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1. Introduction

Let k be a field and consider the group G = Sl over k. Associated with G we have the affine Grass-
mannian G which we regard as a functor from k-algebras to sets, and whose set of k-valued points
is the set of lattices £ C k((z))" such that A" £ =k[z]. It is well known, and we will explain this in
Section 2.1, that the affine Grassmannian is an ind-scheme over k, defined as the inductive limit of the
k-schemes G, where GV (k) = {£ € G such that zNk[z]" c £ c z~Nk[z]"}. Each ‘finite piece’ GV
is seen to be a closed subscheme of the ordinary Grassmannian Grass(nN, 2nN) by identifying a lattice
£ with its image in z7Nk[z]"/zNk[z]" ~ k*'N. From this point of view, G™ is just the closed subva-
riety of Grass(nN, 2nN) which parametrizes those nN-dimensional subspaces of k™ which are stable
under the endomorphism of k"N corresponding to multiplication by z in k((z))". Equivalently, one
could say that G™ parametrizes nN-dimensional linear subvarieties of A2"N which are stable under

the endomorphism of A,f”” ‘given by multiplication by z’. Moreover, G carries a natural Sl,(k[z])-
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operation whose orbit closures are by definition the Schubert varieties in G. Any Schubert variety
S C G can be realized as a closed subvariety of a finite piece GV of the affine Grassmannian.

In this paper we are going to investigate a variant of the finite pieces of the affine Grassmannian
by considering parameter spaces for certain non-linear subvarieties of AZN . This will lead to objects
which are closely related to Demazure varieties.

From now on, let k have positive characteristic p.

For a k-algebra R we construct in Section 3 the ring of Frobenius-twisted power series in the following
way: we identify W(R), the ring of Witt vectors over R, and RY as sets and let I, C W(R) be the ideal
with underlying set {0}" x RN c RN. The sequence of ideals (I;)nen defines a filtration on W(R). The
ring R[z]F of Frobenius-twisted power series over R is by definition the completion of the graded
ring associated with this filtration. As a set, R[z] ~ RY, and, if we write z:=p € I/l ~ R, then
multiplication in Rz]F is given by the formula

(a0 + a1z +a2z* +---)(bo + b1z +baz* +---)
=agbo + (ahby +a1bf)z + (ag2 +alb? +azbgz)l2 +

This explains the term ‘Frobenius-twisted’.

Let us regard AEN = (A}:’ )" as a scheme endowed with the obvious structure of k[z]F-module
scheme. On its coordinate ring k[x; ;; i=1,...,n; j=0,...,N —1] we fix the grading given by
degx; j = pJ. Haiman and Sturmfels have shown in [1] that for any Noetherian N-graded k-algebra A
and any function h : N — N there exists a k-scheme, called the multigraded Hilbert scheme, whose
R-valued points are the ‘admissible’ ideals I C A ® R with Hilbert function h (see Section 4.1). In
particular, there exists a multigraded Hilbert scheme for A;:N with the above grading, and we will see
in Section 4.2 that it carries a natural action of Sl, (k[]z]]F). We will call a closed subscheme V C AZN
defined by an admissible ideal a lattice scheme, if V is stable under the module operations on AV,
and we will show that the Sl,(k[z]F)-action on the multigraded Hilbert scheme restricts to an action
on the closed subvariety of lattice schemes.

There are certain orbit closures which will be of particular interest for us: let X(T) C Z" be the
set of cocharacters of the standard maximal torus T C Sl,, and let X+(T) C X(T) be the set of dom-
inant cocharacters with respect to the standard Borel subgroup of upper triangular matrices. Then,
for any A = (A1,...,An) € X4(T), we set A = (A1 — An, ..., An — An) and consider the lattice scheme
V(») C AN defined by the ideal

I(A) = {x1,0, . e X5 g Xn=1,05 - ”Xn—l,):nq—l)'

By looking at k-valued points we interpret V(i) as the ‘standard lattice’ with elementary divisors

ZM, ..., 7z*. Let us denote by D) its orbit closure in the multigraded Hilbert scheme.

On the other hand, for A € X;(T) we define a sequence pi,...,un € Z" by setting p; :=
1,...,1,0,...,0) where the number of 1's is equal to the number of indices 1 <i < d with
Ai — An > ]. ln particular, we have Z _1Mi =A—Xxy(1,...,1). As we will explain in Section 2, this

sequence of u;'s defines a sequence of minuscule dommant cocharacters of the standard maximal
torus in PGI, (with respect to the standard Borel), and hence determines a Demazure resolution
w(A): X(U1, ..., uN) = S(A) of the Schubert variety S(A) C G associated with A.

The varieties D(A) and X' (1, ..., iy) are related according to the following

Theorem 1.1. The k-variety D(1) is an iterated bundle of ordinary Grassmannians, and there is a universal
homeomorphism

o:DA)— X(U1,..., UN)-
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Furthermore, let 7' (1) : D(A) — X (U1, ..., uN) — S(A) denote the composition of o with the Demazure
resolution 7 (1) of S()). Then a lattice scheme given by a k-valued point in D(}) is reduced if and only if it is
mapped under 7t/ (1) to the big cell of S(1).

Hence the fiber of the Demazure resolution 7 (1) over a lattice £ in the boundary of S(1) is
universally homeomorphic to a variety of non-trivial infinitesimal structures on L.

Undoubtedly, both Demazure resolutions and (multigraded) Hilbert schemes are important objects
which are interesting in their own right. This already might justify the effort to study a connection
between them, at least when working over positive characteristic. However, the main motivation and
application I have in mind is the attempt to understand the analogous situation where one replaces
the ring of (Frobenius-twisted) power series over k by the ring of Witt vectors W(k). Indeed, it is not
so clear how (or even impossible?) to put a structure of ind-scheme on the set

{c C W(R)[1/p]" a W(k)-submodule ‘ N'c= W(k)} (k perfect), (11)

i.e. to construct a p-adic analog of the affine Grassmannian for Sl, as an ind-scheme. In partic-
ular, there is also no (obvious) way to define Schubert varieties in this setting. A first naive at-
tempt to construct the analog of Schubert varieties in the p-adic setting would be the analog of
the construction explained above: consider the ring Wy (k) of Witt vectors of length N. Identify
Wy (k) >~ A,’c\’(k) = Speck[xq,...,xny] and endow the polynomial ring with a grading that makes the
polynomials, which define addition and multiplication in Wy (k), homogeneous. Then consider the
closed subscheme M of the multigraded Hilbert scheme of A;}N , which parametrizes those homoge-

neous subschemes of the AZN which are stable under addition and multiplication by scalars in Wy (k)
(the ‘lattice schemes’). The scheme M carries an action of Sl,(W(k)), and we may study the orbit
closure Dy (1) of the lattice scheme which corresponds to the lattice with elementary divisors A.

In fact, there is a paper by Haboush [2] in which he constructs spaces of lattices over the ring of
Witt vectors as closed subschemes of certain Hilbert schemes - however, in his paper he does not
account for the following phenomenon, which appears to me to be an unavoidable consequence of
the construction by means of a Hilbert scheme.

Similar to the case of Frobenius-twisted power series, the lattices in the boundary of such an orbit
closure Dy (1) will in general have infinitesimal structure. In fact, one can show by simple calcula-
tions: in the special casen = 2, A = (1, —1) and p > 3 the varieties D() and Dy (1) are equal. We are going
to calculate D(1) in Section 6 - the calculation in the Witt vector case is completely parallel.

On the other hand, in a subsequent paper we are goint to show: one can define an fpqc-sheaf
Gp whose R-valued points, for R a perfect k-algebra, can be interpreted as lattices over W(R) in
a similar way as in the function field case. In particular the set Gy (k) is just the set of lattices in (1.1).
Moreover, for every vector A of elementary divisors, there are Sl,,(W(k))-equivariant maps

Dp(X) = Gp,

which induce isomorphisms on the ‘big cells’. The present paper suggests the following interpreta-
tion: we are not able to construct the p-adic affine Grassmannian and its Schubert varieties as (ind-)
schemes, but we may construct Demazure resolutions of its Schubert varieties as honest k-schemes.
Moreover, the situation of Frobenius-twisted power series is certainly related to the Witt vector sit-
uation, whence the study of the former might lead to insight into the latter, in particular into the
geometry of the varieties Dp ().

We will start this paper by recalling in Section 2 the notions of affine Grassmannian, Schubert
varieties and their Demazure resolutions. The main purpose of this section is to clarify the connection
between the most common description of a Demazure variety in terms of quotients of products of
parahorics, and an equivalent description as a variety of lattice chains. In this paper we will work
with the latter description. In Section 3 we introduce the ring of Frobenius-twisted power series. This
ring structure gives rise to a structure of ring scheme on the affine space AY, and to a structure
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of (n-dimensional) Al’;’—module scheme on AZN. Flat subschemes of A;(‘N, which are stable with re-
spect to the addition- and scalar multiplication-morphisms, will be called lattice schemes, and are
parametrized by a closed subscheme M of the multigraded Hilbert scheme. This is shown in Sec-
tion 4. The technical heart of the paper is Section 5. Here we introduce the notion of ‘twisted-linear’
ideals in a polynomial ring of positive characteristic, and prove functoriality and flatness results for
twisted linear ideals. Moreover we prove that twisted linearity is a ‘closed condition’ on the multi-
graded Hilbert scheme. Finally, the last section is devoted to the construction of an isomorphism
from D(A) to an iterated bundle of ordinary Grassmannians (Theorem 6.2 and Corollary 6.5) and to
the construction of the universal homeomorphism o : D(A) - X (u1,..., un) (Theorem 6.4). As an
easy corollary (Corollary 6.8) we obtain that a lattice scheme V € D())(k) maps to the big cell of S(})
if and only if V is reduced, which proves the last assertion of Theorem 1.1. Also we illustrate these
results by explicitly calculating the respective objects and morphisms for the simplest non-trivial ex-
ample, given by n=2, N=2, A=(1,-1).

2. The affine Grassmannian and Demazure varieties

In this section we describe the construction of the affine Grassmannian associated to the special
linear group Sl,, as well as the Demazure-Hansen-Bott-Samelson desingularization of its Schubert
varieties. For both objects we recall the ‘standard’-definition in terms of quotients of loop groups, and
give (also well-known) equivalent descriptions as a variety of lattices, and a variety of lattice chains,
respectively. These latter descriptions are those which we are going to use in the rest of the paper.

Throughout this section, we denote by k an arbitrary algebraically closed field.

2.1. The affine Grassmannian for Sl,

Our reference for this section is the article [3] by Beauville and Laszlo. Let G =Sl,, let TC BC G
be the standard maximal torus (of diagonal matrices) and the standard Borel subgroup (of upper
triangular matrices) of G. Moreover, denote by X(T) the group of cocharacters of T, and by )V(+(T)
the subset of dominant cocharacters (with respect to the fixed Borel B). Consider the following (set)-
valued functors on the category of k-algebras:

L”°G: R+ G(R[z]) (the ‘positive loop group’ associated to G),
LG:R+— G(R((z))) (the ‘loop group’ associated to G).

It is easy to see that the positive loop group is representable by an (infinite dimensional) affine k-
scheme, while the loop group is representable by an ind-scheme over k (i.e. an inductive limit of
k-schemes in the category of k-spaces). In both cases, we will not further distinguish between the
(ind-) schemes and the functors which they represent. We identify X(T) with Z" and hence obtain
the injection

X(T)—LG; A+ Z*:=diag(z", ..., 2"). (2.1)
Thus we may regard the group of cocharacters of T as a subset of LG(R) for any R.

Definition 2.1. The quotient LG/L>°G in the category of k-spaces (i.e. the fpqc-sheaf associated with
the functor R — G(R((2)))/G(R[z])) is called the affine Grassmannian for G.

In the sequel we abbreviate G := LG/L=°G. On the k-space G we have a natural action of L=0G
by multiplication on the left. On the level of k-valued points, this action induces a double coset
decomposition for LG (k), namely

lGky= |J 1P°%60Z'1L7G k). (2.2)
reX4(T)
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This shows that the LZ9G (k)-orbits in G(k) are parametrized by the dominant cocharacters of T.
These orbits are called the Schubert cells of G, and denoted in the sequel by C() for A € )V(+(T).

It is known that G is in fact representable by an ind-scheme over k. Before we state the precise
result, let us recall the notion of lattice, which is essential for the proof (and the rest of this paper).

Definition 2.2. An R[z]-submodule £ C R((2))" is called a lattice, if

1. there exists N € N, such that zVR[z]" ¢ £ c z7NR[z], and
2. the quotient z~NR[z]/L is a projective R-module.

The lattice £ is called special, if A" £ = R[Z], i.e. £ has fpqc-locally a basis with determinant 1.

Theorem 2.3. (See Beauville and Laszlo [3].) The affine Grassmannian 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 an inductive
limit of closed subschemes of usual Grassmannians, i.e. it is an ind-scheme and even ind-projective.

The idea of the proof is to write G = Jyoy G™, where
6™ (R) = {special lattices £ such that ZNR[z]" ¢ £ c z7NR[]"}.
One can then show that for any N the inclusion
G™M(R) — Grass(nN, z Nk[z]"/z"k[z]")(R); L+ L£/ZNR[Z]"

defines an isomorphism of functors from G™ to a closed subscheme of the Grassmannian
Grass(nN, z~Nk[z]"/zNk[z]™) of nN-dimensional k-linear subspaces of z~Nk[z]"/zNk[z]".

It is easy to see that L=0G acts algebraically on every G!N), whence the Schubert cells are quasi-
projective k-schemes, each lying in a suitable G™V). The closure of the Schubert cell C()) in G, denoted
by S(A) in the sequel, is called a Schubert variety.

Remark 2.4. For G = Sl, we have defined the affine Grassmannian as the fpqc-quotient LG/L>9G.
However, the same definition applies to other reductive groups G; let us consider the case G = Gl,.
We denote by Gg, the affine Grassmannian for Gl,, ie. the quotient LGl /LZ°Gl, in the category
of k-spaces. Then, in the same way as for Sl,, we obtain (see [3]): the affine Grassmannian Gg,
is isomorphic to the functor which associates to every k-algebra R the set of lattices in R((z))".
Furthermore, Gg), is an ind-scheme over k which is representable by an inductive limit of closed
subschemes of usual Grassmannians.

2.2. lwahori and parahoric subgroups

We return to our notation G = Sl,. Let € : G(k[z]) — G(k) be the map induced by z + 0. The
standard Iwahori subgroup Z C G(k[z])) is by definition the preimage of the standard Borel subgroup
B C G. Any bounded (for the z-adic valuation) subgroup of G(k((z))) containing Z is called a stan-
dard parahoric subgroup of G(k((z))). In general, an Iwahori- (resp. parahoric) subgroup of G(k((2))) is a

G(k((2)))-conjugate of Z (resp. a standard parahoric subgroup). Note that Iwahori- (resp. parahoric)
subgroups are exactly the stabilizers of complete (resp. partial) lattice chains

zZLCLiC---CLyCcL, I<n—1.
In particular, the standard Iwahori subgroup is the stabilizer of the standard lattice chain

zk[z]" c k[z] @ zk[2z]" ' C --- C k[2]"! @ zk[2] C k[2]",
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while the standard parahoric subgroups are the stabilizers of its respective subflags. A maximal stan-
dard 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 dom-
inant cocharacters of the standard maximal torus of its adjoint PGl,: let A CPGl, 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

1:X(T) = X(A),

induced by the canonical map T — A. With the identifications )V((T) CZ" and )V((A) ~7Z"/(,...,)Z
the map ¢ is given by the quotient map Z" — Z"/(1, ..., 1)Z. Moreover, the image of ¢ is precisely
the kernel of the map

z"/Q,...,\)Z— Z/nZ; A=Z1,....zZ0) = A =21+ -+ zn. (2.3)

Note that ¢ sends )V(+(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

)V(+,min(A) — {maximal standard parahoric subgroups of G = Sl},

W Py =z PG (k[z])Z", (24)

where [t € Z" is a representative of . To abbreviate notation in the following section, we set
P,y =Py, NPy,, the stabilizer of the two respective lattices in the standard flag, for 14; minuscule
dominant cocharacters of A.

2.3. Demazure-Hansen-Bott-Samelson desingularization of Schubert varieties

The presentation of the material in this section follows roughly the exposition by Gaussent and
Littelmann in [4], 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-Carrére [5].
Note that instead of ‘Demazure-Hansen-Bott-Samelson variety’ we will often simply speak of ‘De-
mazure variety’. This is common in the literature.

Definition 2.5 (Demazure variety). Let vy, ..., vy be a sequence of minuscule dominant cocharacters
of PGl,,. The Demazure-Hansen—Bott-Samelson variety X (vq,..., V) is defined as
— PO.U Pv V- Pv _1.V
YZW1,...,Vm) =Pg x701 Py X2 o Vm=tvm Py /PG

i.e. the variety Pg x Py, x --- x P,,, modulo the right-action of the subgroup Pg ., X --- X Py, v, X
P,,,.0 given by

(80+---+&m) - (0. -- -+ qm) = (€090, 45 ' €141, - - . G}, 1 8mGm)-

There is a natural morphism

T:XW1,...,Vm) =G
(g0, ... gm] > g0+~ gmG (k[2])/G (k[z]). (2.5)

whose image is a closed G(k[z])-invariant subvariety of G.
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Let us remark here that in [4] Gaussent and Littelmann define 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). In our situation however, to give a sequence of types in the sense
of [4] is the same as to give a sequence of minuscule dominant cocharacters.

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

Choose a sequence fi1, ..., Um+1 € {0,1}" such that every u; represents a minuscule dominant
cocharacter of A and p := 1+ -+ [4m+1 represents a dominant cocharacter in L(X+(T)) We denote
by A€ X+(T) C Z" its preimage under (. Then 1|)&| is an integer by the description of L(X+(T))

n(2.3).

To the sequence 1,...,Um+1 We associate the subvariety 2(,1L1,...,,1Lm+1) C ﬂ gcln, ob-
tained by endowing the subset

m+1
{(Co=K[2]", L1, ... Lms1) | IV(Li, Liv1) = piga} € [ ] Gat, (0 (2.6)
j=1

with the reduced induced scheme-structure. Here, by inv(L;, £i+1) we denote the vector of elemen-
tary divisors of £;;1 relative to £;, ordered by decreasing size.

RNemark 2.6. This definition implies that for any i we have zL; C Li;1 C L;. The points of
Y (U1, ..., mm+1) thus correspond to sequences of vertices in the affine building of Sl;, where two
subsequent vertices are joint by a 1-dimensional face in the building.

Similar to the case of X' (v1,..., Vy), there is @ morphism

T E(UAs -y mi1) = G

1
(Lo, ..., Log1) > Lmprz 1 (2.7)

(recall that ——|A| is an integer, by our assumptions). It is easy to check that the lattice Lpy412z~ al is
special by lookmg at the elementary divisors of the corresponding lattices.

In order to relate the previous two constructions, let v;,i =1,...,m, be as in the definition of
Demazure variety, and for i =1, ..., m choose u; to be a representative of the unique minuscule dom-
inant cocharacter lying in the W-orbit of vi_1 — v; (W =§,, the Weyl group of PGl,). Moreover, set
Vm+1 =0, and for every i =1,...,m+ 1 choose a representative ¥; of v; such that ¥;_; — 7; € {0, 1}".
Of course, this construction can be reversed: to any sequence of w;’s we can find the correspond-
ing v;’s. With this notation we have the following

Proposition 2.7. Let [go, ..., gn] € X (v1, ..., Vym). The assignment
Liz=go---gi1z VLo, i=1,....m+1, (2.8)
defines an isomorphism of varieties

Q:EWl, e Vm) —> S (U1, -y fimt1)-

Furthermore, we have ¢ o T = m, and the morphisms (2.5) and (2.7) are desingularizations of the Schubert
variety S(A) in the affine Grassmannian of G = Sl,,.
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Proof. Let (go,...,gm) be a representative of an R-valued point in X'(vq,...,Vy) (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---gj_1z " for i=1,...,m+ 1. The calculation

inv(Li, Lit1) =inv(Lo, 2" giz~ "+ Lo)

=inv(Lo, hz"— Vit Lo) (forsomeh € G(k[z])) = it

shows that (2.8) indeed gives a point in X (i1, ..., ms1). It is independent of the representative
(20, ---,8m), and indeed ¢ o T = ;r. We are left with the construction of an inverse map, which we
will first explain on the level of lattices in k((z))". Let (Lo, ..., Lm+1) € f(ul,.,.,um+1)(l<), and
assume we have constructed go € Py, ..., g&i—1 € Py,_, up to the right action of Pgy, x - X Py_; v,
such that £ = go~--gj,1z“~’f£o for j <i. Choose h; € Sl;(k((2))) such that Li;; = h;jLo, and set
gi= gi_jl .- -gg]hizf’iﬂ. Then the equation

inv(Lo, 2" giz” "+ Lo) = inV(Li, Lit1) = Mis1

shows that g; € Py, Py,,,. Moreover, for an appropriate choice of representative h; we even get
gi € Py;, which determines g; up to right action by P, .,,,. Hence, by induction, we get a unique
preimage for any sequence of lattices in X (i1, ..., flms1). In order to obtain a true morphism, we
have to describe the map on the level of R-valued points for any local k-algebra R. However, the quo-
tient LGl, — LGl, /L?°Gl, is locally trivial for the Zariski-topology (see e.g. Faltings [6]), 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 2.6 X (i1, ..., itms1) is a twisted product of ordi-
nary 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

For later use we state explicitly a well-known formula for the dimension of X'(vq,..., vy) (see e.g.
Gaussent and Littelmann, [4]): let w1,..., 4m+1 and A be determined by the v; as before, and let p
be half the sum of the positive roots {«; ;j} of T C Sl;. Then

dim Z (1, ..., mer) =dim Z(v1, ..., vm) = 2(%, ). (2.9)

As a sketch of proof, we just note the following line of equations:

m+1
200, 0y =Y (aij) =Y lwil(n— lil)
j>i i=1
m+1

=Y dimGrass(|uil,n) =dim (w1, ..., 1),
i=1

where Grass(|ui|, n) denotes the Grassmannian of |u;|-dimensional subspaces in k™.
3. Frobenius-twisted power series rings

For this and the following sections let k denote a perfect field of positive characteristic p, and let
R be a k-algebra.

Let W(R) be the ring of Witt vectors over R and identify it as a set with RY. On W(R) we consider
the filtration Z:W(R) =1p DIy D I» D ---, where, for every n € N, I, is the ideal with underlying set
{0}* x RN c RN,
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Definition 3.1.

(1) The ring of Frobenius-twisted power series over R is the completion of the associated graded ring
grr W(R) with respect to the filtration given by the ideals @i>w I;/li+1. We denote this ring
by R[z]F.

(2) The ring of (truncated) Frobenius-twisted power series of length N is the quotient of gry W(R) by the
ideal ;> li/li11. We denote it by R[z]}.

Note that the ring R[[z]]F contains R = W(R)/I; as a subring, and its underlying additive group
is isomorphic to RN with addition given componentwise. Furthermore, if we write an element
(ap, a1,az,...) € R[z]F as ag +ayz+azz% + - - -, then multiplication in R[[z]F is as follows:

(ao+a1z+a222+-~-)~(b0+b1z+b222+~--)
— agbo + (a2b1 + a1bB)z + (a2 by + aPbP + azhl )22 + - . (31)

By the way this gives us a morphism of rings

F=1xFxF?x---:R[z] - R[Z]*
2 p p? 2
Qo +a1Z+az" +-- > ao+ayz2+a, z°+---, (3.2)

which is an isomorphism if and only if R is perfect. Note furthermore, that R[z]f = R[z]F /zNR[z]*
is only true if R is perfect or if N=0.

On A’,}’ = SpecR[xg, X1, ..., XN—1] the ring structure of R[[z]m induces a structure of ring scheme,
such that for any R-algebra S we have AN(S) = S[z]¥. Similarly, we obtain a structure of R[z]K-
module scheme on AN = (AR)".

A grading on the coordinate ring of A\;:N . The crucial observation is the following: if we fix the grading
degxi,j=pj, i=1,...,n; j=0,...,N—1,

on the coordinate ring of AZN, then addition,

. ANN nN nN
a: AT Xspeck Ay — AT,

as well as multiplication by a scalar € k[[z]],f,, are given by graded homomorphisms of the respective
coordinate rings (see Eq. (3.1)). From now on, we will consider the coordinate ring of AZN endowed with
this grading. In the following section we are going to construct a moduli space for closed subschemes
VC AZN with the property that addition and scalar multiplication restrict to V; that is, V inherits
the module structure from AZN .

4. A moduli space for lattice schemes

We have seen in Section 2 that the R-valued points of the affine Grassmannian (for Sl;) are just
the special lattices in R((z))". One can view lattices lying between zVR[[z] and z~NR[z] as linear
subspaces of AZ™, which are stable under the endomorphism AZ'™N — A2"N induced by multiplica-
tion by z on R((2))". These subspaces are parametrized by a closed subvariety of a finite dimensional
Grassmannian.

In the sequel we are going prove a similar statement in the case of Frobenius-twisted power
series. This is, roughly speaking: subschemes of Aﬁ"” (endowed with the modules structure coming
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from k[z]F) which satisfy certain flatness conditions and are stable under the module operations, are
parametrized by a closed subscheme of the multigraded Hilbert scheme of Aﬁ”” .

4.1. Multigraded Hilbert schemes

Let us briefly summarize what we will need about multigraded Hilbert schemes. Our reference for
this section is Haiman and Sturmfels [1].

Let S be a scheme and let A¢ be the n-dimensional affine space over S, given by the sheaf A=
Oslx1, ..., xy] of polynomial rings. A grading of A by a semigroup A is a semigroup homomorphism
deg: N" — A. Identifying (over any open set U C S) the vector u € N" with the monomial xﬁ” XA e
A induces a (multi-) grading

A= A

acA

where, over any open set U C S, A;(U) is the Os(U)-span of the monomials of degree a.

A quasi-coherent sheaf of homogeneous ideals Z C A is called admissible over S (for short: an
admissible ideal), if (A/Z), is a locally free sheaf of constant rank on S for all a € A. With any
admissible ideal Z C A we associate its Hilbert function, given by

hz:A— N, ar> 1k(A/T),.

Subschemes defined by admissible ideals will be called admissible as well, and by the Hilbert function
of an admissible subscheme we mean the Hilbert function of its structure sheaf.

Let h: A — N be any function supported on deg(N"), and define the Hilbert functor H’; from the
category of S-schemes to the category of sets by

HE(X) = {admissible ideals T C A ®o; Ox
such that rk(4 ®o; Ox/T)a = h(a) foralla € A}. (4.1)

This functor is representable by a scheme:

Theorem 4.1 (Haiman, Sturmfels). There exists a quasiprojective scheme H 2 over S which represents the func-

tor H’;. If the grading of A is positive, i.e. 1 is the only monomial of degree 0, then this scheme is even projective
over S.

The scheme H’; is called the multigraded Hilbert scheme (associated with the Hilbert function h).
4.2. Lattice schemes

Recall that on AN we have a structure of R[z]f-module scheme (Section 3). By a: A% xspecr
AN — AN resp. my : ATV — AN denote the morphisms defining addition, resp. multiplication by
the scalar x € R[z]§.

Definition 4.2. An admissible R-subscheme V C A'}QN is a lattice scheme over R, if the scheme-theoretic
image under a of V xg V, as well as the scheme-theoretic image under my of V (any x € R[[z]],f,).
factor through V C A’}QN . In other words, V is required to be stable under the module operations
on AN

R
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Remark 4.3. Let | be the ideal defining an admissible R-subscheme V C Ar,‘QN. Then the conditions of
the definition can be restated by requiring that the composite morphisms

RIXi jl — RI[xi jl ® RIxi jl— R[xi j1/1 ® RIxi j1/1,
m#
RIxi jl —> Rl jl— R[xi j1/1

factor through R[x; j1/1. Note furthermore that any admissible V contains the 0-section and is trivially
stable under taking additive inverses.

Since we are considering admissible ideals, the target rings of the above morphisms are graded,
with each graded component R-locally free of finite rank. Hence, for any of these morphisms, the
image of the ideal I defines a set of equations over R which describe precisely the locus in SpecR
where the respective morphism factors in the above manner. As a consequence of Theorem 4.1 we
thus obtain

Corollary 4.4. For any numerical function h : N — N there exists a projective k-scheme M,(IN)’h which
parametrizes those admissible ideals of O AN which define closed A,’g’ -submodule schemes of AZN with Hilbert
function h. More precisely: for any k-algebra R, the R-valued points of M,ﬁN)’h are exactly the locally free

closed R-subschemes of AN with Hilbert function h, which are AN -submodule schemes of ATN.

Proof. By Theorem 4.1 we obtain a projective k-scheme H,’z parametrizing admissible ideals with

Hilbert function h. The discussion above shows that the locus in HZ, where the universal family is sta-

ble under the module operations on ALN, is a closed subscheme of H,’Z. This is the scheme M,(,N>’h. O
k

It is easy to see that the (set)-valued functor on the category of k-algebras
LF2%G: R G(R[7]")
is representable by an infinite dimensional affine group scheme over k. Similarly, the functor

L;7°G R~ G(R[Z]§)

is representable by a (finite dimensional) algebraic group over k. We have LZ’>OG =
Resk[[ZM/k(G X speck Speck[[z]]ﬁ), the Weil restriction of G Xspeck Spec k[[z]]ﬁ. There are canonical mor-
phisms of k-groups

L% - 1F2%,  1F>% - 15”0, (4.2)

where the first of these morphisms is induced by the map (3.2). Moreover, there is an obvious al-
gebraic operation of the k-group LF*>9G on AN 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,f,’goc and respects the grading of the structure sheaf of AZN . Hence, by the universal prop-

erty of M,ﬁN)‘h, we obtain an operation
F,>0 N),h N),h
Ly 7%G xspeck MY — MO,

Certain orbits of this action and their closures will be the object of our interest.
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4.2.1. The standard lattice sgheme assogiated to a dominant cocharacter ~ ~
Let A =(A1,...,An) €X(T), set A=A — (An,...,An) € N" and set N := A1. Then A defines a lattice
scheme in AZN, given by the ideal I(A) Ck[x;j; i=1,...,n; j=0,...,N—1], where

I(A) = (X1,0, . X1 510 Xn=1,05 - "anl,):anl)' (4.3)

Let us call this lattice scheme the standard lattice scheme associated with A. We denote its LF->0G-
orbit in M,(IN)'h by O(1), and its orbit-closure by D(1). The latter will turn out to be closely related
to a Demazure resolution of the Schubert variety S(A) with respect to the ‘standard decomposition
of A’ into minuscule dominant cocharacters, which we describe below.

4.2.2. The standard decomposition of a dominant cocharacter

For A e)ﬁ(T) and for i=1,...,N choose u;j =(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 (; as described in Section 2. Obviously we have A =
M1+ -+ un, and the w;’s are ordered ‘by size’:

w1l > > |unl.

We call this decomposition of A into minuscule dominant cocharacters the standard decomposition
of M. For the rest of the paper we will assume A, A and the w;’s chosen in this way.

5. Twisted linearity and flatness results

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

Example 5.1. Choose n =2 (hence G =Sly) and A=(1,—-1) € 5(+(T). Then N =2, A = (2,0), and the
standard lattice scheme associated with X is given by I(X) = (x1,0, X1,1). For convenience we rename
the variables x1 j — x;, xo j = yj, whence I(A) = (xo, X1).

Claim: The LF->%G-orbit of I(1) consists of all ideals of the form

I:=A-1(.) = (aoxo + boyo, ahx1 +arx) + b y1 +b1yh), withag # 0 or bg #0.

ap+a1z bo+bqz

To see this, one calculates the effect of a matrix A = (
co+c1z do+dq1z

(;31;1122) € (k[xi, yi1[z]F)?: we obtain

) € G(k[z]*) on the vector x =

apxo + b abxi +aix? +b? bi1yP)z
A-XE((00+ 0Yo) + (@yx1 +aixy +byy1 + 1y0)) mod 22,

(coXo +doyo) + (chx1 +c1xh +dby1 +d1y})z
Since the operation of LF->%G on k[x;, y;] is given by the transpose of this action, we see that the

images of xo resp. x; are of the form agXo + boyo resp. ajxy + axh + b y1 + b1y, with ag # 0 or
bo # 0. Thus the claim.

Claim: The ideal I is graded, and denoting the i-th graded component by I;, we have
I1 N {xo, yo) = {aoxo + boyo)
and

Ip N{xg, Y. X1, y1) = {agxg +bgyg, arxg +biyg +agxi +bgya).
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Only the latter equation requires an argument: we have to verify that, if (agxo + boyo) - P(xo0, yo) €
(xg, yg). then P(xo, yo) = ¥ (aoxo + boyo)P~1, for y € k. Assume ap # 0 and consider the linear trans-

formation of wvariables x9 +— (1/ag)xo — (bo/ap)yo, which stabilizes <x8,y8). Hence
(aoXo + boyo) - P(x0, yo) € (xf. yg) if and only if xo - P((1/ao)xo — (bo/ao)yo. yo) € (x5, y4). Thus
1 ,p—1

we must have P((1/ap)xo — (bo/ao)yo, yo) = y'x;  for some y’ € k, whence P(xp, yo) = ¥ (aoxo +
boyo)P~ 1. The case by = 0 is similar, which proves the claim.

Applying the absolute Frobenius morphism to I yields a submodule of I,, and identifying
xb,yb.x1, y1 with the standard basis of k**2, these define a descending sequence of lattices in k?*2
in the sense of Section 2:

Lo = Homy (k**2, k) D £1 = Homy (k**2 /{abx} + b} yF). k)

O Lo = Homy (k**2 /(abxh + bhyh ., a1xh + b1y + abxy +bf y1). k).

This corresponds to a point in the Demazure resolution of S(1) (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 5.2. From the example it is clear that we will have to deal with certain Frobenius twists when
relating points of D(A) 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 = SI,.

As always, let R be an arbitrary k-algebra, denote by X = {x1, ..., xn} a set of indeterminates with
degx; = pdi for any i, and set

I-d;
Fu(R)=EPRx" .

d;<l

To carry out the construction of the example for any (R-valued) point in D(A), possibly meeting the
boundary of O(1), 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 o (R) of R[x; j]. 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 5.3. Let R be any k-algebra. We call an element f € R[X] twisted-linear, if f €, FLi(R).
We call an ideal I C R[X] twisted-linear, if I is generated by a finite subset consisting of twisted-linear
elements. Equivalently, a finitely generated ideal I is twisted-linear, if and only if it is generated by
Ul(sz(R) N I). Such an ideal is obviously graded.

In the following, if M is a graded R-module, we denote by My its degree d-part. Note that Fpn(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 homogeneous 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.
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Lemma 5.4. Let | C R[X] be a twisted-linear ideal such that R[X]/I is R-flat. Assume that I is generated by
twisted-linear elements f; with deg f; = p®i for each j. Then we have for any N

N—e;
Y RfT "=FpnRNIL

ej<N
Before proving this lemma, we state two corollaries:
Corollary 5.5. Let I C R[X] be a twisted-linear ideal such that R[X]/1 is flat over R. Then for any R-algebra S:
(Fpn(RYNT) - S=Fpn(S)N (I @k S)
(where the left expression denotes the image Of(FpN (R)NI)®g S in S[X]).

Proof. The ideal I ®g 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

N—e;
Fn($)NU @)=Y SFP "= (Fn(R)NI)-S,
EjgN

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 5.6. Let I C R[X] be a twisted-linear ideal such that R[X]/I is flat over R. Then the R-module
Fon(R)/(Fpn(R)N D) is R-flat, as well as the quotient of degree pN-components RIX]pn /(Fpn (R) + Ipw).

Proof. The second module in question is the cokernel of the injection of R-modules
Fon (R)/(Fypn (R) N T) = (RIX1/1) -

Corollary 5.5 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 Fon(R)/(Fpn(R)N D). O

Hence we see that we can in fact restate the equation in Corollary 5.5 in the form
(Fpv(R)YNT) ®r S=F,yn(S) NI ®k 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.

Proof of Lemma 5.4. Since R[X];/I; is R-flat and of finite presentation, and since our claim is local
on R, we can assume that R[X];/I; 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.
Otherwise, we apply induction on n, where p" is the maximum degree of a generator f;. By our
assumption on I1, we have R[X]/I ~ R[X']/I', where X' is X minus the variables generating I1, 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" ={xe X'; degx>1}U({xP € X’; degx=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”]/1” is flat over R. Now we only deal with variables of degree
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> p, and 1” 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"]:

N—e;
Y Rg? "= Fp®NI"
1<e;<N

(Here, by abuse of notation, we denote by g; also the (unique) preimages of the g; in R[X"]. As for
R[X], we denote by FpN(R)” and FPN(R)/ the modules of twisted-linear monomials of degree pV in
the algebras R[X”] and R[X'], respectively.) Since

R[X']/I' >~ (R[X"]/1")[p-th roots],
we have I” =1I' N R[X"], FpN(R)’ = FPN(R)// C R[X"] and thus obtain

N—e;
Y Rg! "=Fpn®'NI.
]<€j<N

Now let ¢ : R[X'] — R[X] be the canonical splitting of the quotient map R[X] — R[X']. Then I C
oI e Zm#] mR[X], where the sum runs over all monomials m in variables in X — X’ not equal to 1.

Since similarly F,n(R) = go(FpN(R)/) & Drex_x RxpN, we have

N—ej
Fn(R)NTCo(Fn(RY' NI @ @ RXPNZZRfJP g
xeX—x' ej<N

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

Lemma 5.7. Assume that the twisted-linear ideal I C R[X] is generated in degrees d < p" and that the graded
components (R[X]/1)q4 are flat over R for d < p™. Then R[X]/I is R-flat.

Proof. We proceed by induction on n. Since the graded components of R[X]/I are of finite presenta-
tion, (R[X]/I)4 is even locally free for d < p". Thus, since our claim is local on R, we can assume that
R[X]/{I1) 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
gj of those generators of I which have degree > p. Set X = {x € X’; degx > 1}U{xP € X’; degx=1}.
Then the g; of degree > 1 lie in R[X"] and generate an ideal I” C R[X"]. We have

R[X]/1 ~R[X']/I' >~ (R[X"]/I")[ p-th roots of some variables in X"].

Still, I” 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 5.8.

1. For any ideal I C R[X], we denote by IS" 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 5.7 tells us
that the same properties hold for R[X]/I<P". In particular, we obtain from Corollary 5.6 that
R[X]pn /(Fpn (R) + (ISP™)n) is R-flat for all m and n.
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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 (RIX1/Dypi is R-flat for i =0, ...,n. This follows from Lemma 5.7 by
induction on n.

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

Corollary 5.9. 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

Fpm(R)/(Fpn(R) N1)
are flat form =0, ..., n.

Proof. The ‘only if’-part was proved in Corollary 5.6. For the ‘if’-part, we proceed by induction on n,
the case n =0 being a consequence of Lemma 5.7, since FroR)/(Fp(R)ND = (R[X]/1)1. To verify

the statement for n > 0 assume R[3€]/1<”"71 is R-flat, and consider the exact sequence
n—1
0— Fpn(R)/(Fpn(R) N1) = R[Xlpn/Ipn — RIXpn/(Fpn(R) + (IS7") ) > 0.

Since the right-hand module is R-flat by Corollary 5.6, and the left-hand module is R-flat by hypothe-
ses, the same holds for the middle module. Now use (2) of Remark 5.8. O

We are now prepared to show that twisted-linearity is a closed condition on the Hilbert
scheme H;:. 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 5.10. Let X be any k-scheme, and let Z C Ox[X] be a sheaf of ideals. We say 7 is twisted-
linear, if for every open affine subscheme Y =SpecR of X, I'(Y,Z) C R[X] is a twisted-linear ideal.

Remark 5.11. Twisted linearity can be tested on an affine open covering: a sheaf of ideals Z as in the
previous definition is twisted-linear, if and only if there exists a covering by open affines, X = J Y,
Y; = SpecR;, such that every I; = I'(Y;,Z) 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 = I'(X,Z) C R[X]
is twisted-linear if and only if

(INFpn(R), neN)=1.

(That the property of being finitely generated, which we require for twisted-linear ideals, is local
for the Zariski-topology on SpecR, even 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 5.5, this is twisted-linearity on each Y;, which was our assumption.

Proposition 512. Let p : X — H,’Z be a morphism of k-schemes such that the corresponding sheaf of ideals
on X is twisted-linear. Assume that p,Oyx is a quasi-coherent OHh -module and let Y be the scheme-theoretic

k
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
SpecR C Y we get R — Ox(f~1(SpecR)). Covering f~!(SpecR) = [JSpecS; by open affines, we
obtain an injective map of rings

R Ox(f~"(SpecR)) = [ [ Si=:S.
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By assumption, the ideal J; corresponding to SpecS; < f~!(SpecR) — X — HQ is twisted-linear. We
have to verify that the same holds for the ideal I corresponding to SpecR < Y — H’,}. Then the claim
follows from the remark, as Y can be covered by open affines like SpecR.

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! is twisted linear. For the in-
ductive step, assume that [ <P s twisted linear. Then, by the remarks following Lemma 5.7,
M := R[X]pn /(Fpn (R) + (Igpnfl)pn) is projective over R, whence, in the line below, the middle map is
injective:

Iy =M< Mg S —> [[(M&r ). (5.1)

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 ®r S) ® (M’ ®r S) >~ ([[M ®r Si) ® ([ M’ ®r Si). Since the composition
of the maps in (5.1) 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 ISP", we can extend a generating system of I <! by
twisted-linear elements living in Fpn (R). This proves the inductive step. O

Corollary 5.13. The sheaf of ideals corresponding to D(A) C H ,’j is twisted-linear.

Proof. The ideal (1) (whose orbit is by definition O(L)) is twisted-linear. By definition of the ring
operations in R[z]F, the operation of LF->0Sl, on HJ! preserves twisted-linearity, whence the sheaf

of ideals corresponding to the inclusion p: O(A) C H,ﬁ' is twisted-linear. Now the claim follows from
Proposition 5.12, since D(A) is the closure (= scheme-theoretic image) of O() in H,’}. O

6. The structure of D(1)
6.1. An iterated bundle of ordinary Grassmannians

From now on, we write X ={x; j; i=1,...,n; j=0,...,N—1}, i.e. R[X] is the affine coordinate
ring of A'}QN with the grading degx; ; = pJ, introduced in Section 3. Moreover, we denote by z* the
comorphism of multiplication by z on AV, i.e. the ringhomomorphism

2 RIX] > RIXL,  xij—>x

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

Denote by hy, the Hilbert function of k[%]/l(k)@w1 for m=0,...,N. In particular, hg is the
Hilbert function of k[X] (namely, I(*) contains no elements of degree < p—! whence < = 0), and
hyn = h, the Hilbert function of k[X]/I(%). For m=0, ..., N denote by 7;;(1) the following (set)-valued
functor on the category of k-algebras:

T (L) (R) = {admissible twisted linear ideals I C R[X]

with Hilbert function hy, and such that z# IS ¢ 1S1-1 } (6.1)
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Note that these functors are sheaves for the Zariski-topology by Remark 5.11. Note further that
To(A) = Speck and D(A) < 7n(A) as functors. Moreover, we have morphisms of functors

T () = Tu(h); T ISP

once we know that the Hilbert function of R[X]/I, for I admissible, twisted linear and generated in
degrees < p™~1, is completely determined by its values on {0, ..., p™~!}. But this follows from

Proposition 6.1. 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 Fpo(R)NI, ..., Fpm(R)NI and vice versa.

Proof. By Corollary 5.6 the R-modules Fi(R)/Fpi(R)N1 are flat, whence the statement of the propo-
sition makes sense. Consider first ideals I C k[X] having a monomial twisted linear generating system
that is, a generating system consisting of monomials &1, ..., £, each a power of a variable x; ; 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 elements in {&;} having
a given degree is determined by the dimensions of the vector spaces Fik)N1,i=0,...,m. On the
other hand Hilbert functions are additive with respect to short exact sequences as

0— k[X]/(&1,....&i-1) il€[x]/($1,-~~,§i—1) — k[X]/(&1,....&) — 0.

Thus the Hilbert function of R[X]/I is determined by the dimensions of Fpi(k) NI, 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 5.6 and 5.5 we may assume R = k. Consider the action on Hz/ (where h’
denotes the Hilbert function of I) of the 1-parameter subgroup

[D(@t) =diag(t™"1, 73, .. " 1); tek) C T CSl(k).

By properness of H,’}’ the orbit of I extends to a closed curve C C H,’z’, and by Proposition 5.12 the
ideal I’ corresponding to t = 0 is generated by twisted linear homogeneous elements of degrees < p™.
Let 2?21 Pi(xi o, ..., X n—1) be such an element, the P;(x;,...,X; y—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;(x; o, ..., Xin—1) is itself contained in I’. But from

o
this it follows easily that I’ is even a monomial ideal generated by elements of the form xf j” for
d+-e

some non-negative integers e; j. Namely, if P(xjo,...,XN—1) = aexf’,o + - +aoxﬁz with ag # 0,
lpjﬂ "el for every 0 < j <e, since I’ is stable under the map z* DX xf.jil. of
course, the Hilbert functions of k[X]/I and k[X]/I’ coincide, and the application of Corollary 5.5 to
the specializations Speck — C given by t =0 and t = 1, respectively, shows that also the dimensions
of Fpi(k) N1 and Fpi (k) NI’ coincide for i =0, ..., m. Thus we are indeed reduced to the special case
of monomial ideals. O

then we have x

For the following recall the standard decomposition of A defined in Section 4.2.2.

Theorem 6.2. For eachm =0, ..., N the morphism T, (A) — Tm—1 () is relatively representable by a bundle
of ordinary Grassmannians Grass(|/4m|, n). In particular, it is smooth of relative dimension |(m|(n — |m])-

Corollary 6.3. The functor 7: N(A) is representable by a smooth, connected k-scheme of dimension
Z,’;:] |Um| (M — |m]) = dim X' (@1, ..., un). The functorial map D(A) < 7y (1) is thus a closed immersion
of k-schemes.

Proof. Recall that 7p(A) = Speck and use induction on N. O
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Proof of Theorem 6.2. Let [ be any R-valued point of 7,1 (1) and consider the exact sequence of flat
R-modules

0 > K:=ker(z*) > Fyn1(R)/(Fpm1 (R)N1)

n
H#
=5 Fynt (R)/(Fym1 (R)NT) > > RXim—1 — 0.
i=1

Then K is flat over R, and hence locally free since it is of finite presentation, and of rank n. By
Proposition 6.1 and Corollary 5.9 the fiber of 7;;,(A) — 7_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

k(1) <P /1(A)<1ﬂ’"”2)an = rkI(A) yn-1 — tkI(A) -2 = | il (6.2)

But these are exactly the R-valued points of a Grass(|um|, n)-bundle over SpecR. In particular, the
relative dimension of 7 (L) — T—1(X) is equal to (|um)(n — |um|). O

6.2. The relation with Demazure varieties

Recall the ideal I(A) of the standard lattice scheme associated to A and its orbit closure D(1).
Denote by h: N — N the Hilbert function of I(A). Furthermore, let N be as in 4.2.1 and, as in the
previous section, let X ={x; ;; i=1,...,n; j=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 ap-
plying Frobr to a submodule of R[X] and then pulling the image back via F* yields the image of the
original submodule under the absolute Frobenius. The pullback functor F* induces an [F,-morphism

@: le? — Qéﬁ): L+ F*(L). We set

N N
@ =N T x. x @ x id:l—[ggl? — ]_[gé’lvn).
i=1 i=1

Furthermore set M := F,n-1(R) and note that on M we have an endomorphism z* which is de-
N-1—j N—j
fined by restriction of scalar multiplication with z on R[X]: it sends xf_j " to xfj:] if j >0 and to
. . ,
0 otherwise. Let {e; j} be the dual basis of {xfj j} and consider the dual map of z*#, which we again
denote by z:

z:V :=Homgr(M, R) - Homr(M, R) > V; eij—1r> €jj.

Note that V ~ R™, as well as its R-submodules with projective quotient which are stable under z,
are lattices in the sense of Section 2 (they correspond to precisely those lattices £ C R[z]" which
contain zVR[z]").

We make an additional remark before stating the main result of this section: on D(A) there is
an action of the positive loop group LZSl, given as the pullback of the natural LF-29S],-action via
the morphism in Eq. (4.2). On the other hand, the morphism L>°Sl, xk — L=0Sl,, where the fiber
product is taken over k — k: x> xP" ', defines by composition an action of L= Sl, ~ L>°SI, xk on
the affine Grassmannian.
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Theorem 6.4. Let X (1) = i‘(ul, ..., N) denote the variety of lattice chains defined in Section 2, with
M1, ..., UN the standard decomposition of A. Then there is a closed immersion ¢ : D(L) — ]‘[f":1 gé’l"n{ such
that the following diagram commutes:

L
D) — [T, 63

La \Ldﬁ
20— [T, 647,

The map o is a universal homeomorphism and the map from D() to the fiber product of X (1) with ]_[,N:l Qé’l\?

is a nil-immersion. Moreover, & is equivariant for the above defined actions of LZ° Sl,,.

Proof. Recall that every R-valued point of D(1) is a twisted-linear ideal I by Corollary 5.13. For
I=1,...,N we set L := Frob’,;”l(sz-l (R)NI) and £; := Homg(M/L;, R) (Compare Example 5.1 at
the beginning of the previous section!). Then by Corollary 5.6, the modules L; are projective. By
Lemma 5.4 this assignment is functorial, and finally, since any twisted-linear ideal I is generated
by the sets Fu(R) NI, we have a functorial injection. Since split exact sequences are preserved by
both Frobg and Homg(—, R), V /L, is again projective, whence the map ¢: I +— (Lq,..., Ly) is well
defined. Note furthermore the equation F*L;_; = Frobg’l Fl‘Ob(szfz(R) N 1) C L;. It implies

F*Lj_1 = F*Homg(M/L_1, R) = Homg (M/F*L;_1,R) D L, (6.3)

which proves that the image of @ ot indeed consists of descending lattice chains. Again by projectivity,
the rank of successive quotients F*£;_1/L; is constant on SpecR, i.e. equal to |u,| by Eq. (6.2). Hence
the map o. It is easily seen that o is equivariant for the above-mentioned actions.
It remains to check that the immersion o : D(A) — S := X ()) S o ]‘LN:] ggl‘i) of k-varieties is
- n

indeed a nil-immersion, i.e. that it is surjective. (Since S — X' (1) 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()) is dense in X'(1), and in particular both have the same dimension. By finiteness of @
we see that o has dense image as well, and is therefore surjective. O

Let us recall the iterated bundle of Grassmannians 7y (1) defined in Section 6.1. In Corollary 6.3
we saw that there is a natural closed immersion D(1) < 7n(A), where the dimension of the latter
equals the dimension of X' (1). But in Theorem 6.4 we have now seen that this is also the dimension
of D(1). Thus we have proved

Corollary 6.5. The varieties D(A) and 7y (A) are equal. In particular, D()) is an iterated bundle of ordinary
Grassmannians.

Example 6.6. We illustrate the theorem by calculating explicitly the smallest non-trivial example: let
n=2 and N =2. We are thusv dealing with ideals in the polynomial ring R[xo, 1, Yo, y1] for some
k-algebra R. Let A = (1, —1) € X4 (T) whence A = (2,0), 1 = u2 = (1,0) and I(1) = (xg, X1).

Proposition 6.7. In the above situation the variety D(}) is isomorphic to the projective space bundle X =
ProjP,l (O]Pll @ OP; (—=2p)). The boundary of the big cell is the divisor IP; X {00}
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Note that X can be explicitly constructed by gluing two copies of U = A}( X ]P,lc via the self-inverse

isomorphism
X (Af —{0)) x P => (A} —{0)) x P}; (a, (c: ) = (1/a, (c: a*Pd)).
We will use this description in the

Proof of Proposition 6.7. Define two maps on R-valued points.

¢ :UR) - DR)(R),

(a, (c:d)) = (axo + yo. cxh +daPx; +dy1),
¥ :U(R) = D(A)(R),

(a, (c:d)) — (x0 +ayo, —cyg +daP y1 + dx1).

The maps ¢(R) and v (R) are clearly functorial in R, so they constitute morphisms of k-schemes.
Furthermore, observe that ¢ o x = on (A,l —{0}) x IP’,l. This shows that ¢ and v give a morphism
f: X — D(1). To show that this is an isomorphism, we have to find an inverse f(R)~! which is
functorial in R. But by Proposition 5.13 every R-valued point of D(A) is twisted-linear, i.e. locally of
the form (axo +byo, cxf)7 +daPx;+dbPyq) or (axo+byo, —cyf)7 +daPx; +dbPy) (depending on whether
b0 or az0)withaorb aunitin R and c 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’,l X {oo} maps bijectively to the boundary
of the big cell: it parametrizes the ideals of the form (axo + yo, xg) or (xo + ayo, yg). a

Similarly, we compute the Demazure-variety X (A). Its k-valued points are descending chains of
subspaces kiﬁl,yo,yl = Lo D L1 D Ly which are stable under multiplication by z: xo — X1, Yo = 1
and of codimension 1 and 2, respectively. Hence one sees like in the proposition above that X' (i) >~
ProjP’l (OP’] &) OP}((—Z)), using two charts on R-valued points

¢ UR)—~ D, (R),
(a. (c:d)) — (axo + Yo, cxo + daxy +dy1),
¥ UR) = Dyu(R),
(a, (c:d)) — (xo + ayo, —cyo + dayq +dxy),
and gluing them via (a, (c : d)) — (1/a, (c : ad)).
Since the Frobenius morphism commutes with dualization, to compute the map o : D(A) — X'(1)

of Theorem 6.4 explicitly, we may compute in terms of defining relations of lattices, instead of gener-
ators of lattices. Hence, using the charts from above, we immediately obtain the picture

Proj]p’l (OH»;< @ OP;(—ZP)) . Proj[@}( (O]p; ® (9]1»; (=2))

l |

Frob

1 1
P k IEDk

Frob
Speck Speck,
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where the map o is given on the respective charts by
(a.(c:d)) — (aP, (c:d)).

It is elementary to check that the upper square is cartesian, by looking at the transition func-
tions defining the respective line bundles. This is in agreement with Theorem 6.4: namely, a diagram
relating this with the square of Theorem 6.4 has the form

) @ ™M @

DG) — Yg, x Ya, Y, P!

b e e

g
T0)—= G x G — 95 ~—= P\,

G12 Glz GlZ

Here the horizontal maps on the right are given by identifying ]P’,: with the space of lattices £q
with zLo C £1 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 o of Theorem 6.4 is indeed
a non-trivial nil-immersion.

6.3. Demazure varieties as schemes of lattices with infinitesimal structure

The k-valued points of D(1) are lattice schemes in A;ZN (see Definition 4.2), which, in general, will
not be reduced. For instance, in the situation of Example 6.6, the set of points in D(1) >~ ProjP,] (OP} &5}
k K

OP; (—2p)) which have non-reduced fibers in the universal family, is exactly the divisor d = 0 (the

boundary of the big cell O())). The corresponding lattice schemes have the form (axg +by0,xg, yg)
with a and b not both zero. In general, we obtain

Corollary 6.8. If k is a perfect field of characteristic p, then the map o : D(A) — X (1) defines a bijection of
k-valued points. In particular, for any lattice £ € S(A), the fiber of L in X (1) can be interpreted as a variety
of infinitesimal structures on L. The lattice schemes in D()) which have non-trivial infinitesimal structure are
exactly those lying in the boundary of the big cell O(1).

Proof. Only the very last assertion requires a proof: by construction, the lattices in O(1) are reduced
(since I(x) is). On the other hand, take any lattice £ in the boundary of O()). Such a lattice maps
to the boundary of S(1) under D(A) - (1) — S(A) by the L=0Sl,-equivariance of o (see proof of
Theorem 6.4). Thus its reduced structure corresponds to a point in O(1') for some A’ < A (Bruhat-
order), whence it has a Hilbert function different from that of I(A). Thus, by constancy of the Hilbert
function on D(A), the reduced structure of £ cannot belong to D(1). O

Finally, let us briefly study the invariants of lattices in M,(,N)’h. (If dq, ..., d, denote the elementary
divisors of a lattice £ C k((z))", then by the invariants of £ we mean the vector (val,dq, ..., val;dy)
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| = Z?:l oj.

Lemma 6.9. Let 0, 0’ € N" with |o| = |0”| and such that 0; > 0i41 and 6] > al/H forall1 <i<n.lLetN be
the maximum of all the o; and o/ and set

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

7:,-’ := number of entries in o’ which are > i,
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fori=1,..., N (the ‘dual partitions’ for o and o). Then, with respect to the Bruhat order, o > ¢’ if and only
ift<t.

Proof. By definition, T < t’ if and only if for all 1 <i< N, 0< 29:1(7} — 1j). Since |t| = 7’|, this is
equivalent to 0.< Y-;(tj — o) = X)L Gl | o > j} — #{l | o] > j}) = Y I (max{oy, i} — max{a}., i}).
We show that this holds if o > o': let 1 <r <n be the largest index such that both o >i and o] > 1,
and let 1 <s<n be the largest index such that o5 or o/ is >i. If 0,41 <, then we have

N r s N
(=)= (a—0)+ ) (i-a) =) (o1~ 0).
j=i I=1 I=r+1 =1

On the other hand, if crr’+l < i we obtain

N r r

Z(rj — ‘L']/) = Z(al —o/)+ Xs: (o1 —1) > Z(al —a).

j=i I=1 I=r+1 =1

Both expressions are thus non-negative if ¢ > o’, which proves one direction. The other implication
holds by duality: t (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. o’ and 7). O

Let h: N — N be the Hilbert function of I(1) and let V C Aﬁ” be a lattice scheme corresponding

to a k-valued point in MﬁN)’h. Since k is assumed to be perfect, the map in (3.2) for R =k is bijective,

whence k[z])F is by definition isomorphic to k[z]. Via this isomorphism we can regard the set V (k)
of k-valued points as a lattice zNk[[z]" ¢ £ c z~Nk[z]" (after multiplication by a suitable power of z).
From Lemma 6.9 we obtain

Corollary 6.10. Assume that the defining ideal of V is twisted-linear, and let A" denote the invariants (ordered
by decreasing size) of the corresponding lattice £ C k((z))". Then A’ < A.

Proof. Let I(V) denote the defining ideal of V. Multiplying with a suitable matrix in Sl,(k[z]") we
may assume that Vg is given by the ideal I(V)pq = (1,0, .- .,xm/]_], ey Xn.0s - - "xn,X,’1—1> for some
A e N" with 1] > A, 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)reg N Fpn (k): it is therefore equal to the dimension of
I) N Fpn (k), whence the determinants of the respective lattices coincide. In other words: |A| =
[A’]. Now we have to show that A > A/, or equivalently (by Lemma 6.9) u < u/, where u and w’

are the respective duals in the sense of Lemma 6.9. Since ©; = dimkI(V)pH N Fpi-t (k), while ,u; =
dimy (1(V)req) pi-1 N Fpi-1(k), the claim follows. O

Thus the k-valued points in /\/l,ﬂN)”1 which are given by twisted linear ideals correspond to lattices

with invariants < A. (I don’t know, if every k-valued point in M;N)’h is twisted-linear.) Thinking of
the analogous situation for Schubert varieties in the affine Grassmannian (where the Schubert variety
S (1) parametrizes exactly those lattices with invariants < A) one could be tempted to think that
./\/l,ﬂN)’h and D(1) coincide. However, looking once more at the simple situation of Example 6.6, we
see that this is in general not the case:

Let P =k[xo, X1, Yo, Y11, A=(2,0) and set [ = (yo,xg) €T =T M:= ./\/l;])’h. Note that a defor-
mation I € M(k[€]) of I is given by 2 generators with indeterminate coefficients a, b, c € k:
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&1 := Yo + €axop,
g2 :=x} +€(byr +cxq).

Hence dimT; M = 3, while the dimension of T;7 is 2, e.g. by Theorem 6.2. (In a more elementary
way, we could argue that on T;7 we have the additional condition that z*g, c (g1), which means
that e(byg + ng) must be a multiple of gf = yg. This forces ¢ =0, whence again dimT;7 = 2).

Of course, this exhibits only a difference in the infinitesimal structures at the point I(1). But also
the topological spaces of M,ﬁN)‘h and D(A) differ in general: let n =4, A = (1,1, -1, —1), whence
N=2and A = (2,2,0,0). Then I(A) = (x0, X1, Yo, Y1) C k[Xi, yi, zi, wi; i =0, 1]. On the other hand,
consider the twisted-linear ideal I = (xo, yo, zg, z1) in the same polynomial ring. Certainly, it has the
same Hilbert function as I(1), and it defines a lattice scheme with invariants (1,0, 0, —1). Thus it is
a k-valued point of MM'", However, it violates the condition z#I = z#IP c IS! which, by (6.1), is
satisfied by points of 75 (A1) =D(A).
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