Z" and hence
obtain the injection

(1.2.3) X(T) = LG; A 2> = diag(2™, ..., 2™").

Thus we may regard the group of cocharacters of T as a subset of
L G(R) for any R.

On G we have a natural action of L™ G by multiplication on the left.
On the level of k-valued points, this action induces a well-known double
coset decomposition (the Cartan decomposition for L G(k), namely

(1.2.4) LG(k) = Uyex, (o LT G(k)2* LT G(k).

This shows that the L™ G(k)-orbits in G(k) are parametrized by the
dominant cocharacters of 7'. These orbits are cal}ed the Schubert cells
of G, and denoted in the sequel by C(\) for A € X (T).

THEOREM 1.12 (Beauville, Laszlo, [BL94]). The affine Grassman-
nian G is isomorphic to the functor, which associates to every k-algebra
R the set of special lattices in R((z))"™. Moreover, it is representable by
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an inductive limit of closed subschemes of usual Grassmannians, i.e.
it 1s an ind-projective k-ind-scheme.

SKETCH OF PROOF. Details can be found in [BL94]. The idea of
the proof is to write G = UnenGYY), where

GM(R) = { special lattices £ with 2V R[[2]]" ¢ £ ¢ 2V R[[2]]" }.
One can then show that for any N the inclusion
GW(R) — Grass(nN, 2 Vk[[]]"/zVK[[2]]")(R); £ — L/2VR[[2]]"

defines an isomorphism of functors from GV to a closed subscheme of
the Grassmannian Grass(nN, 2~ Vk[[z]]"/2Vk[[z]]") of nN-dimensional
k-linear subspaces of 2~ Vk[[z]]" /2N k[[2]]". O

It is easy to see that LT G acts algebraically on every GV, whence
the Schubert cells are quasi-projective k-schemes, each lying in a suit-
able G™). For any A € X_(T), the closure of the Schubert cell C(\) C
G, denoted by S()) in the sequel, is called a Schubert variety.

REMARK 1.13. An analogous result of course holds in the case G =
Gl,, (see [BL94]): The affine Grassmannian Gg, is an ind-scheme over
k which is representable by an inductive limit of closed subschemes of
usual Grassmannians.

1.3. Vector Bundles on Projective Curves

There is a well-known correspondence between points of the affine
Grassmannian for G and vector bundles on a projective curve together
with certain trivializations (where the precise meaning of ‘certain’ de-
pendes on the choice of ). In this section we will mainly focus on the
case G = Gl,,, and give a brief account on the case G = Sl,, at the end
of the section. Let us recall the above mentioned correspondence, as
Beauville and Laszlo describe it in [BL94].

Let X be a smooth projective curve over k, p € X be a closed point,
and choose a uniformizer z € Ox,. We fix these data for the rest of
this section. For every k-algebra R we set

XR =X ®Speck Spec Ra X]*% = SpeC(OX(X - {p}) Ok R)’

(1.3.1) Dg:=SpecR[[z]], Dk := R((2)).

These data determine a cartesian diagram of schemes
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(1.3.2) Dy Y X3,

|

DR4>XR.

Beauville and Laszlo prove the following
PrOPOSITION 1.14 ([BL94]|, Proposition 1.4). The functor
LGl, : R+~ Gl,(R((2)))

on the category of k-algebras is isomorphic to the functor which asso-
ciates to R the set of isomorphism classes of triples (E, p,o), where E
15 a vector bundle of rank n over Xg, and p and o are trivializations
of E over X} and Dpg, respectively.

As a consequence they obtain

ProposITION 1.15 ([BL94], Proposition 2.1 and Remark 2.2). The
affine Grassmannian for Gl,, by definition the fpqc-sheafification of
the functor R — Gl,(R((z)))/ Gl,(R[[z]]), is isomorphic to the functor
which associates to R the set of isomorphism classes of pairs (E, p),
where E is a vector bundle of rank n over Xg, and p is a trivialization

of £ over Xj.

The interesting part in the proof of Proposition 1.14 is to see why
the data of trivial vector bundles of rank n on Dy and X7}, respectively,
together with a transition function over X%, determine a vector bundle
on Xp. This is not a classical descent situation, since if R is not
Noetherian, Dp is in general not flat over Xp. In [BL95] Beauville
and Laszlo prove that descent holds nonetheless.

In the present section we present an alternative proof of Proposition
1.14 using the following strategy. We define the subring Ap C R[[z]]
as a certain localization of Ox , ®; I, which depends functorially on R
and determines a flat neighborhood of the locus z = 0 in Xg. Let us
write Agr = Spec A and A}, = Spec Ag[1/z]. Then Ag[[X; — Xr
is an fppf-covering, and if we could replace Dr by Agr and D3, by
A%, in the formulation of Proposition 1.14, then this proposition would
immediately follow by faithfully flat descent. Indeed, we will show
below how to arrive at this situation using a simple approximation
argument. Moreover, the concrete situation will turn out to be not
only fppf-local, but even Zariski-local, so that descent of vector bundles
holds trivially.
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1.3.1. Vector bundles with trivializations. The choice of a
uniformizer z € Oy, determines an inclusion (R ®; Ox,) C R[[#]],
R][z]] being the completion with respect to the z-adic valuation. For
cach f € (R®y Ox,p) NR[[z]]* we define Sk f 1= (R®; Ox,)r C R[[Z]].
The union of all these rings, for varying f, will be denoted Ag. Writing
Ap = Spec Ar and A}, := Spec Ag[1/z] we have a cartesian diagram

Ay Yo X

CR
Ap —2= Xp.

Moreover we set Ug s := Spec Sg 5.

LEMMA 1.16. The morphism Dgr|[ X}, — Xg is surjective. Thus
Apl Xy — Xg is an fppf-, and Up [ Xy — Xg is a Zariski-
covering for each f € (R @y Ox,) N R[[z]]*.

PROOF. Let P be a point of Xp and let A = (Ox ® R)p be the
local ring at P. Either z is invertible in A — then P € X}, —or z is
in the maximal ideal p C A. In the latter case we consider can : A —
A = lim(A/2") and the ideal p = lim(p/2"). Passing to the inverse
limit over the short exact sequences

0—p/(z") = A/(Z") = Afp— 0
we obtain can™!(p) = p, and the commutative square
SpecA —— Spec RHZH = Dpg

| |

Spec A Xr.
shows that p N R][[z]] C R[[z]] is a preimage of P in Dg. O

Let T be the functor on the category of k-algebras, which associates
to a k-algebra R the set of isomorphisms classes of triples (E,p, o),
where E is a vector bundle of rank n on Xg, and

.n =
.n =
o0:0R, = Eag

are trivializations. To each isomorphism class [(E,p,0)] € T(R) we
may assign the respective ‘transition matrix over A},’. This is indepen-
dent of the actual representative of [(E, p,o)] and hence determines a
morphism of functors

O(R) : T(R) — GL(Ax[1/]); (E.p.0) — D(Xa, (p

az))-

A;‘%) O (0'_1
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PROPOSITION 1.17. The morphism ®(R) defined above is an iso-
morphism of functors.

PROOF. We have to construct an inverse for ®(R). To this end, we
choose a matrix g € Gl,(Ag[1/z]) and consider the following diagram

of quasi-coherent sheaves on Xp,
n

E X5

\L can

OZR can OZ;‘Q g OZ};’

where FE is uniquely determined up to isomorphism by requiring
that the diagram be cartesian. (By abuse of notation we do not indicate
the obvious push-forwards to Xg in this diagram.) It is easy to check
(by pullback to Ag and X, respectively) that this diagram determines
trivializations of £/ over Ag and Xj. The transition function for these
two trivializations is equal to g by construction.

To see that this construction indeed gives an inverse for ®(R) it
remains to check that E is a vector bundle. This is immediate by
Lemma 1.16 together with faithfully flat descent, or by the following
elementary argument: the matrix g involves only finitely many elements
of Ap[1/z], whence in fact g € Sgf[1/z] for some f € (R ®; Ox,p) N
R][[z]]*. This shows that E can as well be obtained by gluing trivial
bundles over Ug s and over X}, respectively. Now, since Ug f C Xp is
Zariski-open, this shows that F is a vector bundle. 0

1.3.2. ‘Formal’ descent of vector bundles. Let us now con-
sider the situation introduced at the beginning in diagram (1.3.2),
where we consider the formal neighborhood Dg = Spec R][z]] of the
closed subscheme Spec R x {p} C Xk.

By T we denote the functor, which associates to every k-algebra R
the set of isomorphism classes of triples (E, p, o), where F is a vector
bundle of rank n over Xy and

.n =
P OX]’% — E\X}*%;
.on =
g . ODR — ElDR
are trivializations.
As in the previous section, we obtain a functorial morphism ®(R) :

T(R) — Gl,(R((2))) by assigning to each triple (E, p,o) the corre-
sponding transition function over D7,.

THEOREM 1.18 ([BL94], Proposition 1.4). The morphism ® is an
isomorphism of functors.
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PROOF. In order to construct an inverse for <i>, i.e. to construct a
triple (E, p, o) from a given v € Gl,(R((2))), we proceed exactly as in
the proof of Proposition 1.17. The only non-trivial thing to check is
that the quasi-coherent sheaf F, defined so to make the diagram

(1.3.3) E O%.,

J/ can

)
O, < O o O

cartesian, is a vector bundle over Xx. We do this by reducing to a
situation where Proposition 1.17 applies. More precisely, Lemma 1.19
below shows that every v € Gl,(R((z))) can be written as a product
v =g -0, where g € Gl,(Ag[1/z]) and § € Gl,(R][[z]]).

Thus diagram (1.3.3) ‘decomposes’ likewise, and yields the big dia-
gram

E O?{;{

\L can

n can n g n
OAR AR OA}%

L

Obh, S Op, == O%E ; O%E'

The two small squares in this diagram are trivially cartesian, while
the big rectangle coincides with the square (1.3.3), and is thus cartesian
by definition of E. Consequently, the upper rectangle is cartesian,
which proves that E is nothing but the vector bundle corresponding
to the transition matrix g € Gl,(Ag[1/z]) under the correspondence of
proposition 1.17. 0

LeMMA 1.19. GL,(R((2))) = GL,(Ag[1/z]) - GL.(R[[2]]).

E

PROOF. We set B := Upeppnrex Rz, 27, P7'] € R((2)) (Note
that the ring B N R[[z]] is equal to the ring Ar in the case X =
P}.). Since B C Ag[l/z], it suffices to check that Gl,(R((z))) =
Gl.(B) - Gl,(R][[2]]). First we note that Gl,(R[[z]]) C Gl,(R((2)))
is open: Namely, det : Mat, (R[[z]]) — R][z]] is continuous and R car-
ries the discrete topology, whence R* C R is open. This shows that
GlL.(R][[z]]) € Mat,(R[[z]]) € Mat,(R((z))) are two open inclusions, so
GlL.(R][[z]]) € Gl.(R((2))) is as well open. As a second step we deduce
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from Lemma 1.20 below that Gl,,(B) = Gl,(R((2))) N Mat,(B). Now,
as Mat, (B) C Mat, (R((2))) is dense, so is Gl,(B) C GL,(R((z))).

These two statements together imply that Gl,(B) - Gl,(R][[2]]) is
dense and closed in Gl,(R((2))), whence the claimed equality. O

LEMMA 1.20. The subring B C R((z)) defined above satisfies B* =
R((z))* N B.

PrOOF. We consider f € R((z))* N B. By multiplying with a
suitable P € R[z] N R[[z]]*, we may reduce to the case f € R((z))* N
R[z,z7Y. Such an f has the form f = —N + Q, where N € R|z, 27 !]
is a nilpotent Laurent polynomial and the leading coefficient of @) €
R((2))* is a unit in R. Using the formula (=N + Q)(N* + N*7'Q +
<4+ Q) = (=N"+ Q") we may assume that f = @', i.e. has a leading
coefficient in R*. Multiplying with 2™ for a suitable m € Z we obtain
2mf € R[z] N R[[z]]*, which is invertible in B by construction. O

The property of the ring B which is exhibited in the last lemma is
crucial for our strategy of approximation to work. This is what forces
us to consider the, at first glance, rather artificial rings Ar instead of
for example just Ox, ® R. The latter would not contain the ring B,
and in particular would not have the property of Lemma 1.20.

To conclude this section let us briefly explain how one obtains the
the description of the affine Grassmannian for Gl,, of Proposition 1.15,
and how one deduces an analogous description in the case of Sl,.

PROOF OF PROPOSITION 1.15. Let T denote the functor which
associates to every k-algebra R the set of pairs (F,p), where F is a
vector bundle on X which is trivial on Dp and where p is a trivial-
ization of E over X%. It is easy to see that the isomorphism ®(R) :
T(R) — Gl,(R((2))) induces a diagram

7 ? GL(R((2)))
forgetl ) lcan
T - GL.(R((2)))/ Clu(R[[=])),

where the quotient on the lower right hand side is the presheaf-
quotient. The fpqc-sheafification of T' (which is equal to its Zariski-
sheafification) is the functor T*"¢%/ which by definition associates to R
the set of pairs (F, p) where E is a rank n vector bundle on Xg, and p
is a trivialization over X7},. Indeed, it is easy to check the conditions of
Proposition A.2 in the appendix. First, 75"/ is an fpqc-sheaf, since
the property of being a vector bundle is local in the fpqc-topology, and
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since a trivialization, which is given fpqc-locally on X7, and satisfies the
cocycle condition, descends to a global trivialization over X . Secondly,
every vector bundle on Dy becomes trivial after Zariski-localization on
R(!) by the same argument as in the proof of (1) = (2) of Theorem
1.9. This is (1) of Proposition A.2, and (2) is trivial. Hence Th¢e/
is indeed the fpqc-sheafification of T and is isomorphic to the affine
Grassmannian for Gl,,. ]

So far we have only discussed the situation where the group is Gl,.
However, it is easy to deduce from this a description of the affine Grass-
mannian for Sl,, in terms of vector bundles. Let us say that a vector
bundle E of rank n on the curve X has trivial determinant if A"F is
the structure sheaf. Note that, if any vector bundle E on a scheme
Y is trivialized over open subsets U and V of Y, with transition func-
tion g € Gl,(Oy (U NYV)), then detg € Oy (U NV) is the transition
function for the corresponding trivializations of A" E. This gives us a
description of L'Sl, /L* Sl,, as follows.

We denote by T'(R) € T(R) the subset of triples (E, p, o), where
E is a vector bundle of rank n with trivial determinant. Clearly, 7"
is a subfunctor of 7. Moreover, let T" C T resp. T'sMef c Tsheaf be
the subfunctors parametrizing those pairs (F, p) where E is a vector
bundle on Xz with trivial determinant and p is a trivialization over
X5

LEMMA 1.21. The functor T'*"**f is a sheaf for the fpgc-topology.

PROOF. First we check that T'"¢%/ is a Zariski-sheaf. For any
faithfully flat homomorphism of k-algebras R — S we look at the
diagram

T(R) ——= T(S) —=T(S ®x 5)

T'(R)—=T'(S) —=T'(S®z S)

The upper line is an equalizer by the proof of Proposition 1.15,
which we have just presented. In order to see that the lower line is
an equalizer, too, we just have to observe that the left hand square is
cartesian. So let (E, p) € T(R). The condition that A"p
Ox, Xz extends to a trivialization E" o~ Ox, is equivalent to the con-
dition that the preimage of the l-section, w = (A"p|x:)"(1), extends
to a nowhere vanishing section of A"FE. Using a trivialization of E in
a neighborhood Up for each point P € {z = 0}, this is equivalent to
asking whether wp € Ox,(Uj)* extends to wp € Ox,(Up)*. We as-
sume that this holds after basechange to S, i.e. wx,p € Oxs(Ups)™.
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Let us fix P and drop the suffix P from the notation. As both lines in
the following diagram are equalizers,

Ox,p(U*)* — Ox,(U§)* == Oxyq,s(Usgrs)”

OXR<U)X - OXS(US)X —= OXS®RS(US®RS>X
we see that the left hand square is cartesian. Our assumptions on
w say precisely that w € Ox,(U)*, which is what we wanted to see.
An analogous argument shows that 7'"¢%f is also a Zariski-sheaf, so
that by Theorem A.4 it is indeed an fpqc-sheatf. O

COROLLARY 1.22. The isomorphism ®(R) : T(R) — Gl,(R((2)))
restricts to an isomorphism T'(R) ~ SL,(R((2))). By passage to the
quotient and sheafification for the fpqc-topology one obtains an isomor-
phism

T'sheal = 1,81, /LT SL, .

PROOF. In the lemma before we have shown that 7"°"¢%f is an fpqe-
sheaf. Now the proof of the corollary is completely analogous to the
proof of Proposition 1.15. U






CHAPTER 2

Demazure Resolutions of Schubert Varieties

In this chapter we describe the classical notion of Demazure-Hansen-
Bott-Samelson desingularization (for short: Demazure resolution) of
Schubert varieties in the affine Grassmannian for Sl,,. We explain the
‘standard’-definition in terms of quotients of loop groups, as well as an
alternative description in terms of lattice chains. We continue to write

G = Sl,.

2.1. Iwahori and Parahoric Subgroups

Let € : G(K[[2]]) — G(k) be the map induced by z — 0. The
standard Twahori subgroup T C G(k((z))) is by definition the preimage
under € of the standard Borel subgroup B C G. A preimage under € of
a standard parabolic subgroup B C P C G is called a standard para-
horic subgroup of G(k((z))). In general, an [wahori-(resp. parahoric)
subgroup of G(k((2))) is a G(k((z)))-conjugate of Z (resp. a standard
parahoric subgroup). Note that Iwahori- (resp. parahoric) subgroups
are exactly the stabilizers of complete (resp. partial) lattice chains

2LCLyC---CLCL, [ <n—1

In particular, the standard Iwahori subgroup is the stabilizer of the
standard lattice chain

2k([2]]" € kll2]] @ zk[2]]" C - CR[[]]" @ 2k([]] € R[],

while the standard parahoric subgroups are the stabilizers of its respec-
tive subflags. A maximal standard parahoric subgroup is the stabilizer
of a single lattice in the standard lattice chain.

We are going to relate the set of maximal parahoric subgroups of Sl,,
to the set of minuscule dominant cocharacters of the standard maximal
torus of its adjoint P Gl,,: Let A C P Gl, be the standard maximal torus
and let X(A) ~ Z"/(1,...,1)Z be the set of cocharacters of A. There

is an obvious inclusion
L X(T) s X(A),

induced by the canonical map 7' — A. With the identifications X(T) c
Z" and X(A) ~Z"/(1,...,1)Z the map ¢ is given by the quotient map

19
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7" — 7"/(1,...,1)Z. Moreover, the image of ¢ is precisely the kernel
of the map

(2.1.1) Zz0)/(1,..., )2 —Z/nZ; (z1,...,2n) — 21+ + 2.

If A\ = (21,...,2,) then we will also write |A\| = 2 + -+ + z,. We
denote by X (T) C X(T') the subset of dominant cocharacters of T', and
analogously for A, and note that ¢ sends X (T) to X, (A). Furthermore
we denote by )v(+,min(A) the set of minuscule dominant cocharacters of
A - these are the classes in Z"/(1,...,1)Z of the vectors of the form
(1,...,1,0,...,0). Then we have the bijection

X min(A) — { maximal standard parahorics C Sl,, }
i By = RG],

where 1 € Z" is a representative of p. To abbreviate notation in
the following section, we set P, ., := P, N P,,, the stabilizer of the
two respective lattices in the standard flag, for p; minuscule dominant
cocharacters of A.

(2.1.2)

2.2. Demazure Resolutions as Varieties of Lattice Chains

The presentation of the material in this section follows roughly the
exposition by Gaussent and Littelmann in [GLO3], and complements
it with an alternative description of Demazure-Hansen-Bott-Samelson
varieties in terms of lattice chains. The results are essentially due
to Contou-Carrere [CC83]. Note that instead of ‘Demazure-Hansen-
Bott-Samelson variety’ we will often simply speak of ‘Demazure vari-
ety’. This is common in the literature.

DEFINITION 2.1 (Demazure variety). Let vy, ...,v, be a sequence
of minuscule dominant cocharacters of P Gl,,. The Demazure-Hansen-
Bott-Samelson variety 3(vy, ..., vy,) is defined as

YV, Um) = Py xPo B, xPava oo Pomiom PP

i.e. the variety Py x P,, X --- x B, modulo the right-action of the
subgroup Py, X --- X P, x P, o given by

Vi 1,Vm
(90 -+ Gm) * (90 -+ Gm) = (9040, @y G101+ -+ Gy GmGom ) -
There is a natural morphism
T2, V) — G
(905 -, gm] = 90+ gm G (K[[2]])/ G (K[[2]),

whose image is a closed G(k][[z]])-invariant subvariety of G.

(2.2.1)
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Let us remark here that in [GLO3] Gaussent and Littelmann de-
fine a more general notion of Demazure variety in terms of sequences
of ‘types’ (admitting not only maximal, but any standard parahoric
subgroups in the above definition). Ideed, any minuscule dominant
cocharacter gives rise to a type in the sense of [GLO03].

We are now going to describe Demazure-Hansen-Bott-Samelson va-
rieties in terms of descending lattice chains.

Choose a sequence fiy, . .., fm1 € {0, 1} such that every u; repre-
sents a minuscule dominant cocharacter of A and p = pq + -+ + flmy1
represents a dominant cocharacter in «(X, (7). We denote by \ €
X, (T) C Z" its preimage under ¢. Then L|X| is an integer by the
description of (X, (T)) in (2.1.1).

Given the sequence i1, .. ., ft;, 1 we consider the following subset

m+41

(2.22)  {(Lo, L1, Longr) | (L, Lis1) = piea} € [] Gan, (k)
j=1

of a product of affine Grassmannians for Gl,,, where £y = k[[z]]" and

by inv(L;, L;11) we denote the vector of elementary divisors of L,y

relative to L;, ordered by decreasing size. It is easy to see that this is

a closed subset, and we denote by S(ii1, ..., fimi1) C HT;{I Gal, the

subscheme carrying the reduced induced scheme-structure.

REMARK 2.2. This definition implies that for any ¢ we have zL; C
L1 C L;. The points of f](ul, ey 1) thus correspond to sequences
of vertices in the affine building of Sl,,, where two subsequent vertices
are joint by a I-dimensional face in the building.

Again there is a morphism to the affine Grassmannian for Sl,,,
Fo8(p, o fimg1) — G
(Lo, Longr) = £m+127%‘)\|

(recall that —=|X| is an integer). It is easy to check that the lattice

(2.2.3)

£m+1z_%|’\| is special by looking at the elementary divisors of the cor-
responding lattices.

In order to relate the previous two constructions, let v;,7i =1,...,m,
be as in the definition of Demazure variety, and for i = 1, ..., m choose
1; to be a representative of the unique minuscule dominant cochar-
acter lying in the W-orbit of v;_; — v; (W = S,,, the Weyl group of
P Gl,). Moreover, set v,,,1 = 0, and for every i = 1,...,m + 1 choose
a representative 7; of v; such that ;1 — ; € {0,1}". Of course, this
construction can be reversed: to any sequence of u;’s we can find the
corresponding v;’s. With this notation we have the following
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PROPOSITION 2.3. Let [go,...,9m] € X(v1,...,Um). The assign-
ment
(224) ,CZ = go---gi,lzfﬂiﬁo, 1= 1,...,m—|—1,

defines an isomorphism of varieties

02V, Um) = f)(,ul, e M)
Furthermore, we have pom = w, and the morphisms (2.2.1) and (2.2.3)

are desingularizations of the Schubert variety S(\) in the affine Grass-
mannian of G = Sl,,.

PRrOOF. Let (go,-..,9m) be a representative of an R-valued point
in X(v1,..., ) (R any k-algebra), and let £; be as in the statement of
the proposition, i.e. the lattice generated by the columns of the matrix
go---gi127 %, fori=1,...,m+ 1. The calculation

iIlV(Ei, £i+1) = iHV(Eo, Zﬂigiziﬂiﬂﬁo) =
= inv(Lo, hz" "1 Ly) (for some h € G(K[[2]]) = pis1

shows that (2.2.4) indeed gives a point in X(p1, ..., flms1). It is in-
dependent of the representative (go, ..., ¢m), and indeed p o T = .
We are left with the construction of an inverse map, which we will
first explain on the level of lattices in k((2))". Let (Lo,...,Lm+1) €
i](,ul, ooy hm+1)(k), and assume we have constructed matrices gy €
P,,...,9i-1 € P,,_, up to the right action of 4, x---x P, ,,,, such
that £; = go---gj_12"% Ly for j < i. Choose h; € Sl,(k((z))) such

that £,11 = h;Ly, and set g; = gi:ll - -galhizf’i“. Then the equation
inv(Lo, 27 giz "+ Lo) = inv(Ls, Lig1) = Mig1

shows that g; € P, P,,.,. Moreover, for an appropriate choice of repre-
sentative h; we even get g; € P,,, which determines g; up to right ac-
tion by P, Hence, by induction, we get a unique preimage for any
sequence of lattices in i(ul, <+ m+1)- In order to obtain a true mor-
phism, we have to describe the map on the level of R-valued points for
any local k-algebra R. However, the quotient L. Gl,, — L Gl, / L=°Gl,
is locally trivial for the Zariski-topology (see e.g. Faltings [Fal03]),
which shows that the above construction can indeed be carried out for
R-valued points, R any local k-algebra. This proves the first claim.
Finally note that, by Remark 2.2, 3(piy, ..., ftms1) is a twisted prod-
uct of ordinary Grassmannians and thus smooth and projective. Since
the dimensions of source and target of the morphisms in question are

equal and the involved schemes are projective over k, the second claim
follows. O

i5Vit+1"
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For later use we state explicitly a well-known formula for the di-
mension of (v, ..., V) (see e.g. Gaussent and Littelmann, [GLO3]).

PROPOSITION 2.4. Let iy, ..., ftme1 and X be determined by the v;

as before, and let p be half the sum of the positive roots {c; j;1 < i <
j<n} of T CSl,. Then

(2.2.5) dim Sy, - pomgr) = dim X (v, .., vm) = 2(\, p).

PROOF. First observe that each y; has the form (1,...,1,0,...,0),
where the number of 1’s in this vector is of course |y|. Identifying the
group of characters of 7" with Z" in the usual way, we have o; ; = e; —¢;
and thus

1 ifi <l<y,
ey i) = { 0 else.

Consequently, if we sum over all positive roots «; ;, we obtain
20, p) = (@ < j) | i <T<g} = lml(n — |ul)-

This latter number is the dimension of the Grassmannian Grass(|u|, n),
which parametrizes |1, |-dimensional subspaces of k™. Summing over all

l=1,...,m~+ 1 we obtain the desired formula
m—+1 ~
2(\, p) = Z dim Grass(|u;|,n) = dim X(pq, - -+, fmt1)-
i=1

(Again, the last equality holds since 3(ju1, . . ., ftms1) is & twisted prod-
uct of the respective ordinary Grassmannians.) O






CHAPTER 3

Varieties of Lattices with Infinitesimal Structure

Besides the two interpretations of Demazure resolutions which we
discussed in the preceding chapter (varieties of lattice chains, and quo-
tients of loop groups, respectively) there is a third one: If the ground
field £ has positive characteristic p, then Demazure resolutions of Schu-
bert varieties can be identified, up to a Frobenius twist, with certain
varieties which parametrize lattices with infinitesimal structure. In the
present chapter we will construct these varieties and finally relate them
to the constructions of the previous chapter.

Throughout the whole chapter, k denotes a field of positive charac-
teristic p, and R denotes a k-algebra. We consider the group G = Sl,,.

3.1. Frobenius-Twisted Power Series Rings

Let W(R) be the ring of Witt vectors over R and identify it as a
set with RN. On W(R) we consider the filtration Z : W(R) = I, D
I DI, D ---, where, for every n € N, [, is the ideal with underlying
set {0} x RN C RN

DEFINITION 3.1. (1) The ring of Frobenius-twisted power series
over R is the completion of the graded ring gry W(R) = @ienli/ i1
with respect to the filtration given by the ideals ®;>n1;/1;11. We denote
this ring by R[[z]]".

(2) The ring of (truncated) Frobenius-twisted power series of length N
is the quotient of gry W(R) by the ideal ®;>n1;/1;11. We denote it by
R([z]]}-

Note that the ring R[[2]]"" contains R = W(R)/I; as a subring, and
its underlying additive group is isomorphic to RY with addition given

componentwise. Furthermore, if we write an element (ag, ay,az,...) €
R[[2]]" as ag + a1z + az2® + - - -, then multiplication in R[[z]]" is as
follows:

(3.1.1) (ap+arz+axz®+...) - (bg+brz+byz> +...) =
= agho + (ahby + a1bf)z + (a€2bg + albl + agb€2)z2 + e

25
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By the way this gives us a morphism of rings

(3.1.2) F=1xFxF*x---:R[[z]] — R[]

2 22
ap+ a1z +az® + - —ag+alz+adh 2+

which is an isomorphism if and only if R is perfect. Note furthermore,
that R[[2]]5 = R|[[2]]F' /2" R[[z]]* is only true if R is perfect.

On AY = Speck[zg, x1,...,2x_1] the ring structure of k[[2]]% in-
duces a structure of ring scheme which we denote by By, such that for
any k-algebra R we have Py (R) = R[[z]]5. We call this the scheme of
(truncated) Frobenius-twisted power series over k. Similarly, we obtain
a structure of k[[z]]5-module scheme on P75, ~ (AN)".

A grading on the coordinate ring of P7%. If we fix the grading
degz;j=p', i=1,...,mj=0,...,N—1
on the coordinate ring of P74 ~ AV then addition,
a: Py Xspeck Py — PN

as well as multiplication by a scalar € k[[z]]%, are given by graded
homomorphisms of the respective coordinate rings (see eq. (3.1.1)).
From now on, we will consider the coordinate ring of PR, endowed with
this grading. In the following section we are going to construct a moduli
space for closed subschemes V' C B% with the property that addition
and scalar multiplication restrict to V; that is, V' inherits the module
structure from Py

3.2. A Moduli Space for Lattice Schemes

3.2.1. Multigraded Hilbert schemes. We first recall a result by
Haiman and Sturmfels ([HS04]) on the representability of the multi-
graded Hilbert functor.

Let R be any ring, and let A% = Spec R[zy,...,z,] be the n-
dimensional affine space over R, and identify u € N™ with the monomial
xyt -zl Then a multigrading of R[xy,...,z,| by a semigroup A is
given by a semigroup homomorphism deg : N* — A. This induces a
decomposition

R[Ih e an} = @GEAR[:C17 v 7xn]a7
where R[z1,...,2,], is the R-span of the monomials of degree a.
A homogeneous ideal I C R|xy,...,x,] is called admissible (over

R), if (R[z1,...,2,]/I), is a locally free module of constant finite rank
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on Spec R, for all a € A. Every admissible ideal I C Rxy,...,x,| has
then a well-defined Hilbert function, given by

hy: A—=N, awrk(R[z1,...,2,)/])a.

An R-subscheme V' C Spec Rz, ..., x,| which is defined by an admis-
sible ideal will also be called admissible, and by the Hilbert function of
such a V' we will mean the Hilbert function of its defining ideal.

Let h : A — N be any function supported on deg(N"), and define
the Hilbert functor H% : (R-Alg) — (Set) by

H"%(S) = {admissible ideals I C S[x1,...,z,] |
tk(S[z1,...,2,]/1) = h(a) for all a € A}.

THEOREM 3.2 (Haiman, Sturmfels). There ezists a quasiprojective
scheme H% over R which represents the functor H'%. If the grading of
Rlxy, ..., x| is positive, i. e. 1 is the only monomial with degree 0,
then this scheme is even projective over R. U

The scheme H% is called the ‘multigraded Hilbert scheme’ for the
Hilbert function h. In the sequel, if we do not specify a Hilbert func-
tion h, then by the term ‘multigraded Hilbert scheme’, or just Hilbert
scheme, we refer to the union of the multigraded Hilbert schemes for
all possible Hilbert functions. We denote this scheme by Hpg, or simply
by H if the ring R is fixed.

3.2.2. Lattice schemes. Let R be a ring. For any ring scheme
R over R we have the obvious notion of an YA-module scheme over R.
In particular, we have the free R-module scheme of rank n, denoted
R"™. R-submodule schemes of an R-module scheme M are closed R-
subschemes of M which are ‘stable under the morphisms defining the
module operations on M’. This means that for a closed R-subscheme
V' C M we require the following diagrams to exist:

M x M add. M m <« M mult. M
SR —— 1 ) Y 7 — -V

Analogous diagrams are required to exist for the zero-section and
additive inverses.

In the sequel, we always assume that fR is a ring scheme which is
isomorphic as an R-scheme to A% (0 < N < o). Let us furthermore
fix a grading over R of the structure sheaf of R ~ AY so that the
ring operations on ‘R are defined by graded homomorphisms on the
structure sheaf. Then also the structure sheaf of R" is graded.



28 3. VARIETIES OF LATTICES WITH INFINITESIMAL STRUCTURE

DEFINITION 3.3. We call a submodule scheme V' C R™ a lattice-
scheme if the defining ideal of V' is admissible.

PROPOSITION 3.4. The set of lattice schemes in R™ is parametrized
by a closed subscheme gz of the multigraded Hilbert scheme of R™ over
R. Let us denote by L. the component of Ly corresponding to the
Hilbert function h. Then the R-scheme Lk, is quasi-projective over R,
and it is projective over R if the grading of R is positive.

Proor. Let H — Spec R be the multigraded Hilbert scheme of
R"™ and let U — H be the universal family. We have to show that
there exists a closed subscheme Ly C H such that for any morphism
Y - H, V=Y xgU CY Xgpecr R" is a submodule scheme if and
only if Y — H factors through L. C H. It suffices to check this
locally, i.e. for an affine open subscheme H' = Spec A C H instead of
H itself. Then also U" := H' xy U is affine, and U’ is given by an ideal
I'CcAlxi; | i=1,...,n;7=0,1,..., N] with A-locally free quotient
Alz;j]/I. Now for any morphism Y’ = Spec B — H’ the condition
that V' =Y’ x U C U’ be stable under the module operations on
R™ translates into the condition that the image of I under the comor-
phism of addition vanishes in B[z; ;]/I ® g Blx; ;]/I, besides analogous
vanishing conditions concerning scalar multiplication, units and addi-
tive inverses. Since Alx;;]/I is locally free over A, these vanishing
conditions can be expressed by equations with coefficients in A, which
then define a closed subscheme 7' € H' = Spec A. By construction,
V' is stable under the module operations if and only if Y — H’ factors
throuth Z’. By gluing all the Z’ C H we obtain the closed subscheme
Lgw C H which possesses the desired universal property. 0

In situations where the ring scheme R and the dimension n are
fixed or clear from the context, we will usually drop the index R™ and
write L = Ly, and L" = L&, respectively.

PROPOSITION 3.5 (Group actions on H). Let I'/ Spec R be an al-
gebraic group acting algebraically on R™, and assume that this action
respects the grading on the structure sheaf of R™. Then I' acts on the
Hilbert scheme H" of R™ for any Hilbert function h. If furthermore
the action of ' on R™ is by automorphisms of R-module schemes, then
the action of I' on H" restricts to an action on L".

ProOF. This is a formal consequence of the universal properties of
H" and L" and the fact that the action of I' on R" is algebraic, i.e.
functorial. 0
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3.2.3. The case of Frobenius-twisted power series. We con-
sider now the situation, where the ring scheme R = B is the scheme of
(truncated) Frobenius-twisted power series over k. Recall that G = Sl,,
over k.

It is easy to see that the (Set)-valued functor on the category of
k-algebras

LG R G(R[[2]]")
is representable by an infinite dimensional affine group scheme over k.
Similarly, the functor

Ly G R G(R[[]]y)

is representable by a (finite dimensional) algebraic group over k. There
are canonical morphisms of k-groups

(3.2.1) L*G—-L{G, L;G—LiyG,

where the first of these morphisms is induced by the map (3.1.2). More-
over, there is an obvious algebraic operation of the k-group L} G on
PR given by multiplication of an n X n-matrix and an n x 1-vector over
the ring of twisted truncated power series of length N. This operation
factors through L;C’ ~ G and respects the grading of the structure sheaf

of PR

REMARK 3.6. In fact, all the objects and morphisms in this para-
graph (except for the morphism L™ G — LEG) can be understood as
instances of the general construction of Greenberg realizations, applied
to the ring scheme R =Py . For a discussion of Greenberg realizations
we refer to Chapter 4.

By Proposition 3.5 we obtain an operation
L} n G Xspeer L — LM
We are interested in the orbits and orbit-closures of this action.

The standard lattvice scheme for a dominant cocharacter.
Let A= (A1,..., ) € X (T) ,set A=A —(Ay,...,A) € N" and set
N := X;. Then A defines a lattice scheme in PR, given by the ideal
I(N) Cklz;;5i=1,...,n;5=0,...,N — 1], where
(322) I()\) == ($170, ce ’x175\1—1’ ce s Tn—1,0y- - - 71’71—1,5\71_1—1)'

Let us call this lattice scheme the standard lattice scheme associated
with . We denote its L G-orbit in " by O()), and its orbit-closure
by D()\). The latter will turn out to be closely related to a Demazure
resolution of the Schubert variety S(A) with respect to the ‘standard
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decomposition of A’ into minuscule dominant cocharacters, which we
describe below.

The standard decomposition of a dominant cocharacter.
For A\ € X (T)andfori =1,..., N choose i; = (1,...,1,0,...,0) such
that the number of 1’s in this expression equals the number of entries
in A which are > i. This defines a decomposition of A into minuscule
dominant cocharacters fi; as described in Section 2.2. Obviously we
have A\ = iy + - - - + p, and the y;’s are ordered ‘by size’:

pa| = -+ = .
We call this decomposition of A\ into minuscule dominant cocharacters

the standard decomposition of A. For the rest of the chapter we will
assume A\, A and the p;’s chosen in this way.

3.3. Twisted Linear Ideals and Flatness Results

To give an idea of the relation of D()) to Demazure resolutions and
thereby motivate the subsequent technical section, consider

EXAMPLE 3.7. Choose n = 2 and A\ = (1,—1) € X, (T). Then
N=2 )= (2,0), and the standard lattice scheme associated with A is
given by I(N) = (x10,211). For convenience we rename the variables
T1j > Xj, Taj — Y5, whence I(N) = (zg, z1).

Claim: The L} G-orbit of I()\) consists of all ideals of the form

I:=A- I()\) = <CLO£L’0 + boyo, agxl + alxg + bgyl + b1y§>,
with ag # 0 or by # 0.

To see this, one calculates the effect of a matrix

ap+ a1z by +biz
4= (cg Cer dot dllz) € Sly(k[[2]]") = L Sly(k)

To + T12 N2 .
the vector © —  (klzs, v; . We obt
on the vector x <y0+y1z) (klzs, vil[[2]]") e obtain
Ay = (aoxo + boyo) + (apr1 + a1z + bpys + biyp)z mod 22
— \(como + doyo) + (cGr1 + crag + doyr + duyg)z '

Since the operation of Lk G on k[z;,y;] is given by the transpose of this
action, we see that the images of xg resp. x1 are of the form agxg+ boyo
resp. afry + arxh + boyr + biyl, with ag # 0 or by # 0. Thus the claim.
Claim: the ideal I is graded, and denoting the i-th graded component
by I;, we have

I N (2o, Yo) = (@00 + boyo)
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and
I, 0 (xg, yo, o1, y1) = (agzg + byyp, arxg + by + agry + byyr)-

Only the latter equation requires an argument: we have to verify that, if
(aozo+boyo)-P(xo, yo) € (xh,y8), then P(zo,yo) = v(aozo+boyo)? ", for
v € k. Assume ay # 0 and consider the linear transformation of vari-
ables o — (1/ag)xo—(bo/ao)yo, which stabilizes (xf, yb). Hence (agro+
boyo) - P(x0, Yo) € (w0, Yo) if and only if xo- P((1/a¢)zo— (bo/a0)yo; yo) €
(zh yP). Thus we must have P((1/ag)zo — (bo/ao)yo,yo) = Y'xh " for
some ' € k, whence P(xq,vo) = Y(aoxo + boyo)?~L. The case by # 0 is
similar, which proves the claim.

Applying the absolute Frobenius morphism to I yields a submodule
of I,, and identifying x}, yb, 1, y1 with the standard basis of k**?, these
define a descending sequence of lattices in k**? in the sense of Section

Lo = Homy (K**2 k) D L1 = Homy (k***/(abxh + bhyb), k) D
D L = Homy (k**/ {afaf + bgys, arg + bayg + agar + bgyn), k).

This corresponds to a point in the Demazure resolution of S(\) (in
the situation of this example there is only one Demazure resolution,
since there is only one decomposition of A\ into minuscule dominant
cocharacters).

REMARK 3.8. From the example it is clear that we will have to deal
with certain Frobenius twists when relating points of D(X) to points of
a Demazure variety.

In the following we are going to prove auxiliary results, which will
later be used to study the general case G = Sl,,. As always, let R be an
arbitrary k-algebra, denote by X = {z1, ..., x,,} a set of indeterminates
with degz; = p®% for any i, and set

Fu(R) = @gRa?

p

d;

To carry out the construction of the example for any (R-valued) point
in D(A), possibly meeting the boundary of O(X), we need to know
that the corresponding ideals are well behaved, in a sense to be made
precise, with respect to intersections with the R-submodules F(R) of
R|x; ;]. To show this is the goal of this section.

The crucial property that the ideals which we consider will turn out
to have, is subject of the following

DEFINITION 3.9. Let R be any k-algebra. We call an element
[ € R[X] twisted-linear, if f € UjF,(R). We call an ideal I C R[X]
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twisted-linear, if I is generated by a finite subset consisting of twisted-
linear elements. FEquivalently, a finitely generated ideal I is twisted-
linear, if and only if it is generated by Uy(Fu(R)N1T). Such an ideal is
obviously graded.

In the following, if M is a graded R-module, we denote by M,
its degree d-part. Note that F,~(R) is a direct summand of R[X],~.
Note furthermore that, if I is finitely generated, then R[X]/I is finitely
presented as an R-algebra, whence every homogeneous component of
R[X]/I is finitely presented as an R-module. Thus every such homoge-
neous component is R-flat if and only if it is R-projective if and only if
it is locally free over R. In this case, the same properties hold for the
homogeneous components of I.

LEMMA 3.10. Let I C R[X] be a twisted-linear ideal such that
R[X]/1 is R-flat. Assume that I is generated by twisted-linear elements
f; with deg f; = p% for each j. Then we have for any N

SR =Fn(R)NT.

e; <N
Before proving this lemma, we state two corollaries:

COROLLARY 3.11. Let I C R[X] be a twisted-linear ideal such that
R[X]/I is flat over R. Then for any R-algebra S':

(FpN(R) ﬂ[) .S = FpN(S) N ([ QR S)

(where the left expression denotes the image of (F,v(R) N 1) ®r S in
S[X])-

PRrROOF. The ideal I @ S C S[X] satisfies the assumptions of the
lemma, with R replaced by S. In particular, it is generated by the
images of the f; in S[X]. Hence we have

Fp(S$)NUerS) = Y S = (Fa(R)ND)- S,

p
e; <N

where the first equality results from the lemma applied to the ideal
I ®g S, while the second is a consequence of the lemma applied to [
itself. O

COROLLARY 3.12. Let I C R[X] be a twisted-linear ideal such that
R[X]/I is flat over R. Then the R-module F,~(R)/(F,~(R)N1I) is R-
flat, as well as the quotient of degree p™ -components R[X]|,~ /(F,v(R)+
L),

p
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PROOF. The second module in question is the cokernel of the in-
jection of R-modules

Fon(R)/(Ep(R) N 1) = (R[X]/I)x

p p

Corollary 3.11 states that this map is still injective after tensoring with
any R-algebra S, so the long exact sequence of Tor’s tells us that the
cokernel is flat. And thus also F,~(R)/(F,~(R)NI). O

Hence we see that we can in fact restate the equation in Corollary
3.11 in the form

(FpN(R) N [) ®Rr S = FpN(S) N ([ QR S)

We interpret this equation as follows: cutting out of a twisted-linear
ideal the twisted-linear part of given degree is functorial with respect to
base change.

ProOOF oF LEMMA 3.10. Since R[X];/I; is R-flat and of finite pre-
sentation, and since our claim is local on R, we can assume that
R[X],/1; is free. Since invertible linear transformations of the degree
1-variables do not affect twisted-linearity nor flatness, we can assume
without loss of generality that the f; of degree 1 are in fact in X, i.e.
variables of degree 1. If all the f; have degree 1, we are done. Oth-
erwise, we apply induction on n, where p™ is the maximum degree of
a generator f;. By our assumption on Iy, we have R[X]/] ~ R[X']/I’,
where X’ is X minus the variables generating I;, and I’ is the image
of I under the quotient map R[X] — R[X’']. Hence, I’ is twisted-linear
and generated by those g; = image(f;) € R[X'] which have degree > p.

Set X" = {x € X';degz > 1} U {aP € X';degz = 1}. Then the
g; already lie in R[X"] and generate an ideal I” C R[X"]. We obtain
R[X')/I" ~ (R[X"]/I")[p-th roots of some variables in X"]. By faithful
flatness of extension by p-th roots, R[X"]/I" is flat over R. Now we
only deal with variables of degree > p, and I” is still twisted-linear,
so for the moment we can think of all degrees divided by p and apply
the induction hypotheses in order to obtain the claim of the lemma for
I" C R[X"]:

Y R =Fn(R)NI".

(Here, by abuse of notation, we denote by g; also the (unique) preim-
ages of the g; in R[X"]. As for R[X], we denote by F,~(R)" and F,~n(R)’
the modules of twisted-linear monomials of degree p" in the algebras
R[X"] and R[X'], respectively.) Since

R[X'|/T" ~ (R[X"]/I")[p-th roots],
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we have I" = I' N R[X"], F,n(R)" = F,v(R)" C R[X"] and thus obtain

p
S R¢ 7 =F~(R)NT.
1<e;<N

Now let ¢ : R[X'] — R[X] be the canonical splitting of the quotient
map R[X] — R[X']. Then I C ¢(I') @ 3_,,, mR[X], where the sum
runs over all monomials m in variables in X — X’ not equal to 1. Since
similarly Fyx (R) = @(Fyn (R)) ® @,cx_w Ra?", we have

Fx(R)NIC o(Fn(RY NI e @ R =Y Rf7

reX—X' e]-SN

—ej

The opposite inclusion is trivial. O
By a similar induction argument we prove

LEMMA 3.13. Assume that the twisted-linear ideal I C R[X] is gen-

erated in degrees d < p" and that the graded components (R[X]/I)q are
flat over R for d < p™. Then R[X]/I is R-flat.

ProOOF. We proceed by induction on n. Since the graded compo-
nents of R[X]/I are of finite presentation, (R[X]/I)s is even locally
free for d < p™. Thus, since our claim is local on R, we can as-
sume that R[X]/(l;) is isomorphic to a polynomial ring R[X'], with
X' C X. In case n = 0 we are already done. Otherwise, the image
of I/{I;) in R[X'] is a twisted-linear ideal I’ C R[X'], generated by
the images g; of those generators of I which have degree > p. Set
X'"={r e X;degr > 1} U{s? € X';degz = 1}. Then the g; of degree
> 1 lie in R[X"] and generate an ideal I” C R[X"]. We have

R[X]/I ~ R[X']/I' ~ (R[X"]/I")[p-th roots of some variables in X"].

Still, 1" is twisted-linear and R[X"]/I"” is R-flat in degrees < p", since
adjoining p-th roots is faithfully flat. In X” there only occur variables
of degrees p® with e > 1, so we can divide all degrees by p and arrive

at a situation where we can use the induction hypotheses: R[X"]/I" is
R-flat in all degrees. But then so is R[X'|/I' ~ R[X]/I. O

REMARK 3.14. (1) For any ideal I C R[X], we denote by I=" the
ideal generated by the graded components of I which have degree < n.
Then, if R[X]/I is R-flat and I is twisted-linear, Lemma 3.13 tells us
that the same properties hold for R[X]/I=P". In particular, we obtain
from Corollary 3.12 that R[X]|pn/(Fy(R) + (ISF"),n) is R-flat for all
m and n.

(2) Let I C R[X] be a twisted-linear ideal generated in degrees < p™.
For the quotient R[X]/I to be R-flat it is sufficient that (R[X]/I), is
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R-flat fori =0,...,n. This follows from Lemma 3.13 by induction on
n.

Combining these two remarks, we obtain a stronger version of the
preceding lemma:

COROLLARY 3.15. Assume that the twisted-linear ideal I C R[X] is
generated in degrees d < p". Then R[X]/I is R-flat if and only if the
R-modules

Fym (R) [ (Fpm (R) OV 1)

are flat form =0,...,n.

ProOF. The ‘only if’-part was proved in Corollary 3.12. For the
‘if’-part, we proceed by induction on n, the case n = 0 being a con-
sequence of Lemma 3.13, since Fjo(R)/(Fp(R)NI) = (R[X]/I);. To
verify the statement for n > 0 assume R[¥]/I="""" is R-flat, and con-
sider the exact sequence

0 = Fpn(R)/(Fpn(R) N T) — R[X]pn /L —
— R[X]pn /(Fyn (R) + (17" )n) = 0,

Since the right-hand module is R-flat by Corollary 3.12, and the left-
hand module is R-flat by hypotheses, the same holds for the middle
module. Now use (2) of Remark 3.14. O

We are now prepared to show that twisted-linearity is a closed con-
dition on the Hilbert scheme H" of admissible ideals in R[X]. In order
to give this statement a precise meaning and a neat formulation, we
generalize the notion of twisted-linearity to sheaves of ideals:

DEFINITION 3.16. Let X be any k-scheme, and let T C Ox|[X] be
a sheaf of ideals. We say T is twisted-linear, if for every open affine
subscheme Y = Spec R of X, I'(Y,Z) C R[X] is a twisted-linear ideal.

REMARK 3.17. Twisted linearity can be tested on an affine open cov-
ering: A sheaf of ideals T as in the previous definition is twisted-linear,
iof and only if there exists a covering by open affines, X = UY,Y; =
Spec R;, such that every I; = I'(Y;, ) C R;[X] is a twisted-linear ideal.
The ‘only if -part is of course trivial. To verify the ‘if -part, we can
assume that X = SpecR is affine. Then I = T'(X,Z) C R[X] is
twisted-linear if and only if

(INFu(R),ne€N) =1

(That the property of being finitely generated, which we require for
tunsted-linear ideals, is local for the Zariski-topology on Spec R, even
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for the faithfully flat topology, is a well-known fact.) This equation
holds, by flatness of R — R;, if and only if it holds after localizing in
R; for every i. But, using Corollary 3.11, this is twisted-linearity on
each Y;, which was our assumption.

PROPOSITION 3.18. Let p : X — H" be a morphism of k-schemes
such that the corresponding sheaf of ideals on X is twisted-linear. As-
sume that p,Ox is a quasi-coherent OHg-module and let 'Y be the
scheme-theoretic image of p. Then the corresponding sheaf of ideals
T C Oy|X] is twisted-linear.

PROOF. The defining ideal-sheaf of Y C H} is equal to ker(Oy —
p+Ox). Hence to the map f : X — Y corresponds an injective map
of sheaves Oy — f.Ox and, in particular, on an affine open subset
Spec R C Y we get R — Ox(f*(Spec R)). Covering f~!(Spec R) =
U Spec .S; by open affines, we obtain an injective map of rings

R < Ox(f '(SpecR)) — [ S =: 5.
By assumption, the ideal J; corresponding to
Spec S; — f~*(Spec R) — X — H"

is twisted-linear. We have to verify that the same holds for the ideal
corresponding to Spec R < Y — H". Then the claim follows from the
remark, as Y can be covered by open affines like Spec R.

We inductively construct a generating system for I consisting of
twisted-linear elements. First note that any element of degree 1 is
trivially twisted-linear, i.e. <! is twisted linear. For the inductive step,
assume that I<P""' is twisted linear. Then, by the remarks following
Lemma 3.13, M := R[X],n/(Fpn (R) + (ISP""),») is projective over R,
whence, in the line below, the middle map is injective:

(3.3.1) L > M — Mo S = [[(MerS).

To justify that the right hand map is an isomorphism, note that, if M
is even free, it is a finite product of copies of R, and the above map is
indeed an isomorphism since arbitrary products commute. In general,
M is a direct summand (and hence also a direct factor) of a finitely
generated free R-module M @ M’. This shows that (M ®rS) ® (M’ ®gr
S)~([IM®rS;)® (][] M'®r S;). Since the composition of the maps
in (3.3.1) is zero (I ®g S; = J; being twisted-linear), so is the left-hand
map. This shows that, in order to obtain a generating system of I=<P",
we can extend a generating system of I<P""" by twisted-linear elements
living in F,»(R). This proves the inductive step. O
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COROLLARY 3.19. The sheaf of ideals corresponding to D(\) C H"
15 twisted-linear.

PROOF. The ideal I()) is twisted-linear. By definition of R[[2]]",
the operation of L} Sl, on H" preserves twisted-linearity, whence the
sheaf of ideals corresponding to the inclusion p : O(\) C H" is twisted-
linear. Now the claim follows from Proposition 3.18, since D(A) is the
closure (=scheme-theoretic image) of O(\) in H". O

3.4. Grassmann-Bundles

From now on, we write X = {z; ;;i=1,...,n;7=0,...,N—1}, ie.
R[X] is the affine coordinate ring of By, ; with the grading deg z; ; = P,
introduced in Section 3.1. Moreover, we denote by z# the comorphism
of multiplication by z on By g, i.e. the ring homomorphism

2 . R[X] — R[X]; Tij — xﬁj_l.

In the previous section we introduced the ideals I<F",i = 0,1, ...,
associated with a twisted linear admissible ideal I C R[X]. If we con-
sider ideals I with the property that z#I<P" ¢ I<P'"" (which is the case
for R-valued points of D())), the assignments I — I=P" have a nice
geometric interpretation, which we are going to describe in the sequel.

Denote by h,, the Hilbert function of k[X]/I(A)*"" for m =
0,..., N. In particular, hy is the Hilbert function of k[X] (namely, I(\)
contains no elements of degree < p~! whence [ S 0), and hy = h,
the Hilbert function of k[X]/I()\). For m = 0,..., N denote by 7,,(\)
the following (set)-valued functor on the category of k-algebras:

(3.4.1) 7,,(N\)(R) = {admissible twisted linear ideals I C R[X]
with Hilbert function h,, and such that z# =" C 15771},

Note that these functors are sheaves for the Zariski-topology by Remark
3.17. Note further that 75(\) = Spec k and D(A) < Ty(A) as functors.
Moreover, we have morphisms of functors

Toi1(N) = T(N); T 57777
once we know that the Hilbert function of R[X]/I, for I admissible,
twisted linear and generated in degrees < p™~!, is completely deter-
mined by its values on {0, ..., p™ '}. But this follows from

PROPOSITION 3.20. The Hilbert function of an admissible twisted

linear ideal I C R[X], which is generated in degrees < p™, determines
the ranks of the R-modules Fyo(R)NI,..., Fym(R) N1 and vice versa.
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Proor. By Corollary 3.12 the R-modules Fi(R)/F,i(R) N1 are
flat, whence the statement of the proposition makes sense. Consider
first ideals I C k[X] having a monomial twisted linear generating sys-
tem that is, a generating system consisting of monomials &, ..., &, each
a power of a variable z;; and of degree < p™. Hence, if the & form
a minimal generating system of I (i.e. none of them can be omitted),
they also form a regular sequence in I. Moreover, the number of ele-
ments in {&} having a given degree is determined by the dimensions of
the vector spaces Fji(k) N 1,7 =0,...,m. On the other hand Hilbert
functions are additive with respect to short exact sequences as

0 — k[X]/(6, o En) <5 KX (Er, - 6) — K]/ (61, &) — 0.

Thus the Hilbert function of R[X]/I is determined by the dimensions of
Fy(k)N1,i=0,...,m, and vice versa, as claimed. Now we show that
the general case reduces to the case just studied: By flatness of R[X]/I
and by corollaries 3.12 and 3.11 we may assume R = k. Consider
the action on H" (where i’ denotes the Hilbert function of I) of the
1-parameter subgroup

{D(t) = diag(t~" " ¢t . ")t €k} € T C Sl(k).

By properness of H! the orbit of I extends to a closed curve C C H}
and by Proposition 3.18 the ideal I’ corresponding to ¢t = 0 is gener-
ated by twisted linear homogeneous elements of degrees < p™. Let
S Pixig,...,xin_1) be such an element, the P;(z;p,...,%;n_1)
denoting polynomials of the same degree d over k£ in N variables,
or the zero polynomial. Then, by construction, the multiplicative
group acts (via D(t)) on P; with weight (—n — 1 + 2i)d. Since I’
is a fixed point under the action of D(t), this shows that each of the
summands P;(z;0,...,x;n-1) is itself contained in I’. But from this
it follows easily that I’ is even a monomial ideal generated by ele-

4,5 . .
ments of the form z? ;  for some non-negative integers e; ;. Namely,

. d+e d .

if P(wig,...,0n-1) = @iy + -+ agxj, with ag # 0, then we
dte—j . ) )

have :Uﬁ j e I for every 0 < j < e, since I’ is stable under the

map 2% : x;; — 2} . Of course, the Hilbert functions of k[X]/I and
k[X]/I' coincide, and the application of Corollary 3.11 to the special-
izations Spec k — C' given by t = 0 and t = 1, respectively, shows that
also the dimensions of F,i(k)NI and F,:(k)NI' coincide fori = 0,...,m.

Thus we are indeed reduced to the special case of monomial ideals. []

For the following recall the standard decomposition of A defined at
the end of Section 3.2.
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THEOREM 3.21. For each m = 0,..., N the morphism T, (\) —
Tm—1(N) is relatively representable by a bundle of ordinary Grassman-
nians Grass(|pm|,n). In particular, it is smooth of relative dimension

|tm| (10— |ftm])-

COROLLARY 3.22. The functor Tn(\) is representable by a smooth,
connected, projective k-scheme of dimension SN |tm|(n — |ptm]) =
dim X(pq, . . ., ). The functorial map D(N) — Tn(N) is thus a closed
immersion of k-schemes.

PROOF. Recall that 7y()\) = Spec k and use induction on N. [
PROOF OF THE THEOREM. Let I be any R-valued point of 7,1 ()
and consider the exact sequence of flat R-modules

0 — K = ker(z#) — Fyu-1(R)/(Fyns(R) N T) 5

p

— Fynat(R)/(Fyn—t (R)NI) = > Ry g — 0.
=1

Then K is flat over R, and hence locally free since it is of finite pre-
sentation, and of rank n. By Proposition 3.20 and Corollary 3.15 the
fiber of 7,,(A\) — 7Z,-1()\) is in functorial bijection with the set of
R-submodules L C K such that K/L is flat over R and of constant
rank

(3.4.2)
rk(I(N)SP" " /TS ) s = tk (W)t — Tk T(A)pm—2 = gt

But these are exactly the R-valued points of a Grass(|um|, n)-bundle
over Spec R. In particular, the relative dimension of 7,,(\) — Zp,—1(\)

1S equa’l to (|:um|)(n - |:um|) O

3.5. Demazure Varieties Reviewed

3.5.1. The relation with Demazure varieties. Recall the ideal
I()) of the standard lattice scheme associated to A and its orbit closure
D(A). Denote by h : N — N the Hilbert function of 7(\). Furthermore,
let N be as in the definition of the standard lattice scheme, and, as in
the previous section, let X = {z; ;i =1,...,n;5=0,...,N —1}.

Denote by Frobg : R[X] — R[X] the relative Frobenius morphism
over R. Let F* be the pullback-functor on the category of R-modules
along the absolute Frobenius morphism R — R, whose effect on a
submodule of R[X] is raising the coefficients of its elements to the
p-th power. Note that applying Frobgr to a submodule of R[X] and
then pulling the image back via F* yields the image of the original
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submodule under the absolute Frobenius. The pullback functor F*
induces an [F,-morphism ¢ : gg;[n) — gg;i); L — F*(L). We set

N N
O = N1 x...xgpxid:HggBHHggE'
i=1 i=1

Furthermore set M := F,~—1(R) and note that on M we have an en-

domorphism z# which is defined by restriction of scalar multiplication
N—1—j N—j

with 2 on R[X]: it sends 7 ; " to x‘f’ji if 5 > 0 and to 0 otherwise.

Let {e;;} be the dual basis of {xf’]jv*lﬁ} and consider the dual map of

2#, which we again denote by z:
z:V :=Hompg(M,R) —» Homp(M,R) ~ Vie; j_1 — e, ;.

Note that V ~ R™, as well as its R-submodules with projective quo-
tient which are stable under z, are lattices in the sense of Section 2.2
(they correspond to precisely those lattices £ C R][z]]™ which contain
z z|™).
N R n

We make an additional remark before stating the main result of this
section: On D(\) there is an action of the positive loop group L* Sl,
given as the pullback of the natural L}, Sl,-action via the morphism in
eq. (3.2.1). On the other hand, the morphism L* Sl, xzk — L* Sl,,
where the fiber product ist taken over k — k;x +— xprl, defines by
composition an action of L™ Sl,, ~ L™ Sl,, x,k on the affine Grassman-
nian.

THEOREM 3.23. Let ©(A) = X(uq, . .., pun) denote the variety of lat-
tice chains defined in Section 2.2, with py, ..., uyN the standard decom-
position of X. Then there is a closed immersion 1 : D(\) — [[, Qgﬂ),
such that the following diagram commutes:

D) —= T, 64

Pk
ST, 6 -
The map o is a universal homeomorphism and the map from D(\)
to the fiber product of $(\) with [, Qg};) is a nil-immersion. More-
over, o is equivariant for the above defined actions of L™ Sl,.

PROOF. Recall that every R-valued point of D(\) is a twisted-
linear ideal I by Corollary 3.19. For [ = 1,...,N we set L; :=
Frobyy '(F,-1(R) N 1) and £; := Homg(M/L;, R) (Compare Exam-
ple 3.7 at the beginning of the previous section!). Then by Corollary
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3.12, the modules L; are projective. By Lemma 3.10 this assignment
is functorial, and finally, since any twisted-linear ideal I is generated
by the sets F,;(R) NI, we have a functorial injection. Since split exact
sequences are preserved by both Frobg and Hompg(—, R), V/L, is again
projective, whence the map ¢ : I — (Ly,...,Ly) is well-defined. Note
furthermore the equation F*L;_; = Froby ' Frob(F,-2(R)NI) C L;.
It implies

(3.5.1)

F*['l—l =F" HOHlR(M/Ll_l, R) = HOIHR(M/F*Ll_l, R) D ,Cl,

which proves that the image of ® o indeed consists of descending
lattice chains. Again by projectivity, the rank of successive quotients
F*L,_1/L; is constant on Spec R, i.e. equal to || by eq. (3.4.2).
Hence the map o. It is easily seen that o is equivariant for the above-
mentioned actions.

It remains to check that the immersion

N
N
a: D(A) = 8 == B(N) xpy g ngél")

of k-varieties is indeed a nil-immersion, i.e. that it is surjective. (Since
S — ¥(A) is a universal homeomorphism, this will imply that o is
a universal homeomorphism as well.) But L* Sl,-equivariance shows
that the image of O(A) is dense in (), and in particular both have
the same dimension. By finiteness of ® we see that o has dense image
as well, and is therefore surjective. U

Let us recall the iterated bundle of Grassmannians 7x(\) defined
in Section 3.4. In Corollary 3.22 we saw that there is a natural closed
immersion D(A) — 7Ty(A), where the dimension of the latter equals
the dimension of ¥(A). But in Theorem 3.23 we have now seen that
this is also the dimension of D(A). Thus we have proved

COROLLARY 3.24. The wvarieties D(X) and Tn(N) are equal. In
particular, D(N) is an iterated bundle of ordinary Grassmannians. [

EXAMPLE 3.25. We illustrate the theorem by calculating explicitly
the smallest nontrivial example: Let n = 2 and N = 2. We are thus
dealing with ideals in the polynomial ring R|xo, x1, Yo, y1] for some k-
algebra R. Let A = (1,—1) € X (T) whence A = (2,0), p1 = pz =
(1,0) and I(\) = (xg, x1). (Note that this is a continuation of Example
3.7.)
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PROPOSITION 3.26. In the above situation the variety D(\) is iso-
morphic to the projective space bundle X = Projp}c (O]}Di &) Opi(—2p)).
The boundary of the big cell is the divisor P}, X, {oco}.

Note that X can be explicitly constructed by gluing two copies of
U = A} x P} via the self-inverse isomorphism
X1 (A = {0}) x Py = (Ap = {0}) x Py; (a, (c: d)) = (1/a, (c : a*d)).

We will use this description in the

PROOF OF THE PROPOSITION. We define two maps on the level of
R-valued points:

U(R) — D(\)(R)
( (c d) (axo + yo, cxh + daPxy + dy;)

) —

)=
U(R) — DA)(R)
( ( d)) — (zo + ayo, —cyp + daPy; + dxq)
The maps ¢(R) and ¢)(R) are clearly functorial in R, so they constitute
morphisms of k-schemes. Furthermore, observe that ¢ o x = % on
(A} — {0}) x P,. This shows that ¢ and ¢ give a morphism f : X —
D()N). To show that this is an isomorphism, we have to find an inverse
f(R)™! which is functorial in R. But by Proposition 3.19 every R-
valued point of D()) is twisted-linear, i.e. locally of the form (azo +
byo, cxh 4+ daPxzy + dbPy,) or (axo+byo, —cyy + daPxy +dbPy;) (depending
on whether b # 0 or a # 0) with a or b a unit in R and ¢ or d a unit
in R. Such an ideal defines in a functorial way an R-valued point of
X. Obviously, the divisor {d = 0} = P} X3 {oo} maps bijectively to
the boundary of the big cell: it parametrizes the ideals of the form

(axo + yo, 25) or (zo + ayo, yb). O
Similarly, we compute the Demazure-variety X(N\). Its k-valued
points are descending chains of subspaces kiiihyo’yl =LyD Ly DLy

which are stable under multiplication by z: x¢ — x1,yo — Y1 and of
codimension 1 and 2, respectively. Hence one sees like in the proposi-
tion above that £(A) ~ Projpi (Opr @ Op1(—2)), using two charts on
R-valued points

U(R) — Du(R)
( (C d)) — (axo + yo, cxo + daxy + dy,)
U(R) — Du(R)
) —

(a, (c 2 d)
and gluing them via (a,(c: d)) — (1/a, (c: a*d)).

(zo + ayo, —cyo + dayy + dzy),
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Since the Frobenius morphism commutes with dualization, to com-
pute the map o : D(\) — X(N) of Theorem 3.23 explicitly, we may
compute in terms of defining relations of lattices, instead of generators
of lattices. Hence, using the charts from above, we immediately obtain
the picture

Projp1 (Opr ® Op1(—2p)) —=— Projp1 (Op: ® Op1 (—2))

l l

Frob

P Py
Speck Frob Spec k,

where the map o is given on the respective charts by
(a,(c: d)) = (a7, (¢ : d)).

It is elementary to check that the upper square is cartesian, by
looking at the transition functions defining the respective line bundles.
This is in agreement with Theorem 3.23: namely, a diagram relating
this with the square of Theorem 3.23 has the form

PN —Lg® x g T, B =

2 2) ™1 2
- gé}l)z x g((;1)2 gél)z P

i" Jo |+ L

SN g8 x 080, ™ 6 P!

Here the horizontal maps on the right are given by identifying P},
with the space of lattices £, with 2Ly C £; C Ly. Note that the
middle square is trivially cartesian, while the right hand square is not.
Thus also the left hand square fails to be cartesian and the map « of
Theorem 3.23 is indeed a nontrivial nil-immersion.

3.5.2. Demazure varieties as schemes of lattices with infin-
itesimal structure. The k-valued points of D(\) are lattice schemes
in PR, in the sense of Definition 3.3, which, in general, will not be re-
duced. For instance, in the situation of Example 3.25, the set of points
in D((1, —1)) = Projp: (Op: @ Op1 (—2p)) which have non-reduced fibers
in the universal family, is exactly the divisor d = 0 (the boundary of
the big cell O()N)). The corresponding lattice schemes have the form
(axo + byo, x5, y8) with a and b not both zero. In general, we obtain
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COROLLARY 3.27. If k is a perfect field of characteristic p, then the
map o : D(A\) — X(A) defines a bijection of k-valued points. In partic-
ular, for any lattice L € S(N), the fiber of L in X(X) can be interpreted
as a variety of infinitesimal structures on L. The lattice schemes in
D(X) which have non-trivial infinitesimal structure are exactly those
lying in the boundary of the big cell O(N\).

PROOF. Only the very last assertion requires a proof: by construc-
tion, the lattices in O(\) are reduced (since I(\) is). On the other
hand, take any lattice £ in the boundary of O()\). Such a lattice maps
to the boundary of S(\) under D(\) — 3X(A) — S()) by the L* Sl,-
equivariance of o (see proof of Theorem 3.23). Thus its reduced struc-
ture corresponds to a point in O(X') for some N < A (Bruhat-order),
whence it has a Hilbert function different from that of I(\). Thus, by
constancy of the Hilbert function on D()), the reduced structure of £
cannot belong to D(\). O

Finally, let us briefly study the invariants of lattices in L. (If
di,...,d, denote the elementary divisors of a lattice £ C k((z))", then
by the invariants of £ we mean the vector (val,dy,...,val,d,) with
entries ordered by decreasing size.) We will need the following purely
combinatorial lemma about partitions of a given positive integer. For
an n-tuple o € N we write |o| = Y"1 0;.

LEMMA 3.28. Let 0,0’ € N™ with |o| = |0'| and such that o; > 0,41
and o] > oj,, for all1 <i < n. Let N be the mazimum of all the o;

(2
and o, and set

T; := number of entries in o which are > 1,

7. := number of entries in o’ which are > i,

fori=1,...,N (the ‘dual partitions’ for o and o’). Then, with respect
to the Bruhat order, o > o' if and only if 7 < 7'.

PrROOF. By definition, 7 < 7/ if and only if for all 1 <i < N, 0 <

> i1 (7j—T;). Since || = |7'], this is equivalent to 0 < Z;V:l(T] —7;) =

Sn(# | o= jY=#{1 | o] 2 j}) = XL (max{oy, i} —max{o], i}).
We show that this holds if o > ¢’: Let 1 < r < n be the largest index
such that both o, > i and o, > i, and let 1 < s < n be the largest
index such that o, or o/ is > i. If 0,41 < 7, then we have

N r s s

D= =) (=) + Y (i—a) =) (o1 —0).

j=i =1 I=r+1 =1
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On the other hand, if 0], < i we obtain
N r

Z(T] ) = Z o — o))+ Z oy —1) Z(U; — ).

j=i I=r+1 =1

Both expressions are thus non-negative if ¢ > o/, which proves one
direction. The other implication holds by duality: 7 (resp. 7’) can be
regarded as the dual partition for o (resp. ¢’). Thus all the arguments
remain valid if we interchange o and 7’ (resp. ¢’ and 7). O

Let h : N — N be the Hilbert function of I(\) and let V' C B% be
a lattice scheme corresponding to a k-valued point in L". Since k is
assumed to be perfect, the map in (3.1.2) for R = k is bijective, whence
k[[2]]¥ is by definition isomorphic to k[[z]]. Via this isomorphism we
can regard the set V (k) of k-valued points as a lattice zVk[[2]]" C £ C
2 NE[[2]]™ (after multiplication by a suitable power of z). From Lemma
3.28 we obtain

COROLLARY 3.29. Assume that the defining ideal of V is twisted-
linear, and let X' denote the invariants (ordered by decreasing size) of
the corresponding lattice £ C k((2))". Then X' < \.

PRrOOF. Let I(V') denote the defining ideal of V. Multiplying with
a suitable matrix in Sl,, (k[[z]]}") we may assume that V,.q is given by the
ideal I(V)pea = (210, -- N IBUIRTERRIE AT TPy ,xn’;\%_1> for some N €
N" with X, > X, +1- Since I(V) is twisted linear, its Hilbert function
h determines the dimension of the k-vector space I(V) N Fyn(k) =
I(V)reaNE,n (k): it is therefore equal to the dimension of I(A\)NF,~ (k),
whence the determinants of the respective lattices conincide. In other
words: |A| = [N|. Now we have to show that A > N, or equivalently
(by Lemma 3.28) u < u/, where p and p/ are the respective duals in
the sense of Lemma 3.28. Since p; = dimy I(V),i-1 N Fi-1(k), while
i, = dimg (L (V) yea)pi-1 N Fpi-1(k), the claim follows. O

Thus the k-valued points in L.” which are given by twisted linear
ideals correspond to lattices with invariants < A. (I don’t know, if
every k-valued valued point in " is twisted-linear.) Thinking of the
analogous situation for Schubert varieties in the affine Grassmannian
(where the Schubert variety S(\) parametrizes exactly those lattices
with invariants < \) one could be tempted to think that L" and D(\)
coincide. However, looking once more at the simple situation of Exam-
ple 3.25, we see that this is in general not the case:

Let P = k[xg, 21, Y0, 1], A = (2,0) and set [ = (yo,2f) € T := Ty,
L" = Lh“ j2- Note that an infinitesimal deformation I € L"(k[e]/€?)
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of I is given by 2 generators with indeterminate coefficients a, b, c € k:
g1 = Yo + €axo,
go := xbh + e(byr + cx1).

Hence dim T; L" = 3, while the dimension of T; 7 is 2, e.g. by Theorem
3.21. (In a more elementary way, we could argue that on T;7 we
have the additional condition that 2#g, C (g;), which means that
e(byh + cxf) must be a multiple of g7 = y5. This forces ¢ = 0, whence
again dimT; 7 = 2).

Of course, this exhibits only a difference in the infinitesimal struc-
tures at the point I(\). But also the topological spaces of " and D(\)
differ in general: Let n = 4,A = (1,1,—1,—1), whence N = 2 and
A= (2,2,0,0). Then I(\) = (zo,x1,Y0,y1) C klx:, ys, zi, wi; 1 = 0,1].
On the other hand, consider the twisted-linear ideal I = (¢, o, 28, 21)
in the same polynomial ring. Certainly, it has the same Hilbert func-
tion as I(\), and it defines a lattice scheme with invariants (1,0,0, —1).
Thus it is a k-valued point of L". However, it violates the condi-
tion 2#1 = z#IP C I=! which, by (3.4.1), is satisfied by points of
T\ = D(N).
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CHAPTER 4

Discussion of Haboush’s Approach

In this chapter we will discuss Haboush’s paper [Hab05], in which
he proposes a construction in mixed characteristic analogous to the
affine Grassmannian. We will start by recalling Greenberg’s classical
definition of realizations ([Gre61]) in Section 4.1. The subsequent sec-
tions are devoted to the discussion of Haboush’s generalization of this
notion in [HabO05], which he calls a ‘localized Greenberg realization’,
and to Haboush’s construction of spaces of p-adic lattices.

4.1. Greenberg Realizations

Our reference for this is Greenberg [Gre61]. We will stay close to
Greenberg’s notation, and in particular in this section we use the letter
R to denote a ring scheme. So let S be a scheme and R — S a ring
scheme over S. Hence R represents a sheaf of rings on the Zariski-site
over S, and thus defines a covariant functor

Gr : (Sch/S) — (Ringed spaces/ Spec R(.S))
(X7 OX) = GR(X) = (X, OGR(X))a

where Og,x)(U) := R(U), the set of S-morphisms from U to R. The
ring scheme R is called a local ring scheme, if the functor Gi takes
values in the category of locally ringed spaces.

EXAMPLE 4.1. Let R = Wy be the scheme of Witt-vectors of length
N over S = Speck, with0 < N < oco. We claim that W y is a local ring
scheme. Namely, for any S-scheme X the stalk of Gw,X at x € X s
given by OGwN(X),x = h_r)nW;ﬂU), and f = (fo, f1,...) € OGwN(X),x
is invertible if and only if fo € Ox, is invertible. The ‘only if -part
s trivial, and the ‘if -part can be seen as follows. Whenever fy is
invertible in Ox 4, then there exists an open neighbourhood U of x such
that fo is invertible in Ox(U). But then f is invertible in Wy (U) and
a fortiori in OGWN (X),z-

The situation of this example, R being the scheme of Witt vectors of
finite or infinite length over a perfect field k, will be the most interesting
for us in this and the following.

49
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EXAMPLE 4.2. In the same way one checks that the scheme of (trun-
cated) power series over a field k, as well as the scheme of (truncated)
Frobenius-twisted power series over k, are local ring schemes. As for
Wy in the previous example, both are isomorphic to an affine space
over k. For the definition of Frobenius-twisted power series see Chap-
ter 3.

In the following let R be a local ring scheme over S.

DEFINITION 4.3 (Greenberg, [Gre61]). Let X be a scheme over
the ring R(S). A (Greenberg) realization of X over S is an S-scheme
FrX which represents the functor

Y — Hom,. s /r(5) (Gr(Y), X).

In the sequel, to simplify notation, we will occasionally drop the
index indicating the ring scheme R. The following proposition and its
corollary are purely formal consequences of the universality of repre-
senting objects. However, since these are especially interesting for our
later applications in the construction of loop groups, we state them
explicitly:

PROPOSITION 4.4. Realizations commute with fiber products. More
precisely, if X, X', T are R(S)-schemes with realizations FX, FX', FT
over S, then FX Xpr FX' is a realization over S of X x1 X'. O

COROLLARY 4.5. Let X be a group scheme over R(S) having a
realization F'X over S. Then FX is a group scheme over S. O

Let us now explicitly describe realizations in situations which are
of particular interest for us. For detailled proofs we refer to Greenberg,
[Gre61].

PROPOSITION 4.6 (Greenberg, [Gre61]). Assume that there is an
isomorphism of S-schemes

©=(p1,...,0on): R — AY,
where 0 < N < oo. Then AdR(S) has as a Greenberg realization the
S-scheme F(AdR(s)) = (AY)? together with the universal arrow X :
GF(A%(S)) — (A‘é(s)), which is given in terms of global sections by
the ring homomorphism

)\# : R(S)[Tl, Ce ,Td] — (S[tl’l, e 7t1,N; e 7td,17 . ,td’N])N
Ty (firs. - tin)-

If f - ACIQ(S) — A% is a morphism of R(S)-schemes and P, ..., P,
are the polynomials in R(S)[T,...,Ty| defining f, then the morphism
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EFf between the respective Greenberg realizations is given in terms of
global sections by

ti; = 9\ ().
Here, the t;; are the coordinates on F(A‘Il%(s)), while the t; ; are the
coordinates on F(A%(S)). In other words, to calculate the image of t; ;,
we have to substitute T; — (t,;); in the polynomial P; and then take
the j-th component of the result under the isomorphism .

PRrOOF. This is proved by Greenberg in [Gre61] in the case where

N is finite. However, his proof works literally also the situation N =
0. O

PROPOSITION 4.7 (Greenberg, [Gre6l]). Let R be a local ring
scheme over S, being isomorphic as an S-scheme to an N -dimensional
affine space over S (recall that we allow N = oo). Let moreover X
be an affine scheme of finite type over R(S) having a realization by an
affine scheme FX over S. Then every closed subscheme of X has a
realization over S by a closed subscheme of F'X.

ProoOF. This is proved in [Gre61|. The strategy is as follows.
First we may, by universality of realizations, assume that X itself is
an affine space over R(S), whence X has a realization F'X isomorphic
to an affine space over S (Proposition 4.6). We obtain a realization of
X as follows. Let X = AdR(S) and choose a set of defining equations

fi(Xq, ..., Xy) for a closed subscheme Y C X. Then each X, can be
understood as a vector of coordinates X; = (z;0,...,2;n) (according
to the isomorphism R(S) ~ AY(S)). Plugging these into the equations
fi = 0 yields ‘coordinate-wise’ equations in the variables z; ;. These
are the defining equations of F'Y C FX. O

Let us consider for instance the case R = Wy. Let X be the affine
space A%VN(S) = Spec Wy (S)[T1,...,T4]. Then a closed subscheme

X C A%VN(S) is given by a set of equations, say
{f1<T17 cee 7Td)7 f2(T17 s 7Td) ce }

The equations of the realization F.X C SpecS[t; ;] are then obtained
by plugging the Witt vectors

(t“), t@l, Ce ) € WN(S[ti’(], ti,l; . ])

into the equations f,,,. The components of the Witt vectors

fm(tio,tin,...) € Wn(S[tio, tia])

for varying m are the defining equations of the realization F'X.



52 4. DISCUSSION OF HABOUSH’S APPROACH

4.2. Haboush’s Localized Greenberg Realizations

We are now going to discuss Haboush’s notion of ‘localized Green-
berg Realization’, which he introduces in [Hab05]. In this section, k
is a perfect field, fixed once and for all, W(k) denotes the ring of Witt
vectors over k, and K denotes its fraction field W(k)[1/p]. Though
Haboush discusses localized Greenberg realizations for more general
discrete valuations rings than just W(k) (for example his discussion
also includes the case of power series rings), we will stick to this partic-
ular situation, because it makes our presentation easier to read, without
changing any of the conclusions.

To be consistent with Haboush’s notation, we will henceforth write
20 for the functor Gg (R := W) of the previous section, and we will
write F' = Gy from now on for Greenberg realization. As we have
seen in the previous section, Greenberg realizations exist for schemes
X which are of finite type over W (k). The Greenberg realization of X
is an (infinite dimensional) k-scheme Gy X with the property

(4.2.1) Homw (20(Z), X) = Hom(Z, G X)

for every k-scheme Z.

In the first part of [Hab05], Haboush proposes a construction of a
functor 20, from the category of k-schemes to the category of ringed
spaces over K, and for certain K-schemes X he describes a topological
k-scheme GX such that the analogous equation to (4.2.1) holds:

(4.2.2) Homg (20,(Z), X) = Homy(Z,GX),

for every k-scheme Z. The topological k-scheme GX is what he calls
a ‘localized Greenberg realization’. However, both the construction of
20, as well as the construction of GX present certain problems in the
way Haboush deals with them.

4.2.1. Haboush’s functor 20,. We adopt Haboush’s notation,
i.e. for any k-algebra A we denote by AP ~ its perfection. That is,
AP = h_H}lneNA, where the transition map from step n to step n + 1
is the absolute Frobenius.

DEFINITION 4.8 (Haboush, [Hab05], Definition 13). The functor
20, is the functor which associates to every k-algebra A the K-algebra
W (AP )[1/p]. The functor 2, is the functor from the category of
k-schemes to the category of K-ringed spaces which associates to every
k-scheme X the K-ringed space 20,(X), with underlying topological
space | X| and its sheaf of rings given by

(4.2.3) U > 0, (Ox (U)).
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Note that Haboush uses the same symbol 3. for both functors which
we denote by AW, and A, respectively.

In his Lemma 2 he gives a short argument which proves that the
presheaf given by (4.2.3) is indeed a sheaf. Further, he claims that the
ringed space 20,(X) is in fact a locally ringed space. Unfortunately,
this is not true in general, as we see by the following

EXAMPLE 4.9. Let X = A} = Speck[T], and consider p = (T) €
| X|. A basis of neighborhoods of p is given by the open subsets Uy =
Speck[T|y for every f & (T'). We are going to calculate the stalk of
20,(X) at p in order to show that it is not a local ring. This stalk is
by definition

(4.24) S = Oy x)p = limOuy, x) (Uy) = lingy W(K[TT} )y

where the index f runs through all polynomials f € k[T| with f(0) # 0.
By square brackets || we denote Teichmiiller representatives. Now we
Just have to observe that [T| + p,[T] € S are not invertible, but their
difference, p, is. Thus S cannot be a local ring.

This causes ‘pathologies” which one does not encounter when deal-
ing with locally ringed spaces. For example, a morphism from Al to
20,(A}) is not uniquely determined by a global section of 20,(A}), as
it was if the target were a locally ringed space ([EGAI]). In any case,
though Haboush makes the following Definition 4.10, he seems to work
in the sequel with the different(!) Definition 4.11.

DEFINITION 4.10 (Haboush, [Hab05], Definition 14). Let X be a
K-scheme. Then a localized Greenberg scheme associated to X is a
topological k-scheme GX, satisfying the functorial equation (4.2.2) for
every k-scheme Z. This is,

Homg (20,(Z2), X) = Homy(Z,GX).

DEFINITION 4.11 (Alternative definition). Let X be a K-scheme.
Then a localized Greenberg scheme associated to X is a topological
k-scheme GX, satisfying the functorial equation

Hom g (Spec 2,(R), X) = Hom (R, GX),
for any k-algebra R.
This latter definition is better behaved. Namely, since GX is by
requirement a topological scheme, and thus in particular a sheaf for the
big Zariski-site on Spec k, it is determined by its values on the category

of k-algebras. This is checked by Haboush in [Hab05], Lemma 4. On
the other hand, Spec2(R) is of course a nice locally ringed space.
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And, in fact, it is evident that Haboush works with this latter definition
in the proof of Lemma 5, which we are going to discuss next.

4.2.2. Haboush’s localized Greenberg realizations. Here we
discuss the following lemma, which is stated by Haboush in [Hab05]
in order to prove that his notion of generalized Greenberg realization
makes sense and that the schemes GX exist in the situations where one
expects them to exist.

LEMMA 4.12 (Haboush, [Hab05], Lemma 5). Let X be a locally
closed subset of A%.. Then there exists a localized Greenberg functor
gX.

4.2.2.1. A counterexample. This lemma seems to be false. At least
Haboush’s construction of the topolgical k-scheme GX does not yield
what he claims. Let us go through his proof in the situation n = 1,
X = A} and R = k[T).

Haboush considers the topological k-algebra k*(X7).,, which he
defines as follows (see [HabO05], pp. 71-73): Take k[x;;i € Z] together
with the linear topology defined by the fundamental system of neigh-
borhoods J, = (x;;i < v) of 0 in k[z;;i € Z]. Then k1 (Xz) is
defined to be the completion (with respect to this fundamental system
of neighborhoods) of the perfect closure k[z;;i € Z]P™™.

Now Haboush claims to construct a topological k-scheme GAL- with
the property that

(4.2.5) 20 (R) = Homg (Spec 20),(R), Af) = Homy (R, GA),

and, more precisely, he claims that GAL = Spf k*(Xz)., does the job.
Let us check this. The right hand side of equation (4.2.5) is equal to
the set of continuous k-homomorphisms Hom ., (k™ (X7) 0, k[T]). But
since k1 (X7) o is perfect by construction, the image of every homomor-
phism ¢ € Hom o (k1 (X7) 0, k[T]) is a perfect subring of k[T]. Hence
each such ¢ factors through the maximal perfect subring of k[T], which
is k. Consequently, the right hand side of equation (4.2.5) is in bijec-
tive correspondence with Spf k™ (X7z) (k) = W(k)[1/p] = K, which is
certainly different from the left hand side 20,(R) = W (k[T]""™)[1/p].

4.2.2.2. Tangent spaces. There is also a more conceptual reason
why Haboush’s notion of localized Greenberg realization is problematic.
Let us discuss the desired functorial equation

(4.2.6) Homg (Spec 20 (R), X') = Homy(Spec R, GX)
of Definition 4.11. Recall that 20 (R) = W(RP ~)[1/p]. Recall fur-

ther that, in the ring of Witt vectors, multiplication by p is the com-
position of Frobenius and Verschiebung, in either order, whence the
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Frobenius morphism is an automorphism of W(RP ~)[1/p] whatever
k-algebra R we choose. In other words, if we choose any perfect field
extension k C [ and set D := I[¢]/(¢?), the map ¢ : D — D;x + 2P in-
duces an automorphism of W(DP ™ )[1/p] and hence an automorphism
of the set Homg (Spec 20,,(D), X). Now, assuming the functorial iso-
morphism (4.2.6), ¢ had to induce also an automorphism on the set
Homy,(Spec![e]/(e?), GX), which is only possible if

Homy,(Spec[e]/(€*), GX) = Homy (I, GX).

In other words, all tangent spaces of GX are trivial, which implies that
G X is a disjoint union of points. But this seems absurd.

The same reasoning of course applies to Haboush’s original defini-
tion of localized Greenberg realization using his functor 2U,, i.e. Def-
inition 4.10. Namely, ¢ induces an isomorphism on the ringed space
20,(X), too.

REMARK 4.13. (1) Of course, this argument can be significantly
simplified by observing that DP " =1, and consequently that QUI’D(D) =
(1), thereby showing that all tangent spaces of a possible GX must
be trivial. However, the above argument has the ‘advantage’ of showing
that there is no chance of repairing this defect by replacing RP™" by any
other ring derived from R. (2) The defect of ‘non-existence of tangent
spaces’ is observed by Haboush in the introduction to his paper, but not
explicitly pursued.

All in all, the category of topological schemes does not seem to be
well-suited for the construction of a ‘localized’ analogon of Greenberg
realizations. An alternative approach via constructing these analoga
in the category of k-ind-schemes will be presented in Chapter 5, along
with the explicit description of p-adic loop groups. Note here in advance
that the concept of ind-scheme (which we will use) is a generalization
of the concept of topological scheme. Namely, as Haboush notes at the
beginning of the proof of his Lemma 4, any topological k-scheme Z can
be represented as an inductive limit Z = h_r)nl-e 17, where the Z; are the
closed subschemes which are defined by open ideals of the structure
sheaf.

Philosophically, the reason behind this failure is ultimately due to
the fact that multiplication by p in the Witt ring involves p-th powers
in the components of Witt vectors. This will also be the source of other
difficulties occuring in the next section.
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4.3. Haboush’s Spaces of Lattices

In Section 3 of [Hab05], Haboush attempts to construct spaces
of special lattices over W(k) as geometric objects over k, analogous
to the construction of the affine Grassmannian, and further to study
these spaces. In other words, he aims at constructing a p-adic affine
Grassmannian for the group Sl,. We are now going to discuss certain
aspects of his constructions, found in [Hab05], pp. 85-91.

Let k be the algebraic closure of F,, let O = W(k) be the ring
of Witt vectors over k, and let K be its fraction field. We denote
by FF = O™ C K" the free O-submodule of rank n spanned by the
standard basis. A lattice in K" is a free O-submodule of rank n; it is
called special if its n-th exterior power is O C K. A lattice L C K" is
of height at most r if L C p~"F.

In fact, in all what follows Haboush speaks, instead of special lat-
tices, more generally of lattices of index ¢, the special lattices being
those of index 0. However, since all aspects that we want to discuss
are present in the case ¢ = 0, we will stick to this case and discuss only
special lattices. Whenever we cite statements from [Hab05], we will
specialize them to this case without further comment.

NOTATION 4.14 ([HabO05], Definition 15). The set of special lattices
in K™ of height at most r will be denoted Lat?(K).

Haboush observes that the W(k)-module p~" F/p~1"F is an alge-
braic group over k ([Hab05], Lemma 7). In fact, the set p™"F/p("~Ur F
can be identified with the k-valued points of the Greenberg realiza-
tion of the W(k)-module W,,(k)", which is explicitly given by M :=
Specklz;;;1=1,...,n;j = —r,...,(n—1)r—1]. The idea to construct
a p-adic Grassmannian is now to look at closed subschemes of M which
are stable under the operations induced by the W (k)-module structure
of p"F/p"~U"F, and parametrize them by a certain subscheme of a
Hilbert scheme. Note that there is a natural choice of a grading on the
coordinate ring of M, namely

degz;; =p’.

The reason for this is that the action of Teichmiiller representatives on
Witt vectors in p~" W(k) is given by the well-known formula

—r+1

(o] - (2 2_yyr,...) = (o "2, a0z, 0f1, . ).

In detail, Haboush claims

LEMMA 4.15 ([Hab05], Lemma 7). The group p~"F/p"~V'F is
a unipotent algebraic group of dimension rn? and the special lattices



4.3. HABOUSH’S SPACES OF LATTICES 57

of rank n and height at most r are in bijective correspondence with
the k*-stable (for the action via Teichmiiller representatives) connected
subgroup schemes of dimension (n — 1)nr of M.

As it stands, this lemma is incorrect, because it does not account
for the possibility of many different non-reduced structures on one and
the same closed subset of M. Of course, the statement can easily
be repaired by replacing ‘connected subgroup schemes’ by ‘reduced
connected subgroup schemes’. However, it will later turn out that non-
reduced structures on connected subgroup schemes arise in Haboush’s
construction very naturally and in a seemingly unavoidable manner.
This is a source of errors, which we are going to analyze in detail
below. For the same reason, the following statement is not correct:

PROPOSITION 4.16 (Haboush, [Hab05], Proposition 6). There is
a k-scheme 1L which is projective and of finite type over k, and a flat
commutative group scheme U C M Xgpec i which is a universal family
of flat subschemes of M of dimension (n — 1)nr.

Haboush constructs the scheme L as a closed subscheme of a Hilbert
scheme of the weighted projective space associated with M, i.e. the
quotient scheme (M — {0})/k*. This does not seem to present any
problems, however, the IL so obtained will not be of finite type. Again,
the reason is that apart from trivial cases one can endow a closed sub-
group scheme of M with infinitely many different infinitesimal struc-
tures, all giving rise again to subgroup schemes of M, with pairwise
distinct Hilbert functions. Hence IL will have infinitely many connected
components.

We turn to one of the main theorems of this part of Haboush’s pa-
per, namely [Hab05], Theorem 4. In the statement of this theorem
Haboush claims that there exists a projective k-variety X, C IL which
represents the functor classifying ‘flat group subschemes of special lat-
tices of height at most r’. He does not make precise what he means
by the term ‘flat group subschemes of lattices’, but from the proof
of this theorem it becomes clear that X, should be taken to be the
component of I which contains the k-point corresponding to the ideal
(w;j;i=1,...,n;5 <0). This is the ideal of the reduced subscheme of
M corresponding to the standard lattice F/pr(”_l)F C p"’F/pT(”_l)F.

In the penultimate paragraph on p. 90, [Hab05], Haboush tries
to prove that the fibers of the universal family U over X, are reduced.
Evidently this is supposed to establish, by applying the repaired version
of Lemma 4.15, a 1-1 correspondence between k-valued points of X,
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and special lattices of height at most r. Unfortunately, his argument
is circular, and indeed what he claims is false. We will check this by

EXAMPLE 4.17. We set r = 1,n = 2, hence F' = W(k)?. Thus
we are interested in special lattices of height at most 1, that s, lattices
C p 'W(k)?, or equivalently, certain W (k)-submodules of p~'F/pF.
Moreover, M = Specklx_1,2o,Yy_1,%], and Xy and L are subvarieties
of the Hilbert scheme of Projklx_1,x0,y—_1,Y0], with the grading

degr_; =degy | = p_l, degxy = degyy = 1.

Consider the following flat G,,-family of graded ideals, where G, =
Speckl[t,t™1],

(4.3.1) Iy = (x_1,m0 + ty2y).

Since X; is projective, this family extends over 0 and infinity, where
the fibers are given by the ideals

[0 = <x,17$0>, and ]oo == <3’571>y€1>7

respectively. In particular, the fiber over t = oo in this family is not
reduced. On the other hand, it is obvious that the corresponding reduced
fiber has a different Hilbert polynomial than the fiber overt = 0, whence
they cannot both lie in X;.

It may be worth mentioning that X; must contain the above con-
structed P!-family of subschemes of M, as soon as one wants X; to
contain the orbit closure of the lattice (pe;,p~tes) C p~'F (which cor-
responds to Ip) under the natural action of Sl,(W(k)) on the Hilbert
scheme of Projk[z_i,zo,y-1,y0]. Namely, the ideal I; is the image
under this action of the matrix

<p[t1/p] 1+;[t1/p]>_ ESln(W(k[tﬂ/p])),

Note further that the matrix

<p[ti/p] 1 +z;[t”p1) e SL (WK,

gives rise to a different orbit of Iy, namely J; = (y_1,y0 + tz” ;). The
fiber over ¢t = oo is then given by the ideal

JOO = <y*17 x81>

The presence of infinitesimal structures in the fibers of U over points
of X, is the reason for two serious problems:

(1) In general there are many fibers in the family U over X, which
differ only by their infinitesimal structure. As examples take the ideals
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I and J, above. They are different, but both correspond to the
reduced ideal (x_;,y_;) and thus to the standard lattice F' C p~'F.
In other words, there is no bijection between k-valued points of X, and
special lattices of height at most r.

(2) There does not exist a natural direct system of schemes X,_1 —
X,, as Haboush claims in [Hab05], Definition 17. The existence al-
ready fails at the level r = 1, and to see this, we may again invoke
the above example. Namely, X is the one-point scheme Spec k repre-
senting the unique lattice of height at most 0, i.e. the standard lattice
F C K™ On the other hand, in X; there are several (to be more
precise, a whole P') points whose reduced fibers correspond to the
standard lattice. None of them is a natural choice for defining a map
X — X1, and this phenomenon continues to arise for every r > 0.

REMARK 4.18. Of course, Example 4.17 is closely related to Eu-
ample 3.25. In fact, the orbit closures in both the equal- and mized-
characteristic situations conincide if p # 2. We will discuss this in
more detail in the Chapter 5, Example 5.16. The common phenom-
enon of infinitesimal structures on lattice schemes in both situations
leads one to suspect that one should think of Haboush’s construction
as a sort of Demazure resolution of Schubert varieties, rather than the
Schubert varieties themselves, in the p-adic Grassmannian.

It seems to follow from our discussion that [Hab05], Definition 17,
where Haboush defines the ‘space of special lattices’ as an ind-scheme,
does not make sense. In Chapter 5 we will analyze what we can still
say about the existence of such a space in whatever sense.






CHAPTER 5

Spaces of p-adic Lattices

5.1. p-adic Loop Groups

5.1.1. Localized Greenberg realizations. Let R be a local ring
scheme over a quasi-compact scheme S. In this section we will gener-
alize Greenberg’s notion of realization (Section 4.1) to the situation
where X is a scheme over R(S)[1/a], for a € R(S). This is meant as
an alternative to the approach by Haboush, which is discussed in the
previous chapter. Localized Greenberg realizations in our sense will be
objects in the category of S-ind-schemes in the sense of Section 1.1.
Again, we remind the reader that the situation of interest for us will be
the case where S = Spec k is the spectrum of a perfect field and R = W
is the scheme of Witt vectors over S, and a = p is a uniformizer.

Observe that the ring R(S)[1/a] is the colimit of the inductive sys-
tem of rings

R(S) % R(S) % R(S) % ... .

Assume again that R is isomorphic as an S-scheme to AL i.e. that
the affine line over R(S) can be realized in the sense of Greenberg,
Definition 4.3, by AY. Passing to Greenberg realizations we obtain the
inductive system

AN FCO ZN FCO g N FCo

If we denote the corresponding S-ind-scheme by FaA}%( 5y then for any
S-scheme Y we obtain natural bijections
Hom(ind-Sch/S) (Y, FaA}%(S)) = h_TRl(Ag(Y)) =
—lim Hom.p. s (G(Y ), Alys)) = ImR(Y) = R(Y)[1/al.

In other words, the functor Y — R(Y)[1/a] is represented by the S-
ind-scheme FaA}g( 5)- This motivates the following definition.

DEFINITION 5.1. Let X be a R(S)[1/a]-scheme. A localized Green-
berg realization of X over S is an S-ind-scheme which represents the
functor Y — X(R(Y)[1/a]) on the category of (quasi-compact) S-
schemes.

61
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Since the category of ind-schemes has fiber products, and by the
universal property of Greenberg realizations, we obtain:

(1) Let X — T and X’ — T be morphisms of R(S)[1/al-schemes
which admit localized Greenberg realizations (F;X), (F;X')
and (F;T") over S. Then the fiber product (F; X Xpr F;X') is
a localized Greenberg realization over S of X xr X'.

(2) If X is a group scheme over R(S)[1/a] having a localized
Greenberg realization (F;X) over S, then (F;X) is a group
object in the category of ind-schemes over S.

Let us gather a few observations which we will use to prove the
existence of localized Greenberg realizations in certain cases. First note

that the existence of a localized Greenberg realization of the affine line
A}z(s) is already proven by our remarks before Definition 5.1. Now let

X be any affine scheme of finite type over R(S)[1/a] and fix a closed
immersion X C ACII%(S)[l /q)- Liet moreover

¥n  Afs)i/a) — ARs)i/a) = Spec R(S)[1/a][Th, ..., Ty]

be the automorphism given by 7; +— a"7T; for « = 1,...,d. This yields
a diagram of the form

d Y1 ad 1
c = Ao — AR —

| T

= pn(X) —— (X)) — -
where all the horizontal maps are isomorphisms of schemes over
R(S)[1/a]. Then define X,, to be the scheme-theoretic image of

n(X) = Aczla(sm/a] - ACII%(S)'

In terms of ideals this means: if I C R(S)[1/a][T1, ..., T, is the defin-

ing ideal of X C A(;Z(S)[l s then X, C A%(S) is defined by the ideal

R(S)[Th, ..., Ty (I|7;—q-n7,). We obtain the R(S)-ind-scheme (X, ),.
In the sequel we write for any R(S)-scheme Y:

Y[1/a] :=Y Xgpec r(s) SPeC R(S)[1/a).
With this notation we have X,[1/a] ~ ¢,(X) ~ -1+ X for alln € N.
LEMMA 5.2. The R(S)-ind-scheme (X,,), represents the functor
L:Y — Homps)n/a)(Y[1/a], X)

on the category of (quasi-compact) R(S)-schemes.
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PROOF. A morphism of functors ¢, : X,, — L is given by the
functorial map

Xn(Y) = HOHIR(S)<Y, Xn) — HomR(s)[l/a](Y[l/a],Xn[l/a])
2@71 HomR(S)[l/a}(Y[l/a],X).

Obviously the morphisms 1,, are compatible, so we obtain a morphism
of functors ¢ : (X,,), — L. Since every Y[1/a]-valued point P of X is
given by a d-tuple p in

L(Y[1/a)) = (DY) ®res) R(S)[1/a])",

there exists some n € N such that " -p € ['(Y)? and thus ¢,(P)
extends to a Y-valued point of X,,. This shows that ¢(Y") is surjective
for every Y/R(S). To check injectivity, take P,Q € X, (Y') such that
P and @ have the same image in L(Y'). This means in particular,
that the corresponding morphisms P’, Q' : Y[1/a] — X, [1/a] = vn(X)
are equal, and consequently the respective R(S)-morphisms P” Q" :
Y[l/a] = Y — X,, are equal. But both P and @ are given by d-tuples
p, q of sections in I'(Y), and for these the equality P” = ()" says that
there exists an m € N such that a™p = a™q. This means that the

compositions

P m
Y 22X, 2 X

coincide, whence a fortiori P and @ coincide as elements of (X,,),(Y).
U

It is now easy to construct localized Greenberg realizations for affine
R(S)[1/a]-schemes which are of finite type.

PROPOSITION 5.3. Let X be an affine scheme of finite type over
R(S)[1/a], and assume that R is isomorphic as an S-scheme to some
affine space over S. Then there exists an S-ind-scheme which rep-
resents the functor Y — X(R(Y)[1/a]) on the category of (quasi-
compact) S-schemes.

PRroOOF. Fix a closed immersion X C AdR(S)u/a] and let (X,,), be as

above. Now apply Greenberg realization to the R(S)-schemes X,, and
their transition maps. I claim that the resulting S-ind-scheme (F'X,),
has the desired form. Indeed, we have

Hom(Y, (F'X,),) = lim Hom(Y, F'X,,) =
= lim Homp(s)(R(Y), X,,) = Hom(R(Y)[1/a], X),

where the second equality is by definition of Greenberg realization, and
the third one follows from the previous lemma. 0
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EXAMPLE 5.4. Let us illustrate this in our standard situation of
Witt vectors of infinite length over a perfect field k. Let X = As\if\/(k)[l/p]'
Then the k-ind-scheme which is the localized Greenberg realization of
X s represented by the inductive system

Speck(z; j;i=1,...,d;j=0,1,...] 2, Spec k[z; ;] 2o,
where the transition maps -p are defined by x;; — xﬁjfl (for j =
1,...,00) and z;o — 0.

5.1.2. Construction of generalized loop groups. From now
on we will consider the following situation: Let © be a local ring scheme
over a field k such that D = ©(k) is a discrete valuation ring with
uniformizer u € D. Moreover we assume that ® is isomorphic to A}
as a scheme over k. Typical special cases are

(1) the scheme of power series in one variable over k,

(2) the scheme of Frobenius-twisted power series in one variable
over a field k of positive characteristic, and

(3) the scheme of Witt vectors over a perfect field & of positive
characteristic.

By K we denote the fraction field of D. Moreover, we now return
to usual practice and use the letter R to denote a ring, usually a k-
algebra. Let X be a scheme over Spec D. The functors on the category
of k-algebras

LX:R— X(®D(R)[1/u])
and
L*X:R— X(D(R))

will be called the (generalized) loop space, resp. positive loop space,
associated with X. Obviously there is a natural morphism of functors
LT X — L X. If in addition X = G is a group scheme over D, then we
call LG and L* G the (generalized) loop group and the (generalized)
positive loop group, respectively, associated with G.

Note that if ® is the k-scheme of power series in one variable over £k,
we recover the usual notions of loop space, loop group etc., as described
by Beauville and Laszlo, [BL94|, by Pappas and Rapoport, [PROS],
and also in Chapter 1 of the present work. On the other hand, if ® is
the k-scheme of Frobenius-twisted power series and G = Sl,, over D,
then this construction produces L™ G = L G, and the similar objects
discussed in Section 3.2.

The following proposition is an immediate consequence of our dis-
cussion on Greenberg realizations:
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PROPOSITION 5.5. If X is an affine scheme over D then the functor
LT X is representable by an affine scheme over k, namely the Greenberg
realization over k of X. If X is affine and of finite type over K, then
L X is representable by the localized Greenberg realization over k of X.

In fact, in all situations that we are going to consider the affine
scheme X comes together with a ‘natural’ embedding into some affine
space: ¢ : X C A%. With respect to this embedding, the construction
of the localized Greenberg realization LX described in the preceeding
section produces an explicit direct system (F'X;);en of k-schemes which
represents LX. We will refer to this direct system as the ‘natural repre-
sentation’ of LX. Explicitly, the i-th step of the natural representation
of LX parametrizes the K-points of X whose coordinates (with respect
to the embedding ¢) have ‘poles’ of order at most i.

5.1.3. Operations. Let GG be a linear algebraic group over D =
D (k) and fix a closed immersion G C Gl,p C AL". The natural
action of G on A7, induces, by functoriality of L and L, a commutative
diagram
LG x, LA, —— LAY -

T T

LTG x, LY AY, ——= LT A7
It is easy to describe the action in the upper line explicitly in terms
of the natural representations of the loop spaces involved. In fact, this
action is described by the compatible system of maps

F(A%xn)m X 1 F(A%)m/ — F(A%)m+m,’

where each of these maps is nothing but the usual ‘multiplication of
a matrix and a vector’. More precisely one could say that it is the
(usual) Greenberg realization of the map AN x Ay — A’ given by
multiplication of matrix and vector. The indices m, m’, m+m’ may be
explained as follows: if M is a k-point of F(AY"),, and v is a k-point of
F(A"%),, then these two objects represent the elements u=™M € G(K)
and u~™v € A"(K), respectively. Their product is u=™ ™M - v €
A™(K'), which is thus represented by the product M - v — viewed as a
k-point of F(A)mym:-

Let us look at the L G-action which is thereby induced on sub-ind-
schemes of L A%: For any k-scheme T let S(T') be the set of ind-closed
T-sub-ind-schemes of Ap := (LA%) x, T, i.e. S(T) is the set of classes
of commutative diagrams
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e (A — (A

]

L; L
where the vertical maps are closed immersions. Clearly, the assign-
ment 7' +— S(T') is a functor on the category of k-schemes. From the
L G-operation on L A% we obtain an L G-operation (on the right) on
S by pulling back T-sub-ind-schemes along the morphism Ay — Ar
given by a T-valued point of LG. More precisely, we consider the
natural morphism of functors

P(T): LG(T) x0 S(T) — S(T); (g, (La)) = (Li) Xapg A

1

Combining with the inverse map LG — LG, g — ¢~, we can make

this into a left-operation, which we denote by
p: LG xS —S.

The action p can be described explicitly as follows: Let g € LG(T) C
L AY™(T) be represented by M € F(G),,(T) C F(AE"),(T). Then
the map Ar — Ap which is induced by ¢ is represented by the system
of maps

FAY ") — F(AY ") mrem;  (Tij)i<icn = M - (245)1<i<n

for any m’ € N. Closed T-subschemes are pulled back as usual by plug-
ging the defining polynomials of this morphism into their equations.

5.1.4. The quotient L G/L* G. In this subsection we construct
the quotient L G/ L™ G as k-space by considering the ‘standard lattice’,
a certain sub-ind-scheme of L A%, which has Lt G as its stabilizer.

DEFINITION 5.6. The standard lattice S C L A% s the fpqc-sheaf
image of the natural map LT A% — L A%

LEMMA 5.7. The standard lattice S C LAY over k is the k-sub-
ind-scheme represented by the diagram

o FAn T ppn

|

Si Sit1 B
where S; is the scheme-theoretic image of FA} = (A}Y)" under
F(u') = (F(u))".

PRrRooF. This is obvious. O
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Let us consider the two standard situations for which these con-
structions are significant: (1) Let D = k[[z]] be the power series ring
in the variable z over k. Then for every k-algebra R our constructions
yield:

L* G(R) = G(R|[]). LG(R) = G(R((2))),
L* Ap(R) = S(R) = R[[-I]", LAp(R) = R((=))"

(2) If ® = W is the scheme of Witt vectors over k, then the situation
is slightly more complicated, regarding the standard lattice: We have,
for any k-algebra R,

LT G(R) = GW(R)), LG(R)=G(W(R)[1/p]),
LT AR(R) = W(R)", LAR(R) = W(R)[1/p]"

The standard lattice S in this case is not the same as Lt A%: namely,
multiplication by p in W(R) involves p-th roots of elements of R, which
has the effect that the presheaf-image of Lt A%, is not an fpqc-sheaf and
sheafification really produces a different object S # LT A%. For exam-
ple, if n = 1 and R = k[T], then (T*/?,0,...) is not in L™ AL (k[T)).
But it is in LT AL(K[TY?)), and k[T] — Kk[T'/?] is a faithfully flat
extension. Thus (7%/7,0,...) € S(R).

THEOREM 5.8. The stabilizer of the standard lattice under the ac-
tion p is precisely the fpqc-sheaf-image of LT G — L G.

PROOF. Let R be a k-algebra, and let g € LG(R) = G(D(R)[1/u])
be in the stabilizer of S(R) C ®(R)[1/u|". Consider the ‘standard
basis’ eq,...,e, € S(R). Then there exists a faithfully flat homomor-
phism of k-algebras R — R’ such that the g-e; induce R'-valued points
of S which actually come from points in L* A%(R’). In other words,
g considered as an element of G(D(R')[1/u]) stabilizes D(R')", which
shows that indeed g € G(D(R')) = LT G(R'). On the other hand,
clearly every R-point of the sheaf-image of L™ G — L G stabilizes the
standard lattice. d

5.2. The p-adic affine Grassmannian

In this section we apply the considerations of the previous para-
graphs to the case where G = Sl,, the special linear group over a
perfect field k, and where ® = W is the scheme of Witt vectors over
k, w =p € W(k). To make this situation also visible in our notation,
we will henceforth write L, G (instead of L G) and L, G (instead of
L* @), and call it the p-adic loop group and the positive p-adic loop
group, respectively. Analogously we write L, A} etc.
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Denote by T' the standard maximal torus contained in the standard
Borel subgroup B C Sl,, of upper triangular matrices, and let X(T) and
X, (T) be the sets of cocharacters and dominant cocharacters, respec-
tively. Identify X(7') with the subset of Z" consisting of those vectors
whose coordinates sum up to 0. Then X, (T) C Z" consists of the
vectors whose coordinates decrease and sum up to 0.

5.2.1. Lattice schemes in the Witt vector setting. The sit-
uation we discuss here is completely analogous to Section 3.2. We
consider the ring scheme R = W = Spec k[ay, . .., ay_1] and endow

R" =W}y =Speck[r;; | i=1,...,n;5=0,...,N—1]
with the respective module operations. Again we consider the grading
(5.2.1) degz;; =dega; =p’, z;; € T(W",0)

on the respective affine rings, and by H we denote the multigraded
Hilbert scheme of WY, with respect to this grading. Then the mor-
phisms defining the module operations on the scheme WY, are defined
by graded homomorphisms of the affine rings, as follows from the def-
inition of Witt vector arithmetics. (Note that the standard grading
degx; ; = 1 is not respected by the module-operations and is hence not
suited for our construction.) Hence, if we let I' = L;j Sl,, be the positive
p-adic loop group of Sl,,, then the assumptions of Proposition 3.5 are
satisfied and we obtain

COROLLARY 5.9. The positive loop group L; Sl,, operates on the
Hilbert scheme H of W%, and if we denote by L" = ]L.@V;VL the subscheme

which parametrizes lattice schemes in W', with Hilbert function h, then
the action of L; Sl,, restricts to an action on L". O

The standard lattice scheme for a dominan’g cocharacter.
For any dominant cocharacter A = (A1 > ... > \,) € X (T) C Z" set
A= (A1 — Any- o, A1 — Ay) and define the ideal

I)\ = <I170, c. 7x175\1—1’ ey =10y - - ’xn—l,j\n—1—1>‘

Choose N > );. Then this ideal determines a lattice scheme Vy C W7,
We denote by C) the orbit of V), € H under the action of L;{ G on H,
and by D) its orbit-closure in H. Theorem 3.2 asserts in particular that
D, is a projective k-variety, which contains C) as an open subvariety.
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5.2.2. The p-adic affine Grassmannian and its Schubert
cells. We consider the embedding

Vo X(T) = G(K); A= (A1, \) = diag(p™, ..., p™).

This embedding determines an embedding of X(7T') into the loop group
of G,

1 X(T) — L, G(k).
Hence, we may associate to every A € X, (T) the k-sub-ind-scheme
Sx=1(A)-S e S(k),
which can be explicitly described as follows: Let N > 5\1, and let
F(Afk)-», =~ W"

be the —\,-th step in the natural representation of the k-ind-scheme
L, A%. We consider the projection 7 : F(A%)_, — WY}, which rep-
resents the truncation map W(k)" — Wy (k)". These data together
form the diagram

T (V) F(A%)x, — Lp A%

| i

Ne—— Wy
Then S, is the fpqc-sheaf-image of the composition 7'V — L, A%.
Clearly, we have S = §.

DEFINITION 5.10. The p-adic Grassmannian Grass,, is by definition
the fpgc-sheaf-image of the map L, G — S, given by operation on the
standard lattice S. Moreover, the Schubert cell Cy C Grass, is by
definition the fpqc-sheaf-image of the map L; G — S given by operation
of L; G on the sub-ind-scheme Sy.

REMARK 5.11. In general the process of fpgc-sheafification presents
set-theoretical problems, with the consequence that in certain cases one
cannot speak of such sheafifications without making further restrictions
(i.e. specifying a universe one wants to work in, causing the sheafifica-
tion to depend on this choice). In the appendiz we present an argument
i order to prove that these problems do not occur in the present situ-
ation (Theorem A.10).

The k-valued points of the p-adic affine Grassmannian have a sim-
ilar description as in the function field case.
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PROPOSITION 5.12. The set of k-valued points of the p-adic Grass-
mannian is in bijective correspondence with the set of lattices in W (k)™.
This correspondence is given by

f:Grass,(k) = {LCW(k)" | L a lattice}

(5.2.2) Lo L)

i.e. the k-ind-scheme L is mapped to its set of k-valued points.

PRrROOF. Observe that the set of k-valued points of the standard lat-
tice S is equal to W(k)" C W(k)[1/p]" = Ly A1/ (k). Now let L =
g-S € Grassy(k), where g € L, Sl,,(k) = SL,(W(k)[1/p]). This means
that L is the pullback of S under ¢7' : L, A&/(k)[l/p] — L, A%V(k)[l/p].
Then L(k) € W(k)[1/p]™ is mapped bijectively onto S(k) = W(k)"
by g~!. In other words, L(k) = g- W(k)", i.e. a lattice. Since every
lattice £ C W(k)[1/p]" has the form ¢ - W(k)", the map f is clearly
surjective. Finally, if two k-sub-ind-schemes ¢ - S and A - S have the
same set of k-valued points, then the matrix h=tg € Sl,(W(k)[1/p])
must actually lie in the stabilizer of W(k)", i.e. in SL,(W(k)). But
this implies (h™1g) - S = S, or equivalently, h-S = ¢ - S, which proves
injectivity. U

By the elementary divisors-theorem, we see that
Grass,(k) = UA6X+(T)C)\<k)'

We will see in the following sections that, for any A € X_(T), Cy is
representable by a quasi-projective k-scheme C). Moreover, this affine
k-scheme comes together with an open embedding into a projective k-
scheme Dy which maps naturally (as an fpqc-sheaf) to Grass,, thereby
inducing the isomorphism C) ~ C, as well as a surjection D, (k) —
U)\IS)\CN(/{?).

5.2.3. Construction of a morphism D, — Grass,. The pur-
pose of this section is to relate the constructions of the two preceding
sections, i.e. the construction of the p-adic affine Grassmannian on
the one hand, and the orbit-closure D) C H on the other hand, by a
morphism of fpqc-sheaves

Dy — Grass,.

Fix A\ € X, (T) C Z" and let Dy C H be the orbit-closure con-
structed in Section 5.2.1. Let moreover U, be the universal family
obtained by pull-back from the universal family over H:
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U)\*)U

|

Dy,—H.
We consider the determinant

det : (Wy(k)")" = Wy (k)" — Wy(k)
and its Greenberg realization
A= (Ao, ceey AN—I) = F(det) : (Ai\fxn)n — Aiv

We obtain the commutative diagram ([, )rc—~ (AN*m)n N
A A

~ 7

D,
Let us set A = —n)\,(= A + - - + \,) and observe, that in fact we
have a factorization

A:(UA)"HOX---XOXAJI\DZ;A%A%A,

which can be interpreted as follows: The set of k-valued points of the
fiber in U, over any point in D, is a submodule of Wy (k)" whose
determinant is precisely the ideal (p*) C Wy (k). This factorization is
due to the fact that A factorizes in this way over the point V) € D,
and hence over its L; Sl,, orbit, since the determinant map is invariant
under the L;,r Sl,-operation on Uy, — D,. Consequently, A factorizes
also through the orbit-closure D).

Weset Y :=0x---x0x Ag;A, and further we denote by Y’ C Y
the open subvariety Y = 0x---x0x (Ap, —{0}) x Ag;A_l. While the
k-valued points of Y correspond to the Witt vectors in (p*) C Wy (k),
the k-valued points of Y’ correspond to (p*) — (p**1) € Wi (k).

We define X so to make the following diagram cartesian:

X —Y'

L

Thus X is an open subvariety of (Uy)", and since Uy — D, is flat
by construction, also the morphism X — D, is flat. We even have

PROPOSITION 5.13. The morphism X — D, is faithfully flat and
quasi-compact.

ProOOF. Quasi-compactness of X — D, is trivial, and we have
already argued that it is flat. So it remains to check its surjectivity. But
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this is also easy: Take any point = € Dj, and let x(x) be its residue field

and () its algebraic closure. Then the fiber (Uy)" x p, x(z) admits a
family of k(x)-valued points with determinant = p* mod p**!, ie. a

section which factors through the subscheme X C (U,y)". O

This gives us an fpqc-covering X — D, with the property that
‘locally on X’ the family (Uy)™ — D, has an algebraic family of sections
s : X — (Uy)" xp, X whose determinant is non-zero mod p**!.
Namely, we can take

X xp, (Uy)" — (Uy)"
f

S

| l

X D,
the section s on the left being given by the product of the iden-
tity and the open immersion X < (U,)". In other words, this fam-
ily provides, when pulled back to any x € X, a basis of the free
Wy (k(z))-module Uy(k(x)). We will use this section s to give an
L; Sl,-equivariant morphism

X — L, 81, — Grass,.

To this end we consider the following closed embedding of Green-
berg realizations:
(5.2.3)

F(Mat,, (W (k) 2= (A7) — (AF)"™" = F(Mat,(W(k))),

=VU,...,

a map
X = F(Glyx)-x, C F(Mat, x)_», = (A2)™",

(F'(-)-a,, as usual, denotes the —\,-th scheme in the natural repre-
sentation of the respective k-ind-schemes) and thus a morphism X —
L, Gl,, k. Composing with the morphism L,(Gl, x — Sl, k) which di-
vides the first column of any invertible matrix by its determinant, we
obtain a morphism of k-ind-schemes

®: X —L,Sl,,

and hence ® : X — Grass,. In order to show that this morphism is
L; Sl,-equivariant we have to check that ® does not ‘depend on the
0’s” in the map in (5.2.3), or, in other words, that putting any other
sections of X in place of the 0’s in (5.2.3) would not change ®. This
will follow from the next lemma.

For the formulation and proof of this lemma we denote by Sl,(W(R))’
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the image of the morphism
Sl (W(R)) — SL,(W(R)[1/p])

(which is not the same if the ring R is non-reduced), and analogously
for Mat,(W(R)) and GL,(W(R)).

LEMMA 5.14. Let m € N, and let A € SL,(W(R)[1/p]) such that
pm A~ € Mat,(W(R)). If B € S,(W(R)[1/p]) such that A — B €
p™ !t Mat,(W(R))', then A™'B € SI,(W(R))'.

PROOF. By the hypotheses of the lemma we have 1 — A™'B =
A7Y(A—B) € pMat,(W(R))'. Using the geometric series one sees that
A7!B is invertible in Mat,(W(R))', i.e. is an element of Gl,(W(R))'".
As both A and B have determinant 1, so has A~ B. O

In particular, A and B as in the lemma induce the same mor-
phism Spec R — L, Sln/L; Sl, — Grass,. Now recall that we chose

N > A = A\; — A,. Thus changing the morphism of (5.2.3) in those
coordinates with j > N amounts to changing the morphism ® by
something in p**! Mat,(W(R)). So the lemma tells us that in any
case we get the same ® : X — Grass,, and X — Grass, is thus
L Sl,-equivariant.

By X € Grass,(X) we denote the X-valued point corresponding to ®.

THEOREM 5.15. The X -valued point X € Grass,(X) descends to
a Dy-valued point of Grass,. The corresponding morphism my : Dy —
Grass, is equivariant for the (left-)action ofL;OIr Sl,, and sends the lattice
scheme V) to the lattice Sy = diag(p™, ..., p*)-S. Moreover, this map
restricts to an isomorphism of the respective Schubert cells: C) >~ C,.

PROOF. Since by definition Grass, is an fpqc-sheaf and by Propo-
sition 5.13 X — D, is faithfully flat, we have an exact sequence

Grass,(Dy) — Grass,(X) = Grass,(X xp, X).

So we have to show that X is in the difference kernel of the maps
Grass,(X) == Grass,(X xp, X). First observe that X — D, is
an affine morphism, and that the descent problem is Zariski-local on
D). We may thus replace D, by an affine open subset Spec R C D,
and X by SpecS = Spec R xp, X, and ask whether Xs : SpecS —
X — Grass, is in the difference kernel of the maps gmssp(S) =
grass,(S ®r S). In other words, we have to check the following: Let

Py, Py € L, SL (S ®@r S) = SL,(W(S @r S)[1/p])
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be the two compositions Spec(S ®g S) = Spec S 2, L,Sl,. Then we
require ®; ' - &, to be in S, (W(S ®z S)) (possibly after faithfully flat
base change). Let k C k be an algebraically closed field extension. By
construction, a k-valued point of Spec(S ®g S) corresponds to a pair
of bases of one and the same lattice (given by the corresponding x-
valued point of Spec R C D, ). Thus the map Sl,(W(S ®r S)[1/p]) —
SL,(W(k)[1/p]) sends ®;' - @, to Sl,(W(x)). This means, that ®;*
Oy = U +Q, where ¥ € S1,,(W(S®gS)) (possibly after adjoining p-th
roots, which is faithfully flat) and €2 has only nilpotent coefficients.
Since multiplication by p-powers in W([1/p] kills nilpotent coefficients,
we obtain that ®;' - ®, = VU is in the image of Sl,(W(S ®p 9)) in
SL,(W(S ®g S)[1/p]), which concludes the first part of the proof.
It is immediate from the definition of X that the induced morphism

7 : Dy — Grass, sends the lattice scheme V), to the lattice Sy. In order
to see that m) induces an isomorphism of fpqc-sheaves C)\ =~ C,, let

A Speck — C'\ be the morphism corresponding to V), and consider
the diagram

L+Sl C—‘-]:J—~_Sl XC)\HO)\

l ) i

T T LU ! T —

where the right hand horizontal maps are the maps defining the
respective left actions on C\ and C,, respectively. Both horizontal
compositions are surjective maps of fpqc-sheaves, and to check that
7y : Cy — C, is an isomorphism it suffices to check that the stabilizers,
i.e. the respective preimages of V) and S, in L; Sl,, are equal. But
considering an R-valued point P € L Sl,, as an element in SL,(W(R))
and looking at the definitions of V) and S,, it is immediate that P
stabilizes Sy if and only if it stabilizes V). ]

Note, that for the last line in this proof it is essential that V) is
reduced. An example for how the situation looks like in the case where
V) is non-reduced is presented in the following subsection.

5.2.4. Properties of the morphism D) — Grass,. It would be
desirable that the isomorphism C) ~ C, extended to a closed immersion
of functors Dy — Grass,, in order to obtain ‘Schubert varieties’ in the
p-adic setting. Unfortunately, this is not the case, for the reason that
the final assertion on the equality of stabilizers in the preceeding proof
does not hold for points in Dy — C).
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EXAMPLE 5.16. Let n = 2 and let A\ = (=1,1) € Z*, N = 3.
Then Vy C A2 = Speck[xg, 71, T2, Yo, Y1, Y] is defined by the ideal
Iy = (xg,x1). By exactly the same calculation as in Example 3.7 we
check the effect of a matrix

_ ((ao,a1) (bo,b1) L
A= ((00,01) <d07d1>) € SL(W(k)) = L, Sl (k)

on the ideal I,. We obtain

A . I)\ = <CL0],’0 + boyo, agxl + alxg + bgyl —+ blyg + S),
with ag # 0 or by # 0,

where S = —1—1) 5:11 (7) (aowo) (boyo)P~". As soon as p > 2, we see that

S € (apxo + boyo), which shows that the Sla(W(k))-orbit of I, €
H is exactly the same as the Sly(k[[z]]")-orbit of I(\) € H,
defined in Chapter 3. Thus D _1) and D((1,—1)) of Chapter
3 coincide.

It is easy to see that the boundary Dy — C\ parametrizes the ideals
of the form {agxo + boyo, ¥,y | ag # 0 or by # 0) (also if p = 2).
Hence Dy — C\ ~ P}, and this whole P} maps to the standard lattice
S € Grass,(k). In particular, the isomorphism Cy =~ Cy does not extend
to an immersion Dy — Grass,. In terms of stabilizers we may state
that the standard lattice Sy is fized e.q. by the matrix which swaps the
x- and y-coordinates, while the points of Pk are in general not fized.

There seems to be no way out of this situation. Namely, the reason
for the phenomenon that there are in general many different points
in Dy mapping to the same point in Grass, is the following: The
subschemes of affine space which correspond to points in Dy —C), carry
infinitesimal structure, which is forgotten by the map D, — Grass,.
On the other hand, these infinitesimal structures cannot be avoided as
soon as we represent lattices by points in a Hilbert scheme, since we
are then forced to use a Hilbert scheme for a non-standard grading as
described in (5.2.1). E.g. in the before-mentioned example, the ideals
(yo,y1) and (xg,yo) can never have the same Hilbert function, whence
the latter cannot lie in the orbit-closure in H of the former. However,
e.g. (xf,yo) will be in the orbit-closure of (yo, y1).

Examples 3.7 and 5.16, and the phenomenon of lattice schemes
with infinitesimal structure in general, suggest that there is a close
relationship between the varieties D(A) (constructed in Chapter 3) and
the varieties D, of the present chapter. They also suggest that one
should think of D, as some sort of Demazure resolution of a Schubert
variety in Grass,, but I do not know at present how to make this a
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precise statement. At least, it seems reasonable to expect that the
following holds true.

CONJECTURE 5.17. The projective k-varieties Dy are smooth.

Though we have seen that the morphism Dy — Grass, is in gen-
eral not injective on the level of k-valued points, its image behaves as
expected.

THEOREM 5.18. We have Grass,(k) = Uycx, ()Ca(k), and on the
level of k-valued points, Dy — Grass, induces a surjection

T - D)\(k}) - UXS)\C)\/(/{Z>.
The symbol < here refers to the Bruhat-order on X (T) C Z".

PROOF. The first claim follows from the elementary divisors theo-
rem, as we have already explained at the end of section 5.1. In order
to see that 7 is well-defined, we have to argue that none of the Sy, with
N > X\ € X, (T) is in the image of 7. So choose a X' > X. Then an
easy combinatorial argument shows that the Hilbert function A’ of the
lattice scheme V) is bigger than that of V) itself, denoted h (where for
two functions h, b’ : N — N we say h’ > h if and only if #'(n) > h(n) for
all n and h # h’). But since V) is reduced, it has already the smallest
possible Hilbert function among those lattice schemes which possibly
map to Sy,. As D, contains only lattice schemes with the same Hilbert
function as Vi, Viv ¢ D, (k).

In order to prove surjectivity of m, we use an argument similar
to the one given by Beauville and Laszlo in [BL94]|, Proposition 2.6:
For integers e > d consider the following equation of matrices over

W(k((2)))[1/p].

(5.2.4)

0 t pe 0 1 0 B pefl t2pd
—t_l t_lp O pd t—lpe—d—l t - O pd+1 .

If we assume e + d = 0, it follows that the right hand matrix gives
rise to a lattice scheme V' € D q)(k((t))), which corresponds to a
k((t))-point of Cc 4y. Since D4y is projective, this k((t))-valued point
extends to a lattice scheme V over k[[z]], whose fiber over ¢ = 0 maps
to S¢g41,e—1)- The case for a general n and A is proved likewise. O

5.3. p-adic Lattices

In Section 5.2 we have described the set of k-valued points of the
p-adic affine Grassmannian Grass,. The purpose of the present section
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is to describe the R-valued points of Grass, for more general k-algebras
R.

Let us remind the reader of the description in terms of lattices of
the R-valued points of the affine Grassmannian in the function field
case, as we gave it in Section 1.2. Our goal is to obtain a similar notion
of ‘lattice’, with analogous characterizations, in the Witt vector setting
where R is a perfect k-algebra. As a corollary we will then obtain a
description in terms of lattices of the R-valued points of Grass, for R
perfect. Recall that a ring R of characteristic p > 0 is called perfect, if
the Frobenius homomorphism x +— 2? is an isomorphism.

DEFINITION 5.19. Let R be any perfect k-algebra. A lattice L C
W(R)[1/p]" (or simply: a W(R)-lattice of rank n) is a finitely gener-
ated, projective W(R)-submodule L C W(R)[1/p]" such that L Qw(g)
W(R)[1/p] = W(R)[1/p]™. Further, a lattice L C W(R) is called spe-
cial, if A"L = W(R). By Latt;(R) we denote the set of lattices of
rank n over W(R), and Latt}*(R) C Latt](R) is the subset of special
lattices.

If R = k is a field, then we recover the usual notion of lattice
over W(k). Let us note furthermore that for a finitely generated
W(R)-submodule L C W(R)" the condition L ®wr)y W(R)[1/p] =
W(R)[1/p]™ is equivalent to the existence of a natural number N such
that pP W(R)* C L C p ¥ W(R)™.

First we want to see that the assignment R — Latt}(R) is a functor
on the category of perfect k-algebras. To this end, we prove

LEMMA 5.20. Let R — S be a homomorphism of perfect rings, and
let PN W(R)" C L C p ¥ W(R)" be a flat W(R)-submodule. Then we

have
Tor!" ™ (W(R)" /L, W(S)) = 0.
Equivalently, this means L @wr) W(S) C p~ W(S)" € W(S)[1/p]".

PROOF. Let F' = p " W(R)" and consider the exact sequence

0 — Tory P (F/L,W(S)) = L @wr W(S) —
— W(S)n — F/L OW(R) W(S) — 0.

Since multiplication by p?V is the zero-map on F/L, we see that p
acts nilpotently on Tor‘fV(R)(F/L,W(S)). On the other hand, (L %
LY®W(S) = La(W(S) & W(S)) is injective, since L is flat. Hence, p
acts faithfully on Tor‘l/V(R)(F /L, W(S)), which therefore vanishes. [
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PROPOSITION 5.21. The assignment R — Latt)(R) defines a func-
tor from the category of perfect rings to the category of sets. Namely,
to any homomorphism R — S assign the map

Latt)(R) — Latt)(S); L+ L®wr) W(S).
The assignment R — Latt!*(R) is a subfunctor. O

The rest of this section is devoted to the study of the Zariski-/fpqc-
sheaf properties of Latt] resp. £att;"0.

THEOREM 5.22. (1) The functor Latt} is the Zariski-sheafification
of the functor on the category of perfect k-algebras, which associates to
any perfect k-algebra R the set of free rank-n lattices over W(R).

(2) Moreover, Latt} is even an fpqc-sheaf on the category of perfect
k-algebras.  Together with (1) this says that Latty is also the fpqc-
sheafification of the functor which associates to any perfect k-algebra R
the set of free rank-n lattices over W(R).

(8) The analogous assertions hold if we replace Latt) by Eatt;j’o
and ‘free lattices’ by ‘free special lattices’.

Proor. It suffices to prove the first two parts of the theorem, part
(3) will then follow. The first part of the theorem is easy: Since by
definition L € Latt}(R) is projective and finitely generated as a W(R)-
module, it is even finitely presented and (Zariski-)locally free over
W(R). This means that there exist Witt vectors fi,..., fmn € W(R)
which generate the unit ideal in W(R) and such that foreach 1 < i < m
the localization L ®@wry W(R)[1/fi] is free over W(R)[1/f;]. Denote
by ¢; € R the class mod p of f;. Then the g; generate the unit ideal in
R, and I claim that the W(R[1/g;|)-module L @) W(R[1/g;]) is free
for each i. Namely, if we denote by [g;] the Teichmiiller representative
of g; we may write

fi=lgi] - o, a€l+pW(R)C W(R)"
since we assumed R to be perfect. Thus we have

W(R)[1/fi] = W(R)[1/]g:]] € W(R[1/g:]),
and we may choose [[*, Spec R[1/g;] — Spec R as a Zariski-covering
on which L becomes free.

The proof of part (2) requires more work and will occupy us for the
rest of this section.

LEMMA 5.23. Let R — S be a homomorphism of perfect rings.
Then

W (S) @wy(r) Wn(S) = Wy (S ®g S).
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PROOF. The ring W(S ®g S) carries a natural structure of W(R)-
module, and for this module structure we have a linear map W(.S)®w )
W(S) — W(S ®r S). We will show by induction on N that this
map reduces to an isomorphism modulo pV for every N, the case
N = 1 being trivial. Assume now that N > 1, that the induced
map W(S) @wmr W(S)/pV ™ — W(S®g S)/pN~" is an isomorphism
and consider the commutative diagram

pNTIW(S) @ W(S)/pN = W(S) ® W(S)/p" —= W(S) ® W(S)/p"

| | l

pNTIW(S @R 9)/pN——=W(S @R S)/pN —= W(S®rS)/pN!
Since W(,S) ® W(.S) has no p-torsion, this diagram is isomorphic to
S @r S——=W(S) ® W(S)/p" —=W(S) ® W(S)/p""!

T -

S@pS——=W(S®gS)/pN —=W(S®grS)/pN!
On applying the 5-lemma we see that
W (S) @wyr) W (S) = W(S) @wr W(S)/p" = W(S &g S)/p",
which finishes the induction step. U

LEMMA 5.24. Let R — S be a homomorphism of perfect rings.
Then for every N > 1:
(1) Wy (R) — Wy (S) is flat if and only if R — S is flat,
(2) Wy (R) — Wy (S5) is faithful if and only if R — S is faithful.
(A homomorphism of rings is said to be faithful iff it induces a surjec-
tive map on the associated spectra.)

PrOOF. Let Wy (R) — Wx(S) be flat, and let M — M’ be an
injection of R-modules. Since every R-module is also a Wy (R)-module
via the residue map Wy (R) — R, we obtain

M @wyr) W (S)——= M’ @wy(r) Wn(S5)

iid lid
M®p S ~M' ®gS.
Thus also R — S is flat. To prove the converse, we use the following
theorem of Govorov and Lazard ([Eis95] Theorem A6.6): An R-module
is flat if and only if it is the colimit of a filtered direct system of free

modules. Moreover we note that in this situation the colimit in the
category of sets coincides with the colimit in the category of R-modules.
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So let (F; ~ R%); be a filtered direct system having S as its colimit
(the d; may be infinite). I claim that Wx(S) is the filtered colimit of
the induced filtered direct system (Wy(F;) := (Wx(R)%);. As noted
before, the filtered direct limit of (Wx(F;)); can be calculated in the
category of sets, and there we have W (F;) = (RY)%. But since filtered
direct limits commute with finite products we obtain

lim Wy (F) = lim(R*)" = (lmR%)Y = §V = Wy(5).

In other words, the Wy (R)-module Wy (.5) is the colimit of a direct
system of free Wy (R)-modules, hence it is flat.

To prove the second statment, we just note that for every ring R
the reduction mod p, Wx(R) — R, induces a bijection between the
associated spectra:

Spec R = Spec Wy (R).

Namely, since p is nilpotent in Wx(R) it is contained in every prime
ideal of Wy (R). O

We are now able to prove that the functor R +— Latt](R) is a
sheaf for the fpqgc-topology on the category of perfect rings. To begin
with, note that for any perfect ring R and any W(R)-submodule M C
W(R)[1/p]" satisfying pY W(R)" ¢ M C p~" W(R)" for some N, we
have

(5.3.1) lim(M @ W(R)/p'W(R)) = lim M/p’ W(R)" = M.

Here the first equality holds since the respective inverse systems are
coinitial, while the second equality follows from the short exact se-
quence

0 — M/p' W(R)" — p~ ¥ W(R)"/p' W(R)" —
—p "W(R)"/M —0 (j>>0)

upon passage to the inverse limit.

Since we already know that Latt] is a Zariski-sheaf, it suffices by
Theorem A.4 to consider a faithfully flat homomorphism R — S of
perfect rings, and show that the sequence

(5.3.2) Latt)(R) — Latt;(S) = Latt, (S ®@r S)

is an equalizer.

(1) Latty(R) — Latt;(S) is injective: Take L, L’ € Latt;(R) such
that L @wr) W(S) = L' ®wr) W(S). By Lemma 5.24 we know that
Wy (R) — Wy(S) is faithfully flat for every N, which tells us that
L @&wr) Wn(R) = L' @wr) Wn(R). Using (5.3.1) this proves L = L.
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(2) The difference kernel of Latt}(S) = Latt,(S ®@p S) is equal
to Latty(R): Clearly, Latt;(R) is contained in the difference kernel.
Conversely, choose L € Latty(S), such that L' = L ®w(s)1 W(S ®g S)
equals L” = L ®ws)2 W(S ®r S). Note that by the indices 1 and 2,
respectively, at the ® symbol we indicate which module structure on
W(S ®g S) is under consideration. Then

(L ® Wi(5)) @w,s)1 (Wi(S) @w,r) Wi(5))
= (L@ Wi(5)) @w,(s).2 (WilS) @w,(r) Wil(5)),

and similarly

(5.3.3)

(L/D'(W(S))") @wyis)1 (Wri(S) @woyyoimy Wii(S)) =
= (L/p'(W(S))" )®WN+¢(S),2 (Wxti(S) @wy i) Wai(S))

for ¢ big enough. (here we use Lemma 5.23).
For i > 2N we consider now the diagram of W, 5 (5)-modules

(5.3.4)

(=N W(S)M)/(p N W(S)") ——— p=N Wy (S)"

|

L/pN T W(S)" ————> L Qw(s) Wi(S) ————— L/pi= NV W(S)"

|

PN Wi(8)" ————= (N W(5)")/(p' "N W(S)")

= ("N W(S)")/ ("N W(S)")

(PN W(S)™)/ ("N W(S)™)

Now (5.3.3) and (5.3.4) together with Lemma 5.24 say that this
diagram descends to a diagram of W,  y(R)-modules, i.e. we obtain

(PN W(R)") /(PN W(R)™) —— p~ N Wy(R)" (=N W(R)™)/ ("N W(R)™)

| | |

Pnyi M; PN

|

pN Wi(R)® — (¥ W(R)")/(p"~N W(R)™)

(PN W(R)™)/(p TN W(R)") ==

We thus have two cofinal systems of W(R)-modules, (M;) and (F;),
whose inverse limit is a W(R)-module M. I claim that this is the
desired W(R)-lattice. First observe that for N big enough we have an
exact sequence

0—p"W(R)" — M — Py —0,
as we see by taking the inverse limit over ¢ > N of the sequence

0— p" W(R)"/p'W(R)" — P, — P,;/p"¥ W(R)" = Py — 0.
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Since P; is finitely generated (by faithfully flat descent) as well as
pY W(R)", also M is finitely generated. On the other hand, since

0 — pVL @ws) Wi(S) — L ®ws) Wirn(S) = L @w(sy Wa(S) — 0
is exact, we obtain by faithfully flat descent a short exact sequence
0—>pNMZ-—>Mi+N—>MN—>O.
Passing to the inverse limit over ¢ we obtain
0—p"M — M — My — 0,

and thus M ®wr) Wy(R) = My, which is a projective Wy (R)-
module, by faithfully flat descent. Hence we have arrived at a sit-
uation where Lemma 1.10 applies, proving that M = @(M QW(R)
Wy (R)) is a W(R)-lattice. Clearly, (M ®@wry W(S)) @ws) Wn(S) =
My @ Wn(S) = L ®w(sy Wn(S). Taking the limit over N we obtain
M @wry W(S) = L, which finishes the proof. O

As a corollary we obtain the desired analogon of Theorem 1.9 in
the Witt vector setting.

COROLLARY 5.25. Let R be a perfect k-algebra. For any W(R)-
submodule L C W(R)[1/p]", the following are equivalent:

(1) The submodule L is a lattice.

(2) Zariski-locally on R, L is a free W(R)-submodule of rank n
(i.e. there exist fi,..., fr € R such that (f1,...,f.) = W(R)
and for all i, L @wry W(Ry,) is free of rank n and L Qw(g)
W(R)[1/p] = W(R)[1/p]".

(3) fpgc-locally on R, L is a free W(R)-submodule of rank n (i.e.
there exists a faithfully flat ring homomorphisms R — S such
that L @wr) W(S) is free of rank n and L @wry W(R)[1/p] =
W(R)[1/p]".

Proor. This follows immediately from Theorem 5.22. U

It is not clear to me whether there is a good translation of condition
(4) of Theorem 1.9 to the Witt vector setting. The obvious obstacle is
the fact that W(R) does not carry a structure of R-module.

COROLLARY 5.26. The fpgc-sheaf Eatt;”’o is equal to the restriction
of the p-adic affine Grassmannian Grass, to the category of perfect
k-algebras.

ProOF. The presheaf R +— S, (W(R)[1/p])/Sl.(W(R)) coincides
with the presheaf R +— { free special lattices of rank n over W(R) }
on the category of perfect k-algebras. Thus it suffices to prove that for
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any presheaf F' on the fpqc-site over k the processes of ‘sheafification’
and ‘restriction to the category of perfect k-algebras’ commute. Let R
be a perfect k-algebra and let {U; — Spec R} be a covering (on the
fpqc-site over k). Refining the covering we may assume that the U;
are all affine. For every i denote by U/ the perfection of U;. Then
the morphisms U/ — Spec R are still flat and jointly surjective and
thus define a refinement of {U; — Spec R}, which is by definition also
a covering in the fpqc-site on the category of perfect k-algebras. Now
the claim follows from Lemma A.3 in the appendix. 0






APPENDIX A

FPQC-Sheaves and Sheafifications

DEFINITION A.1l. (Sheafification) Let C be an arbitrary site and let
F be a (Set)-valued functor on the underlying category, i.e. a presheaf
on C with values in (Set). A sheafification of F' is a morphism of
presheaves ¢ : F' — F* where F® is a sheaf and such that ¢ induces

a natural isomorphism Hom gy)(F®,S) ~ Hom ppesn)(F,S) for every
sheaf S on C.

PROPOSITION A.2 (Characterization of sheafification). Let F' be
a presheaf on the site C. A morphism of presheaves ¢ : F — G is a
sheafification if and only if G is a sheaf and the following two conditions
hold:

(1) If¢, & € F(X) have the same image in G(X), then there ezists
a covering m : U — X such that 7" (&) = 1*(¢'), and

(2) for every & € G(X) there exists a covering m : U — X and
n € F(U) such that 7 (&) = p.(n).

PROOF. Let S be a sheaf on C and let ¢y : ' — S be a morphism
of presheaves. Assume ¢ : F — G as in the proposition. Then for
every X € C we have to define ¢/(X) : G(X) — S(X) in a functorial
way. Let Y — X and V — U X x U be coverings in C, and consider the
diagram

] | |

F(X) F(U) FUxxU) —>F(V

o] | |

S(X)——=SU) —=SU xxU)——= S(V).

The proposition is obtained by chasing this diagram, as we explain
now. Given £ € G(X) we may choose U ‘fine enough’ (by (2)) so that
&l = @«(n) for some n € F(U). T claim that ¢(n) € S(U) descends to
an element ¢'(X)(€) € S(X). Indeed, since £ € G(X), both images of
nin F(U x xU) map to the same element in G(U X xU). Hence, by (1),
we may choose V fine enough so that both images of 7 in F'(V) coincide.

G(X) = GU) == GU xx U)—— G(V)
)
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This means in turn that the two images of 1 in S(V), and hence those in
S(U x xU) conincide. Thus, since S is a sheaf, 1)(n) descends to element
V(X)) (&) € S(X), as claimed. Moreover, ¢'(X)(§) does not depend on
the choice of U and 7. Namely, given n € F(U) and ' € F(U'), we
may assume, after replacing & and U’ by a common refinement, that
U =U'". Since both n and n' map to {|; € G(U), we can, by (1), replace
U by a refinement so that n = n’. Then ¢(n) = () is trivial, and
hence ¢/ (X)(£) € S(X) does not depend on U and 7.
Hence we obtain a morphism of functors ¢’ : G — S which satisfies
1 =1'op. By (1) this is the unique morphism with this property, which
establishes the desired isomorphism Homgp) (G, S) ~ Hom presn) (F) S).
0

LEMMA A.3. Let D C C be an inclusion of sites, such that fiber
products in D are mapped to fiber products in C. Assume that for
every covering U = {U; — X} in C of an object X € D there exists
a refinement V = {V; — X} of U with V; € D such that V is also a
covering of X in D.

Claim: if F has a sheafifcation F®, then F*|p is a (the) sheafifica-
tion of F|p.

PROOF. Let F be the sheafification of F. Clearly, F'*|p is a sheaf
on D, whence the canonical map (F|p)* — (F*)|p. To prove that this
is an isomorphism, we check that the morphism F|p — (F%)|p is a
sheafification on D. More precisely, we check the two conditions of
Proposition A.2. Thus let X € D and let {,n € F(X) such that their
images in F*(X) coincide. By definition of sheafification there exists
a covering (in C) of X on which ¢ and 7 coincide. But by assumption
this covering can be refined so to obtain a covering of X in D on which
¢ and 7 coincide a fortiori. This is condidition (1). On the other hand,
every element £ € F*(X) can be represented locally (on a covering
in C) by sections of F. Refining this covering, we see that ¢ can be
represented on a covering in D by sections of F. This is (2). 0

THEOREM A.4. Let F be a presheaf on the fpgc-site over the cate-
gory C of schemes. Assume that F is a sheaf for the Zariski topology.
Then F is an fpqc-sheaf on C if and only if for every faithfully flat
homomorphism of affine schemes Y — X the sequence

(A.0.5) FX)—=FY)= F(Y xxY)
18 an equalizer.

PROOF. See Vistoli [Vis08]. O
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PROPOSITION A.5. Let F be a functor (= fpqc-presheaf) on the
category of schemes. Assume that F satisfies the following two condi-
tions:

(1) for every faithfully flat morphism of affine schemes Y — X
the sequence

F(X) = F(Y) = F(Y xx Y)

s an equalizer, and
(2) for every finite collection of affine schemes Y1, ..., Y, we have

FOW T Ty = FO) s - x F(Y,).

Then the Zariski-sheafification F'* of F' is an fpqc-sheaf. In particular,
F is an fpqc-sheafification of F'. Moreover, the natural transformation
F — F* restricts to an isomorphism on the category of affine schemes.

PROOF. In view of Theorem A.4 we only have to prove that the
condition in (1) of the present proposition remains valid after Zariski-
sheafification. Thus it will suffice to prove the last assertion, namely
that the natural map F(X) — F%(X) is indeed an isomorphism for
every affine X. To this end, for an arbitrary scheme X and any Zariski-
covering U of X let K(U) be the difference kernel of F(U) = F(U xx
U). If we set F'(X) = limy K (U), where the colimit is taken over all
Zariski-coverings of X, then F’ will be a separated presheaf. Applying
this procedure twice, i.e. forming F”, will yield a sheaf, and indeed F" is
equal to the Zariski-sheafification F'* of F'. Now observe the following:
if X is affine, there is a cofinal subsystem of all Zariski coverings of
X given by those coverings which consist of only finitely many affines.
Thus, using assumption (2),

F/(X) = limy _x ker(F(Y) = F(Y xx Y)),

where now the limit is taken over a certain family of faithfully flat
morphisms Y — X of affine schemes. But by assumption (1) for every
such Y — X we have F(X) = ker(F(Y) = F(Y xx Y)), whence
F'(X) = F(X). This implies F'*(X) = F(X), as desired. O

COROLLARY A.6. Let F be as in the proposition. Then the restric-
tion of F' to the site of affine schemes (with arbitrary covering families
consisting of affine schemes) is a sheaf for the fpgc-topology.

COROLLARY A.7. A functor which is represented by an inductive
system of schemes admits an fpqc-sheafification. Indeed, it suffices
to take its Zariski-sheafification, which is then automatically an fpqc-
sheaf(ification). Moreover, the restriction of this sheafification to the
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category of affine schemes coincides with the original presheaf defined
by the inductive system of schemes.

Proor. We have to check that such a functor satisfies the assump-
tions (1) and (2) of Proposition A.5. To this end, let (X;) be a di-
rect system of schemes and let limX; be its colimit in the category of
presheaves. Let T1,...,T, be affine schemes. Then we have

U X) (T [T ][ 70) = i ] T T 7)) =
= Lm(X;(T1) x -+ x X(Ty)) = (mX;)(T1) x - x (limX;)(T5),

which is condition (2). It remains to check exactness of the sequence
(i X:) (R) — (EmX;)(S) = (EmX)(S @ 5),

where R — S is a faithfully flat homomorphism of rings. Thus let
P € (limX;)(S) such that both images of P in (lim X;)(S®g.S) coincide.
Assume that P is represented by an element P’ € X;(S). By definition
of the inductive limit, there exists some ¢ < 5 € [ such that that the
induced objects in X, (S ®p S) coincide. Now we can use the exactness
of the sequence

Xj(R) — X;(5) = X;(S®r9)

to obtain an R-valued point of X, and hence an R-valued point of
limX; which induces P. This shows that the difference kernel of the
right hand maps is precisely the image of the left hand map. Injectivity
of the left hand map is proved likewise, which shows that condition (1)
holds as well. 0

In other words, if we restrict the functor direct-limit limX; to the
category of affine schemes (or more generally: quasi-compact schemes),
then it is already a sheaf for the fpqce-topology. This is Beauville and
Laszlo’s point of view.

Contrary to what Vistoli claims in [Vis08] Theorem 2.64, arbi-
trary functors on the category of k-schemes do not in general admit
an fpqce-sheafification. An example of such a functor is described by
Waterhouse in [Wat75]. As Waterhouse explains, the general prob-
lem with constructing an fpqc-sheafification of an arbitrary functor is
that one is forced to consider direct limits over ‘all’ fpqc-coverings of
a given scheme. However, the entirety of ‘all’ fpqc-coverings will not
be a set, but a proper class. One way out of this problem would be to
restrict attention to a fixed universe, which will have the drawback that
sheafifications depend on the particular choice of the universe. On the
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other hand, Waterhouse proves that for ‘basically bounded’ functors
it suffices to look at direct limits over certain sets of fpqc-coverings,
which resolves the above described set-theoretical problems. The pur-
pose of this section is to check that the quotient-functor L, Sl,, / L; Sl,
is basically bounded, and thus has a well-defined fpqc-sheafification.

Let m be a cardinal number not less than the cardinality of £, fix a
set S of cardinality m, and let (k-Alg(m)) be the category of k-algebras
whose underlying set is contained in S. Let (k-Alg) denote the category
of ‘all’ k-algebras, and let j : (k-Alg(m)) — (k-Alg) be the inclusion.
For any set-valued functor on the category of k-algebras, let j* denote
the restriction to (k-Alg(m)). Right-adjoint to j* is the Kan extension
J« along (k-Alg(m)) — (k-Alg).

DEFINITION A.8. A functor F on the category of k-algebras is m-
based if it has the form j.G for some functor G on (k-Alg(m)). A
functor is basically bounded if there exists a cardinal m such that it is
m-based.

THEOREM A.9 ([Wat75], Corollary 5.2). If a functor F on the
category of k-algebras is m-based, then it has an fpgc-sheafification.
More precisely, if 7*F — 7°G is a sheafification on the fpgc-site over
(k-Alg(m)), then F' = j,j*F — j.G is an fpqc-sheafification on (k-Alg).

O

We use the following two observations by Waterhouse: (1) A func-
tor which is represented by an affine scheme whose underlying ring has
cardinality < m is m-based. (2) The Kan extension j, preserves col-
imits, and in particular, the colimit over a system of basically bounded
functors is again basically bounded.

THEOREM A.10. The functor-quotient L, Sln/L;r Sl, is basically
bounded, and hence has a well-defined fpqc-sheafification. Thus the p-
adic affine Grassmannian in our sense exists.

PROOF. By (2) above, L, Sl,, as well as L S1,, are basically bounded
functors on the category of k-algebras. Since L, SL,, / L; Sl, is the col-
imit of a system

L, S, x L; Sl, = L, Sl,,
it is basically bounded, too. By Waterhouse’s theorem, it thus has
an fpqc-sheafification Grass, on the category of k-algebras. More-
over, since the functor-quotient Ly, Sl,, / L} Sl satisfies condition (1) of
Proposition A.5, so does Grass): namely, the set of fpqc-covers inside
(k-Alg(m)) of []T; (finite disjoint union) is in natural bijection with
the product [[{ fpqc-covers of T; }, and direct limits (used to compute
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sheafifications) commute with finite products. All in all, Grass), sat-
isfies the hypotheses of Proposition A.5, and its Zariski-sheafification
Grass, will be the desired fpqc-sheafification of Ly, S, /L, Sl, on the
category of k-schemes. O
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