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Abstract

We develop the basic theory of Picard algebroids and twisted differen-
tial operators on a smooth, reduced, locally of finite type scheme over a
commutative ring. We also give a new geometric proof of the classical
Duflo’s theorem. We next move to the study the affinoid enveloping al-
gebra of a semisimple Lie algebra defined over a discrete valuation ring.
We prove that there exists a one-to-one correspondence between the lat-
tice of submodules of an affinoid Verma module of a given weight and
the corresponding classical Verma module. Finally, we classify all the
primitive ideals in the affinoid enveloping algebra and prove that a large
class of two-sided ideals in the affinoid enveloping algebra is controlled by

two-sided ideals in the classical enveloping algebra.
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Chapter 1

Introduction

Representation theory is the subfield of algebra which aims to understand an abstract
algebraic object (groups, rings, etc) by representing its elements as linear transfor-
mations of vector spaces, known as a representation or module. One can think of a
representation as showing some ‘face’ of the algebraic object: some of them are trivial
and provide no information, some of them are faithful when no information is lost.
We are mostly interested in representations that lie in between of these two and in

my research I am particularly interested in representations of groups and rings.

The field of real numbers R can be described as the completion of the field of
rational numbers Q with respect to the Cauchy norm. This allows for the development
of a very rich and fruitful theory of classical analysis; however, there are limited

applications of R in number theory.

Let us fix a prime number p. We may endow Q with another norm, called the
p-adic norm whose completion we denote QQ,, the field of p-adic rational integers. To
allow for a more general theory, we work not only over Q,, but over fields K that
are finite extensions of Q,. Similar to how Z is the ring of integers of @, we have
associated with K a ring of integers denoted Ok; in the case K = Q,, we denote
Z, = Og, the ring of p-adic integers. We also let 7 be the uniformiser of R = O
and k = R/mR the residue field.

We call a group, a linear algebraic group if it is a closed subgroup of a matrix group
in the Zariski topology. We let GG be a linear algebraic group defined over R and we let
® be a compact open subgroup of G(K); the group & has a more rigid structure than
G which allows for a richer theory. We are interested to study the group & and its
representation theory when the p-adic Lie group & is compact. Classically, to study

the representation theory of a finite group H, we associate to H a ring K[H]| called the



group ring, such that there is a one-to-one correspondence between H-representations
and K[H]-representations. This correspondence allows using techniques from non-
commutative ring theory to study the representation theory of H. In our case, the
ring K[®] is not rich enough to allow for a nice theory as it ignores the underlying
topology of &. Therefore, we need to look for a new algebra to replace the group

ring.

The R-Iwasawa algebra of & is defined to be:

R® = I&n R[& /M,
N,
where the inverse limit is taken over all open normal subgroups. We remark that
since & is compact, we have that all normal open subgroups have finite index in &.
We call K& := R® ® K the Iwasawa algebra of &. The main properties of K& were
established in Lazarg’s seminal paper [40]; in particular, the ring K& is Noetherian.
We can also view K& as the continuous dual of the algebra of continuous K-valued
functions on &. The importance of K& in the representation theory of & is given by

the following theorem:

Theorem 1.1.1. /52, Theorem 3.5] There is an anti-equivalence of categories between

K-Banach admissible &-modules and finitely generated K®-modules.

We make a further restriction on G and assume that G is semisimple and split
over K. This restriction has a strong number theory justification: the representation
theory of G forms one side of the celebrated Local Langlands programme. Specifically,
we are interested in simple representations, the ones which do not have any subrep-
resentations. From an algebraic point of view, Jacobson suggested that we should
study the representation theory of a ring by studying the primitive ideals; an ideal is
primitive if it is the annihilator of a non-zero simple module. This allows us to group
simple representations by their annihilators. The motivating question regarding the

primitive spectrum of the Iwasawa algebras is:

Question 1.1.2. Can we characterise all the primitive ideals in K& ?

Understanding the structure of primitive ideals of K& seems to be a hard problem;

even in the simplest case, there is no direct approach to computing these ideals.

There are two completions of K@ that may provide some light on its primitive

—

ideals: the distribution algebra D(®, K) and the affinoid enveloping algebra U(g),

2



where g is a certain Lie algebra associated to &. Understanding the relation between
the representation theory of these 3 rings is a topic of considerable current interest and
our project follows this direction. We should mention that the distribution algebra
D(®, K) can be defined as the continuous dual of K-valued locally analytic func-
tions on &. From the perspective of number theory, specifically the local Langlands
programme, we should mention a theorem of Schneider and Teitalbum that states
that there is an anti-equivalence of categories between admissible &-representations
and coadmissible D(®, K)-modules. Algebraically, the D(®, K) is faithfully flat as a
K &-module, so understanding the structure of the distribution algebra should provide

some information about the Iwasawa algebra.

We let g be the R-Lie algebra associated with @&, where we assume that & is
uniform, further denote gx := g ® K. Recall that m denotes the uniformiser of K.

R
The affinoid enveloping algebra of g is defined to be:

—

Ule)x := (ImU(e)/7'U(g)) @ K.

We also let

U(g)ni = (Jm U(r"g)/m'U(n"g)) & K.

Let uy,us,...uq be a free R-basis of g. Then as a K-vector space we have

m = {Z Aat® Ay € K,p"?I\, — 0 as o] — oo}

aeNd

— _\d a _ Q1,00 ag
Here for a d-tuple a = (o, @z, ... o), |of =D ¢ oy and u® = ui"us? ... uy®.

We should note that the affinoid enveloping algebra can be defined for any Lie
algebra g which is free as an R-module. For example, if g is the Abelian Lie algebra
of dimension d, then U/(g)\K is isomorphic with the K-Tate algebra in d-variables.
Informally, we may think about the affinoid enveloping algebras as noncommutative
restricted power series instead of noncommutative polynomial rings (which informally

describe classical enveloping algebras) with the same commutation relations.

—_—

For n = 0, there is a natural embedding K& — U(g)x that makes U(g)x a flat

K®-module. The ring U(g)k is easier to understand and work with, as it can be

described as a certain completion of the classical enveloping algebra U(g ® K) =
R
U(g) ® K.
R



The study of the universal enveloping algebra of a semisimple Lie algebra has
been a topic of considerable interest since the 1960s. Among the mathematicians
that have worked on this topic, we should mention Anthony Joseph, Michel Duflo,
Jacques Dixmier, Alexandre Beilinson, Joseph Bernstein, Masaki Kashiwara, David
Kazhdan, George Lusztig, David Vogan, Walter Borho, Jean-Luc Brylinsky. In a
seminal paper [25], Duflo obtained a characterisation of all the primitive ideals in
the affinoid enveloping algebra of a semisimple Lie algebra defined over the complex
numbers. Beilinson-Bernstein [8] related the modules over the enveloping algebra to
modules over twisted differential operators on the flag variety. Via the Riemann-
Hilbert correspondence this allows for a proof of the celebrated Kazhdan-Lusztig

conjectures.

The goal of my D.Phil. project is to answer the following question posed by
Ardakov and Wadsley in [6]:

Question 1.1.3. Is it the case that every primitive ideal of U(g)n x with K-rational
infinitesimal central character is the annihilator of a simple affinoid highest weight

module?

A positive answer to Question 1.1.3 would be a step towards answering Question
1.1.2. Specifically, Ardakov and Wadsley claim that if one can prove that any infinite
dimensional affinoid highest weight K ®-module is faithful, one could use the faithful
flatness of D(®, K) over K& together with the affinoid Quillen’s Lemma [5] to prove
that every non-zero prime ideal of K& is the annihilator of a finite dimensional simple

module.

Let us formulate the main results of the thesis; we let h be a Cartan subalgebra
of g and let h* denote the set of linear maps from h — R.

Theorem A. Let A € b* and consider the affinoid Verma module M (X). There exists

—

a one to one correspondence between the lattice of submodules of M(X) and the lattice

of submodules of M(X). In particular, M(\) has a unique simple quotient denoted
L()).

Theorem B. Let R be a mized characteristic (0,p) complete discrete valuation ring
and let G be a connected, simply-connected, split semisimple, smooth affine algebraic

group scheme over Spec R. Denote g := Lie(G) the Lie algebra of G.

Any primitive ideal in the affinoid enveloping algebra U(g), x with K-rational

infinitesimal central character is the annihilator of some L(\).

4



In particular, we obtain a positive answer to Question 1.1.3. As corollary we

obtain in Proposition 5.7.6:

Proposition 1.1.4. Any ideal in U(g), x with K-rational central character induced

by a regular weight \ € b* is controlled by its intersection with U(g)k.

To prove Theorem B, we use an affinoid version of the Beilinson-Bernstein locali-
sation theorem, together with an affinoid version of the Borho-Brylinski equivalence
between equivariant modules on the double flag variety and equivariant modules on

the flag variety.

We also prove an affinoid version of Quillen’s Lemma improving the result proved

by Ardakov and Wadsley [5, Theorem 9.4].

Theorem C. Let M be a finitely generated U(g)n x module and ¢ a simple endo-
morphism of M. Then ¢ is algebraic over K.

In fact, by combining Theorem B and Theorem C, we obtain in Theorem 6.5.2 a

full characterisation of the primitive spectrum of U(g), k. Furthermore, we are able
to prove that a large class of two-sided ideals U(g), x are controlled by ideals in the

classical enveloping algebra.

Theorem D. Let I be a two-sided ideal in U(g), x and assume it has a central

character x : Z(U(9)nx) — K generated by a dominant regular weight. Then I is
controlled by I NU(g) k-

Finally, let us fix a central character x = x, generated by a dominant regular
weight. Let my and my be two-sided ideals in U(g)x and U(g),x generated by

—

ker x, and also let U(g)y and U(g), x be the corresponding quotients.

Theorem E. The map v : Spec(U(g);) ) — Spec(U(g)%), ¥(P+my) = PNU(g)x+

my 5 a homeomorphism with inverse E_I(Q +my) = U(@)nxQU(9)n.ric + M.

This thesis is organised as follows: in Chapter 2, we introduce the basic non-
commutative algebra and geometry tools that we use in this thesis. Next, we develop
in Chapter 3 the theory of twisted differential operators on smooth, reduced and
locally of finite type schemes defined over a commutative ring. We then give in
Chapter 4 a geometric proof of the classical Duflo’s theorem based on the theory
developed in 3. In Chapter 5, we complete the proof of Theorem A and Theorem B
using the techniques from the previous 2 chapters. Lastly, in Chapter 6, we generalise

the affinoid Quillen’s Lemma in [5] (Theorem C) and prove Theorem D.

5



Chapter 2

Preliminaries

This chapter aims to describe the non-commutative rings and Lie theory tools that

are used in this thesis.

2.1 Filtrations, gradations, and completions

Throughout this document, all rings will be unital. By a module over a ring, we will
mean a left module unless otherwise stated. By a Noetherian ring, we mean a ring
that is both left and right Noetherian.

2.1.1 Filtered rings and modules

Definition 2.1.1. We call R a filtered ring with filtration F'R if there is an ascending
chain of additive subgroups F,R, n € 7Z satisfying 1 € FyR, F,R C F,.1R and
F,R.F;R C FiyjR for alln,i,j € Z.

Given a filtered ring, we may also define the notion of a filtered module.

Definition 2.1.2. Let R be a ring with filtration 'R and M an R-module. A filtration
of M consists of an ascending chain of additive subgroups F,M, n € Z satisfying
F,.M C F,(7M and F;R.F;M C Fi ;M for alln,i,j € Z.

Gien R-modules M and N with filtrations FM and FN, we call f : M — N a
filtered morphism if f is a module homomorphism and f(EF;M) C F;N for all i € Z.

Lastly, we say that f if strict if f(F;M) = f(M)N F;N.



Let us now introduce some terminology for filtered modules. This will apply to
filtered rings as well by considering a ring as a module over itself via left multiplication.
We call a filtration positive if F;M = 0 for ¢ < 0. We say that it is ezhaustive if
M = Uz F; M. Finally, we say that it is separated if N;ez F;M = 0.

From now on, we will assume that all the filtrations that appear are exhaustive.

Let us now define the filtration topology on M.

Definition 2.1.3. Let M be a filtered R-module with filtration F-M. Define a topology
Q on M by saying that U C M is open if for all uw € U, there exists © € Z such that
u+ F;M C U. We call this the filtration topology.

It is easy to check that the notation above indeed defines a topology. Furthermore,
the condition that the filtration is separated is equivalent to the topology being Haus-
dorff. Let us finish this subsection by stating some basic properties of the filtration

topology.

Proposition 2.1.4. /33, 1.3.1] Let R be a filtered ring with filtration FR and M a
filtered module with filtration F M.

i) The sets m+ F;M, m € M and i € Z form a basis for the filtration topology.

it) Let N be a submodule of M. Then N is open in M if and only F;M C N for

some i € Z. Furthermore, if N is open, it is also closed.

iii) Let S be a subset of M. The closure of S, denoted by S, is defined to be:

S =((S+FM).

1€EZ
2.1.2 Completions of modules

Throughout this subsection, R will denote a filtered ring with filtration F'R. Most of
this subsection is based on [33, 1.3|. Let us begin by defining the notion of Cauchy

sequences with respect to the filtration topology.

Definition 2.1.5. Let M be a filtered R-module with filtration FM. A sequence (z,,)
of elements of M is said to be Cauchy if for all n' > 0, there exists an integer N > 0
such that x; — x; € F_yM for alli,7 > N. The sequence converges to x € M if for
every integer n' > 0, there exists N such that x — x; € F_,,M fori> N.

7



Definition 2.1.6. We say that a filtered module M with filtration topology F'M is
complete with respect to the filtration topology if FM is a separated filtration and

every Cauchy sequence in M converges to an element of M.

We may now define the completion of a filtered module.

Definition 2.1.7. Let M be a filtered R-module with filtration FM. A completion
of M with respect to the filtration topology is a triple (M,FM, far), where M is a
filtered R-module with filtration FM and fav i M — M a filtered ring morphism such
that:

1. M is a complete module with respect to FM.
2. The morphism fy; : M — M s strict.
3. fa(M) is everywhere dense in M.

4. ker far = Nicz FiM.

It is clear that if such a completion exists, then it is unique. Let us now prove its

existence.

Let M be a filtered R-module with filtration F'M. Consider the projective system
M /F;M with the corresponding transition maps v ; and let M = 1&1]\/[ JF;M. Let
mi M — M/F,M and u; : M — M/F;M denote the canonical morphisms. Define a
filtration on M, by F;M = ker7; and let fy; : M — M be given by fas(m) = (u;(m)).

Proposition 2.1.8. /33, 1.3.5] The triple (]\7[, FM, far) is the completion of M with
respect to the filtration topology.

We also denote R the completion of R with respect to its filtration. It turns out
that M is a filtered R-module with respect to the filtrations F R and FM.

2.1.3 Associated graded rings and modules
Definition 2.1.9. A Z-grading of a ring R consists of a family of subgroups G;R,
i € Z such that G;R.G;R = G ;R and R = @,., G;R.

A Z-grading of an R-module M consists of a family of subgroups G;M , 1 € Z such



We may now define the associated graded ring/module of a filtered ring/module.

Definition 2.1.10. Let R be a filtered ring with filtration FR and M a filtered R-
module with filtration F M.

The associated graded ring of R is defined to be

er(R) = P FiiR/FiR.

1E€EL

The associated graded module of M 1is defined to be

gr(M) = @) Fiy1 M/FM.
1E€EZ
It then follows that gr(R) is a Z-graded ring with G;M = F,;1R/F;R and gr(M)
is a graded gr(R)-module with G;M = F; 1M /F;M. There are many properties that
we can deduce about a ring/module from its associated graded ring/module such
as being Noetherian or non-zero. The following proposition shows that completions

interact well with taking the associated graded.

Proposition 2.1.11. /33, 1.4.2.2] Let R be a filtered ring with filtration FR and M
a filtered R-module with filtration FM. Then gr R = grf% as rings and gr M = ng

as gr R-modules.

We finish the subsection by defining the Rees ring/module and show how it con-

nects to the associated graded ring/module.

Definition 2.1.12. Let R be a filtered ring with filtration FR and M a filtered R-
module with filtration FM. The Rees ring of R is defined to be the subring of R[t, t™!]
gien by

R:= @tiFiR.

1€Z

The Rees module of M is the submodule of MIt,t™'] given by

M = @t’FZM

1€EL

Proposition 2.1.13. We have the following isomorphisms:



e R/(H)R = gr(R) and R/(t — 1)R = R as rings.
o M/(t)M = gr(M) as gr(R)-modules and M/(t — 1)M = M as R-modules.
Definition 2.1.14. Let R be a filtered ring with filtration F'R. We say that a filtration

on a R-module M is good if M is finitely generated as a R-module or equivalently,
there exist my,ma,...mgs € M and ki, ks, ... ks € Z such that:

FZM == i Fn_ijmj.

=1

We should note that any finitely generated R-module admits a good filtration.
Furthermore, it follows from [33, Theorem 1.5.7] that if R is complete with respect to
its filtration, F'M is a good filtration if and only if gr(M) is finitely generated over
gr(R). In general, only the if part holds.

2.1.4 Artin-Rees property and Zariski rings

Definition 2.1.15. Let R be a filtered ring with filtration FR and M a filtered R-
module. We say that M has the Artin-Rees property if for every finitely generated
R-module N = %""_| Rn;, there exists ¢ € Z such that for all j € Z,

F;MAN C Y FyRn,.

i=1

We finish this section by providing the definition and characterisation of Zariski

rings.

Definition 2.1.16. Let R be a filtered ring with filtration FR. We say that R s
a left Zariski ring if R is Noetherian and F_iR C J(FyR), where J(e) denotes the

Jacobson radical.

Theorem 2.1.17. [33, Theorem 11.2.2] The following are equivalent:

1. R is a left Zariski ring.

2. FR is separated, gr(R) is left Noetherian, F 1R C J(FoR) and every good
filtration on an R-module has the Artin-Rees property.

10



3. FR is separated, gr(R) is left Noetherian, F_1R C J(FyR) and FR has the
Artin-Rees property.

4. gr(R) is left Noetherian and R is a faithfully flat R-module.

5. gr(R) is left Noetherian, F_ 1R C J(FoR) and for every I left ideal of R with
good filtration F'I, we have

Fil = Njez(Fil + FiI).

2.1.5 Algebraic microlocalisation

Throughout this subsection, we let R be a Zariski ring with filtration F'R, T" an Ore
set in gr R consisting of homogeneous elements and M a finitely generated R-module
with good filtration F'M.

Lemma 2.1.18. /5, Lemma 2.4/

Let S :={s € R|grs € T}. Then:

a) S is an Ore set in R.

b) The induced filtration F' Rs on the localisation Rg is Zariskian and furthermore
grRs = (gr R)r.

c) The induced filtration F'Mg is good and there is an isomorphism of gr Rs mod-
ules gr Mg = (gr M)r.

Definition 2.1.19. Let the notation be as in the previous lemma. We define the
microlocalisation of R at S, Qr(R), to be the completion of Rg with respect to F'Rg.
Similarly, we define the microlocalisation of M at S, Q7 (M) to be the completion of
Mg with respect to F'Msg.

Corollary 2.1.20. /5, Corollary 2.4/

The ring Qr(R) is flat over R and as Qr(R)-modules, we have Qr(R) @ M =
R
Qr(M). Moreover, Qr(M) =0 if and only Mg = 0.
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2.2 Affinoid and Tate algebras

Throughout this section, we let R be a commutative ring.

We call a map | e|: R — R a valuation of R if for all z,y € R:

L. |xy| = |z||y|.
2. |z +y| < max(|z], |y]).

3. |z| > 0 and |z| = 0 if and only if 2 = 0.

Given a valuation of a ring, we have a topology induced by the corresponding

metric space given by d(z,y) = |z — y|. We call the pair (R, | e |) a valued ring,.
Let (F,| e |) be a valued field. We call the set R = {r € F||r| < 1} the valuation

ring of F. In general, we call (R,| e |) a valuation ring if it is the valuation ring of
a valued field. If R is Noetherian, it is automatically a principal ideal domain. The
units of R are elements of norm 1. In general, R contains a unique maximal ideal m

given by elements of norm strictly less than 1. In particular, R is a local ring and we
call R/m the residue field of R.

Definition 2.2.1. We call R a discrete valuation ring if the value of R\0 is a discrete
subset of R~o. This happens if and only if its value group G is a discrete, hence cyclic
subgroup of R~o. We let € be such a generator. We call any element © such that

|7| = € a uniformiser of R.

It follows from Krull’s intersection theorem that every Noetherian valuation ring
R is a discrete valuation ring. Furthermore, given a discrete valuation ring with
uniformiser 7, all the ideals of R are given by m" = (n") for n € N. This allows to
define a negative filtration on R by F_, R = m" for n € N, which can be extended to
the field of fractions of R. It then follows that the completion of R with respect to
the | @ |-norm of Frac(R) coincides with the completion with respect to the filtration

topology.

We let | o |, denote the p-adic valuation on Q for p prime. It turns out that all
the non-trivial non-archimedean valuations are given by | e |, for some p. We denote

Q, the completion of Q with respect to | e |,.

For the rest of this section, we let K be a field equipped with a non-archimedean

norm | e |.
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Definition 2.2.2. The Tate algebra in n variables is defined to be the subring of

formal power series K[[xy,xa,...x,]] given by:

T, = K(zi, 0z .. 20) :={ Y asz’| |as| =0 as|J| — oo}
JeNd

We may endow the Tate algebra with the Gauss norm: for f € T,, define
|f(x1, 2. .. 2,)| := maxjena |as|. This norm is non-archimidean and one may check

that the Tate algebra is a Banach K-algebra with respect to it.

We may also describe the units in 7},; let R be the valuation ring of K and k the
residue field of R. Let T? = {f € T,| |f| < 1} and consider the natural surjection
q:T° — klxy,xa, ... 7).

Proposition 2.2.3. An element f € T), is a unit if and only if f € T® and q(f) is a

constant polynomial.

The following proposition describes the main ring theoretic properties of Tate

algebras:

Proposition 2.2.4. The ring T,, is Noetherian, Jacobson, factorial, reqular of equidi-
mension n, and the Nullstellensatz holds: for each mazimal ideal I, the field T, /I is

a finite extension of K.

Definition 2.2.5. We say that a ring A is a K-affinoid algebra if there isn € N and
I an ideal in T,, such that A=T,/I.

We may endow such a K-affinoid algebra with the residue norm and with respect
to this norm A becomes a K-Banach algebra. It follows from the definition that A
inherits many properties of T),; in particular, we obtain from Proposition 2.2.4 that

for any maximal ideal J in A, the field A/J is a finite extension of K.

Tate algebras and affinoid algebras form the starting point of the beautiful the-
ory of rigid geometry. The classical spectrum of the polynomial ring is replaced by
the maximal spectrum of the Tate algebra and affinoid algebras correspond to rigid

varieties. An excellent book that introduces this theory is [18].
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2.2.1 Doubly-filtered rings

Throughout this subsection, we let R be a discrete valuation ring with field of fractions

K, uniformiser 7, and residue field k.

Definition 2.2.6. Let V' be a K-vector space. We say that an R-submodule L of V
is a R-lattice if V = K.L and N2yw'L = 0.

We call the vector space gr,V := L/mL the slice of V.

Definition 2.2.7. We call A a doubly-filtered K -algebra if it has an R-subalgebra FyA
which is an R-lattice in A and if the slice gry A of A is a Z-filtered ring. We say that
A is a complete doubly filtered K -algebra if FyA is complete with respect to its w-adic
filtration, and the filtration on gry A is also complete. A morphism of doubly filtered
K-algebras is a K-linear ring homomorphism ¢ : A — B which preserves the lattices
i A and B and which induces a filtered k-linear homomorphism gr, ¢ : gry A — gr, B

between the slices.
Lemma 2.2.8. Let A be a doubly-filtered K -algebra and consider the natural w-adic
filtration on A. Then
gr A= gr, Alz,z 1]
Proof. This is [5, Lemma 3.1]. O

We will use the notation Gr(A) to denote the associated graded ring of the slice
of A. Then Gr is a functor from the category of doubly-filtered K-algebras to the
category of graded k-algebras.

2.3 Dimension theory

Let us begin by defining the general version of a dimension function on a Noetherian

ring.

Definition 2.3.1. Let A be a Noetherian ring. A dimension function is map 6 that
associates to each finitely generated A-module M, a value §(M) € ZU{—o0} satisfying

the conditions:

i) 6(0) = —oc0
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i) If0 = M' - M — M” — 0 is a short exact sequence of finitely generated
A-modules, then 6(M) > max(6(M'),5(M")); the equality always holds if the

sequence s split.

iii) If P is a prime ideal such that PM =0 and M is a torsion A/P-module, then
S(M)+1<(R/P).

If the equality in i) is always true, ¢ is called an exact dimension.

A module M will be called homogeneous if §(M) = §(M') for all non-zero sub-
modules M’. In fact, given a dimension function ¢, we may always construct an exact
dimension function, §* by setting 6*(M) = max{d(N)|N is a subfactor of M}.

Definition 2.3.2. Let A be a Noetherian ring. A dimension function will be called
finitely partitive if for every finitely generated A-module, there is an integer n such
that whenever M = My O My O My O ... M; O ... is a descending chain of A-
submodules, we have §(M;/M; 1) < d(M) for all i > n.

2.3.1 Krull dimension

We first introduce the Krull dimension; this is a dimension that measures how close
a module or a ring is to being Artinian. In commutative algebra, we define the Krull
dimension as the maximum length of a chain of prime ideals. This is not a good
measure in non-commutative ring theory, as there are simple Noetherian rings which
are not Artinian. As an example, one may consider the family of Weyl Algebras

defined over a field of characteristic 0.

Let I be a partially ordered set. If a,b € I with a > b, we define a/b = {x € I|a >
x > b} to be the factor of a by b. By a descending chain {a,} of elements in I, we
mean a sequence a; > as > ... and the factors a;/a;,1 are the factors of the chain.
We say that [ satisfies the descending chain condition if every descending chain is

eventually constant.

Definition 2.3.3. Let I be a partially ordered set. If I is trivial, then I has deviation
—o0. If I satisfies the descending chain condition, then devI = 0. If a is a general
ordinal, we say that devI = « if dev I # 5 < « and in any descending chain of I all

but finitely many factors have deviation less than c.

Proposition 2.3.4. [/3, Proposition 1.8] Let I be a partially ordered set that satisfies

the ascending chain condition. Then I has a deviation.
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We may now define the Krull dimension for finitely generated modules over
Noetherian rings. Given a R-module M, we may view its lattice of submodules £(M)

as a partially ordered set.

Definition 2.3.5. Let A be a Noetherian ring and M a left A-module, we define
its Krull dimension Kdimy (M) to be the deviation of L(M). We define the Krull

dimension of A to be Kdimy(A), where we view A as a left A-module.

Lemma 2.3.6. Let M be a finitely generated A-module. Then Kdim4(M) is defined.
Proof. This follows from Proposition 2.3.4. O]

Given a finitely generated A-module M # 0, we deduce immediately that M is
Artinian if and only if Kdim (M) = 0.

2.3.2 Auslander-Gorenstein rings

Definition 2.3.7. Let A be a Noetherian ring. We say that a finitely generated
A-module M satisfies the Auslander’s condition if for every i > 0 and for every
submodule N of Ext’y(M, A), we have Ext’,(N, A) = 0 for all j < i.

We say that A is Auslander-Gorenstein if the left and right self-injective dimen-
sion of A is finite and every finitely generated (left or right) A-module satisfies the

Auslander’s condition.

We should also note that commutative Auslander-Gorenstein rings are exactly the

Gorenstein rings.

Definition 2.3.8. Let A be a Noetherian ring and M a finitely generated A-module.
We define the grade of M to be

ja(M) = inf{i| Ext’, (M, A) # 0}.

If A is an Auslander-Gorenstein ring we define the canonical dimension of M to
be
dA(M) = m]dzmA(A) - jA<M)

We say that a module M is pure if it 1s homogeneous with respect to the canonical

dimension.
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Proposition 2.3.9. Let A be an Auslander-Gorenstein ring. Then the canonical

dimension, da, is a finitely partitive exact dimension function.

Proof. This follows from [41, Proposition 4.5]. O

2.4 Algebraic groups

Throughout this section, R denotes a commutative ring.

Definition 2.4.1. We call a representable functor G : { R-algebras} — {groups} an
affine group scheme. We use the notation R|G] to denote the R-algebra representing
G.

By viewing an affine scheme as a functor from R-algebras to sets, we may view G

as a scheme via the forgetful functor from groups to sets.

Example 2.4.2. The functor G, defined by G,(A) = (A,+) is represented by the
polynomial ring R[X].

The functor G, defined by G, (A) = (A*, ) is represented by the R[X,Y]/(XY —
1).

The functor GL,, defined by GL,,(A) = { invertible n x n matrices with entries in

the ring A} is representable.

It turns out that the algebra R[G] has a natural structure of a Hopf Algebra.
In fact, it follows from [60, Theorem 1.4] that there is a one-to-one correspondence

between R-Hopf Algebras and group schemes over R.

Definition 2.4.3. An affine algebraic group scheme G is a subfunctor of GL,, i.e.
for any R-algebra A, G(A) is a subgroup of GL,(A).

Most of this thesis will be about studying a special class of affine algebraic group
schemes called semisimple. Before we define semisimple group schemes, let us intro-

duce some language.

Definition 2.4.4. We say that an algebraic group scheme G is connected if it has no

proper open subgroup scheme.

We call G smooth if the corresponding morphism G — Spec R is smooth.
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A homomorphism of connected smooth algebraic group schemes G' — G is called

an isogeny if it is surjective with finite kernel.

We call an algebraic group scheme G simply-connected if G is connected smooth

and any isogeny G' — G is an isomorphism.

Definition 2.4.5. We call a group scheme G semisimple if its centre Z(G) is a finite

group scheme.

We say that G is split semisimple if it has a torus T wnside a Borel subgroup
B C G such that B = T[B, B|, where [B, B] denotes the unipotent radical of B.

There is a wonderful theory of split-semisimple algebraic groups. In particular,
these groups have a root datum. It turns out that a connected semisimple algebraic
group defined over an algebraically closed field is completed determined by its root
datum. This is explained in detail in [36, Chapter I1.1].

2.4.1 Representations of algebraic groups

We call a functor F' : {R-algebras} — {sets} an R-functor. For an R-module M, we
denote by M, the R-functor M,(A) = A® M for all R-algebras A.
R

Definition 2.4.6. Let G be an affine algebraic group scheme and M an R-module.

We call M a G-module (or G-representation) if G(A) acts on M,(A) = A®QM through
R

A-linear maps for any R-algebra A.

There is a natural notion of a comodule over a Hopf Algebra [46, Chapter I|. It
turns out that G-modules correspond to R[G]-comodules:
Proposition 2.4.7. [36, Section 1.2.8]

The category of G-modules is equivalent to the category of R|G|-comodules.

We should remark that when R is an algebraically closed field and G is a reduced

affine group scheme, there is a natural notion of a rational G(R)-representation. It

turns out that this notion coincides with the one in Definition 2.4.6.

2.4.2 The Lie algebra of an algebraic group

Definition 2.4.8. Let G be an affine algebraic group scheme and define the ring of
dual numbers R|e] :== R[X]/(X?). The Lie algebra of G, denoted by Lie(G) is defined
to be:
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Lie(G) = ker(G(R[e]) — G(R)).

We also provide an alternatively description of the Lie algebra of G. For an R-
algebra A and an A-module M, we call an additive map D : A — M an R-derivation
if it satisfies D(ab) = aD(b) 4+ bD(a) for all a,b € A and D(R) = 0. When M = A,

we simply call D an A-derivation.

Assume that A is a Hopf Algebra with comodule map A. We say that an A-
derivation D is left-invariant if AD = (id ® D)A.

Proposition 2.4.9. [60, Theorem 12.2] The following are isomorphic as Lie algebras:

e Lie(G).
e The left-invariant derivations on R|G].

o The space of derivations of R[G] into R.

We call a Lie algebra semisimple if it has no non-trivial Abelian ideals. When
R is an algebraically closed field of characteristic 0, there is a one-to-one correspon-
dence between semisimple Lie algebras over R and connected, split-semisimple group

schemes over R.

A very important tool in studying Lie algebras is the universal enveloping algebra

g.

Definition 2.4.10. Let g be a Lie algebra and let T'(g) be the tensor algebra of g,
i.e., T(g) = D,—, T"(g), where T"(g) = Q" g. Further, let I be a two-sided ideal of
T(g) generated by [z,y] —x @y —y @ x. The universal enveloping algebra of g, U(g),
1s defined to be:

The universal enveloping algebra satisfies the following universal property, there
exists a unique Lie Algebra homomorphism € : g — U(g) such that for all associative
R-algebras A and all Lie algebra homomorphism a : g — A, there exists a unique

ring homomorphism f : U(g) — A such that the diagram

19



commutes. The importance of the enveloping algebra follows from the following
simple lemma: the identity functor provides a one-to-one correspondence between
Lie algebra representations of g and U(g)-modules. Therefore, we can use tools from

non-commutative ring theory to study the representation theory of U(g).

The ring U(g) can also be defined via generators and relations. Assume that g is
a free R-module of rank d with basis uy, us,...us. Then the enveloping algebra can

be described as:

U(g) = R{uy,uz ... ug)/1,

where R{uy,usg,...uq) denotes the free algebra and I is the two-sided ideal gener-

ated by Uiy — UjU; — [UZ',UJ‘] for 1 < ’L,j < d.

Let us finish this section by stating the famous PBW theorem.

Theorem 2.4.11 (PBW theorem). Assume that g is a free R-module of finite rank

with basis uy,ug, ... uq. Then U(g) is a free R-module with basis
utuy? . ouyt, forng,ng...ng € N.

Using the PBW theorem, we define a filtration on U(g) by FoU(g) = R, F1U(g) =
g and F,U(g) = ui'uy? ... us?, with ny +ns ... +ng < i. Therefore, we may form the

graded ring
grU(g) = P FaU(9)/FU(g).
i=0

Y

Proposition 2.4.12. We have an isomorphism grU(g) = Rluy,uz ..., uq). In par-
ticular, grU(g) is Noetherian if and only if R is Noetherian.
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Chapter 3

Lie algebroids and twisted differential
operators

3.1 Introduction

This chapter is based on [58]; the paper has been submitted for publication. The
aim of this chapter is to establish a good framework to use geometric representation

theory to obtain in Chapter 4 a new proof of the classical Duflo’s theorem [25]:

Theorem 3.1.1. Let g be a semisimple Lie algebra defined over a field K of char-
acteristic 0. Then any primitive ideal in U(g) with K-rational infinitesimal central
character is the annihilator of the simple quotient of some Verma module. In case

K = C, the theorem gives a classification of all primitive ideals.

Assume for now that our ground field is C and let g be a semisimple C-Lie alge-
bra. For a complex variety X, we will denote Dx the sheaf of differential operators
on X. Let GG be the semisimple connected affine algebraic group associated with
g and fix B a Borel subgroup. Let X = G/B be the flag variety associated to g.
In [17, Proposition 3.6], the authors prove an equivalence of categories between G-
equivariant coherent Dy, xy-modules and B-equivariant coherent Dx-modules. Fur-
ther, the Beilinson-Bernstein theorem [8] establishes an equivalence of categories be-
tween coherent Dx-modules and finitely generated U(g)-modules with trivial central
character. Combining these two results, one obtains a geometric proof of Duflo’s the-
orem for ideals with trivial central character. In the next chapter, we remove some
restrictions from [17, Proposition 3.6]: we prove that the results hold over a general

commutative Noetherian ring and that the equivalence holds between coherent mod-
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ules over certain homogeneous sheaves of twisted differential operators, which can be

regarded as equivariant twisted differential operators.

There is a well established theory of twisted differential operators and homo-
geneous twisted differential operators over a complex variety introduced in [9] and
treated in more detail in [45]. The authors also explore the connections between
twisted differential operators(tdo’s) and Picard algebroids and the following question

is answered:

Question 3.1.2. Let f: Y — X be a map of smooth complex varieties and let D be
a tdo on X. How should we define the pullback of D, call it f*D, such that f*D is a
tdo on Y ?

The solution proposed in [9] was to define f*D using the Dif functor introduced
by Grothendieck:
£*D = Difj1p(f*D, f*D)

is the sheaf of differential operators from f*D to itself that commute with the

right f~'D-action. In particular when D = Dy, we obtain f*Dy = Dy.

Now, let R be a commutative base ring and X be an R-scheme that is smooth,
separated and locally of finite type. In order to build a good theory of twisted
differential operators over a commutative ring, there are two basic questions we need

to answer:
Question What constitutes a good definition of a tdo on X7

Question Given f : Y — X a map of smooth, separated and locally of finite type
R-schemes and D a tdo on X, how should we define the pullback of D such that it is

also a tdo on Y'?

There are two possible candidates of sheaves of differential operators that one can
define over X: Dx-the sheaf of crystalline differential operators and Zx-the sheaf of

Grothendieck’s differential operators.

One of the key properties satisfied by twisted differential operators over complex
varieties is that they come equipped with a filtration such that the associated graded is
isomorphic with the symmetric algebra of the tangent sheaf over the ring of functions.
The sheaf of Grothendieck’s differential operators Zx has a natural filtration given
by the order of differential operators, but the associated grading ring does not satisfy
the desired property. Therefore, we choose to work with the sheaf of crystalline

differential operators.
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Attempting working with the classical definition of the pullback of tdo’s we im-
mediately encounter a problem. Assume that Y = A! is the affine line over R, let
X = Spec R be the base of Y and f : Y — X be the natural projection. Let Dx = R
be the sheaf of crystalline differential operators on X. Then using the classical defi-

nition we obtain

f.D = -@A17

which is the sheaf of Grothendieck’s differential operators. In particular, if we
work with the classical definition we obtain that the pullback of a twisted differential

operator does not satisfy the desired property.

To resolve the problem with the definition, we will explore the correspondence
between twisted differential operators (shortened tdo’s frow now on) and Picard al-
gebroids and define the pullback of tdo’s by first defining the pullback of Picard
algebroids.

Specifically, we will be able to go from tdo’s to Picard algebroids and vice-versa
using two functors Lie and 7. For a Picard algebroid £ on X, we can consider the

pullback f#L as a Lie algebroid on Y and for a general tdo on X we define

f#D = 7 (f*(Lie(D))).

In the case when R = C, our definition coincides with the definition found in [9] and
[45].

Statement of the main results of the chapter

Let G be a smooth affine algebraic group of finite type over Spec R and let f :
Y — X be a locally trivial G-torsor. Then for a tdo D equipped with a suitable
G-action (we call this a G-htdo), we may define its descent fD%, which is a tdo on
X.

Proposition 3.1.3 (Corollary 3.10.12). The functors f4(—)¢ and f#(—) induce

quasi-inverse equivalences between G-htdo’s on'Y and tdo’s on X.

For a G-htdo D we may define the Coh(D, GG) the category of G-equivariant co-
herent D-modules. Further, let A be a tdo on X and M a A-module. Then we may
endow the O-module pullback f*M with the structure of a f# A-module and we call
this module f# M.
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Theorem 3.1.4 (Theorem 3.11.8). Assume that R is a Noetherian ring. Let G be a
smooth affine algebraic group of finite type. Let X,Y be smooth separated and locally
of finite type R-schemes and let f :Y — X be a locally trivial G-torsor. Further, let
D be a sheaf of G-homogeneous twisted differential operators on Y. The functors:

fo(—)¢ : Coh(D, G) — Coh(fxD%)

f#(=) : Coh(f«D%) — Coh(D, Q). (3.

are quasi-inverse equivalences of categories between coherent G-equivariant D-

modules and coherent (f4D)%-modules.

In fact, we generalise the proposition and the theorem in two directions. First,
for r € R a regular element, we define the notion of r-deformed Picard algebroids
and r-deformed G-htdo’s. Then we may prove that the descent of an r-deformed
G-htdo is an r-deformed tdo and similarly the theorem holds for coherent modules

over r-deformed G-htdo’s.

Secondly, for another smooth affine algebraic group of finite type B acting on
X and Y, we prove that for a G x B-htdo on Y, its descent under a B-equivariant
G-torsor is a B-htdo. A similar result also holds for the corresponding coherent G x B-
modules. This generality will be needed in future applications: in [56] we use this
framework to give a geometric proof of 3.1.1 and in [57] we prove an affinoid version
of the same theorem. The proofs of these theorems will be the highlights of the next

chapters.
Structure of the chapter

In Sections 3.2 and 3.3, we review the theory of equivariant O-modules and
equivariant descent for a locally trivial torsor. Next, we define in Section 3.4 the
sheaf of crystalline differential operators and the notion of r-deformed twisted dif-
ferential operators on a smooth, separated and locally of finite type R-scheme. In
the next two sections, we establish correspondences between r-deformed Picard al-
gebroids/equivariant Picard algebroids and r-deformed twisted differential opera-
tors/homogeneous twisted differential operators. We then define the pullback of r-
deformed Picard algebroids and r-deformed tdo’s in Section 3.7. In the next two
sections, we explore the connections between modules over r-deformed Picard alge-

broids and r-deformed twisted differential operators.
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Finally, in Section 3.10, we prove equivariant descent for r-deformed homoge-
neous twisted differential operators (Proposition 3.1.3) and in Section 3.11, we prove
equivariant descent for modules over r-deformed homogeneous twisted differential

operators (Theorem 3.1.4).
Conventions

Throughout this chapter, R will denote a commutative ring of arbitrary charac-
teristic and all the schemes will be R-schemes. For a map f :Y — X of R-schemes,
we will denote f* the pullback in the category of O-modules and f, the pushforward
sheaf. Unadorned tensor products will be assumed to be taken over R. An element

r € R is called regular if it is not a zero divisor.

3.2 Equivariant O-modules

Let G be an affine algebraic group scheme acting on a scheme X'; denote the action by
ox : GxX — X. Furthermore, we denote py : G XX — X and pox : GXGXxX = X
the projections onto the X factor, pesx : G X G x X — G x X the projection onto
the second and third factor and m : G x G — G the multiplication of the group G.

Definition 3.2.1. Let G an algebraic group scheme acting on a scheme X. A G-
equivariant Ox-module is a pair (M, a), where M is a quasi-coherent Ox-module

and a : ox M = p M is an isomorphism of Ogxx-modules such that the diagram
* % p;SXa *
(lg x ox)"'PxM —————— p3x M
(1Gxax)*a]\ (mxlx)*a]\

(lg X ox)* oM s (m x 1x)* o5 M

of Ogxaxx-modules commutes (the cocycle condition) and the pullback
(ex1x)'a: M — M

18 the identity map.

We prove a crucial lemma that will be used in the future; it is stated on the stack

project, but the proof is omitted.
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Lemma 3.2.2. /54, 03LG]

Let G be an affine algebraic group acting on schemes X andY and let f:Y — X

be a G-equivariant morphism. Then the pullback functor f* given by
(M, a) = (f*M, (1e x f) @)
defines a functor from G-equivariant Ox-modules to G-equivariant Oy -modules.

Proof. Let M be a G-equivariant Ox-module. Since o : 03 M — p M is an iso-
morphism, we get that (1g X f)*a : (1g X f)*oxM — (1g x f)*psxM is also an

isomorphism. We have

oxo(lax f)(g,y) =9f(y) = f(gy) = foov(gy), so (g x [)"oxM = oy [* M.
px o (la x f)(g,y) = fly) = fopy, so (1g x f)'pxM = p} f* M.
(3.2)

Thus, (1 x f)*a : oy (f*M) — pi.(f*M) is an isomorphism. Next, we need to
prove that the morphism (1 X f)*« satisfies the cocycle condition; that is we need

to show that the diagram

p;gy(lGXf)*a *

(e X oy )Py f* M ——— piy [*M
(Igxoy)*(lgxf)*a (ley)*(ngf)*aT (33)

(1 X oy ) o f*M s (m x 1y) o} [* M

of Ogxaxy-modules commutes given that the diagram

(Ig x ox)"PxM —=5 pi M
(lgxox)*a (leX)*aT (3.4)
(1 x ox)*ox M d (m x 1x)*os M
of Oaxaxx-modules commutes.

We shall prove that the diagram 3.3 is the pullback of the diagram 3.4 under the
morphism (1 X 1¢ x f). We have that
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fopyo(la xay)(g,g2,y) = flg2y) =px o (lg x ox) o (1g x 1g X f)(g1, 92, V).
fopay(g1,92,y) =y =pax o (lg X 1g X f)(g1,92, ).

fooyo(la xay)(g1,92,y) = f(g1929) = ox o (lg X 0x) o (1g X 1a X f)(g1,92,¥)-
fooyo(mx1y)(gi,92,9) = q192f(y) = ox o (m x 1x) o (1g x 1g X f)(g1, g2, Y)-

(3.5)
Therefore,
(e x oy)'py ) f*M = (1g x 1g x [)"((1g X 0x)"pyxM).
Py (f*M) = (1 x 1g x [)*(p3xM). (36)
(1 x oy) o) f*M = (1g X 1g x ) ((1g X ox) aiM). ’
((m x 1y) o) f*M = (1g X 1 X f)*((m x 1x) 0% M).

Similarly, we get

(1 % [) o pasy (91, 92,y) = (92, f(¥)) = pazx © (1g X 1a X f)(91, g2, Y)-

(le x f)o(lg x ay)(g1,92,9) = (91, f(92)) = (1g X 0x) o (1g X 1a x f)(g1,92,9)-

(1g x f)o(m x 1y)(g1,92,¥) = (9192, [(y) = (m x 1x) o (1¢ x 1g x f)(91, 92, Y).
(3.7)

Thus,

Py (le x f)a = (lg x 1g x f)'pyxa.
(1G X U)*(lc X f)*a = <1G X 1lg X f)*(lg X Ux)*&. (38)
(mx1x)" (g x f)fa=(lg x 1lg x f)*(m x 1x)'«

Combining equations (3.6) and (3.8), we get that the diagram (3.3) is indeed the
pullback of the diagram (3.4) under the morphism 14 X 1¢ X f, so (1g X f)*« satisfies

the cocycle condition.

Finally, we need to prove that the map (e x 1y)*(1g X f)*a: f*M — f*M is the
identity map using (e x 1x)*a : M — M is the identity map.

We have that (1g x f)o (e x 1y)(g,y) = (e, f(y)) = (e X 1x)(1g X f), so
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(ex1y)*(leg X f)fa=(1g x f)(e x 1x)"a = (1¢ x f)*(id) = id,
since the identity map is preserved by any functor. n

Definition 3.2.3. Let G an affine algebraic group acting on a scheme X via ox. We
define the category of G-equivariant quasi-coherent Ox-modules. Objects are given by

G-equivariant Ox-modules.
A morphism of G-equivariant Ox-modules (M, ay) and (N, ay) is a map ¢ €
Home, (M, N) such that the following diagram commutes:

oM s i M
lﬁﬁm lpéab

o N 2 g N

We call such a morphism G-equivariant and denote the category of G-equivariant

Ox-modules together with G-equivariant morphisms by QCoh(Ox, Q).

Proposition 3.2.4. Let G an affine algebraic group acting on a scheme X via ox.
Then the category QCoh(Ox, G) is Abelian.

Proof. By construction, we have that QCoh(Ox,G) is additive. Let (M, ays) and
(N,an) € QCoh(Ox,G) and let ¢ € Homgeonoy,¢)(M,N). Consider the exact

sequence:

0 — ker(¢) - M — N — coker(¢) — 0.

We aim to prove that ker(¢) and coker(¢) are in QCoh(Ox,G). Since ox and px
are smooth morphisms, the pullback functors o% and p% are exact, so we get two

short exact sequences:

0 — ox ker(¢p) = ox M — o3 N — o coker(¢) — 0,

0 — p ker(¢) — px M — p5 N — pY coker(¢) — 0.

Consider now the diagram:

0 —— 0 —— o% ker(¢) —— ok M —— 0N

[

0 > 0 > pi ker(¢) —— pi M —— piN.
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By construction, we have that a,, and o, are isomorphisms, so by the Five
Lemma we obtain an isomorphism ( : o% ker(¢) — p’ ker(¢). Furthermore, since
an and ayy satisfy the cocycle condition, so does 5. Thus, we have proven that
ker(¢) € QCoh(Ox,G). A similar argument applying the Five Lemma shows that
coker(¢) € QCoh(Ox,G). Finally, by construction we have that any monorphism
and epimorphism in QCoh(Ox,G) is normal, so QCoh(Ox,G) is indeed Abelian
category. O

From now on, when we use the notion of morphism of G-equivariant O x-modules,

we always view it as a morphism in the category QCoh(Ox, G).
A reformulation of equivariance

We wish to reformulate the notion of an equivariant O-module. Until the end of
the section, we fix X a scheme defined over R acted on by an affine algebraic group
G. For any R-algebra A, we define X, := Spec A Xgpecr X. We start with a very
simple observation: viewing Ox as a left Ox-module, (Ox,id) is a G-equivariant
Ox-module. We may reformulate this following ideas in [11]: for each R-algebra A
inducing a map s : Spec A — Spec R and for each geometric point i, : Spec A — G

which induces an automorphism ¢ : X4 — X4 there exists an isomorphism

qy: 50 — (g71)*s*0, satisfying

¢e = id and gy, = (g’l)*(qh)qg (3.10)

in such a way that (¢,)’s are compatible with base change. Let r, = ¢* o ¢g,. For
each U C X4 affine open, r, induces a map Ox,(U) = Ox, (g7 *U). The equation

(3.10) translates as r. = id and 7y, = rr,. Furthermore, the O-module compatibility
requires that for any fi, fo € Ox,(U), we have r,(f1f2) = r4(f1)ry(f2).

We define 7, via r,(f)(z) = f(¢ ') for all R-algebras A, U C X, affine open,
xeU, feOx,U), g: Xa— X4 and it is easy to see that r,’'s make Ox a G-
equivariant O y-module according to equation (3.10). We may now make an abuse of
notation: for each i, : Spec A — G and each f € Ox,(U), we denote g.f = r,-1(f)

and we translate the equivariance structure as

efi=f, g(hf1)=(gh).fr, g.(fif2) = (g-fi)(g.fo) for all g,h € G, fi, f> € Ox.

29



Lemma 3.2.5. A Ox-module M is G-equivariant if and only if for each R-algebra
A, for each s : Spec A — Spec R and for each geometric point iy : Spec A — G which

induces an automorphism g : X4 — X4 there exists an isomorphism of O a-modules

q:STM — (g1 s* M

satisfying

ge =id and qgn = (97")"(an)qq (3.11)

in such a way that (q,)’s are compatible with base change.

Proof. The proof repeats the argument in [11, Proposition 2.2/Proposition 1.3.1]
working over a commutative ring rather than a field and using the structure sheaf O

instead of the sheaf of differential operators D. n

Again, by setting s, = g* o q;, we may reformulate equation (3.11) as: for each
R-algebra A and for each i, : Spec A — G, we have an isomorphism of O-modules
sq : Mx, = Mx, such that for each U C X4 affine open:

Se = id,
Sgh = ShSyg,

(3.12)
s’gs are compatible with base change,

ro(f.m) =ry(f).s4(m), for all f € Ox,(U),m e M(U).

Again, we make an abuse of notation: for each i, : Spec A — G and each m €

M(U), we denote g.m = s,~1(m) and we translate the equivariance structure as:

e.m =m,
gh.m = g.(h.m), (3.13)
g-(fm) = (g.f).(g.m),
for all g,h € G, m € M, f € Ox. Here, we used an abuse of notation: by m € M
we mean m € M(U) for some open U.

Using the definition above, we reformulate the notion of G-equivariance of a mor-

phism of G-equivariant O x-modules, ¢ : M — N as:
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g.9(m) = ¢(g.m) for all g € G,m € M (3.14)

3.3 Equivariant descent for O-modules

Definition 3.3.1. /5, Section 4.3/

Let G be a smooth affine algebraic group of finite type, Y a scheme equipped with
an action G XY — Y and lastly, let X be a scheme. We say that a morphism
£:Y — X s a G-torsor if € is faithfully flat and locally of finite type, € is a G-

equivariant morphism, and the map

GxY =Y xyxY, (9,9) = (9y,9)

18 an isomorphism.

An open subscheme U of X 1is said to trivialise the torsor & if there is a G-invariant

1somorphism

GxU— &),

where G acts on G x U by left multiplication on the first factor.

Finally, let Sx be the set of affine open subschemes U C X such that U trivialises
¢ and O(U) is a finitely generated R-algebra. We say that & is a locally trivial torsor

if it can be covered by opens in Sx.

Definition 3.3.2 (definition-proposition). Let £ : Y — X be a locally trivial G-torsor
and let (M, ayr) be a quasi-coherent G-equivariant Oy -module. Then the presheaf
(£.M)C acquires the structure of a quasi-coherent Ox-module. Furthermore, if we
are given 1 : (M, ay) — (N, an) a map of G-equivariant Oy-modules there is a
canonical induced map (£,)% : (EM)Y — (EN)C.

Proof. The question is local, so we may assume that X is affine, £ : ¥ — X is
px : G x X — X and G acts on G x X via left multiplication on the first factor.
Since G and X are affine, the category of G-equivariant Oy x-modules is equivalent to
the category of (O(G x X), G)-modules by the same arguments as in the proof of [11,
Proposition 1.4.1]. Modules in this category are modules equipped with compatible
actions of the ring O(G x X) and of the group G.
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Let M be a G-equivariant Ogy x-module and let M = T'(G x X, M) be its global
sections. Since M is a (O(G x X),G)-module it acquires a comodule structure pyy :
M — O(G) ® M. Furthermore, let pg : O(G x X) — O(G) ® O(G x X) denote
the comoduleRstructure on O(G x X) induced from the G—acti(fn on G x X by left

multiplication on the first factor.

As X is affine, to prove the first statement, it is enough to prove that the Abelian
group (p.M)%(X) = MY has the structure of an O(X)-module.

Let f € O(X) and define ¢ € O(G x X) by ¢(h,z) := f(z) for all h € G,z € X,
and for any m € M¢ define f.m := ¢.m

We need to prove that f.m € MY. By construction, it is clear that pg(¢) = 1® ¢.
Since M is a (O(G x X), G)-module, we have

pu(dm) = pa(@)pu(m) = (12 ¢)(1@m) =1® ¢.m,

so ¢.m € MY, thus the action of f is well-defined.

For the second statement, notice that if ¢ : (M, ap) — (N, apv) is a morphism of
(O(G x X),G)-modules, it is G-equivariant, so ¢ restricts to a map M% — N¢.

In general if £ : M — N is a map of G-equivariant Oy modules and we let U be
affine open in X, we have canonical maps (&) : (&M)Y(U) — (&N)C(U) com-
patible with restrictions given by restricting the map . Therefore, glueing together

the local morphisms we get a map of sheaves. O

In particular, we have proven that if £ : Y — X is a locally trivial G-torsor, we
obtain a functor ¢ from G-equivariant Oy-modules to Ox-modules. We would like

to prove that this is an equivalence of categories.

Recall that for an R-Hopf algebra H, a Hopf module M is a left H-module,
together with a comodule map p: M — H ® M such that p is a map of H-modules;
here we view H as a module over itself via lep%t multiplication. For a Hopf module M,
denote M the coinvariants of M. Similarly, one may define the notion of a right

Hopf module.

Lemma 3.3.3. Let H be an R-Hopf algebra and let M be an R-module. Then H ® M
R
is a left H-module and (H @ M) = M and R-modules.
R
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Proof. We will prove the dual version of this statement, that is for a right R-module
M, we have M ® H is a right Hopf comodule and M = (M ® H)®H. The first
R

R

statement follows from [62, 12.7(1)]. Furthermore, we have by [62, 12.12] that (M ®

R

H) = Hom" (R, M ® H), where the morphism is considered in the category of right
R

H-comodules and we view R as a H-comodule. Finally, it follows from [62, 7.9] that

Hom® (R, M ®r H) = Homg(R, M). The claim follows since Homg(R, M) = M.

We should remark that the compositions of isomorphisms M = Homg(R, M) =
Hom® (R, M ® H) = (M ® H)® maps m to m ® 1. O
R R

We will also need the the Fundamental Theorem of Hopf modules:

Theorem 3.3.4. [31, Theorem 4.13] Let H be a Hopf algebra over a commutative
ring R and M a Hopf module. Then the map

M:H%MCOH%M, p(h®m) =h.m

s an isomorphism.

We may now prove the main result of this section. This is presumably known, but

we record it for the sake of completeness.

Proposition 3.3.5. [Equivariant descent for O-modules| Let G be a smooth affine
algebraic group of finite type and let £ :'Y — X be a locally trivial G-torsor. Then
the functors &,(—)¢ and £*(—) induce quasi-inverse equivalences of categories between

G-equivariant quasi-coherent Oy -modules and quasi-coherent Ox-modules.

Proof. For M € QCoh(Oy,G) and N' € QCoh(Ox) we obtain by functoriality maps
M — (M) and (&,(6°N))E — N, respectively. Thus we only need to prove the
statement locally. We may then assume that ¥ = G x X, p: G x X — X is the
projection onto the second factor and G acts on G x X via left multiplication on the

first factor.

We start by constructing a natural isomorphism 7 : id — (p.)%p*. Let M be a
Ox-module. We aim to define a map 7y, : M — pSp* M. For any open affine U C X,

we have

(PP M)(U) = (O(G) @ M(U))“.

R
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Let nvmy @ M(U) — (O(G) @ M(U))Y be defined by m +— 1 ® m. We have by
R

Lemma 3.3.3 that gy is an isomorphism.

Let V' C U be open affine and let resyy : M(U) — M(V) be the restriction map.

It is easy to see that the following diagram is commutative:

M(U) =% (O(G)gM(U))G
resyv lid% resyy

M(V) 5 (0(G) & M(V))°.

Thus, n is a map of sheaves. Next, we prove that the isomorphism 7 is natural.
Let ¢ : M — N be a morphism of Ox-modules. It is enough to show that the

following diagram is commutative:

M 5 (p)Sp* M

l“" l(p*)Gp*so

N —= (p)p'N.

We can work locally. Let U C X be affine open and let m € M(U). Then
nn(p(m)) = 1®@¢(m). On the other hand we have p*¢ : p* M(Gx U) — p* N (G x U)
defined by p*o(F @ m) = F ® ¢(m) for any F' € O(G),m € M(U).

Thus, we have that (p.)%p*e : (p.)P"M(U) — (p.)9p*M(U) is defined by
(p)pro(1 ®@m) =1® p(m), for all m € M(U). In particular, we get that

(PP (e (m)) = (p)“p* (1 ® m) = 1 & p(m) = ny(p(m)),
which shows that the diagram is indeed commutative.

Now, let (M, a) be a G-equivariant Oy y-module. By construction (p,)9M is a
subsheaf of p,M and since there is a canonical sheaf map p*(p,)M — M, we get by
functoriality that there is a map vpq : p*(ps)“M — M.

Let U C X open affine. Then we have the induced map

UMenw © O(G) @ M(G x U)¢ = p*(p.)* M(G x U) = M(G x U)

given by vy, (f @ m) = f.m. We aim to prove that this map is an isomorphism.
Since M is G-equivariant the isomorphism « induces an automorphism of Ogyaxx-

modules on p* M, so in particular we obtain an automorphism on O(G) @ M(G x U)
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of O(G x G x U)-modules. This induces a Hopf module structure on M(G x U) for
the Hopf algebra O(G). Thus, by Theorem 3.3.4 we get that vy, , is indeed an

isomorphism.

Let {U;}ier be an affine open cover of X and let {G x U, };e; be the corresponding
affine cover of G x X. As vp,, is an isomorphism, the sheaves p*(p.)“M and
M agree on an affine open cover and there is a sheaf map between the two, v is an

isomorphism.

To finish the proof, notice that by construction, we have v : p*(p,)¢ — id is a

natural isomorphism. This concludes the proof of the proposition. O

We will also consider a slightly more general setting. Let Y be a variety acted on
by two smooth affine algebraic groups of finite type, G and B. Let us denote the two

actions by . and .

Observation 3.3.6. Let M be a G x B-equivariant Oy-module. Then M® is a
B-equivariant submodule of M. Let ¢ : M — M’ be a G x B equivariant map of

G x B-equivariant modules. Then ¢ restricts to a B-equivariant map ¢ : M — M'C.

Proof. We view the equivariance structure via the equations (3.13). We have that for
g € G,be B and m € M that

g.(bxm) =bx(g.m).
If m € MY then g.m = m, so by the equation above g.(b x m) = b % m, so
bxm € M%. Thus, the B-equivariance on M induces B-equivariance on M.

Similarly, using the equivariance of morphisms in equation (3.14), we have since ¢
is particular G-equivariant that for m € MY, g.¢(m) = ¢(g.m) = ¢(m), so ¢ restricts
to a map M% — M'C,

Finally, since ¢ is in particular B-equivariant, we have that for m € M¢

bx p(m) = ¢(bxm),
concluding the proof. O]

Lemma 3.3.7. Let G and B be smooth affine algebraic groups of finite type acting on
R-schemes X and 'Y such that the action of B and G on'Y commute. Let £ :Y — X

be a locally trivial G-torsor that is B-equivariant.
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o Let M be a G x B-equivariant Oy -module. Then (£,M)Y is a B-equivariant

Ox-module.

o Let N be a B-equivariant Ox-module. Then £*N is a G x B-equivariant Oy -

module.

Proof. Since ¢ is B-equivariant, the B-action on Ox =2 (£,0y)¢ is induced from the
B-action on Oy. Further, using the observation above we may define a B-action on
(£,M)Y which is compatible with the B-action on Oy since M is B-equivariant, so

the first claim is proven.

For the second claim, we let G act on N via g.n =n for all g € G and n € N, so
that NV is G x B-equivariant. The claim follows from Lemma 3.2.2. O

Corollary 3.3.8. Let G and B be smooth affine algebraic groups of finite type acting
onY and X such that the action of B and G on'Y commute. Let £ 1Y — X be a
locally trivial G-torsor that is B-equivariant. The functors &,(—)¢ and £*(—) induce
quasi-inverse equivalences of categories between G X B-equivariant quasi-coherent Oy -

modules and quasi-coherent B-equivariant Ox-modules.

Proof. This follows from Proposition 3.3.5, Lemma 3.3.7 and Observation 3.3.6. [

3.4 Deformed twisted differential operators

Definition 3.4.1. We call an R-scheme X that is smooth, separated and locally of
finite type an R-variety.

We write Tx for the sheaf of sections of the tangent bundle T'X.

Definition 3.4.2. [5, Definition 4.2/

Let X be an R-variety. The sheaf of crystalline differential operators is defined to
be the enveloping algebra Dx of the Lie algebroid Ty .

We can view Dy as a sheaf of ring generated by Ox and Ty modulo the relations:

o fO=f-0,

° Of = fO=0(f);
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o 00 — 00 =10,0],

for all f € Ox and 0,0 € Tx. The sheaf Dy comes equipped with a natural PBW

filtration:

0C Fo(Dx) C Fi(Dx) C ...

consisting of coherent Oyx-modules such that

Fo(Dx) = Ox, Fl(Dx) = OX ) Tx, Fm(DX) = Fl(Dx) . Fm—l(DX) for m > 1.

Since X is smooth, the tangent sheaf Ty is locally free and the associated graded

sheaf of algebras of Dy is isomorphic to the symmetric algebra of Tx:

~N Fu(D
gr(Dy) = @ % =~ Symp, Tx. (3.15)

If ¢ : T*X — X is the cotangent bundle of X defined by the locally free sheaf Ty,
then we can also identify gr(Dy) with ¢.Op«x.

Let X be an R-variety and let U = Spec(A) C X be open affine. Further, we
consider M a sheaf of Ox-bimodules quasi-coherent with respect to the left action.
We define a filtration on M = M(U) given by FoM:

o [ 1(M)=0,

o [,(M) = {m € M|ad(ag)ad(ay)...ad(a,)(m) = 0, for any ag, ai,...a, € A},
for n > 0.

We say that M is differential if M = U,enF,(M) and we call M a differential
Ox-bimodule if there is an affine open cover (U;);c; such that M(U;) is a differential
bimodule for all 7 € I.

Let M, N be two quasi-coherent OQx-modules. Then for any affine open U in
X, the set Homg(M(U), N (U)) has the structure of a Ox(U)-bimodule. Let F €
Hompg (M, N); we say that F is a differential operator of degree < n if for any affine
open U, F(U) € F,(Homg(M(U),N(U)). We denote Dif"(M,N) the subsheaf of
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differential operators of degree < n and Dif (M, N) = Uy Dif" (M, N') the subsheaf

of differential operators of finite degree.
We may construct differential Ox-modules using the following proposition:

Proposition 3.4.3. Let M be a coherent Ox-module and let N be a Ox-module.
Then Dif (M, N) is differential Ox-bimodule.

Proof. The proof follows by repeating the argument in [59, Proposition 2.1.3|. [

Definition 3.4.4. Let B be a Ox-algebra. We say that B is a differential algebra
if B is a flat R-module and multiplication makes B a differential Ox-bimodule. The
filtration Fy(B) becomes a ring filtration and with respect to this filtration gr’ (B) is

commutative.

Definition 3.4.5. Let r € R be a reqular element. An algebra of r-deformed twisted
differential operators(tdo) is an Ox-differential algebra D such that:

i) The natural map Ox — Fy(D) is an isomorphism.

i) The morphism gri D — Tx = Derg(Ox,Ox) defined by ¢ + ady for ¢ €

Fi(D) induces an isomorphism gri D = rTx.
ii) The morphism of Ox-algebras Symy, (gr{ D) — gr’ D is an isomorphism.

A morphism of tdo’s is a morphism of Ox algebras compatible with the Ox-

bimodule structure and the maps in i) — iii).

We should make some remarks about this definition: when r = 1 we call D a
sheaf of twisted differential operators. Classically, working with twisted differential
operators over a complex variety the condition 44i) is implied by i) and 4i). This is
no longer true in our case. Further, the sheaf of Grothendieck’s differential operators
does not satisfy condition iii) for a general ring R. This is the main reason why
we develop the theory of twisted differential operators using the connection with Lie

algebroids rather than using the classical Dif definition.

Lemma 3.4.6. Assume that X is locally Noetherian R-variety and let D be an r-
deformed tdo on X. Then D 1is locally Noetherian.

Proof. We have by conditions i) and 447) that gr’ D = Sym, (r7Tx) and because 7 is
regular Symy, (r7x) = Symy  (Tx). Since Tx is a free Ox-module and X is locally
Noetherian, we obtain that Sym, (7x) is locally Noetherian. Therefore, we have

grf D is locally Noetherian, which implies the same for D. O]
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3.5 Connections between deformed Lie algebroids
and deformed tdo’s

Throughout this section, we let X denote an R-variety and r € R a regular element.

Definition 3.5.1. A Lie algebroid £ on X is a quasi-coherent Ox-module equipped
with a morphism of Ox-modules p : L — Tx (the anchor map) and an R-linear
pairing (e, o] : L x L — L such that:

o [ o] defines the structure of a Lie algebra on L and p is a morphism of Lie

algebras.

[ ] [ll, flg] = f[ll, lg] + p(ll)(f)lg fOT lz € E, f < 0)(.

A morphism of Lie algebroids is a morphism of Ox-modules compatible with the

anchor maps and bracket.

In particular, locally we obtain that for any U C X affine open that £(U) is an
(R,Ox(U))-Lie Rinehart algebra, see [49] for definition and basic properties of Lie
Rinehart algebras. We may think of £ as a sheaf of (R, Ox)-Lie Rinehart algebras;

we will use this local description soon.

Definition 3.5.2. The universal enveloping algebra of L, denoted U(L), is the sheaf
of R-algebras generated by Ox and L modulo the relations:

e i:Ox — U(L) is a morphism of R-algebras,
e j: L — U(L) is a morphism of Lie algebras,

o (D) =i(f)i(l) and [5(1),i(f)] = i(p()(f))-

Locally, U(L) is just the enveloping algebra of the corresponding (R, Ox(U))-
algebra.

We want to establish a correspondence between Lie algebroids and r-deformed
tdo’s on an R- variety X. For an Ox-differential algebra D we define Lie(D) :=
F1(D); one may prove that when D is a tdo, Lie(D) is a Lie algebroid, see |9, 1.2.5];

unfortunately not all Lie algebroids induce tdo’s, so we need a more specific notion.
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Definition 3.5.3. We call a Lie algebroid L an r-deformed Picard algebroid if there

exists a short exact sequence of Lie algebras and Ox-modules:

0—=0x =L —=71rTx —0.

One should notice that the Lie algebra structure imposed on Ox is the trivial one.

We should also denote 1, the image of 1 € Ox under the inclusion map.

A morphism of r-deformed Picard algebroids is a morphism of Lie algebroids com-

patible with the maps in the short exact sequence defining r-deformed Picard structure.

Proposition 3.5.4. Let L be an r-deformed Picard algebroid on X. Then the sheaf
of rings D :=U(L)/U(L)(i(1) — j(1)) is an r-deformed tdo with Lie(D) = L.

Proof. The question is local so we may assume that X is affine; A = Ox(X), T =
Tx(X), L =L(X) and let i : A — L denote the injection induced by the short exact

sequence defining L.

Consider the enveloping algebra U(L) of the (R, A)-Lie algebra L. We can think
of it as being generated by A and the universal enveloping algebra of the Lie algebra

L subject to the relations: fl = f -1 (the module action), fl —1f = p(l)(f) for f € A
and [ € L, lyly — lsly = [l1,15] for 11,1y € L. The natural filtration on U(L) is given
by:

o {(U(L)) = A,

e Forn>1, F,(UWL))=A+1Uly...l,, where m <n and ly,[5,...1, € L.

Since fl —If = p(I)(f) for f € Aand [ € L, it easy to see that U(L) becomes a
differential A algebra with respect to this filtration.

Let I = (i(1) — 1) be the central two sided ideal and D :=D(X) = U(L)/IU(L).
We give D the quotient natural quotient filtration induced from U(L). By construc-

tion, we have that D is also a differential A-algebra since U(L) is. Furthermore, we
have Fy(D) = Fy(U(L)) = A.

Let g : F1(U(L)) — L given by g(a+1) = i(a) + [ for a € A, € L. Then it is
clear that g is surjective and ker(g) = a —i(a) = Fi(I). Thus, we obtain Fy(D) = L,
so Lie(D) = L.
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Since L is an r-deformed Picard algebroid, we obtain immediately that gr; D =
L/A = rT. Finally, because X is an R-variety, T' is projective as an A-module.
Therefore, L is also projective as A-module, so we have by [49, Theorem 3.1| that
gr D = Sym 4 (gr; D). Thus, we have proven all the required properties to make D an
r-deformed tdo on X. O

Using the Lemma above we make the following definition:

Definition 3.5.5. Let X be an R-variety. Define a functor 7 : category of r-
deformed Picard algebroids on X — category of r-deformed twisted differential oper-
ators on X by

T (L) :=UL)/U(L)(i(1) = j(1)).

Lemma 3.5.6. Let D be an r-deformed tdo on X. The sheaf Lie(D) := F1(D) is an

r-deformed Picard algebroid and furthermore
T (Lie D) = U(Lie(D))/U(Lie(D))(i(1) — 5(1)) = D.

Proof. Let L := Lie(D). Since D is a differential algebra, £ is a Lie algebroid by |9,
1.2.5], with the anchor map p : £ — Tx induced by axiom i) of Definition 3.4.5.
Further by axioms i) and i) of 3.4.5 we observe that ker(p) = Ox and im(p) = r7Tx,
so L is indeed an r-deformed Picard algebroid.

Let A:=U(L)/U(L)(i(1) — j(1)). By Proposition 3.5.4, A is an r-deformed tdo.
Further by construction we have that there is morphism of filtered algebras A — D
and gr,(A) = gry(D). Since A and D are r-deformed tdo’s, we have by axiom iii) of
Definition 3.4.5 that gr(.A) = Sym, (gr; A) and gr(D) = Sym,,, (gr; D). Therefore,
we get gr(A) = gr(D), so A = D since there is a filtered morphism between them.

]

Corollary 3.5.7. Let X be an R-variety. The functors 7 and Lie induce quasi-
mverse equivalences of categories between the category of r-deformed Picard algebroids

on X and the category of r-deformed tdo’s on X.

Proof. This follows from Proposition 3.5.4 and Lemma 3.5.6. O]
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3.6 Equivariant deformed Picard algebroids and de-
formed homogeneous twisted differential opera-
tors

Throughout this section, we fix X an R-variety, G a smooth affine algebraic group
of finite type acting on X and r € R a regular element. Recall from 3.13 that for a
G-equivariant Ox-module M we denoted by abuse of notation by - the group action

giving the equivariance.

Definition 3.6.1. Let (L,p) be a Lie algebroid. We say that L is r-deformed G-
equivariant if £ is a G-equivariant as a Ox-module and it is equipped with a Lie
algebra morphism iy : rg — L such that:

Z) g- [1373/] = [gx7gy]7 fOT’g S G: T,y € L.

ii) g.p()(f) = plg.l)(g.f), for g€ G,l € L, f € Ox. This is equivalent to p being
G-equivariant.

iii) ig(g.0) = g.i4(¢), for g € G and p € rg. Here G acts onrg C g via the Adjoint
action.

Similarly, we may define the notion of equivariant differential algebra.

Definition 3.6.2. Let D be a differential Ox-algebra. We call D an r-deformed G-
equivariant differential algebra if it is G-equivariant as a left Ox-module and it is

equipped with a Lie algebra map iy : rg — D such that:

1. 9.1 =1 and g.(d1dy) = (g.d1)(g.d2), for g € G and dy,dy € D.
2. g.(fd) = (9.f)(g.d), for f € Ox and d € D.

3. ig(g.v0) = g.ig(¥), for g € G and ¢ € rg.

Lemma 3.6.3. Let (L, p,i5) be an r-deformed G-equivariant Lie algebroid. Then

U(L) is an r-deformed G-equivariant differential algebra.

Proof. Since L is quasi-coherent as a Ox-module, so is U(L). We define G-action
on U(L) by defining g.(l1l2...g.5) = (9.l1)(g.l2) ... (¢9.l;) for l;,ls,...l; € L and
g.(flily... ;) = (9-f)(g-lils ... [j) for f € Ox and ly,1s,...1; € L. We have
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g-(Lila = loly) = (g.11)(g.l2) — (9-12)(9.11)
= [g.l1, 9.15] (3.16)
= g'[lla ZQ]

and

g-(f1=1f) = (9-£)(g.l) = (9-1)(g-f)
=[g9.f,9.0]
= p(g.1)(g-f)
= g.p(1)([f)-

(3.17)

Since U(L) is generated by Ox and the enveloping algebra of L, subject to the
relations (fl—1f) = p(1)(f) and fl = f.I, it follows from the equations and definition
that U(L) is G-equivariant as Ox-module and furthermore, axioms i) and i) of
Definition 3.6.2 are satisfied. Further it easy to check that G-action preserves the
filtration on U(L).

The morphism iy : 7g — L can be extended to a morphism iy : rg — U(L) via
the natural map £ — U(L) and it is clear by construction that under G-action and
the map ¢, defined above that U(L) becomes an r-deformed G-equivariant differential

algebra. [

As we are interested in deformed Picard algebroids, we define the notion of an
r-deformed G-equivariant Picard algebroid. The G action on £ induces by differen-
tiation a g := Lie(G) action via a map Ou : g — End(L£). We also let n : g — Tx

denote the infinitesimal action of g on X.

Definition 3.6.4. Let L be an r-deformed Picard algebroid. We say that L is an
r-deformed G-equivariant Picard algebroid if L is an r-deformed G-equivariant alge-

broid, in the short exact sequence

0=-0x =>L—=>rTx—0

all the morphisms are G-equivariant and

o The derwative of the G-action induces a g action and thus a rg action on L.

This must coincide with the action |~ [ig(¥),l] for € rg and | € L.
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® 7)jyg = POig.

A morphism of r-deformed G-equivariant Picard algebroids is a morphism of r-

deformed Picard algebroids compatible with the equivariance structures.

Definition 3.6.5. Let D be a Ox-algebra. We say that D s a sheaf of r-deformed
G-homogeneous twisted differential operators (r-deformed G-htdo) if (D, ig) is an -
deformed G-equivariant differential Ox-algebra and a sheaf of r-deformed twisted dif-

ferential operators, and furthermore:

o The image of ig lies in F1D.

o The derwative of the G-action induces a g action and thus a rg-action on D.
This must coincide with the action d — [ig(¢),d] for ¢ € rg and d € D.

® 1yg = pOig, where p: FyD = Lie(D) — Tx is the natural anchor map.

A morphism of r-deformed G-htdo’s is a morphism of r-deformed tdo’s compatible

with the equivariance structures.

One should notice that since g.1 = 1, the morphism Ox — Fy(D) is automatically

G-equivariant.

Lemma 3.6.6. Let (L, p,i4) be an r-deformed G-equivariant Picard algebroid. Then
T (L) is an r-deformed G-htdo.

Proof. We have by Lemma 3.6.3 that U(L) is a G-equivariant differential algebra.
Now, since £ is G-equivariant, the action of G stabilises the ideal generated by (1) —
j(1), so the G action descends on U(L)/U(L)(i(1) — j(1)). Similarly, composing the
map iy : g — U(L) with the natural projection, we obtain a map rg — 7 (L).
Further, by Proposition 3.5.4, U(L)/U(L)(i(1) — j(1)) is an r-deformed tdo. Finally,
the axioms of Definition 3.6.4 imply that .77 (L) is an r-deformed G-htdo. O

Lemma 3.6.7. Let D be an r-deformed G-htdo. Then L := Fy(D) is an r-deformed

G-equivariant Picard algebroid.

Proof. We have by Lemma 3.5.6 that £ is an r-deformed Picard algebroid and the
axioms for D imply that £ is a G-equivariant. Since D is a G-equivariant differential
algebra the map £ — Tx is G-equivariant. Lastly, the morphism Ox — Fy(D)
is G-equivariant and the other axioms in definition Definition 3.6.4 follow from the

corresponding axioms in 3.6.5. O]
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Corollary 3.6.8. Let X be an R-variety and r € R a regular element. The maps
J and Lie induce quasi-inverse equivalences of categories between the category of
r-deformed G-equivariant Picard algebroids on X and the category of r-deformed G-
htdo’s on X.

Proof. This follows by combining Lemmas 3.6.6 and 3.6.7 and Corollary 3.5.7. O]

3.7 Pullback of deformed Picard algebroids

Throughout this section, we fix f : ¥ — X a morphism of R-varieties and » € R a
regular element. The map f induces a morphism f*Q} — QI and by dualising we
obtain « : Ty — f*Tx. Here Q4 and Q3. denote the sheaf of differential 1-forms.

Definition 3.7.1. Let (L, px) be an r-deformed Picard algebroid on X and let f =
f*(px). Then we let

FEL =Ty Xoper fL = {(d,D)|d € Tyl € L, a(d) = B(1)}.

We give f#L the structure of a Lie algebroid by setting py(d,l) = d and the Lie
bracket be induced by

(Y, f@P),(n,g® Q)] := ([v,1], fg® [P,Q] +v¥(9) ® P —n(f) ®Q),

fori,n€rTy,f,g € Oy, P,Q € f L. We call f#L the pullback of L.

Lemma 3.7.2. Let (L, px) be an r-deformed Picard algebroid. Then (f#L, py) is an
r-deformed Picard algebroid.

Proof. Since L is an r-deformed Picard algebroid, it fits into a short exact sequence:

0—=0x =L —=>1rTx —0.

By assumption, X is a smooth variety, thus Tx is a free Ox-module, so in par-
ticular is flat. Since rTx = Tx as Ox-modules, by pulling back along f we obtain a
short exact sequence:

0= 0y = f*L—rf*Tx —0. (3.18)

Considering the pullback diagram
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L L

| |

rTy —— rf*Tx,

we obtain ker(py) = ker(f*L£ — r7y) = ker(f*L — rf*Tx) = Oy. Finally, since
im(f*L — rf*Tx) = rf*Tx, we obtain that im(py) = r7Ty. B

We would like to describe how the pullback interacts with composition of mor-
phisms. In general, one would like to prove that for u : Z — Y, f : Y — X maps of
R-varieties and £ an r-deformed Picard algebroid on X, we have u# f#L£ = (fou)#* L.
Unfortunately, we can not prove that it is always true; there is some evidence in |9,
1.4.4] that this may fail in a slightly different context. In the following, we give

sufficient conditions.

Lemma 3.7.3. Let u : Z = Y, f : Y — X be maps of R-varieties and L be an
r-deformed Picard algebroid on X. Assume that u is flat or f is etale. Then

uF L (fou)*L.

Proof. First assume w is flat. Then:

u? fFL = u? (rTy Xppery f7L)
= 1Tz Xy 0 (rTy Xpperse [7L)
=177z Xpury TU Ty Xpye oy W fL (u is flat, so commutes with limits)
> Ty Xy oy WL

(fo u)#ﬁ.

I

(3.19)

Now suppose f is etale, thus f*7Tx = Ty. Then:

u fEL = u (rTy Xppery £5L)
= u#f*ﬁ
T2 Xpurty U fL
Ty X por WL
(fou)*L. O

I

I
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Lemma 3.7.4. Let (L, px,igy) be an r-deformed G-equivariant Picard algebroid on X
and assume further f 1Y — X is a G-equivariant. Then (f#L, py) is an r-deformed

G-equivariant Picard algebroid.

Proof. By the Lemma above, f#L is an r-deformed Picard algebroid. Since f:Y —
X is G-equivariant, we obtain by Lemma 3.2.2 that f*L is a G-equivariant Oy-module

and that the maps o and /3 are G-equivariant. We define a G action on f# L via

g.(d,l) = (g9.d, g.l) for d € rTy,l € f*L.

We need to check that this action is well-defined and py is G-equivariant. The
second statement is easy, we have g.py(a,b) = py(g.(a,b)). For the other statement,
let d € rTy,l € f*L such that a(d) = $(l). Then, we have

a(g.d) = g.a(d) = g.5(1) = B(g.l).

So, we are left to prove that G-action interacts correctly with the Lie bracket. Let
wan € rﬁ?fvh € OY7P,Q S fﬁlﬁ. Then

g, f@P),(n,he Q)] = g.([,n], fhe [P,Q]+¥(h) @ P —n(f)® Q)
= (9.[¥,n],9.fh ® g.[P, Q]
+9¢(h) ® g.P —g.n(f) ®g.Q)
= ([9-9,9.m), (9-f)(g-h) ® [9.P, g.Q)]
+1(g.-h) @ g.P —n(g.f) ® 9.Q)
=[9.(¢¥, f @ P),9.(n,h® Q).

(3.20)

Since G acts on Y we obtain the infinitesimal map 1 : g — 7y. The map i, :
rg — L can be extended to a map iy : Ox ® rg — £ and by pulling back we obtain
amap iy : Oy @rg — f*L. Welet i : rg — f*L be the restriction of iy to rg; by
construction, we have that the rg action induced by ¢ coincides with the one induced
by the G action. Therefore we obtain a map (7),4,7) : rg — f#L and it follows by the
construction that the rg-action induced by the derivative of the G-action coincides
with the rg-action induced by (7),4,7) and further that 7,4, = py o (4,%). Thus
(f*L, py, (nyg, 7)) is an r-deformed G-equivariant Picard algebroid. O
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Definition 3.7.5. Let D be an r-deformed tdo/G-htdo on X and let f : Y — X be

a morphism/G-equivariant morphism of R-varieties. We call

f#D = 7 (f* Lie(D))
the pullback of D along f.

Corollary 3.7.6. Let the notation as above. Then f#D is well defined and further-

more it is an r-deformed tdo/htdo.

Proof. This follows from Lemmas 3.7.2, 3.7.4 and Corollaries 3.5.7, 3.6.8. m

Corollary 3.7.7. Letu : Z — Y, f :' Y — X be maps of R-varieties and D be an
r-deformed tdo on X. Assume that u is flat or f is etale. Then

u® f#D = (f ou)#D.
Proof. This follows from Lemma 3.7.3 and Corollary 3.5.7. O

Let us explain how our condition for an r-deformed G-htdo fits into a diagram
satisfying the cocycle condition. Denote the G-action by ox : G x X — X. Further-
more, we denote py : G x X — X and pox : G X G x X — X the projections on the
X factor, posx : G X G X X — G x X the projection onto the second and third factor
and m : G x G — G the multiplication of the group G.

Lemma 3.7.8. Let D be an r-deformed G-htdo on X. Then there exists a : oD —

pﬁD an isomorphism of Ogx x-algebras such that the diagram:

# «
(1@ X Ux)#p?:(D p23—X> prD
(taxax)tal mx1x)*a] (3.21)

(g X ox)#0%D +%s (m x 1x)#o%D
of Ogxaxx-algebras commutes ( the cocycle condition) and the pullback
(ex1x)a:D—D

is the identity map. We note that this is the same condition as in [59, Section 5.2].
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Proof. Let £ = Lie(D); we have by Lemma 3.6.7 that £ is a G-equivariant r-deformed
Picard algebroid. In particular, we obtain an isomorphism 3 : 0% L — p% L, which
can be extended to an isomorphism of r-deformed Picard algebroids cr}{?ﬁ — p}%ﬁ and
thus to an isomorphsim of O, x-algebras o : 04D = T (o%L) — T (phL) = piD.

Further, since the map [ satisfies the cocycle condition, so does a. O

3.8 Representations of Lie algebroids

Throughout this section we fix X an R-variety, r € R a regular element and (£, px)

a Lie algebroid on X.

Definition 3.8.1. Let M be a quasi-coherent Ox-module. We say that M is a L-
module if M is a sheaf of modules over the sheaf of Lie algebras L and for all f € Oy,
le L, me M, we have

Flm) = L(f.m) = px (D)(f).m,

3.22
(f.0).m = f.(lL.m). (3:22)

We define a morphism of £-modules to be a morphism of O x-modules compatible
with the L-action.

Definition 3.8.2. Assume that (L, px) is an r-deformed Picard algebroid and let
f:Y — X be a map of R-varieties and M a L-module. Then we define the pullback
of M along f, via f* M = f*M as an Oy-module and

(Y, P@1).(Q@m) :=1(Q)®@m+ PQ & l.m,
fory €rly, PQec Oy,l€ f1Lme fIM.

Lemma 3.8.3. The action defined above makes f* M a f#L-module.

Proof. First, we check the bracket action. We have for ¥,n € rTy, P,Q,R € Oy,
a,b€ f~1£ and m € f~'M that

(v, P®a).((n,R®b).Q®m)=(¢Y,P®a).(n(Q) @m+ RQ & b.m)

=9 (n(Q)) @ m+ Pn(Q) ® a.m (3.23)
+ ¢(RQ) ® b.m + PQR @ a.(b.m)
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and

(0, R20).((¢, P ®a).Q®m) =n((Q)) ©@m + RyY(Q) @ b.m

(3.24)
+n(PQ) ® a.m + PQR ® b.(a.m).

Thus, combining the equations above, we obtain

(Y, P®a).((n,R®b).Qem)—(n,R2b).(¢Y,P®a).Q @m)
=9(n(Q)) —n((Q)) ®m
+ PQR ® a.(b.m) — b.(a.m)
+ Pn(Q) —n(PQ) ® a.m + Y (RQ) — R(Q) ® b.m
= [, n)(Q) ® m + PQR ® [a, b].m
—Qn(P)®am+ QU(R) ® b.m
=, P®a),(n, R®D)].(Q&@m).

(3.25)
To check the first axiom, we have
R((Y,P®1).Qom)=R.(Y(Q)@m+ PQ®Il.m)
= RY(Q)®m+ PQR®Il.m (3.26)
= Y(RQ) @m — QY(R) @ m + PQR® l.m '
Finally, we have
R((Y,P®1).Q®@m)=R.(Y(Q)@m+ PQ X l.m)
= RY(Q)®@m+ PQR® l.m
=(R.(¢,P®1)).Q ®m. O

We now define equivariant representations. Let G be a smooth affine algebraic

group of finite type acting on an R-variety X.

Definition 3.8.4. Let (L, p,iq) be an r-deformed G-equivariant Lie algebroid on X.
We say that M is a G-equivariant L-module if:
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i) M is a G-equivariant O x-module and M is a L-module.
i) g.(l.m) = (g.0).(g.m) for any g € G, l € L and m € M.

ii1) The rg action induced by restricting the g action induced from the derivative of

the G-action on M coincides with the rg-action induced from i4.

A morphism of G-equivariant L-modules is a morphism of G-equivariant Oy -

modules compatible with the L-action.

Lemma 3.8.5. Let L be an r-deformed G-equivariant Lie algebroid on X and M a
G-equivariant L-module. Further, let Y be a variety and f:Y — X a G-equivariant
morphism. Then f#* M is a G-equivariant f#L-module.

Proof. We have the G action on f# M induced by the action on the simple tensors
g.(Q®em) =gQ®gmforge G Qe Oy, me f7IM. Since f¥fM = f*M as a

Oy-module, the first axiom of Definition 3.8.4 follows from Lemma 3.2.2.

Next, we have for g € G, ¥ € Ty,Q € Oy, l € f'L,m e f~IM:

g (v, P®1).Q®@m) =g.(Y(Q)@m+ PQ® l.m)
9-¥(Q) ® gm + g.(PQ) ® g.(I.m)
1(9.Q) ® gm + g.Pg.Q ® (g.1).(g.m) (3.27)
,9-(P®1).(9.Q ® g.m)
(¥, P®1)).(9.(Q @ m)).

= (g
= (g
= (9-

Finally, the third axiom follows easily from the definition of G-action on f#L£ and
on f#* M. ]

We should remark that one could define a more general notion of equivariance over
an r-deformed G-equivariant Lie algebroid (£, p,4,). Let L be a closed subgroup of G,
then one may relax condition i) to L-equivariance, impose condition i) to hold just
for g € L and change condition iii) to: the rl = Lie(L) action induced by derivative
of the L-action on M coincides with the rl-action induced by the restriction of ¢; to

rl.
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3.9 Modules over twisted differential operators

We keep the notation from the previous section. As our main interest is in modules
over deformed htdo’s, we need a definition of a representation of a deformed Picard
algebroid. Recall that (£, p) is an r-deformed Picard algebroid if £ fits into the
following short exact sequence 0 — Ox — L — rTx — 0, Thus, for a £L-module, we
get two actions of the structure sheaf: one since M is an Oyx-module by assumption

and one induced by the short exact sequence.
We say that M is a Picard module if the two actions defined above coincide.

Lemma 3.9.1. Let (L, p) be an r-deformed Picard algebroid and let M be a Picard
L-module. Then M is a module over D := 7 (L).

Proof. Since M is a L-module, we obtain that M is also a U(L)-module in a simi-
lar fashion as Lie algebra representations correspond to enveloping algebra modules.
Further, the condition that M is a Picard is exactly the condition that allows us to
descend to a D-module. O

As a corollary of the proof, we obtain immediately:

Corollary 3.9.2. Let (L,p) be an r-deformed Picard algebroid on X and D =
T (L). Then the identity map provides a one-to-one correspondence between Picard

L-modules and D-modules.

For an r-deformed Picard algebroid £ we will denote Mod(L) the category of
Picard £-modules. Similarly, for an r-deformed tdo D we denote Mod(D) the category
of quasi-coherent D-modules and Coh(D) its full subcategory consisting of coherent

modules.
Equivariant representations

We now move to the equivariant setting. Recall that G is an algebraic group

acting on X with Lie algebra g.

Definition 3.9.3. Let (D, i4) be an r-deformed G-htdo. We say that a D-module M

1s a G-equivariant module over D if:

i) M is a G-equivariant Ox-module.
ii) g.(d.m) = (g.d).(g.m), for all g € G,d € D,m € M.
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iii) The rg-action induced by the derivative of the G-action on M coincides with

the rg-action induced by ig.

Lemma 3.9.4. Let (L, p, i) be an r-deformed G-equivariant Picard algebroid and M
be a G-equivariant Picard L-module. Further, let D = (L) the r-deformed G-htdo

corresponding to L. Then M is a G-equivariant D-module.

Proof. We have by Corollary 3.9.2 that M is a D-module, so we only have to prove
equivariance. Axioms i) and ¢iz) follow from the corresponding axioms in Definition
3.8.4, while axiom i) follows by an easy induction argument by using the definition of
the G-action on U(L). We only check the first step: we have that for g € G, l;,1l, € L
and m € M that

g-(lilam) = g.(11.(I.m)
= (9:h)-(g-(la-m)
= [(9-))(g.l2)]-(9-m)
= (g.lil2).(g.m). ]

Similarly to the non-equivariant case, we obtain

Corollary 3.9.5. Let X be an R-variety and (L, p,i4) an r-deformed G-equivariant
Picard algebroid and let D = T (L) be the corresponding r-deformed G-htdo. The
tdentity map provides a one-to-one correspondence between G-equivariant Picard L-

modules and G-equivariant D-modules.

For an r-deformed G-equivariant Picard algebroid £ we will denote Mod(L, G)
the category of G-equivariant Picard £-modules. Similarly, for a G-htdo D we denote
Mod (D, G) the category of quasi-coherent G-equivariant D-modules and Coh(D, G)
its full subcategory consisting of coherent modules. A similar argument to the one in

Proposition 3.2.4 proves that these categories are Abelian.
Pullback of modules over twisted differential operators

We conclude the section by defining of the pullback of a module over a sheaf of

twisted differential operators.

Definition 3.9.6. Let f : Y — X be a morphism of R-varieties, D an r-deformed
tdo on X and M a D-module. We define the pullback of M under the map f to be
f*M.
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We should remark that the sheaf f# M has the structure of a f#D-module by
Corollary 3.5.7, Lemma 3.8.3 and Corollary 3.9.2.

Lemma 3.9.7. Let D be an r-deformed G-htdo, M a G-equivariant D-module and
f:Y = X a G-equivariant morphism of R-varieties. Then f#* M is a G-equivariant
f#D-module.

Proof. We have by the definition above that f# M is a f#D module and by Corollary
3.9.2, f#D is an r-deformed G-htdo, so the statement makes sense. The claim now

follows by combining Lemma 3.8.5 and Corollary 3.9.5. [

As for the r-deformed G-htdo’s, we may prove that a G-equivariant module over
an r-deformed G-htdo module satisfies a cocycle condition. Denote the G-action on X
by ox : Gx X — X. Further, we denote px : G X X — X and poxy : G XGx X — X
the projections on the X factor, py3x : G X G x X — G x X the projection onto
the second and third factor and m : G x G — G the multiplication of the group
G. Let D be an r-deformed G-htdo and M a G-equivariant D-module. Then there
exists o : 0% M — p% M an isomorphism of p% D-modules such that the diagram 3.21
commutes, where we replace D by M. Again, we note that the condition is similar
to the one in |59, Section 5.2.9].

3.10 Equivariant descent for Lie algebroids and ho-
mogeneous twisted differential operators

Throughout this section, we let X, Y be R-varieties, G' a smooth affine algebraic group
of finite type acting freely on Y. Further, we fix f : Y — X a locally trivial G-torsor
and (L, p,i4) an r-deformed G-equivariant Picard algebroid on Y. Let a : g — Ty
be the derivative of the G-action on Y. Recall that by Definition 3.6.4, o = p o4 as
maps from rg to Ty. Throughout this section, we will use without further specifying

that all the R-modules appearing have no r-torsion.

Let 7}( = (£.Ty)% and let o : %X — Tx denote the anchor map. Further, we
denote gx = (f.Oy ® g)¢, where G acts on g via the Adjoint action. We let &

the induced map gx — 7~‘X. Since f.Oy ® g has no r-torsion, it is easy to see that
rox = (f:Oy ® Tg)G-

Lemma 3.10.1. The maps & and o induce a short exact sequence
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~ o~
—~

O—)gX—>TXi>Tx—>O.

Proof. The question is local, so we may assume that X is affine Y = G x X, G acts
on Y via left multiplication on the first factor and f is the projection on the second

factor. In that case, we have

gx(X) : = (£.0y © g)%(X)
(Oy(Y) ®9)”
~ (Ox(X) ® Og(G) ® g)© (3.28)
>~ 0x(X) ® (0a(G) @ g)°
= Ox(X) © (T(G))¢

Further, we have by the proof of |5, Lemma 4.4] that 7~'X(X) ~O0x(X)®T(G)
Tx(X), so the conclusion follows. O

By abuse of notation we denote iy the map ¢y : Oy ®rg — £ and i; crgx — (f.L)¢

the induced map.

Definition 3.10.2. Let f4L£¢ be the Ox-module (f.L£)%/ 15(rgx). We call this the
descent of L.

Lemma 3.10.3. The Ox-module f4LC has the structure of an r-deformed Picard
algebroid.

Proof. The bracket structure on £ = (f.£)% is induced from the bracket structure
on £; furthermore this descends to a bracket structure on f4L% by setting [a +
ig(r8x), b+ ig(rgx)] = [a,b] + 44(rgx) for a,b € (f.£)%. Since the image of i, is an
ideal in £, we obtain that the image of 7, is an ideal in (f.£)“, thus the bracket is

well defined. Therefore, we are left to construct an anchor map.

Consider the short exact sequence 0 — Oy — £ 2 Ty — 0. Applying Proposi-
tion 3.3.5, we obtain a short exact sequence
0—>OX—>£~£>r7~'X—>O.
By construction, we have & = po z';, so the map
p: L] ig(rax) — Tx/a(rax)
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is well defined. Furthermore, since there is no r-torsion, we have by Lemma 3.10.1
an induced isomorphism & : rTy /ra(gx) — rTx. We define the anchor map on
L/ ig(r@x) to be px := Gop and it is clear that together with the bracket L/ ig(rgx) be-
comes a Lie algebroid, so it remains to show that it is an r-deformed Picard algebroid.

It is easy to see that im px = r7x, so it is enough to prove that ker(py) = ker p = Oy.

Since & is injective we have that
ket px = ker(3) = (ker 5+ fp(rgx))/ fa(rx) = ker j/ ker i iy(rgx)

by the second isomorphism theorem. Thus, it is enough to prove ker p N z;(rgA)E) =0
and since a = po i;, this reduces to proving ker @ = 0. By assumptions, the action of
G on Y is free; thus the map o : g — Ty is injective and since Oy is a faithfully flat

R-module, the induced map « : Oy ® rg — r7y injective and thus so is a. O

Lemma 3.10.4. Let L as before. Then f#(fuL%) = L.

Proof. Recall that by abuse of notation, we denote 73 : Oy ® rg — L and « :
Oy ® rg — Ty the induced maps; we still have o = poi,. Let L= (f.£)% so that

there is a short exact sequence
0= (£.O0y @rg)® = L — fuL% =0
Pulling back under the torsor f and applying Proposition 3.3.5, we obtain a short
exact sequence
0— Oy @rg - L — f*(f4£5) — 0,

s0, [*(f#L%) = L/ig(Oy @ 14g).
Similarly, by pulling back under f the short exact sequence in Lemma 3.10.1 and

taking into account there is no r-torsion we obtain a short exact sequence

0= Oy ®@rg = rTy = rf*Tx =0, (3.29)
sorf*Tx 21Ty /a(Oy ®@rg).

Therefore, we obtain

JE(faLE) =2 [ (faL) Xppory 1Ty =2 L[ig(Oy @ 78) Xo73 ja(0yarg) 7Ty -
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Define ¢ : £ — f#(f4LY%) by p(l) = (I +is(Oy @ rg), p(l)) for any | € L.
To see that ¢ is injective, we use that o is an injective map, thus so is ¢4, therefore

ig(Oy @ rg) Nker(p) = 0.

Finally, let (14 i4(Oy ®rg),x) € L/ig(Oy @18) X475 Ja(0yerg) T Ty, so that p(l) +
a(Oy @rg) =z + a(Oy ®rg), thus x = p(l) + i for some i € a(Oy @ rg). Since «
is injective there exist a unique j € Oy ® rg, so that a(j) =i. Thus p(l + i4(j)) =
(4 143(Oy ®1rg),x), so ¢ is surjective. O

Lemma 3.10.5. Let P be an r-deformed Picard algebroid on X. Then fu(f#P)¢ =
P.

Proof. We may view P as an r-deformed G-equivariant Picard algebroid by letting
gp = pforall g € G,p € P and the map rg — P to be the 0 map. Then by
Lemma 3.7.4, f#P is an r-deformed G-equivariant Picard algebroid. The induced
map ig : 7g — f*P X, pe 7Ty is defined as ig(10) = (0, a(v))).

Using Proposition 3.3.5 for O-modules together with the fact that (f,)“ commutes

with limits we get:

(ff#P)E = (fo(f*P Xpperye 7Ty))C
= (ff*P)Y X, pemoye (rfTy) (3.30)

=P XrTx TTX.

Therefore, we obtain:

Fa(fFP)E 2= (ff#P)C [ig(rax)
= (P X7 77x)/ig(rgx)
=P X,1, rTx (by Lemma 3.10.1).
=P. [
Corollary 3.10.6. The functors fu(—)¢ and f#(=) induce quasi-inverse equiva-

lences of categories between the category of r-deformed G-equivariant Picard algebroids

on 'Y and the category of r-deformed Picard algebroids on X.

Proof. The proof follows from Lemmas 3.10.4 and 3.10.5. O
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We consider again a more general setting: let B another smooth affine algebraic
group acting on Y and X such that f:Y — X is B-equivariant. Recall that we are

assuming that f is a locally trivial G-torsor.

Lemma 3.10.7. With the assumption as above we have:

o let (L, p,igxp) be an r-deformed G x B-equivariant Picard algebroid on'Y . Then
f4LE may be given the structure of an r-deformed B-equivariant Picard alge-
broid on X.

o let (K, px,Js) be an r-deformed B-equivariant Picard algebroid on X. Then
f#IC may be given the structure of an r-deformed G x B-equivariant Picard

algebroid on Y .

Proof. For the first claim, we start by proving that L= (f.L£)¢ is a B-equivariant
Lie algebroid. First, we get a B-action on £ from Lemma 3.3.7, so that L becomes a
B-equivariant Ox-module. Further, since £ is B-equivariant, axiom i) of definition
3.6.1 is also satisfied.

Next, since the actions of G and B on Y commute the anchor map o : 7}( — Tx
is B-equivariant. Composing with the B-equivariant map p : L — Tx we obtain a

B-equivariant map oo p: L Tx, so axiom i) of 3.6.1 is satisfied.

We let iy and i, denote the restriction of igup to rg = rg x 0 C r(g x b) and
rb =2 0 xrb C r(g x b), respectively. Let § : b :— Ty, v : b — Tx denote the
infinitesimal action B on Y and X; since L is in particular B-equivariant, we have
B = poi,. By descending we obtain maps B:rb — 73( and 7 : 76 — £ such that
A= poiy. Since the actions of G and B commute, we also get 7 = o o B so vy=o00 B.

Therefore combining this two we get:

v = (00p)oiy.

We get since £ is B-equivariant, that the Lie algebroid (Z,a o p,ip) is also B-
equivariant. By the proof of Lemma 3.10.3, to show that f,L¢ is B-equivariant it
suffices to prove that i4(rgx) is B-equivariant as an Ox-module. Further, by using
Lemma 3.3.7 this is equivalent to proving i4(Oy ® rg) is a B-equivariant Oy-module.
This is true since 744, is in particular B-equivariant, so iy sends a B-equivariant

module to a B-equivariant module.
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Now, we prove the second claim. We may endow K with a trivial G-action g.k = k
for all £ € K and with the zero map j; — K so that (K, px, jg X js) becomes G x B-

equivariant. The claim follows from Lemma 3.7.4. O]

Corollary 3.10.8. The functors fyu(—)¢ and f#(—) induce quasi-inverse equiva-
lences of categories between the category of r-deformed G x B-equivariant Picard

algebroids on Y and the category of r-deformed B-equivariant Picard algebroids on
X.

Proof. This follows from Corollary 3.10.6 and Lemma 3.10.7. ]

Descent of twisted differential operators

We keep the notations from the start of the section. Further, we let D be a sheaf

of r-deformed G-homogeneous twisted differential operators on Y.

Definition 3.10.9. We define the descent of D under the torsor f :' Y — X to be
the sheaf

f4DC = T (f4(LieD)%).

Lemma 3.10.10. Let the notations be as above. Then:

i) f4DCY is an r-deformed tdo on X.
ii) F#(f4D%) = D.

Proof. The first claim follows from Lemma 3.10.3 and Corollary 3.5.7. The second
claim follows from Lemma 3.10.4 and Corollary 3.6.8. O

Lemma 3.10.11. Let A be an r-deformed tdo on X. Then (fyf#*A)Y = A.

Proof. We view A as an r-deformed G-equivariant htdo on X with the trivial G-
action, so that Lie(.A) is an r-deformed G-equivariant Picard algebroid with the trivial

G-action. The claim follows from Lemma 3.10.5 and Corollary 3.5.7. O]

Similarly to the deformed Picard algebroids case we obtain:

Corollary 3.10.12. The functors fu(—)¢ and f#(—) induce quasi-inverse equiva-
lences between the category of r-deformed G-equivariant htdo’s on'Y and the category
of r-deformed tdo’s on X.
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Proof. This follows from the Lemmas 3.10.10 and 3.10.11. O

Corollary 3.10.13. Assume that f is also B-equivariant. The functors fu(—)¢
and f#(—) induce quasi-inverse equivalences between the category r-deformed G x B-

equivariant htdo’s on'Y and the category r-deformed B-equivariant htdo’s on X.

Proof. This follows from the previous corollary, along with Lemma 3.10.7 and Corol-
lary 3.6.8. [

3.11 Equivariant descent for equivariant Picard al-
gebroids and htdo’s modules

We keep the notations from the previous section: recall that GG is a smooth affine
algebraic group of finite type, X and Y are R-varieties, and f : Y — X is a locally
trivial G-torsor. Further, we assume that (L, p, ;) is an r-deformed G-equivariant

Picard algebroid on Y.

Lemma 3.11.1. Let M be a G-equivariant Picard L-module. Then (f.M)% is a
Picard f4L%-module. We call (f.M)C the descent of M.

Proof. Let £ = (f.£)¢. Then (f.M)¢ is a Picard £-module, so it remains to prove
that the action of i4(rgy) kills (f.M)C.

Since the G action on (f,M)Y is constant, by differentiating this action we obtain
a trivial g action, so a trivial rg action. But by our assumption on M this coincides

with the rg action induced from ¢4 : rg — £; the conclusion follows. O]

Proposition 3.11.2. Let £ be an r-deformed G-equivariant Picard algebroid on'Y .
The functors

fo(—)E : Mod(L, G) — Mod(fxL%),

(=) : Mod(fxL£) — Mod(L,G), (3:31)

are quasi-inverse equivalences of categories.

Proof. This follows from the Lemma above, Lemma 3.10.4 and Proposition 3.3.5. [
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Corollary 3.11.3. Let D be an r-deformed G-htdo on Y. The functors

fo(—)¢ : Mod(D, G) — Mod(fD%),

f#(=) : Mod(f4D%) — Mod(D, G), (3:32)

are quasi-inverse equivalences of categories.
Proof. This follows from the Proposition above and Corollaries 3.9.2 and 3.9.5. [

Let B is another smooth affine algebraic group acting on Y such that the actions of
G and B commute and f : Y — X is B-equivariant. Let D be an r-deformed G x B-
htdo. Similar to the O-module case (Corollary 3.3.8), we obtain using Corollary
3.11.3:

Corollary 3.11.4. Let D be an r-deformed G x B-htdo on'Y and assume f is B-

equivariant. The functors

f+(—)¢ : Mod(D, G x B) — Mod(f4+D, B),

f#(=) : Mod(f«D%, B) — Mod(D, G x B), (3.33)

are quasi-inverse equivalences of categories.

To prove the main theorem of the chapter, we need two easy results. Recall that
for an R-variety Z we denote Dy the sheaf of crystalline differential operators on Z.
For r € R regular element, we call Dy, = 7(Oz & rTz) the sheaf of r-deformed
differential operators and D(Z), = ['(Z, Dy, ). It is clear by construction that Dy, is

an r-deformed tdo. We also make the following assumption:
Assumption 3.11.5. The base ring R is Noetherian.

Lemma 3.11.6. Let M be a Dy ,-module. Then f*M is a coherent Dy,.-module if

and only M is a coherent Dx ,.-module.

Proof. Since coherence is a local property, we may assume that X is affine, Y = Gx X,
f is the projection onto the second factor and G acts on Y via left multiplication on
the first factor. Let M be a D(X), module, so f*M = O(G) @ M.

We may view D(Y), as an r-deformation of the ring D(Y). Since D(Y) =
D(G) ® D(X) and deformations commutes with tensor product, we obtain that the
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ring D(Y), = D(G), ® D(X), acts naturally on f*M. Further, since our base ring R
is Noetherian we have by Lemma 3.4.6 that D(Y), and D(X), are Noetherian rings,
so coherence is equivalent to local finite generation. Thus it is enough to prove the

following claim:

Claim. M is a finitely generated D(X), module if and only if O(G) ® M is a
finitely generated D(G), ® D(X), module.

The direct implication is trivial. For the reverse implication, we will prove the
contrapositive: if M is not Noetherian, neither is O(G)®@M. Let My C My C M;s... C
be an infinite ascending of M-submodules. Since G is a smooth group, O(G) is a
faithfully flat R-module, thus tensoring with O(G) preserves injections. In particular,

we obtain an infinite chain

OG) @M COG)@M, CO(G)® Ms...C
of submodules of O(G) ® M. Therefore, the claim is proven. O

Corollary 3.11.7. Let D be an r-deformed G-htdo on'Y and let M be a (f4D)C-
module. Then f#* M is a coherent D-module if and only if M is coherent.

Proof. The claim is local, thus we may assume that D = Dy, so that (f#D)G = Dx .
The claim follows by the Lemma above and Lemma 3.10.10. [

We may now prove the main theorem.

Theorem 3.11.8. Assume the base ring R is Noetherian. Let G be a smooth affine
algebraic group of finite type. Let X,Y be R-varieties and let f:Y — X be a locally
trivial G-torsor. Further, let D be a sheaf of r-deformed G-homogeneous twisted

differential operators on Y. The functors:

fo(—)¢ : Coh(D, G) — Coh(fxDY),

(3.34)
f#(=) : Coh(fxD) — Coh(D,q),

are quasi-inverse equivalences of categories between coherent G-equivariant D-modules
and coherent (f4D)%-modules.

Proof. This follows from Corollaries 3.11.3 and 3.11.7. O]

62



As a corollary, we obtain using Corollary 3.11.4:

Corollary 3.11.9. Let the assumptions be as above. Further, assume that B is a
smooth affine algebraic group of finite type such that f :'Y — X is B-equivariant.
Further assume that D is an r-deformed G x B-htdo on'Y . The functors:

fo(—)¢ : Coh(D, G x B) — Coh(f4+D%, B),

f#(=) : Coh(f+D%, B) — Coh(D, G x B), (3.35)

are quasi-inverse equivalences of categories.

63



Chapter 4

A geometric proof of classical Duflo’s
theorem

4.1 Introduction

This chapter is based on the second paper of the series ([58], [56], [57]). The goal of
this chapter is to explain the well-known Beilinson-Bernstein localisation mechanism
in a more general setting. In particular, we will work over a commutative ring R of ar-
bitrary characteristic rather than over an algebraically closed field of characteristic 0.
Together with the framework developed in the previous chapter, we give a new proof
of Duflo’s theorem classifying primitive ideals in enveloping algebras of semisimple

Lie algebras defined over a field of characteristic 0.

Let K be a field of characteristic 0 and G be a connected, simply-connected, split
semisimple, smooth affine algebraic group over K with Lie algebra g = Lie(G). Fix
g=n" dhdnt a Cartan decomposition. In a seminal paper [12], the authors define
the category O of representations for the algebra U(g). The building blocks are given
by Verma modules M(\) = U(g) UG(E;) K for each A € b*; b = h & nt. These are

highest weight modules with unique maximal submodule N () and unique simple
quotient L(\). Moreover, this category O is Artinian and the set of simple objects is
characterised exactly by L(A) for A € h*. An excellent exposition of category O can
be found in [34].

The importance of category O in the representation theory of the ring U(g) can

be seen in the following theorem:

Theorem 4.1.1 (Duflo’s Theorem). [25, Theorem 4.3/
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Let I be a primitive/prime ideal in U(g) with K-rational infinitesimal central

character. Then
I = Ann(L())) for some X € h*.

Duflo’s original statement requires the ground field to be C. In their paper [13],
Bernstein and Gelfand extend this result for algebraically closed fields of characteristic
0 which in turn can be extended to the generality stated by a base change argument.
Another purely algebraic proof of Duflo’s theorem can be found in [37] and for a cate-
gorical proof, see [28]|. One should note that if K is algebraically closed, all primitive
ideals have K-rational central character, so the theorem gives a full classification of

the primitive spectrum.

Fix B a Borel subgroup of G and let X = G/B denote the flag variety of the group
G. For \ € h*, let x) denote the corresponding central character. Furthermore, let
U(g)* be the quotient of U(g) by the two-sided ideal generated by ker(x,) and Dy
denote the sheaf of A-twisted differential operators on X as defined in [8].

For a Lie algebra g, we let p denote the half sum of positive roots. Throughout
this document, we call a weight A € h* dominant if it is p-dominant, i.e. for any

coroot ¥ corresponding to a positive root a we have (A+p)(a) ¢ {—1,—-2,-3,...}.

Theorem 4.1.2 (Beilinson-Bernstein localisation, [8]). Let A : h — K be a dominant

weight. Consider the functors:

Loc : Mod(U(g)*) — QCoh(D,), Loc(M) := Dy <(g>) M,
Ulo)* (4.1)
I': QCoh(D,) — Mod(U(g)*), (M) := M(X).

The functors Loc and T induce quasi-inverse equivalences of categories between
Mod(U(g)?) and the quotient category QCoh(Dy)/ker . In the case when X is also

reqular, one has kerI' = 0.

Furthermore, this equivalence restricts to an equivalence of categories between

finitely generated U(g)*-modules and coherent Dy-modules.

Let L be a closed subgroup of G. In [8], the authors define the notion of L-
equivariant U(g) and D-modules. A more detailed definition can be found in [32,

Section 11.5] . The equivariant localisation theorem states:
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Theorem 4.1.3 (Equivariant Beilinson-Bernstein localisation, [8]). Let A : h — K

be a dominant weight. Consider the functors:

Loc : Mod(U(g)*, L) — QCoh(Dy, L), Loc(M):=D), ® M,

I': QCoh(Dy, L) — Mod(U(g)*, L), [(M) == M(X).

The functors Loc and T' induce quasi-inverse equivalences of categories between
Mod(U(g)*, L) and the quotient category QCoh(Dy, L)/ kerT.

Using the equivariant Beilinson-Bernstein localisation, the authors prove in [17]
a version of Duflo’s theorem for ideals with trivial central character for Lie algebras

defined over the complex numbers.
Statement of the main results of the chapter

Let R be a commutative base ring and let G be a connected, simply-connected,
split semisimple, smooth affine algebraic group defined over R and let r € R be a

regular element. Fix B a Borel subgroup of G and let X = G/B be the flag scheme.

Let D be a sheaf of r-deformed G-homogeneous twisted differential operators (G-
htdo) on the double flag variety X x X, see Section 3.6 for the definition of an
r-deformed G-htdo. Let xy = eB be a base point of X and let i, : X — X x X,
ir(x) = (zo,x) be the inclusion of X into the right copy. One can define the pullback
of D, i#D as a sheaf of rings on X, see Section 3.7 for the definition of the pullback.
We should remark that i, does not depend on the deformation parameter, we use the

index r here to specify that it is the inclusion into the right copy.

Theorem 4.1.4 (Theorem 4.3.5). The pullback i¥ D is an r-deformed B-htdo on X
and there is an equivalence of categories between G-equivariant coherent D-modules

and B-equivariant coherent i#* D-modules.

In our applications, D will be a sheaf of r-deformed A-twisted differential operators
on X x X for some A € (rh x rh)*. Here h = Lie(H) is the Cartan subalgebra
correspoding to a Cartan subgroup of G. In particular, when » = 1, R = C and

D = Dxyx we obtain the Borho-Brylinski equivalence [17, Proposition 3.6].

Next, we consider the r-deformation of the enveloping algebra of g := Lie(G).
This is isomorphic with U(rg); further we let L be a closed subgroup of G and A be
a sheaf of r-deformed L-htdo on X.
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Proposition 4.1.5 (Propositions 4.5.1 and 4.5.4). Let A be as above and let M an L-

equivariant U(rg)-module. Then Loc(M) :=A ® M is an L-equivariant A-module.
U(rg)

Let M be an L-equivariant A-module. Then I'(X, M) is an L-equivariant U(rg)-

module.

In particular when » = 1, R = C, A = D, with A € h* dominant, this follows

directly from the Beilinson-Bernstein equivalence Theorem 4.1.3.

As an application of theory developed, we give a geometric proof of classical Duflo’s
theorem in Theorem 4.7.1. As mentioned before, this approach was studied in [17],
where the authors use similar geometric methods to prove the theorem in the case
of primitive ideals with trivial central character. Our new approach deals with all
the rational central characters and the corresponding sheaves of twisted differential

operators building on the framework developed in the previous chapter.

In the next chapter, we will use Theorem 4.1.4 and Proposition 4.1.5, to obtain

an affinoid version of Duflo’s theorem.
Structure of the chapter

This chapter is organised as follows: in Section 4.3, we prove a more general version
of Borho-Brylinski equivalence [17, Proposition 3.6]. Next, in 4.4, we introduce the
notion of G-equivariant modules over deformed enveloping algebras and prove that
certain two-sided ideals are G-equivariant as bimodules over deformed enveloping
algebras. In Section 4.5, we explain the localisation mechanism connecting equivariant
modules over deformed enveloping algebras with equivariant modules over deformed
homogeneous twisted differential operators. Next, in Section 4.6 we combine the
results in Sections 4.3 and 4.5 to compute the pullback of certain equivariant modules
over deformed homogeneous twisted differential operators on the double flag variety
under the left /right inclusion of the flag variety. Finally, in Section 4.7, we complete

the proof of classical Duflo’s theorem.

Conventions. Throughout this chapter R will denote a commutative Noethe-
rian base ring of arbitrary characteristic. All the varieties/algebraic groups will be
considered over R unless otherwise specified. Unadorned tensor products and scheme

products will be assumed to be taken over R and over Spec(R), respectively.

All the algebraic groups appearing in this chapter will be assumed to be connected
and locally of finite type unless otherwise stated. All the modules will be regarded as

left modules unless explicitly stated otherwise.
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For a ring R, we will use R°? to denote the opposite ring. Given an R-algebra

A and any R-Lie algebra/module g/M, we define g4 = g® A and My = M ® A.
R R

Further, we will assume that all the ring filtrations appearing in this document are

positive, exhaustive and separated.

For a scheme X and D a sheaf of rings on X, a D-module is called quasi-coherent

if it is quasi-coherent as an Ox-module.

Lastly, given f : X — Y a map of schemes, we use f* to denote the pullback in
the category of O/D-modules and f~!/f. to denote the inverse/direct image sheaf.

4.2 Deformations

Definition 4.2.1. Let A be a positively Z-filtered R-algebra such that FyA is an R-
subalgebra of A. We call A a deformable R-algebra if gr A is a flat R-module. A

morphism of deformable R-algebras is an R-linear filtered ring homomorphism.

Definition 4.2.2. Let A be a deformable R-algebra and let r € R be a reqular element.
The r-th deformation of A is the following R-submodule of A:

o0

A, = Z riF,A.

=0

By construction A, is an R-subalgebra of R. Further, the definition is functorial,

and the following lemma states that we have a family of endofunctors A — A,.

Lemma 4.2.3. Let A be a deformable R-algebra and r € R a reqular element. Then

A, is also a deformable R-algebra and there is a natural isomorphism gr A = gr A,.

Proof. We give A, the subspace filtration F;A, := F;AN A,. As gr A is flat over R
we have F;A, = Zézo riF;A. For i > 1 define a R-linear map

[ FAIF, 1A — FA JF_ 1A, flz+ F1A) =r'z+ F,_A,.
To finish the proof it is enough to check that f is bijective. First, we prove that f
is injective. Assume that riz € F,_1A,, so r’x € F;,_; A which implies that z € F;_;A

since gr A is flat, so in particular R-torsion free. It is straightforward to see that f is

also surjective. O]
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Recall Definition 3.4.1; we call an R-scheme X that is smooth, separated and
locally of finite type an R-variety. For the rest of the section, we let r € R be a

regular element.

Further in the chapter, we will use the following lemma:

Lemma 4.2.4. Let D be a tdo(1-tdo). Let D, be the sheafification obtained by com-
posing D with the deformation functor. Then D, is an r-deformed tdo.

Proof. The claim is local, so we may assume that X is affine and D = D(X) is the
sheaf of crystalline differential operators on X. Clearly, D, is a differential algebra.
Next, we have F1D = O(X) & T(X). By construction we have FyD, = O(X) and
FiD, =O(X)®rT(X), so the first two axioms of Definition 3.4.5 are satisfied. Since
7 is regular, r gry D, = gry D as O(X)-modules, so the last claim follows from Lemma
4.2.3. O

We recall the definition of a G-htdo and rephrase it for later use in this chapter:

Definition 4.2.5 (Definition 3.6.5). Let D be a differential Ox-algebra. We call D
a sheaf r-deformed G-homogeneous twisted differential operators(G-htdo) if it is G-
equivariant as a left Ox-module, D is an r-deformed tdo and D s equipped with a

Lie algebra map iq : rg — D such that:

i) g1 =1 and g.(d1d2) = (g9.d1)(g.d2) for g € G and dy,ds € D.
it) g.(fd) = (9-f)(g.d) for f € Ox and d € D.
iii) ig(9-0) = g.ig(¢) for g € G, ¢ € rg.

iv) The derivative of the G-action induces a g-action and so a rg C g-action. This
must coincide with the action d — [ig(),d] for ¢ € rg and d € D.

v) i4(rg) C F1D.

vi) n = poiy as maps from rg to rTx where n : g — Tx is the infinitesimal map

and p : 1D — Tx is the natural anchor map.

Definition 4.2.6. Let (D, i) be a r-deformed G-htdo and L be a closed subgroup of
G, with Lie algebra [. A D-module M is weakly L-equivariant if:

i) M is an L-equivariant Ox-module.
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ii) g.(D.m) = (g.D).(9.m) for any g € L,d € D,m € M.
We call M L-equivariant if in addition:

iii) The rl-action induced by the derivative of the L-action on M coincides with the
rl-action induced by the restriction of iy to rl.

A morphism of (weakly) equivariant D-modules is a morphism of L-equivariant

Ox-modules that is D-linear.

In case L = GG, we recover the Definition 3.9.3, but we will need this more gen-
eral definition for explaining the localisation mechanism. We denote Coh(D, G) the

category of coherent G-equivariant coherent D-modules.

4.3 An equivalence a la Borho-Brylinski

Throughout this section, we let G be a connected, smooth, affine algebraic group over

Spec R, B a closed subgroup of G and we make the following assumption:

Assumption 4.3.1. The quotient scheme X = G /B is an R-variety and the quotient
map dp : G — X given by dg(g) = gB is a locally trivial B-torsor with respect to the
action o given by bo g = gb™ 1.

This is satisfied in particular when B is a Borel subgroup of G and X = G/B

becomes the flag scheme.

4.3.1 Notation and preliminaries

First, we introduce some notation: we will denote the standard action (left multipli-
cation) of G or B on X by gz for all ¢ € G and = € X. Furthermore, the standard

B action on X (the restriction of the G-action to B) will also be denoted actp.

Define:

act1 ¢ p(0): (G X B) x (Gx X) = (GxX):(g,0)0(h,z) := (ghb~!, bx).

actogp(A): (GXx B)x (Gx X)— (GxX):(9,0)A(h,x) := (ghb™ !, gz).
e p:GxX =X, plg,x) =z
e 0:GxX =X, §g,x):=g 'z
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e 0:GxX—>GxX, alg,r):=(9,9 ).

Lemma 4.3.2. The following statements are easy to see:

e poa=24.
e « is a bijective G X B-equivariant map with respect to the actions /\ and [J.

Lemma 4.3.3. The map ¢ is a B-equivariant locally trivial G-torsor. Further, the
A actions of G and B on G x X commute.

Proof. By construction, we have that p is a locally trivial G-torsor. The [J actions of
G and B actions on G' x X commute. The claim follows by Lemma 4.3.2, by viewing

a as a B-equivariant locally trivial G-torsor. O]

We introduce further notation.

e Let actg : G x (X x X) = X x X,actg(g,z,y) := (g9z,gy) be the diagonal

action .
o Letd: G x X — X x X,d(h,x) := (hB,z) be the quotient map.

Lemma 4.3.4. By abuse of notation, we will denote A\ the B action on G x X given
by b/\(g,z) = (gb~',x). Then the descent map d is a G-equivariant locally trivial
B-torsor with respect to the B-action given by /\.

Proof. We have
d(gA(h,x)) = d(ghb™", gz) = (ghB, gz) = actg(g, d(h, 7)),

so d is indeed G-equivariant.

We have that d = dg x idx and since dp is faithfully flat and locally of finite type

so is d. Since dp is a B-torsor, we have that the map

GXB—)GXXG

sending (g,b) — (g, gb™') is an isomorphism, so the map

(GxX)xB—=(GxX)xXxxx (GxX)
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sending ((g,x),b) — ((g,2), (gb™*, z)) is also an isomorphism. Therefore, d is indeed

a B-torsor.

To conclude, one needs to show that d is locally trivial. Let S = {U,}ie; be an
affine open cover of X trivialising the torsor dg and let ¢; : B x U; — dgl(U,-) the
corresponding B-invariant isomorphisms. Define {V;; := U; x U;|U;,U; € S}. Then
{Vi;} is an affine open cover of X x X. We have that

OXXX(‘/ij) = Oxxx(Ui X Uj) = Ox(U;) % Ox(U]) for any Z,j cl.

By assumption, for any k € I, Ox(Uy) is a finitely generated R-algebra; therefore
the ring Ox (U;) ® Ox(U;) is also a finitely generated R-algebra.
R

We claim that any {Vj;} trivialises the torsor d. We have by definition d~!(V};) =
(d5' Ui, Uy).-

Let @i : B x U; x U; — (d5'U;, U;) be defined by ¢(b, z,y) := (¢i(b, ), ).

Then it is trivial to check that this is an isomorphism compatible with the B-
action given that ¢; is. Therefore, we have checked all the conditions to make d a

locally trivial B-torsor. O

4.3.2 Pullback of representations of homogeneous twisted dif-
ferential operators on X x X

We keep the notation from the previous subsection. Let i, : X — X x X, i.(x) =
(eB, ) denote the inclusion of X into the right copy of X x X. We also fix (D, i,)
an r-deformed G-htdo on X x X with respect to the G-action defined by actg. The

goal of this subsection is to prove the following theorem:

Theorem 4.3.5. The pullback i# D is an r-deformed B-htdo and the functor

i# : Coh(D, G) — Coh(i#D, B)
18 an equivalence of categories.

To prove this theorem, we will need some additional results:
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Lemma 4.3.6. The pullback d*D is an r-deformed G x B-htdo and the functors

d*(—) : Coh(D,G) — Coh(d*D, G x B),

(4.3)
d,(—)® : Coh(d*D,G x B) — Coh(D, G)

are quasi-inverses equivalences of categories.

Proof. This follows from Lemma 4.3.4, Corollary 3.10.13 and Corollary 3.11.9. O]

Lemma 4.3.7. Denote A := d4(d#*D)%. Then A is an r-deformed B-htdo and the
functors:
§%(—) : Coh(A, B) — Coh(d*D, G x B),

(4.4)
6.(—)% : Coh(d*D,G x B) — Coh(A, B)

are quasi-inverses equivalences of categories.
Proof. This follows from Lemma 4.3.3, Corollary 3.10.13 and Corollary 3.11.9. O]

As a corollary, we obtain from the previous two lemmas an equivalence between

Coh(D, G) and Coh(A, B).

Lemma 4.3.8. The sheaves of r-deformed twisted differential operators A and i# D

are isomorphic. In particular, i#D is an r-deformed B-htdo.

Proof. Define the maps s : G x X — G x X x X,s(g,z) := (¢7',gB,x) and q :
GxXxX—=>XxX,qg,zvy) = (z,9).

By construction, d = qo s, so d*D = (q o s)#D. Since d and q are locally trivial
B respectively G-torsors, s is flat, so by Corollary 3.7.7, we get (q o s)#D = s#¢#D.
Further, since D is a deformed G-htdo, we have ¢#D = acth. Therefore, using
again that s is flat, we have by Corollary 3.7.7 s#¢#*D = (act 0s)#D.

By construction, one has actgos =4, 04, so (actgos)*D = (i, 0 §)#D. Since § is
smooth, it is in particular flat, so by Corollary 3.7.7, (i, 0 §)#D = §#i#D. Therefore,
we have obtained that d#D = §#i#D. To conclude we use Corollary 3.10.13 to obtain:

A = 5,4(d*D)C = 6, (6%i#D)C = i#D. O
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Lemma 4.3.9. Let M € Coh(D,G). Then

(a7 0 0%) o i M = M,
i.e. the functor dB o 6% is a left quasi-inverse to if*.

Proof. By repeating the argument in the previous lemma, we get d# M = 6# o i# M.
The claim then follows by Lemma 4.3.6. [

To complete the proof of the equivalence theorem, we need one more categorical

lemma:

Lemma 4.3.10. Let C' and D be two categories and let H : C' — D and Fy, F5 :
D — C be functors such that:
HF, =Z21p, FIH=1s, HF, = 1p.
Then FoH = 1¢.

Proof. We have

H(FQH)Fl = (HFQ)(HF1> = 1D7 SO

F(HFRHF)H =~ FH =~ 1. (4.5)

On the other hand we have:

F(HFHF)H = (FLH)(FH)(FLH) 2 10(FyH) 1o = FyH. (4.6)

Thus, by combining the equations (4.5) and (4.6) we obtain Fo H = 1. O
We can now prove Theorem 4.3.5:

Proof. We have by Lemmas 4.3.6, 4.3.7 and 4.3.8 that d? o §* and 6% o d* provide
quasi-inverse equivalences of the categories mentioned in the statement. By Lemma
4.3.9, dB o 6% is a left quasi-inverse to ¥, so by applying Lemma 4.3.10 it is also

a right quasi-inverse. Thus, for M a G-equivariant coherent D-module, we have
it M = 6¢ o d#* M. ]
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By setting R = C, r =1 and D = Dy x, we recover the classical Borho-Brylinski
equivalence [17, Proposition 3.6d)].

Let i : X — X x X, i(x) := (z,eB) to be the inclusion of X into the left copy.
Then by duality, we get:

Corollary 4.3.11. The pullback i#D is a B-htdo and the functor

i7" : Coh(D, G) — Coh (i’ D, B)

18 an equivalence of categories.

4.3.3 Global sections of O-modules

We keep the notation from the previous subsection. We aim to prove the following

proposition:
Proposition 4.3.12. Let N' € QCoh(Ox) such that T'(X,N) = 0. Then

N(X x X, (d)P5N) = 0.

We will need two additional lemmas:

Lemma 4.3.13. Let N be a quasi-coherent O x-module such that T'(X,N) = 0. Then

I'Gx X,p'N) =0.
Proof. Let (U;)ier be an affine finite open cover of X. Then (G x U;);es is an affine

finite open cover of G' x X stable under the map p. Let U;; := U; N U;.

Consider the Cech complex

iel ijel
The assumption tells us that the last map is injective.

Consider now the Cech Complex

0= p'N(Gx X) = [[p* )G x Ui) = [] p"W)(G x Uy). (4.7)

il ijel
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We have p*(N)(G x U;) = O(G) @ N(U;) and since tensor product commutes
R
finite products we get

[[rWi@xuy=o@ e ][V,

and similarly
[[ )G xUy) =0(@) ® [[ VW)
ijel ijel

Since O(G) is flat over R we get that the tensor product preserves injections, so

the last map in equation (4.7) is injective; the claim follows. ]

Lemma 4.3.14. Let Y be a smooth scheme let B :Y — Y be an automorphism and
let M be a quasi-coherent Oy -module such that T'(Y, M) = 0. Then T'(Y, *M) = 0.

Proof. Since [ is an automorphism of a smooth scheme, it is smooth, so in particular

it is faithfully flat. The same is true for 37!. Therefore, we get an injection
o - T(Y, "M) = T(Y, 5~V 5" M) = T(Y, M) = 0,
so the claim is proven. O

Proof of Proposition 4.3.12. Since 6*N = a*p*N, we have by Lemma 4.3.13 and
Lemma 4.3.14 that I'(G x X,5*N) = 0. The claim follows from the definition of
pushforward sheaf. O

As a corollary we obtain:

Corollary 4.3.15. Let N € Coh(D, G) with T'(X,i#* N') = 0. Then T(XxX,N) = 0.

Proof. We have that at the level of O-modules that i# = 4% and 6% = §*. The claim
then follows from Theorem 4.3.5 and Proposition 4.3.12. O]

By duality we obtain:

Corollary 4.3.16. Let N € Coh(D, G) withT(X,i* N) = 0. ThenT(X x X, N) = 0.
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4.4 Representations of deformed enveloping algebras

4.4.1 Notation

Let G be a connected, simply connected, split semisimple, smooth affine algebraic
group over a commutative ring R and g denote its Lie algebra which is free as an
R-module. Fix b a Cartan subalgebra and g = n~ @ h@n a triangular decomposition.

Let b = h @& n be a Borel subalgebra. We make the following notation:
Notation 4.4.1. e bh* the dual space of h- elements of b* are called weights.
e ¢ - set of roots in g.

¢T - set of positive Toots.

A- set of simple roots.

For a root «, we denote o the corresponding coroot.

p- half sum of positive roots.
o W- the Weyl group associated with g.
e w,- the longest element of W.

Definition 4.4.2. We define a shifted dot action of W on h* by

w-A=w(A+p)—p forwe W \ebh"

We say that a weight is dominant if (A + p)(aV) & Z="! for all @ € ¢p*. Any

W -orbit contains a dominant weight.

We say that a weight is regular if (A 4+ p)(aY) # 0 for all « € ¢*. This is

equivalent to the stabiliser of A\ under the shifted dot action being trivial.

Let Z(g) = Z(U(g)) denote the center of the universal enveloping algebra. For
any A € b* there is an associated central character x), : Z(g) — R. Furthermore, we

have that for all w € W, xa = Xw.a-
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4.4.2 Equivariant modules over deformed enveloping algebras

Fix r € R aregular element and consider the r-th deformation of U(g) denoted U(g),.
Using the PBW theorem we obtain that U(g), = U(rg). The enveloping algebra U(g)
is a G-representation via the Adjoint action, so by the module-comodule duality we
obtain a map p: U(g) — O(G) %) U(g) making U(g) a comodule for the Hopf algebra
O(G). Furthermore, since the G action commutes with the R action, the map p
restricts to a map p: U(rg) — O(G) % U(rg).

Let L be a closed subgroup of G. Then L also acts on U(rg) via the restriction
to L of the Adjoint action of G. Again, by duality we obtain a comodule map
pro.r : U(rg) — O(L) % U(rg).

Let M be a U(rg)-module that is also an O(L)-comodule. The comodule structure
induces an action of L; the derivative of the L-action induces an action of the Lie
algebra [ = Lie(L), and so of [, on M. Furthermore, since U(rg) and M are O(L)-
comodules, so is U(rg) % M, see |46, Section 1.8| for details.

Definition 4.4.3. A weakly L-equivariant U(rg) module is a triple (M, «, p), where
M is a R-module, o : U(rg) @ M — M is a left U(rg)-action, p: M — O(L) @ M is
R R

a O(L) co-action such that « is a morphism of O(L)-comodules.

Furthermore, if the action of rl C | = Lie(L) induced by p by derivating coincides
with the restriction of the rg action to rl, we say that (M, «, p) is L-equivariant. As for
equivariant D-modules, we will omit the equivariance structure when it is understood

from the context.

A morphism of (weakly) L-equivariant U(rg)-modules (M, c, p1) and (N, B, p2) is
amap f: M — N of Abelian groups that is U(rg)-linear with respect to actions «, 3

and O(L)-co-linear with respect to py and ps. We call such a morphism L-equivariant.

Denote Mod(U(rg), L) the category of consisting of L-equivariant U(rg)-modules

together with L-equivariant morphisms.

We can reformulate the weakly equivariant condition in the following way: by the
module-comodule correspondence M can be viewed as a representation of the alge-
braic group L. Since U(rg) is also an L-representation we may rewrite the condition

that the map o : U(rg) ® M — M is a morphism of O(L)-comodules as:
R

L(p.m) = (L.).(Lm),
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for all R-algebras A, [ € L(A), ¢ € U(rg)a and m € M4. By abuse of language we

define an equivalent notion of a weakly L-equivariant U(rg)-module by:
M is a representation of L.

[.(Yp.m) = (l.4).(I.m) for all € L,y € U(rg),m € M. (4.8)

We will also need the following notion: let ¢ : U(rg) — S be a map of rings.
We say that an S-module is (weakly) L-equivariant if it (weakly) L-equivariant as

U(rg)-module. We denote Mod(S, L) the category of L-equivariant S-modules.

4.4.3 Equivariance of two-sided ideals in classical enveloping
algebras

In this subsection we prove that any two-sided ideal in U(g) is a G-equivariant U(g x
g)-module (U(g) — U(g)-bimodule) when the base ring is a field of characteristic 0.
Here we view (G via its isomorphism with the diagonal subgroup of G x GG. The group

G acts on the enveloping algebra U(g) via the Adjoint action-denoted Ad.

Let 7 denote the principal anti-automorphism of U(g) induced by = — —zx for all
x € g. To simplify the notation, we will use 27 to denote 7(z). We have an action of
U(gxg) =U(g)®@U(g) (by |53, I11.2.2)]) on U(g) via

(x ®@y)-a=yax" for all z,a,y € U(g).

Proposition 4.4.4. Assume that R is a field of characteristic 0. Let I be a two-sided
ideal in U(g). Then I € Mod(U(g % g),G).

Proof. First, since R is a field of characteristic 0, we have by [24, Proposition 2.4.17|
that [ is invariant under the Adjoint action, so I is a G-module. By construction,
it is clear I is a U(g) ® U(g)-module under the action defined above. We then have
that for all g € G, z,y € U(g),u € I that

Ad(g) - ((z ® y)u) = Ad(g)(zuy”)
Ad(g)y Ad(g)u Ad(g)"
Ad(g)y Ad(g)u(Ad(g)x)"

(Ad(g)r ® Ad(g)y) - Ad(g)u.

(4.9)
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The derivative of the Ad action is the ad-action of the Lie Algebra g. Since
Lie(G) embeds into U(g) @ U(g) via x - z® 1 + 1 ®@ « for « € g, the two actions
coincide. Therefore, we have proven all the conditions for I to be a G-equivariant

U(g x g)-module. O

We now specialise to two-sided ideals in U(g) with a given central character. For

A € b*, we let x, : Z(g) — R the associated central character. Let my = ker(x,) and
U(g)* = U(g)/miU(g)-

Consider the centre C':= Z(U(g x g)) = Z(g x g). Since, U(gx g) 2 U(g)®@U(g)
and since U(g) is a free R-module one obtains C' = Z(g)®Z(g). Any central character
of C' is determined by a pair 6;,60y, where 6; : Z(g) — R. Let A\,u € h* and let

¢y = kery, and 60y = ker,,, so that we obtain:

ker(xa, Xu) = ma ® Z(g) + Z(g) @ my,.

Therefore we obtain:

Ulg > g™ = U(g) ® U(g)/U(g) ® U(g)(mr ® Z(g) + Z(g) ® my,)
= U(g)/U(g)ma @ U(g)/U(g)m,, (4.10)
= U(g)" @ Ulg)".

Recall that if I is a two-sided ideal in U(g) and R a field of characteristic 0,
we proved in Proposition 4.4.4 that I € (U(g x g),G). Furthermore, if I is a two-
sided ideal in U(g)*, we can view it as a U(g)*-bimodule, so a module over the ring
U(g)*" @ U(g)*. Further, we have by [10, Lemma 5.4-Equation 5.5| that 7 induces
an isomorphism U(g)*” = U(g)~"**; recall that w, denotes the longest element of
W. Therefore, using equation (4.10), we deduce that a U(g)*-bimodule is the same

—Wo A, A

as a U(g x g) -module. In particular, we obtain:

Corollary 4.4.5. Assume R is a field of characteristic 0. Let I be a two-sided ideal
in U(g)*. Then I € Mod(U(g x g)~“* G).

4.4.4 Equivariance of two-sided ideals in deformed enveloping
algebras

Throughout this subsection only, we will assume that R is a Noetherian

local ring of characteristic 0.
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Let r € R a regular element and consider the r-th deformation U(g), = U(rg).
Unfortunately, we cannot prove that any two-sided ideal in U(rg) is G-equivariant
with respect to the Adjoint action using the method below, so we restrict to a special
class of ideals. We call a two-sided ideal I in U(rg) an r-ideal if v"i € I for some
n € N and ¢ € U(g) implies that ¢ € I. This is equivalent to U(rg)/l having no

r-torsion.

Lemma 4.4.6. Let I be an r-ideal in U(rg) and x € U(g). Then ad,(I) C I. In

other words, I is closed under the adjoint action of g on U(g).

Proof. Since z € U(g), there exists n € N such that "z € U(rg). Since [ is an ideal
in U(rg), we have ad,n,(I) C I. The claim follows since [ is an r-ideal. O

For o € ¢, we let z, : G, — G and e, = (dz,)(1) € g be the root homomorphism

and root vector corresponding to «, respectively.

Corollary 4.4.7. Let I be an r-ideal in U(rg). Then AA(G(R))(I) C I; in other

words I 1s closed under the Adjoint action.

Proof. We have by [6, Lemma 4.1b,c)| that for all & € ¢ and s € R:

ad(seq

xa(s)-a:Z—)m(a), (4.11)

m!
=0

and there exists n € N such that ad(‘;%)n(a) = 0 for all @ € U(g). In particular,
combining Lemma 4.4.6 with equation (4.11), we obtain x,(s) - I C I. To finish, we
have that R is a local ring, so by |1, Proposition 1.6] the Chevalley group G(R) is

generated by elements of the form z,(s). O

Recall that ™ denote the principal anti-automorphism of U(g) induced by z — —z
for all x € g. We have by combining [4, Lemma 3.3] and the PBW theorem that
Ul(g x g), 2 U(rg) @ U(rg) . We get an action of U(rg) ® U(rg) on U(rg) via

(x ®y)-a=uyax" for all z,a,y € U(rg).

Proposition 4.4.8. Let I be an r-ideal in U(rg). Then I € Mod(U(g x g),, G).
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Proof. We have by the Corollary above that [ is a G-module. By construction, it is
clear I is a U(rg) ® U(rg)-module under the action defined above. We then have by
the same arguments as in Proposition 4.4.4 that for all g € G, z,y € U(rg),u € I

Ad(g) - ((z ® y)u) = (Ad(g)r @ Ad(g)y) - Ad(g)u.

The derivative of the Ad is the ad-action. Since r Lie(G) embeds into U(rg)®U (rg)
vihx > x®1+4+1® x for x € rg, the derivative of the G-action coincides with the

Lie algebra action. This concludes the proof. O]

4.4.5 Verma modules

An important tool in studying the representation theory of semisimple Lie Algebras

are the Verma modules.

Definition 4.4.9. Let A € rh*. We extend X to a map rn~ & rh — R and to a
ring morphism A : U(rb) — R and denote Ry the corresponding U (rb)-module. The
Verma module of weight X\ is defined to be

M(A) =U(rg) ® Ry.
U(rb)

For the rest of this subsection assume that R = K is a field of characteris-
tic 0. Given an U(g)-module M and a weight A\ € bh* we denote M, = {m €
M|hm = X(h)m} for all h € h. Consider the BGG category O of finitely generated
U(g)-modules M such that M = B, .. M) and the action of n on M is locally finite.

We recall some basic facts about objects in category O that will be useful in the

later sections.

Proposition 4.4.10. e The Verma module M (\) has a unique maximal submod-

ule denoted N(X) and a unique simply quotient denoted L(\).
o The annihilator of M(X) is given by ker(xx)U(g).
e Any module in category O has finite length.

e The composition factors of objects in O are of the form L(u) for u € h*.
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4.5 The localisation mechanism

Throughout this section GG will denote a connected, simply-connected, split semisim-
ple, smooth affine algebraic group over R, g = Lie(G) its Lie algebra, X will denote

an R-variety with a G-action and r € R a regular element.

4.5.1 Equivariant localisation theory

We fix (D,i4) an r-deformed G-htdo on X. We aim to prove that even though
Beilinson-Bernstein equivalence theorem does not work over an arbitrary commutative
ring, the equivariance structure is preserved under localisation and taking global
sections. Let L be a closed subgroup of G; since D is a G-htdo, it is in particular an
L-htdo and we denote by x the L-action on D. The Lie algebra map ¢y : rg — D can
be extended to a ring homomorphism 44 : U(rg) — D.

Proposition 4.5.1. Let L be a closed subgroup of G and M an L-equivariant U(rg)-

module. Then D ® M s an L-equivariant quasi-coherent D-module.
U(rg)

To prove the proposition we will use two additional lemmas:

Lemma 4.5.2. Let M be weakly L-equivariant U(rg)-module. Then D ® M is a
U(rg)
weakly L-equivariant quasi-coherent D-module.

Proof. We follow the idea in |26, Section 10.4]. Consider the induced G-actions on D
and M induced by equivariance condition. We define a twisted G-action on D @ M
R

by viewing M as a constant sheaf on X and defining:

[-(D®m)=1xD®lm,

forany D € D, m € M and [ € L.

We begin by proving that the D-module D ® M is weakly L-equivariant for the
R

action defined above. We have:

[-Di(Dy®@m)=1-(D1 Dy @m)
=1%x(D1D3) ®@1.m
= (% Dy)(l*x Dy) @ l.m (by 4.2.5 1))
= (Ix D1)(L - (D2 @ m)),

(4.12)
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foralll € L, D1,Dy € D,m € M.

To prove that the L-action is well-defined on D ® M (and thus D ® M is also
U(rg) U(rg)
weakly L-equivariant) it remains to prove that for any ¢ € U(rg), m € M, [ € L and

D € D alocal section that

[ (Dig(¥) @m) =1-(D®p.m).

We have

- (D®Y.m)=1xD®I.(¢.m)

=Ix D ® (Ad()y).(I.m) (by equation (4.8))

= (Ix D)ig(Ad()y) ® I.m

= (1% D)(I xig(¥))) ® L.m (by 4.2.5 iii))

— 1% (Digh) ® L (by 4.2.5 1))

— 1 (Di(w) @ m). =
Lemma 4.5.3. Let L a closed subgroup of G and let M a U(rg)-module that is also is
an O(L)-comodule and assume that the action of rl C [ = Lie(L) induced by derivating

the L-action coincides with the restriction of the rg action to rl.

Consider the restriction to rl of the rg-action on D @ M induced by iy : rg — D
U(g)
and the action of rl induced by the derivative of the L action on D @ M. Then these
U(g)
two actions coincide.

Proof. Fix ¥ € rl, D € Dx a local section and m € M.
The first action is given by ¢ - (D ® m) = i4(¢)) D @ m.

Let x; be the derivative of the L-action on D and %, the derivative of the L-action

on M. Then the second action (denote it %) is given applying the chain rule by

Yx(DR@m) =19+ DRm+ D 1) m.

We have by Definition 4.2.5 iv) that ¢ x; D = i4(¢))D — Diy4(¢) and because of

the assumption on M, ) xo m = ym. Therefore, we get
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Y*x(D@m)=9v*x DR@m+ DY *m
= [ig(¥) D — Dig(¥)] @ m + D @ m
= 1g(¥)D @m — Dig(y) @ m + D @ ym

(4.13)
=ig(Y)D®@m—D@yYym+ D ®yYm
=ig(¢)D ®@m
=1 (D®m).
Thus the lemma is proved. ]

Proposition 4.5.1 now follows from Lemmas 4.5.2 and 4.5.3.
Proposition 4.5.4. Let L be a closed subgroup of G and M an L-equivariant quasi-
coherent D-module. Then M :=T'(X, M) is an L-equivariant U(rg)-module.

We will do this in two steps:

Lemma 4.5.5. Let L be a closed subgroup of G and M a weakly L-equivariant quasi-
coherent D-module. Then M :=T'(X, M) is a weakly L-equivariant U(g)-module.

Proof. First, notice that the U(rg)-module structure on M is given by

.m = ig().m, for ¢ € U(rg),m € M.

We have that for [ € L, ¥ € U(rg) and m € M

(ig(¥).m)
(Liig()).(I.m) (by 4.2.6 ii))
= ig(l.9).(I.m) (by 4.2.5 iii))
= (L.Y).(I.m). O
Lemma 4.5.6. Let M be weakly L-equivariant D-module and assume that the rl C

l.(Yp.m) =1

[ = Lie(L) action induced by the derivative of the L-action coincides with the re-
striction to rl of the rg action on M induced by ig. Then the same holds on M :=
(X, M).

Proof. The lemma follows from the fact that D is G-htdo and definition 4.2.6, notice

it is much easier to prove than the corresponding Lemma 4.5.3. O
Proposition 4.5.4 now follows from Lemmas 4.5.5, 4.5.6.
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4.5.2 Homogeneous twisted differential operators on the flag
variety

In this subsection, we aim to prove that the r-th deformation of the sheaf of -
twisted differential operators on the flag variety is an r-deformed G-htdo. We begin
by reviewing the constructions in |5, Section 4, Section 6.4] and [3, Section 5.1]. For
now, we keep the notation from the previous section. Recall that by [3, Definition
5.1.1] there is an infinitesimal action of g on X given by a R-linear Lie algebra map
¢ g = Tx(X). This morphism is G-equivariant by [3, Lemma 5.1.3] and can be
extended to a G-equivariant ring homomorphism « : U(g) — I'(X, Dx).

Lemma 4.5.7. The sheaf (Dx, ) is a G-htdo.

Proof. Recall by Definition 3.4.2 that Dy is a differential algebra with FoDy = Ox
and gr; Dx = Tx. Further by equation (3.15), we have gr Dy = Symy, Tx, so Dx is
a tdo on X.

We endow Dx with a G action by setting:

g.f(x) = f(gz) for g € G, f € O,z € X,

(4.14)
g7(f)=g1(g f)forge G,reT,feO.

With this action, Dy satisfies axioms ¢) and i) from Definition 4.2.5. Since « is
G-equivariant, axiom i) is also satisfied. Further, it is clear that the map « satisfies
axioms v) and vi). Finally, axiom iv) follows from the proof of [11, Proposition
2.2]. O

Lemma 4.5.8. Let H be another smooth affine algebraic group acting on X such that
the actions of G and H commute. Then im(a) C T'(X, Dx)*.

Proof. This follows from [5, Section 4.8]. O

Recall that we assume that GG is a connected, simply connected, split semisimple,
smooth affine algebraic group scheme over R. Let B be a closed and flat Borel R-
subgroup scheme, N its unipotent radical and H = B/N the abstract Cartan group.
Let X = G /N denote the basic affine space and X = G/B denote the flag scheme.

Define an action of H on )A(/ via

bN - gN := gbN, be B,ged.
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Lemma 4.5.9 (|5, Lemma 4.7]). i) The action of H commutes with the natural
action of G.

i) X and X are smooth separated schemes over R, locally of finite type.
iii) The natural projection & : X > Xisa locally trivial H-torsor.
Definition 4.5.10. The relative enveloping algebra is the sheaf of H-invariants of

f*'D)?.'

Dy = (&Dy)".
The sheaf comes with a natural filtration Fiﬁx = (f*FiDg)H induced by the
natural filtration on Dy.
Proposition 4.5.11. Let Tx = (&T3)", b =Lie(H), U be an affine open set of X
trivialising &. Then:

i) Dx(U) © U(h) = Dx(U).

ii) Syme, Tx = grDx.
ii1) The derivative of the H action on X induces a central embedding j : h — 5)(.

Proof. The first two claims follow by [5, Proposition 4.6] and the third follows by |5,
Section 4.10] along with Lemma 4.5.9 ii) and 7). O

The sheaf 5)( will be used to construct the sheaf of \-twisted differential operators.

Proposition 4.5.11 ) shows that 5)( can not be a htdo as it is not a tdo on X.

Lemma 4.5.12. The sheaf (5X,a) 1s a differential algebra, G-equivariant as an

Ox-module and furthermore it satisfies axioms i) to vi) of Definition 4.2.5.

Proof. The filtration on 5)( makes it a differential algebra. Since the actions of G
and H commute we have by [58, Lemma 3.6| that the G action on Dy descends to a
G-action on Dy. Thus, axioms i),4i) of Definition 4.2.5 are satisfied. Axioms i1i)—vi)

follow from construction and Lemma 4.5.8 since a and & are G-equivariant. O

Definition 4.5.13. Let 5r be the sheafification of the presheaf obtained by postcom-
posing 5)( with the deformation functor A — A,.. Since the G-action preserves the

filtration on 5)( induced by deformation, it restricts to a G-action on 57«-
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Now, let A : rh — R; the map A can be extended to a ring homomorphism
A U(rh) — R and we denote R, the resulting U(rh)-module. Furthermore, recall
that by Proposition 4.5.11 #i7), there exists a central embedding j : h — 5)( which
can be extended to a ring morphism j : U(h) — Dy. By applying the deformation

functor we obtain a homomorphism j : U(rh) — 13;.

Definition 4.5.14. The sheaf of r-deformed \-twisted differential operators on the

flag variety X is the central reduction

We give Ry the trivial filtration and we view Dy, as a sheaf of filtered R-algebras

with the tensor filtration.

Corollary 4.5.15. The sheaf (D, «) is an r-deformed G-htdo on the flag variety.

Proof. We have by [5, Lemma 6.4] that D, is a tdo on X. Since D, , can be viewed
as the r-th deformation of Dy, we have by Lemma 4.2.4 that D), is an r-deformed
tdo. Let Z = (j(h) — A(h)|h € rh) be two-sided ideal in D, such that Dy, = D,/Z.
We have by Lemma 4.5.8 (note that we swap G and H) that g.j(h) = h. Therefore,
the ideal 7 is stable under the G-action, so the G-action on 5r descends to D, ,. By
abuse of notation we denote « the composition « : U(rg) — D, with the projection
5r — Dj. Then (D,,, a) is an r-deformed G-htdo. O

We finish the subsection by computing the geometric fibre of Dy = D, ; at the
identity. This is also sketched is [45, 1.2.4], but we use different conventions to con-
struct the sheaf D,. Since the group G is split we can find a Cartan group T of G
complementary to N in B. Using the natural isomorphism H — T, we view b as
a Cartan subalgebra of g. Welet g=n" @ h S n and b = h & n to be the corre-
sponding decompositions for the Lie algebra and Borel subalgebra respectively. The
adjoint action of H on g induces a decomposition g = n~ @& b @ n', where we regard

n~ = Lie(V) as being spanned by negative roots.

Lemma 4.5.16. Let m be the ideal sheaf of functions on X vanishing on eB and let
i:[eB] — X denote the natural inclusion. Then:

U(g)/n~U(s) = T(X, Dx/mDx).
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Proof. Let Y = G/N denote the basic affine space, let g = eN denote the base point

and my denote the ideal sheaf of functions vanishing on z.

Let p: g — G/N encode the infinitesimal action of g on G/N induce by the action
of G on G/N by left multiplication. Since the stabiliser of xy with respect to this

action is N we have that:

p(ﬂ_) C mNDg/N.

H

Applying the descent functor (£,)" we obtain a map p : n= — (myDgn)"? =

(my)? Dy. By construction p is just the restriction of the infinitesimal action of g

on G/B to n~. By considering the following diagram

G/N +— 9= N/N

| J

G/B «——— ¢B

we observe that (mN)H5X C mﬁx, so p(n7) C mDx. Therefore we obtain a

surjective map

U(g)/n U(g) — I'(X, 5){/77”05)()

By passing to the associated grading rings and applying Proposition 4.5.11 i)
we obtain an isomorphism gr(U(g)/nU(g)) — I'(X, gr(ﬁx/mﬁx)), so the claim

follows.

]

Corollary 4.5.17. Let A € b* and let m the ideal sheaf of functions on X vanishing
on eB. Further, let Ry be the U(h)-module induced by the b module on which § acts
by . Then

Ry ® (U(g)/n"Ul(g)) = T(X,Dr/mDy).
U(h)

Proof. We have:
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['(X,Dy/mD,) = (X, (i,)O.p @ Dx) ® Ry

®
U(b)
F(X, Dx)/mpx) & R)\)
U(h)

I'(X,Ry ® 5X)/mﬁx) (by Proposition 4.5.11) (4.15)
U(b)

I

I

12

® T(X,Dx)/mDx)
U(bh)

Ry
R) (5(9) U(g)/n"U(g) (by Lemma 4.5.16).
U(b

I

4.5.3 Applications of the localisation mechanism

We retain the notation from the previous subsection. Recall that for any weight

A : b — R, we defined y, the corresponding central character and we let U(g)* =
U(g)/ ker(x2)U(g)-

By [5, Section 6.10], we have a map ¢ : U(g)

formation, we obtain a map ¢ : U(g)} — Dx,. Define the localisation functor

Loc™ : Mod(U(g)}) — Mod(Dy,). This functor is adjoint to the global sections

r

functor T'(X, —) : Mod(D,,) — Mod(U(g)?).

A — D,; by functoriality of de-

Proposition 4.5.18. Let L be a closed subgroup of G. The functors Loc™" and
['(X, —) induce a pair of adjoint functors between Mod(U(g);, L) and Mod(Dy ., L).

T

Proof. This follows by combining Corollary 4.5.15 and Propositions 4.5.1 and 4.5.4.
O

In general, the functors above do not provide an equivalence of categories. How-
ever, when R is a field of characteristic 0 we get the well-known Beilinson-Bernstein

localisation. We will also need the following proposition:

Proposition 4.5.19. Assume that R is a field of characteristic 0. Then the map
0 :U(g)* = ['(X,Dy) is an isomorphism.

Theorem 4.5.20. (/8/, [38, Section 9.2]) Assume that R is a field of characteristic
0. Let X\ be a dominant weight and L a closed subgroup of G. Then the functor

Loc” is an equivalence of categories between Mod(U(g)*, L) and the quotient category
Mod(Dy, L)/ ker'. A quasi-inverse is given by T'(X, —).
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Furthermore, under this equivalence finitely generated U(g)*-modules correspond

to coherent Dy-modules and the global sections functor is exact.

If X\ is also reqular, kerI' = 0, so one obtains an equivalence of categories between
Mod(U(g)*, L) and Mod(Dy, L).

The same statements hold if we remove the L-equivariance from both sides, i.e.

setting L = e.

As an easy consequence we obtain:

Corollary 4.5.21. Assume that R is a field of characteristic 0 and let X be a dominant
weight. Consider M € Mod(U(g)*, L). Then

I'(X,Loc* M) = M.

In the next sections, we will apply the theorem in two particular cases: B is a
Borel subgroup of G acting on X = G/B and G = {(g,9)|g € G} C G x G acting
diagonally on the flag variety of G' x G, which is X x X. Notice, we are using a slight
abuse notation and identify G with the diagonal subgroup.

4.6 Pullback of modules over deformed
homogeneous twisted differential operators

We retain the notation from the beginning of the previous section: recall that G de-
notes a connected, simply-connected, split semisimple, smooth affine algebraic group
scheme over R, g = Lie(G), B a closed and flat Borel subscheme of G and X = G/B
the flag scheme. We consider the triangular decomposition g = n~ & b ®n', we let
b-:=n" ®hb:=hDdn".

By construction, X is a G-homogeneous space; furthermore we have by [36,
I1,1.10(2)] and by Lemma 4.5.9 i) that Assumption 4.3.1 is satisfied. Therefore,
we may apply the machinery developed in Sections 4.3 and 4.5.

We consider homogeneous twisted differential operators on the double flag variety
X x X of the group G x GG. The Cartan algebra of rg x rg is given by rh x rbh, so
picking a weight of the deformed Cartan Lie subalgebra is equivalent to picking a
pair of weights A, i € rh*. We have by Corollary 4.5.15 that D, ,, is an r-deformed
G x G-htdo on X x X. In particular, it is an r-deformed G-htdo with respect to the
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diagonal G action defined in Section 4.3. Recall also that 7, : X — X x X denotes
the inclusion into the left copy. We have by Corollary 4.3.11 that D, , = z'fD,\Mn
is an r-deformed B-htdo and the functor i} : Coh(Dy .., G) — Coh(Dj,, B) is an
equivalence of categories. From now on, until the end of this section, we will assume

that A\, : rh — R are dominant weights.

Definition 4.6.1. Let ¢ : eB — X be the natural inclusion and let R to be trivial
Ocp-module. We let M, be the right D,,,-module defined by:

M, =i1.R Q@ D,,.
Ox
Lemma 4.6.2.

i) M, is coherent as a right D, .-module.

ii) Let M,, = M,1. Then I'(X, M,) = R, U%—) U(g); we will use T'(u) to denote
this module.

Proof. Since D,,, is in particular an r-deformed tdo, we have by Definition 3.4.5 that
gr D, = Symy, (r7Tx) is a sheaf of Noetherian rings, so D, is a sheaf of Noetherian
rings. Therefore, coherence is equivalent to locally finite generation. Let U C X be
affine open; if eB ¢ U, then M, (U) = 0. If eB € U, then 1 ® 1 is a generator for
M, (U).

For the second part, we have by construction that M, = i,(*D,) = T.5(D,,) (the
geometric fibre at the identity). Let m be the ideal sheaf of functions on X vanishing
on eB. We have:

TeB(Du> =T(X, Du/mDu>
=R, <§(§>) U(g)/n U(g) (by Corollary 4.5.17)
U(b

=R, @ U(g). 0
8 (9)

Lemma 4.6.3. Let p, : X x X — X denote the projection onto the right factor.
Then

1 .o
p’/’ (M/‘,”r‘) ® D)‘7N7T g Zl*Z?DAzﬂﬂr'

—1
DPr D,u,r
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Proof. We have

. e . 1
i, Dapr = 0. (Ox @ d; Diyy)

i 'Oxxx
=4,0x ® Dy,
XXX

= il* OX ® p;lDﬂfT 1(8 ,D>‘7/"‘77"'

Oxxx priDyr

(4.16)

Therefore, it is enough to prove that

p;lMu,r = il* OX ® pr_lpu,r~

Oxxx

Consider the following Cartesian square:

X —2 5 eB
[s |

XxX 25X,

where ¢ and p denote the natural inclusion and projection. Consider the constant

sheaf R on the trivial scheme eB. We then have by [54, 02KG]|

pr(ixR) =i, (p"R).

Here the pullback is taken in the category of right modules instead of left modules.

Since p*R = Oy as right Ox-modules, we obtain that as right Oy, x-modules
Therefore, we obtain

® P, 'Dur = pi(iuR) ® p, "Dy,

i1, Ox
Oxxx Oxxx
= p;1<Z*R) & OXXX & p;lDu,r
prtOx X x X
~p'(i.R) © p; Dy,
prlOx

= pr_1<i*R ® Dum)
Ox
= p;lMW.
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Corollary 4.6.4. Let M be a coherent Dy, .-module. Then

i M=p (M) ® M.

—1
Pr Dp,,r

Proof. We have

i i M2y
i,(Ox ® i'M)
i Oxxx

=i (Ox @ @' Dyyy ® i Oxux ® i’ M)

1 -1 1
% Oxxx % Dk,u,r % Oxxx

1%

=i, ((Drpr  © i M)
i Dy
i, Dy pr © M (Since 7 is closed)

A p,m

P Muy) ® Diur ® M (By Lemma 4.6.3)

-1
pr Du,r Dxu,r

I

1%

pti M) ® M. O

-1
DPr Du,r

4.6.1 Global sections under the pullback

Throughout this subsection, we will assume that R = K is a field of char-

acteristic 0.
Recall that by equation (4.10), we have U(g x g)™* = U(g)* @ U(g)*. We aim to

prove the following theorem:

Theorem 4.6.5. Let A\, i be dominant weights and let M be a coherent G-equivariant

D, ,-module. Then we obtain an isomorphism of left U(g)*-modules

D(X, i M) = T(n) U%H (X x X, M).

We should make several remarks before we proceed to prove this. We view I'(X x

X, M) as a left U(g)"-module by defining ym = (1 ® y).m for y € U(g)" and

m € T'(X x X, M). Further, we note that the space T'(u) ® T'(X x X, M) has the
U(g)

structure of a left U(g)*-module via z.(m @ m’) = m ® (z @ 1).m’ for z € U(g)*,
m € T(u) and m' € I'(X x X, M).

In order to prove this theorem, we need to introduce additional notation. Let Y, Z

be K-schemes, M an Oy-module and N an Oz-module. We will use the notation:
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MBEN = Oy, ® G MGNZGEM @ N, (4.17)

4y Oy ®q,' Oz Oy xz

where gy : Y X Z — Y and gz : Y X Z — Z denote the natural projections. We
refer to [32, Section 1.1.5] for the basic properties of box tensor product. We will also
identify X with X x eB and the map ¢; with id xi; recall 7 : eB — X denotes the

natural inclusion. We have that:

Z'EKDAM = (ld Xi)DA,N
= (id xi)(Dx X D,,) (by [29, Section 5.4])
=D\X*D,
= ,D)\ (IX() F(eB, ] D/J,) (418)
=D\ I'(X,14"D,)
K
~ D, % (X, M,)

=D\ ®T(u) (by Lemma 4.6.2).
K

Therefore we obtain that as left Dy-modules i#D/w =D, ®T(u), so by Theorem
K
4.1.2, we have that as left U(g)*-modules:

D(X, i Dy) = Ule) @ T(w). (4.19)

Proof of theorem 4.6.5. Let %, # : Coh(D,,,G) — Mod(U(g)*, B) defined by

F(M): =T(X,if M),
S M):=T() & TX xX.M). (4.20)

The theorem follows if we can prove that # (M) = #(M). First, we extend the
functors .#, _# to the category WCoh(D, ,, G); this is the category of coherent D, ,-
modules that are equivariant O-modules together with G-equivariant morphisms. The
reason to do this is that D, , € WCoh(D, ,, G), but D, , ¢ Coh(D, ,,G).

Since i 2 i* as O-modules, i7" is an equivalence of Abelian categories and \ is
1 ! ) Y

dominant, we obtain by Theorem 4.1.2 that .%# is right exact. Furthermore since A
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and g are dominant weights, by the same theorem applied on D, ,-modules, ¢ is

also right exact.

Next, let us construct a map from # (M) — F(M). Let N' = i,,iD,, and
consider the space N’ ® M. By construction, this is isomorphic to ¢;,7; M. Therefore,

A0
we have

['(X,if M)

F (M) =T(
(X, M)
(
(

(4.21)

I

X XX,ZZ*’ZTM)
XxX,N @ M).

DX,M

r
r
r

I

Therefore, it is enough to construct a map from ¢ (M) to I'(X x X, N ® M).
Diu

This reduces to proving that ¢ (M) = I'(X x X, N) ® I'(X x X, M). Let
D(XxX,Dy )
B=T(XxX,N) & DI(XxX,M).

T(XxX,Dx )

We have

B=T(X x X,N) ® (X x X, M)

I'(XxX,Dy )
=I'(X x X,4,,4; Dy ) & (X x X, M)
F(XXX,D)\’H)

=U()@T(p) ® DX xX M) (4.22)

K U(g)ng(g)“
~T(y) ® T(X x X, M)

U(g)~

= J(M).

Finally, we have that

Ule)"
=T(p) @ Ulg)*®U(g)
U(g)# K
=~ U(g) & T(n) (4.23)
= I'(X,4Dy,) (by equation (4.19))
= g&(’D)\ u)
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The claim follows by picking a presentation (D) ,)" — (Dy,)" — M — 0 and
applying the Five Lemma. O]

As a corollary, we obtain using Corollary 4.6.4:

Corollary 4.6.6. Let A\, i be dominant weights and let M € Coh(D, ,, G). Then:

DX x X,p,'(M,) @ M)2T(u) ® T(XxX,M).
p?lDH U(g)H
4.7 Primitive/prime ideals in the universal envelop-
ing algebra of a semisimple Lie algebra

We retain the notations from 4.6.1, recall that R = K is a field of characteristic 0. In

this section, we aim to finish the proof of Duflo’s Theorem, that is we aim to prove:

Theorem 4.7.1. Let X : h — K be a dominant weight and let I be a primitive/prime
ideal in U(g)*. Then

I = Ann(L(p)) for some p € h*.

For the rest of this section, fix A € h* a dominant weight and let \* = —w,A; if A

is dominant, A\* will also be dominant. Recall further that 7 induces an isomorphism
Ule)*™" = U(g)™

Consider the functor .Z : Modg(U(g x g)**, G) = Mod,(U(g)*", B) defined by

F (M) :=T(X,if oLocM)).
Proposition 4.7.2. The functor . is evact and F (M) = T(\) ® M as U(g)" -

U(g)*
modules.

Proof. Let M := Loc**(M); we have by Corollary 4.5.21 that I'(X x X, M) = M
and by Theorem 4.5.20 that M € Coh(Dj« »,G) , so the second claim follows from

Theorem 4.6.5. Consider a short exact sequence of finitely generated G-equivariant

U(g x g)*"*-modules:

0O—-N—-M-—P—=0.
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We let N, M, P be the localisations of N, M and P respectively and let I =

ker(N' — M). Since the functor Loc* ™ is right exact we obtain an exact sequence

0>K—>N-—->M—=P—=0.

Since zfﬁ is an equivalence of Abelian categories by Theorem 4.3.5, zfﬁ is in partic-

ular exact. Furthermore, by Theorem 4.5.20 the global sections functor is also exact,

so we obtain an exact sequence

0 — I'(X,i"K) = D(X,if N) = I(X,if M) = T'(X,i P) — 0.
Applying Theorem 4.6.5 we obtain an exact sequence

0T\ @ NXxX,K)=>T(\) ® N—

U(g) U(g)? (4.24)
=T\ ® M—T\) ® P—0. '
U(g)? U(g)*

The claim follows since I'(X x X, ) = 0 by definition of K, Theorem 4.5.20 and
Corollary 4.5.21. m

Lemma 4.7.3. Let M € Modg(U(g x g)**, G) and assume that F (M) = 0. Then
M =0.

Proof. Let M = Loc™*(M). Then, by assumption, we have that T'(X, zl#./\/l) = 0.
Applying Corollary 4.3.16, we obtain T'(X x X, M) = 0, so by Corollary 4.5.21,
M = 0. ]

We now specialise to two sided ideals in U(g)?*; recall that a two-sided ideal I can
be viewed as a module over U(g)) @ U(g)* via (z®y).i = yit(x) for z € U(g)* ,y €
U(g)* and i € I. Further, by Corollary 4.4.5, I € Mod(U(g x g)**, G), so F(I) is

well-defined. As a corollary, we obtain immediately:

Corollary 4.7.4. Let I, J be two-sided ideals in U(g)* such that I C J. Assume that
F)=F(J). Then I = J.

Proof. Consider the short exact sequence:
0—=>1—J—J/I—=0.
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By Proposition 4.7.2, .% is an exact functor, so we obtain an exact sequence

0—F(U)— F(J)— F(J/I)— 0.
By assumption, we have .7 (I) = .Z#(J), so .Z#(J/I) = 0. The claim follows by
Lemma 4.7.3. [
Lemma 4.7.5. Let I a two-sided ideal in U(g)*. Then as U(g)* -modules we have:

We should remark that U(g)" acts on T(\)I via z.(ti) = t(x.i) = tit(z) for
r €U(g)),t € T(N\),i € I and the isomorphism is natural in I.

Proof. Consider the following short exact sequence:

0—1—U(g)—= U —o.

Applying the exact functor # and using Proposition 4.7.2, we obtain an exact

sequence:

0T\ ® I =T\ =T\ ® U(g)/I—D0.
U(g)* Ug)*

This exact sequence fits into the commutative diagram:

0 —— T(\) U((%)A I —— T\ —— T(\) U%A U(g)))IT —— 0

|

0 —— T\ ——— T(\) —— T(\) @ U(g)))I —— 0.
U(a)*
It is easy to see that the first map is a surjection and the second and the third

maps are isomorphisms. Furthermore, by the Five Lemma, the first map is injective,
so indeed we get F(I) = T'(\)1. O

Let o : g — g denote the Chevalley involution that swaps n* and n~ and fixes
h . Then o extends to an anti-automorphism of U(g) that fixes the center by [34,
Exercise 1.10], so it descends to an anti-automorphism o : U(g)* — U(g)*. Recall
that by construction we have T'(\) = K U% | Ulg).

99



Lemma 4.7.6. The map

¢: TN\ — M(N), pkr)=0(x)®k, keKyzeclU(g)

is a K-linear isomorphism of vector spaces satisfying ¢(tu) = o(u)o(t) for all u €
U(g) andt € T()).

Proof. Since o swaps n™ and n~ and fixes b, it is easy to check that the map ¢ is
well-defined. Furthermore, as ¢ is a K-linear anti-automorphism, ¢ is a K-linear

isomorphism of vector spaces.

Finally, we have for k ® x € T'(\) and u € U(g):

O((k @ x)u) = ok @ zu)

(

o(zu) @k
(
(

o(u)o(x) ®

)
)

o(k ® ). 0

olu

In particular, we obtain that if I is a two-sided ideal in U(g)*, ¢(T(N\)I) =
a(I)M(N).

Corollary 4.7.7. Let I a two-sided ideal in U(g)*. Then
I =Ann(M(N)/IM(N)).

Proof. Let J := Ann(M(X)/IM(X)). Since I(M(X)/IM(N)) = 0, we obtain that
I C J,soo(l) C o(J). We remark that since o is anti-automorphism of U(g)?,
o(I) and o(J) are two-sided ideals in U(g)*. Since .Z preserves injections, we obtain
F(o(1)) € F(o(J])).

Consider the following diagram:

T(No(I) —— T(Na(J)

. !

M) —— JM())
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By construction, the bottom diagram commutes and by the definition of .J, we have
JM(X) = IM()N). Using Lemma 4.7.6, we get T'(A)o(I) = T'(A)o(J). Furthermore,
since the isomorphism in Lemma 4.7.5 is natural on ideals, we obtain that the top
diagram also commutes. Therefore, . (o(I)) = .#(o(J)). The claim now follows by

Corollary 4.7.4 since ¢ is an anti-automorphism. O]

We now have all the ingredients to prove Duflo’s Theorem; the idea of the proof

was first given by Dixmier in [24, Problem 30].

Proof of Theorem 4.7.1. Let I be a prime ideal in U(g)*. Then, by Corollary 4.7.7,
we have I = Ann(M(X)/IM(X)). Since M(X)/IM(X) is quotient of M (), we have

by Proposition 4.4.10 that there exists a finite composition series

Let I; := Ann(M;/M;_,) for 1 < i < n. Then

Liy. . . L(M\/IM\) = L1,...1,M,

= LIy, Iy M,
(4.25)

so I1l,...I, C I. Since the ideal I is prime, there exists 1 < j < n such that
I;  I. On the other hand, by construction I C I;. Thus, we obtain that I = I; =
Ann(M;/M;_y). The claim follows since by Proposition 4.4.10, M;/M;_y = L(u) for
some [ € h*.

Since any primitive ideal is in particular prime, we obtain that any primitive ideal
in U(g)" is the annihilator of some L (). O

In the case when K is algebraically closed, for example, K = C, we may charac-

terise all the primitive ideals in U(g).

Corollary 4.7.8. Assume that K is an algebraically closed field of characteristic 0
and let I be a primitive ideal in U(g). Then

I =Ann(L(p)) for some p: b — K.
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Proof. This follows by combining Proposition 4.4.10, Theorem 4.7.1 and Theorems
[24, 8.4.3-8.4.4 d)]. O

102



Chapter 5

Primitive ideals in affinoid enveloping
algebras

5.1 Introduction

This chapter is based on the final paper series [58], [56], [57]. The goal of the chapter
is to prove Theorem A and Theorem B mentioned in the introduction. Recall that
for a Lie algebra g defined over a discrete valuation ring R, with uniformiser 7 and

field of fractions K, we have defined a family of affinoid algebras

U()osc = (mU(r"g) /70U (x"5)) & K.

Our strategy for proving Theorem A and Theorem B is to enhance the affinoid
Beilinson-Bernstein localisation |5, Theorem C| developed by Ardakov and Wadsley
to the equivariant setting to obtain an affinoid version of Theorem 4.5.20. Further,

we prove an affinoid versions of Theorem 4.3.5, Proposition 4.7.2 and Corollary 4.7.7.

We should also remark that our initial approach was to try to adapt one of the
classical proofs in [25], [12], [28], [37] to the affinoid setting. Unfortunately, these
approaches failed to produce results for g # sly. It boils down to the fact that the
weight spaces of the ad-action of the Cartan subalgebra on the affinoid enveloping
algebra are not finite dimensional. This is in contrast to what happens in Theorem
5.2.25, where we can adapt classical machinery to obtain a correspondence between

—

the lattices of submodules of M (X) and M ()\), respectively.
Structure of the chapter

The chapter is organised as follows: in Section 5.2, we introduce affinoid enveloping
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algebras and affinoid Verma modules. We prove that for any weight A of the Cartan
subalgebra, there is an explicit one-to-one correspondence between submodules of

affinoid Verma module of weight A and the classical Verma module of weight .

In Chapter 4, we have proven that there is an equivalence of categories between
G-equivariant (\, p)-twisted D-modules on the double flag variety and B-equivariant
A-twisted D-modules on the flag variety for any all weights A, u. In Section 5.3, we

prove an affinoid version of this equivalence.

Next, in Section 5.4, we enhance the affinoid Beilinson-Bernstein equivalence
proven by Ardakov and Wadsley in [5] to the equivariant setting. We further prove
that any two-sided ideal in the affinoid enveloping algebra is G-equivariant when

viewed as a bimodule over the affinoid enveloping algebra.

In Section 5.5, we compute global sections under the affinoid pullback functor
defined in Section 5.3. Finally, in Section 5.6, we prove an affinoid version of Duflo’s

theorem.
Conventions

Throughout this chapter, except otherwise stated, R will denote a mixed charac-
teristic (0, p) complete discrete valuation ring with uniformiser 7 and field of fractions

K. We use || - || to denote the norm of an element in R or K.

Given an R-module M, we define My := M ®K For any R-algebra A and for g a
R-Lie algebra, we define g4 := g ®A if M is an R module, we denote My := M®A
If M is a sheaf of R-modules on a topological space Y, we define a sheaf of K Vector
spaces on Y, Mg, by Mg(U) := M(U) % K for any U C Y open.

Following [5, definition 2.7|, an R-module/sheaf of R-modules M /M of a K-vector
space/sheaf of K-vector spaces V/V will be called a lattice if

M%K = V/M %K >~V and Npyens 7'M =0/ Npen= 7" M = 0.

We will use @ to denote the completed tensor product, see [54, 0AMU] for defini-
tion. We will assume that all the filtrations appearing are exhaustive. Given a filtered
A with filtration F;A,7 € Z, we will use gr A to denote the associated graded ring
with respect to the filtration. Further, for any ring A, Z(A) will denote its centre.
We will use the notation (V;) to denote a set of objects indexed by the non-negative

natural numbers.
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Lastly, given f : X — Y a map of schemes, we will use f* to denote the pullback
in the category of @ and D-modules and f~1, f, to denote the inverse/direct image
sheaf.

5.2 Affinoid enveloping algebras and Verma modules

From now on, till the end of the chapter, we will assume that R is a complete mixed
characteristic (0,p) discrete valuation ring with field of fractions K, uniformiser
and residue field k.

For a deformable R-algebra A and n € N* we denote A, := A,» the n"-th

deformation of A.

5.2.1 Background on affinoid enveloping algebras

In this subsection, we recall the main construction and results concerning affinoid

enveloping algebras.

Let G be a connected, simply connected, split semisimple, smooth affine algebraic
group scheme over Spec R. Denote g the Lie algebra of G. The Lie algebra g is
a linear G representation via the Adjoint action; see [36, I1.1.12] for details. In
particular the functor of points G(R) acts on g. Using the functoriality one may
extend this action to the enveloping algebra U(g). For example, if we consider a

monomial #1725 ...z, € U(g), with z; € g, we get that for each g € G(R) we have

g Ty Ty = (g -21)(g 22)... (9 xn).

It follows that the action of G(R) preserves the standard PBW filtration on U(g).
Consider the corresponding comodule structure on O(G) induced by the action of G
and let p: U(g) — O(G) ®@U(g) be the defining map. It follows from the definition of
the G(R) action that the comodule map satisfies p(ab) = p(a)p(b) for any a,b € U(g).

Let H be a fixed maximal torus for G and ® the corresponding root system, and
o 1 Go — G and e, := (dz,)(1) € g be the root homomorphism and root vector

corresponding to a root a € P.

Lemma 5.2.1 ([6], Lemma 4.1). Let r € R and a € ®. Then the following hold:

1. For every G module M, the action of o preserves M.

m!
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2. For all b € U(g), there exists i > 1 such that 22 . p — 0.

3. xolr)-a= 3> )™ ) for gl a € Ulg).

m=0 m!

Definition 5.2.2. Let A be an R-algebra. The m-adic completion of the R-algebra A
is defined to be A = lim A/ A.
—

Let uq,us,...uq be a free R-basis of g. Then as a vector space we have

m = {Z Aatt® 1 Ao € K, 7o), = 0 as |a| — oo} (5.1)

a€eNd

Here for a d-tuple a = (ay, @y, . . . ag), we define |a] = % | o; and

u® = uftug? . .ug

By functoriality, the Adjoint action of G on U(g) extends to a G-action on U(g), k-
The following proposition extends the classical results for enveloping algebras defined

over a field of characteristic 0.

Lemma 5.2.3. [6, Corollary 4.3/

i) Bvery two sided ideal in U(g), x is preserved by G(R).

i) For any z € Z(U(@)nx) and for any g € G(R), we have g - z = z.

One may wonder if the converse of Lemma 5.2.3 i7) also holds. Classically, we
have Z(U(gr)) = U(gk)“. The following theorem states that the result carries in
the affinoid setting:

Theorem 5.2.4. [6, Theorem 4.4] We have Z(U(g)n.x) = U(9)S -

Recall that H C B~ is a split maximal torus in GG contained in B~. The unipotent
radical N~ of B~ will be considered as generated by negative roots corresponding to
the adjoint action of H on G. Furthermore, let Nt be the unipotent radical of the
opposite Borel group BT containing H. Let h,b~,n",n",b" be the Lie algebras

corresponding to the algebraic groups so that we have a decomposition
g=n"@®hon

Let A : #"h — R be an R-linear character; extend this to an R-linear map
76T — R by pulling along the projection map 7"b* — #x™h. Similar to the classical
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case, we denote K the corresponding one dimensional module over U(b*), x; the
Lie algebra b™ acts on K via the corresponding map 7"b" — R and we may extend
this action to the whole algebra U(b*),, k.

Definition 5.2.5. The affinoid Verma module with highest weight X\ is defined to be

Notice that affinoid Verma modules are non-trivial for hg-weights induced by

weights of 7"bh; for a general hx-weight, a unit in U(g),, x may annihilate the affinoid

Verma module. It is clear by construction that, similarly to the classical case, the

o —

affinoid Verma modules are cyclic: M()) is generated by vy =1 ® 1.
U(b"")n’}(

The centre Z(gx ) of U(gk) acts on the classical Verma module defined by M () :=

Ulgk) K by a character x : Z(gx) — K. As ]\7(\)\) contains M (\) as a dense

®
U(b})

subset the action of Z(gx) on M()) also factors through y,. In [6], the authors
compute the annihilator of the affinoid Verma module M (\).

Theorem 5.2.6. [6, Theorem 4.6] If p is a very good prime for G then the annihilator
of the affinoid Verma module M(X) inside U(g)n i 1S

I = ker 2 U (@)

—

For the rest of section we fix a R-linear map A : 7"h — R and let M (X) and M ()
be the affinoid respectively classical Verma module of weight A. In the next subsec-

tions, we prove there is an explicit one-to-one correspondence between submodules of

—

M ()) and submodules of M (\).

5.2.2 The height function

For the semisimple Lie algebra g, let A denote the set of simple positive roots and
®* the set of positive roots. For any root a, we will denote o the corresponding
coroot. In the Killing form identification of h and h* the coroot o corresponds to
ha € 5.

Definition 5.2.7. Let 3 € ®" be a positive root. Then 3 =3 A caor, with ¢, € Z*
determined uniquely, see [34, section 0.2] for details. We define the height of B to be

ht(8) = ca.

aEA
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We now extend this definition to monomials in the universal enveloping algebra
using the correspondence between roots and root vectors. Fix an order between the
positive roots and let ey, es. .., e, the corresponding order between root vectors. For
a root vector e;, we define the height, ht(e;), to be the height of the root corresponding

to e;.

Definition 5.2.8. Foraj,ay...a, € N, let e := e{'e§? ... e2m € U(n") be such that
e; € nt. Then we define the height of e? to be

=1

Let f8B = forfle  fom c U(n™) such that f; € w. Then we define the height of
fB to be

i=1
where e; is the positive root vector corresponding to f;.

Let p be the half sum of positive roots and § = p¥ € b the corresponding coroot.
Let a be a positive root; then by the roots-coroots duality we have a(d) = p(aV);
furthermore by [34, section 0.6], we have p(a¥) = ht(«), therefore we obtain a(d) =
ht(a).

Lemma 5.2.9. [6, Section 4.7] Let f8B = flf ... fom c U(n™) for B € N™. Then
for any h € b, we have:

he fBuy=(\— Zbaj )fEus.

For the ease of notation, denote A := A(J). Setting h = 6 in the equation above

we get:

5fBuy=(\— Zbal )fBuy = (A — Zb ht(ey)) fPuy = (A —ht(fP)) fPuy. (5.2)

As an easy corollary we get:
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Corollary 5.2.10. Leta € N, f? € U(n™). Then:

(6 = A+ a)(f7)ox = (a = ht(f7))fPoa.

Definition 5.2.11. Let M be a U(h)-module and pn € b5,. We say that m € M has
weight w if hm = p(h)m for all h € h. The set of vectors of weight p is denoted
M,

e

The following lemma follows easily from the construction of affinoid Verma mod-

ules:

—

Lemma 5.2.12. Let N a submodule of M(\). Then N, is a finite dimensional vector
space for any (1 € .

5.2.3 Submodules of affinoid Verma modules

Throughout this subsection, we will make free use of the following well known facts:

* Ulgx) = Ulg)x =U(g) @ K.

o —

o U(g), is flat over U(g), and U(g), x is flat over U(g) k.

e Given N a submodule of M()), we may view N as a subset of the topological

— —

module M (). The closure of N inside M (\) is given by

~

N:=N=U(g)px ® N.
U(e)x

—

e The affinoid Verma module M (\) has a K-topological basis given by fBuy,
where fP € U(n™); recall that vy = 1 ® 1.

We begin by extending our definition of the height function to homogeneous poly-
nomials, homogeneity being given by height. We say that a polynomial in U(nj) has
height n if all the monomials appearing in its expansion have height n. We also let

M =max(ht(e;)), so that we have the inequality

M|B| = 1t(f") = |B. (5-3)

By construction, we know that as a vector space
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U nx ={ Y asf® p "Pap|| = 0as|B| - co}.
BeNm™

We can reformulate this in terms of height function using equation (5.3):

U )i =1 apf® p"Pasl| = 0as ht(f¥) — oo},

BeNm™

—

Let N a closed submodule of M (\) and let v € h*. We know by equation 5.2 that
§fBvy = (A — ht(fB))fBuy so any element of N, must be of the form Puy, where
P € U(ny) is a homogeneous polynomial of height A — v(§).

—

Proposition 5.2.13. Let N be a closed submodule of M(X). Then

N=@& N, =NnM(),

IS

where M(X) is the Verma module of weight \.

Fix the closed submodule N and an element v € N, which we write as

u= Y apflu,

BeN™

with p~™Bl||ag|| — 0 as ht(f?) — oco. Furthermore, fix Pvy € N,, with P # 0 of
height L appearing in the expansion of u. To prove Proposition 5.2.13, it is enough
to prove that Pvy € N. To do this, we begin by eliminating all the other terms of

height L appearing in the expansion of u. We write u as

U= Z (]JBfB’U)\‘i‘PU)\"i_ZQSUAJ

BeN™ ht(fB)#L ses
where S is a set such that Q) has height L and Qsv) € N, for some weight v # p.
By Lemma 5.2.12, the set S is finite.

Let s € S. As vy # pu, there exists hy € by such that p(hs) # vs(hs). So we
can define an operator Hg := []  (hs — vs(hs)) € U(hg). Since Q5 € N,,, we get
Hg - Qsvy = 0. Therefore applying the operator Hg to u we obtain a new element

u' € N, which can be written as

u'= > bpfPos+ [Ju(hs) = vi(ha))Poy,

BeN™ ht(fB)#£L seS
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with p~"B||bg|| — 0 as ht(f?) — co. By our construction [, g(p(hs) — vs(hs)) # 0,
so for the ease of notation we set P =[] _¢((hs) — vs(hs))P # 0, so that

N3 = Z beBU)\ + Puy.
BEN™ ht(fB)£L

To complete the proof we need to define a new set of operators in U(hg). We use

the convention that for 2 € U(hx) and ¢ € N the symbol (?) will denote

i—1

H;ll v —1) € Ulhy).
=0

Definition 5.2.14. Fori,j € N define ¢;; := (*"*"7) € U(hg).

Lemma 5.2.15. For B € N™, we have that €; ; fPvy = (”j_}.lt(fB))va)\.

)

Proof. We have
=
€ijfPvn = 5H<5—A+i+j —1)fux
T 1=0

1
= =16+ — 1= (7)) fPvs (by Corollary 5.2.10)
1.
=0

_ <z’+j —.ht<fB>> N -

(4

We are now ready to prove Proposition 5.2.13; recall that it is enough to prove

that for v/ = ZBGNm’ht(fB#L bgfPvy + Puvy, we have Pvy € N.
Proof of Proposition 5.2.13. Write u’ as

o= > bpffun+Put+ Y. beffu

BeN™ ht(fB)<L BeN™ ht(fB)>L

Consider the operator €71 acting on u'. We get
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N> U” = €rL-1,0" Ul

T (T st (5 s

BeN™ ht(fB)<L

Loy <L_1L __h1t<f3>>beBw (5.4)

BeN™ ht(fB)>L

1 B
= bovs + (1)L Puy + Z (L 1 —ht(f ))beBU/\'

L—-1
BeN™ ht(fB)>L

(=" (6-A)
Next, we apply the operator ~———. We have

N > U(S) - (_1)nf — A) o

_ e [(A = A)bovy + (A — L — A)(=1)" " P+

L
4 (by 5.2.10) Z (A —ht(f%) — A) <(L — 1L—_hf(fB))> b fB0,]

BeN™ ht(fB)>L

=P+ Y. cpflu

BeN™ ht(fB)>L

(5.5)

for some cg € K with p™Bl||cg|| — 0 as ht(f?) — oco. Finally, we consider the

family of operators €; 1, where ¢ € N varies. By Lemma 5.2.15, we have that

ei,LvaA _ (z + L _iht(fB)>va/\,

In particular, €; ;, Pvy = Pvy and ¢; 1 fPvy =0, for L < ht(f?) < i+ L. Therefore,

for any ¢« € N one has

 + L — ht(fP
N 3w :e@L-u(?’) = Puy, + Z (Z+ . (f )>chBv>\.
BeN™ ht(fB)>i+L !

Since p~™B||cp|| — 0 as ht(f?) — oo and || (HL_?t(fB))H <1, we get lim;_,o0 u; =
Puy. Since we assumed that N is closed submodule of M ()), we may conclude that

Pvy € N, which is the desired result. O
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Recall that we aim to prove that there is a one-to-one correspondence between
submodules of affinoid Verma module M ()A) and the corresponding classical Verma
module M(\) where A : 7" — R is a R-linear map. Define a function .# from

—

submodules of M (A) to submodules of M ()) sending the submodule N to N N M ().

Lemma 5.2.16. The function % is injective.

—

Proof. Let Ny, Ny be submodules of M () such that

As the induced metric topology on m is complete, any submodule of m is
closed by [33, 1.5.5]. Thus, applying Proposition 5.2.13, we obtain Ny = Ny N M (\) =
No N M(X) = Ny, so Ny = Ny. Therefore, the function . is injective. O

We aim to prove that . is also surjective. For any ring A, S a subset of A and
M an A-module, we say that M is not S-torsion if there exists m € M such that for
all s € S, sm # 0.

Proposition 5.2.17. Let A : 7" — R be an R-linear map and let M be a U(gk)
subquotient of M (\) that is not 1 + nU(g)-torsion. Then

U(gk)

To prove this proposition we will need a few additional results. We say that a
right ideal I in a right Noetherian ring A has the Artin-Rees property if for any right
ideal J, there exists n € N* such that JNI" C JI.

Proposition 5.2.18. /43, Proposition 4.2.9]

Let A be a right Noetherian ring and I an ideal with the right Artin-Rees property.
Then:
1. 1 —1 is a right Ore set, so a right denominator set.

2. Writing S for 1 — I, we have Is C J(Ag), where J(eo) denotes the Jacobson
radical of a ring and Is and Ag denote the sets S~'I and S~ A, respectively.

Corollary 5.2.19. Consider the ideal I = wU(g), of U(g)n. Then U(g)
and is non-zero; furthermore 7U(g)n,,, C J(U(@)n,,,)-

niyy €TLSLS
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Proof. By [43, Proposition 4.2.6], any ideal generated by normal elements in a right
Noetherian ring has the Artin-Rees property, so in particular we get that the ideal
wU(g), in U(g), has the Artin-Rees property. The claim follows from Proposition
5.2.18. O

Remark 5.2.20. Notice that as the ring U(g), is both left and right Noetherian we
get the same results for the left localization. Thus, 1410, U(8)n = U(8)ny, .0 OV
/43, Corollary 2.1.4).

From now on until the end of the section, S will denote the set 1+ 7#U(g),. The
ring U(g),, has a m-adically negative filtration F, given by

FU(g)ps = 7 'U(8)ns, for i <0.

—

Denote U(g),, the m-adically completion of U(g),, i.e. the completion induced
by the filtration Fj.

—

Proposition 5.2.21. U(g),, is a faithfully flat right U(g),,-module.

Proof. Since U(g), is left and right Noetherian, and S is an Ore set, we get that
the ring U(g)
ideal inducing the m-adic filtration on U(g)s is generated by a central element, so
by [47, Proposition 3.12], the Rees ring Im
Corollary 5.2.19, we have F_1U(g),s C J(FoU(g)ng), therefore by combining the two
statements, we get that U(g)s is a left Zariski ring as defined in Definition 2.1.16.
The claim follows from Theorem 2.1.17. O]

ng 15 also left and right Noetherian. Furthermore, we have that the

is also left and right Noetherian. By

Corollary 5.2.22. Let M be a non-zero U(g),-module that is not S-torsion. Then

U(g), ® M #0.

Proof. Since M is not S-torsion, we have by localising

0£S'"M=5"U(g)y, ® M=U(g), ® M.
U(g)n U(g)n

—_—

By Proposition 5.2.21, U(g),, is faithfully flat over U(g),, so

S

—

Ulg)ns ® ST'M#£0.
U(g)ng
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Recall that all the elements of S are of the form 14 7z, with € U(g),, but when

L -

we m-adically complete U(g),, everything in S becomes a unit, so U(g),s = U(g)n.

ns
We then get:
0£U(gny, ® S'M=U(g), ® S'M
U(g)ng U(g)ng
2Ug)n ® U@ @ M
=U(g), ® M. 0
U(g)n

We now apply the results for objects in category O for the enveloping algebra
U(gk). Let A : 7" — R be an R-linear map and consider the simple U(gx) module
L(\)-the unique simple quotient of M (\)- and view it as a U(g)-module.

Lemma 5.2.23. Let the notations be as above. The module L(\) is not 1+ wU(g)-

torsion.

Proof. The module L()) is cyclic being generated by vy + N (), where N()) is the
unique maximal submodule of M (A). It is enough to prove that vy+N(X) is 1+7U(g)

torsion-free.

Consider the Cartan Lie subalgebra . We extend the character A : h — R to an
R algebra homomorphism A : U(h) — R. We use the decomposition of U(g) given
by U(g) = (n"U(g) + U(g)n™) @ U(h). Notice that if x € U(g)n*t, then zv, = 0.
Furthermore, if x € n~U(g), then

zvy € ngU(ng)vy. (5.6)
In fact, one may prove that zvy is in n=U(n")v,, but that requires a messy com-
putation and we do not need this in our argument. Next, for y € U(h), we have

yux = A(y)vy, where A(y) € R. (5.7)

Now, let U(g) > z = = + y be such that z € n"U(g) + U(g)n™ and y € U(h). By
equation (5.6) there exists s € niU(ny) such that zvy, = sv) and by equation (5.7),
yvx = A(y)vyr. Therefore, we get

(1+7z2) - (ox+N) =1 +7s+7A(y))vy+ N(A).
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Proving that (1 + 7wz)vy + N(\) # 0 is equivalent to (1 4+ wz)vy ¢ N(A). Assume
for a contradiction that (1+7z)vy € N(A). Then (1+7A(y))va+7svy € N(N). View
(1 + 7A(y))us + msvy as an element in M(X). Consider the decomposition of M (\)
given by

M(A) = M(A)x ® M(A)<x = Koy @ M(X) <,

where M (\)<y denotes the K-span of all v, € M(\), with o < A. Notice that since
s € ngU(ng), we have msvy € M(A)<y; furthermore, 1+ wA(y)vy € M(A)x. Now

since the module N () is itself hx-semisimple, we have

(L+7X(y))vs € N(N).

By construction, A(y) € R, so ||tA(y)|| < 1, thus 1 + wA(y) is a unit in R.
Therefore, multiplying by its inverse we conclude that vy € N(A), so N(A) = M(A)
which is the desired contradiction. We conclude that L(\) is indeed not 1 + wU(g

)_
torsion. ]

As an easy corollary of the Lemma above, using the fact 1+ 7nU(g),, is a subset
of 1 +7U(g), we obtain:

Corollary 5.2.24. Let the notations as in the previous lemma. View L(\) as U(g)n-
module. Then L(X) is not 1 4+ wU(g),-torsion.

We may now prove Proposition 5.2.17:

Proof. Let M be a subquotient of M () and view it as a U(g),,-module. Any subquo-
tient of the Verma module M (\) has finite length and can be viewed as extension of
modules of the form L(u). Each L(u) is not 147U (g),-torsion by Corollary 5.2.24. As
finite extension of modules that are not 1+ 7U(g),-torsion is not 1+ 7U(g),-torsion,
M is not 1+ wU(g)n-torsion. Therefore, by Corollary 5.2.22, we have

—

U(g), ® M #0.
U(g)n

As this space has no m-torsion we get

o — o —

04 (U(gh, ©® M@K=Ug,oK) ©® (MoK
(U(g) 8 )& (Ulg)n & )(U(g)n%m( ® K)
=U(@hrx @ M -
U(sx)



We are now able to prove Theorem A:

Theorem 5.2.25. Let A be a weight in 7"h* and extend this to a weight A € bj.. There

—

is a one to one correspondence between submodules of M(X) and submodules of M(\).

—

Proof. Recall the function .# going from submodules of M (\) to submodules of M (\)
sending a submodule N to NN M (\). We have already proven in Lemma 5.2.16 that

Z is injective, so we only need prove that .% is surjective.

Let N be a submodule of M(\) and let N = N = U(g),x ® N. Furthermore,

(oK)

let N = N N M(X). We aim to prove that N = N’ = ﬁ(]/\f\) By construction we
have that N C N’ and by Proposition 5.2.13, N = U(@)nrx ® N'. Assume for a
U

(oK)
contradiction that IV is strictly included in N’. Consider the short exact sequence

0—N—N —= N/N—=0.

As U(g),.x is flat over U(gx) we get a short exact sequence

0 — U(g)n,K ® N — U(g)n,K ® N, — U(g)n,K X N/N, — 07 S0
U(gx) U(gx) U(gk)

0=+N—=N=U@hx ® N/N =0
Ulgx)

is a short exact sequence, which implies that U(g),x ® N/N' = 0. Finally, by
Ulgk)

Proposition 5.2.17, we have U(g), x ® N/N'# 0, which is the desired contradiction.
9K)
[

One might also try to prove the theorem above using [23, Korollar 1.3.12]; we were

not aware of the existence of this paper at the time of the proof.

Using the theorem above, we obtain immediately:

Proposition 5.2.26. Let A : 7"h — R be an R-linear map. The affinoid Verma

—

module M(\) has finite length equal to the length of classical Verma module M(\).

Proof. By Theorem 5.2.25; there is a one to one correspondence between submod-

—

ules of M(A) and submodules of M()\). As the module M () has finite length by
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—

[34, Theorem 1.11], it follows that M (A) also has finite length. Furthermore, the

correspondence is 1-1, so the lengths must be the same. O

For A as in Theorem 5.2.25 we get the following corollaries:

—

Corollary 5.2.27. An affinoid Verma module M(X) is simple if and only if the

corresponding classical Verma module M (X) is simple.

Corollary 5.2.28. Any affinoid Verma module has a unique mazimal submodule and

—

a unique simple quotient. The unique simple quotient L(\) of M () is given by

LA) = U(@)nx ® LX),

U(gx)

where L(X) denotes the unique simple quotient of M(\).

Proof. Let N(X) denote the unique maximal submodule of M (A). Consider the short

exact sequence

0— N) = M(\) — L(A\) — 0.

Since U(g), x is flat over U(gx) we obtain a short exact sequence

0=U(@)nx @ NN —=U(@px @ MA) —=U(@wr ® LA)—0 (538)

U(gx) U(gx) U(gk)

—

By construction, M(A) 2 U(g)nx ® M(X) and by Theorem 5.2.25, one obtains

- U(gx)

NA) :=U(g)nxk ® N(X) is the unique maximal submodule of m The claim
U(ok)

now follows from equation (5.8). O

Proposition 5.2.29. Let M be a subquotient ofm. Then M has a finite compo-

sition series and all the simple quotients are of the form L(u) for some u € 7"h*.

Proof. The first statement follows directly from Proposition 5.2.26. It is enough to
prove the second statement in the case M = M()). Let

OZMQCM1CM2C...Mn:m,
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—

be a composition series for M(A). By Theorem 5.2.25, there exists a composition
series of M (\)

OZM(]CMlCMzC...Mn:M()\),

such that M; = U(@)nxg ® M, for0<i<n.
Ulox)

Fix 1 < j < n; it is enough to prove that Mj/Mj_l = L(p) for some p € h*.

Consider the short exact sequence:

0— Mj,1 — M]’ — Mj/Mjfl.

Since U(g)n x is flat over U(gx) we obtain by tensoring on the left a short exact

sequence

0— Mj—l — Mj — U(Q)n,K & Mj/Mj—la
U(gx)

so M;/M; 1 = U(g)px ® M;/M;_y. Since M;/M;_, is a simple subquotient of
U(ex)
M(X), we have M;/M;_; = L(p) for some p € b by [34, Section 1.11]. This is

induced by some R-linear map pu : 7" — R. The conclusion follows from Corollary
5.2.28. ]

5.3 An affinoid equivalence of categories a la Borho-
Brylinski

Recall that G is a connected, simply connected smooth affine algebraic group scheme
defined over Spec R with Lie algebra g. We also let B be a closed subgroup of G.
Throughout this section, we retain Assumption 4.3.1; that is we assume that the
quotient scheme X = G/B is an R-variety and the quotient map dp : G — X given
by dg(g) = ¢gB is a locally trivial B-torsor with respect to the action ¢ given by
bog=gb L

5.3.1 Introduction to Z/)\-modules

We use the following convention, for a sheaf of R-modules M, we define its m-adic
completion M := lim M /7' M.
—
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Let Y be an R-variety and D be a sheaf of Noetherian rings on Y. Since m-adic
completion preserves Noetherianity we obtain that D is a sheaf of Noetherian rings.
Thus, a module M over D is coherent if and only if it is locally finitely generated.
Furthermore, we will use without further comments that if M is a coherent 5—m0dule,
then M = l(iin M /7 M; this follows from [5, Lemma 5.4]. We also use that for any

i € N*, we have D /7D = D/riD. For more background on D-modules, the reader is

advised to consult [5, Section 5| and [14, Section 3].

In general, it is hard to determine whether a D-module M is coherent. This is
true for example if M = N for some coherent D-module A. In the following, we give

a more general set of sufficient conditions.

Proposition 5.3.1. [1/, Lemme 3.2.2] Let D be a ring and I an ideal generated by
finitely many central elements, and let D; = D/I'D, i € N*. Furthermore, suppose
there exists (M;) an inverse system of D;-modules such that for j > 2 the canonical

morphisms M; /7~ M; — M;_y are isomorphisms. We let M = lim M;. Then:
—

1. For 1 >1 the canonical morphisms
M/I'M — M;
are 1somorphisms.

2. If My s finitely generated over Dy, then M 1is finitely generated over D =
lim D;. Furthermore, a generating set for M can be obtained by lifting a gener-
<_
ating set for M.

Corollary 5.3.2. Let Y be an R-variety and D a sheaf of Noetherian rings on Y.
Further, let (M;) be an inverse system of coherent modules over D /7D and suppose
that the connecting maps induce isomorphisms M; /T I M; = M,y for all i > 2.
Define
M = lim M,.
—

Then M is a coherent D-module and M, = M7 M for all i > 1.

Proof. The question is local; as D is a sheaf of Noetherian rings, a module is coherent
if and only if it is locally finitely generated. Let U C Y be open affine and let
My := M;(U) and Dy := D(U)/7"D(U), so that M(U) = lim M.

—
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Since M, is coherent as a D/m*D-module, we get that M,y is a finitely generated
D;y-module. By definition, we have My /7'M = M, 1, so by the second part of
Proposition 5.3.1, we get that M(U) is finitely generated as a ﬁ(U)—module, so M
is indeed a coherent D-module. For the second part of the statement we have by the
first part of Proposition 5.3.1 that

My 2 MU) /7' M(U).

As this is true for any open affine and there is a map M /7'M — M;, we get the

desired conclusion. O

5.3.2 Pullback of /ﬁ-modules

Lemma 5.3.3. Let f : Z — Y be a map of smooth R-varieties and let M be a

quasi-coherent Oy -module. Then as Oz-modules we have
[rMJmIM) = f5(M) [ f*(M), for any j > 1.

Proof. Consider the short exact sequence:

M M = M7 M — 0.

The functor f* is right exact, so applying this to the short exact sequence above

we get:

FM LI M M M) s 0.

Finally, notice that f*(-m7) = -7/, so we get that indeed

FM/I M (MM, O

For the rest of this section, we fix n a deformation parameter. Let D be a n"-

deformed tdo on an R-variety Y.

Definition 5.3.4. Let f : Z — Y be a map of smooth R-varieties and let M be a
coherent D-module on' Y. Then we define the m-adic pullback of M to be

FH(M) = lim f#(M/x' M),
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Remark 5.3.5. The inverse limit is considered in the category of presheaves over
Z. By construction, we have that M; := M /7'M is in particular a D-module, so
f#(M;) is a f#D-module. Since ' M; = 0, we obtain 7' f#(M,) = 0, thus f#(M,)
is a f*D/nt f#D-module. Therefore, we obtain that f#(./\/l) has the structure of a
]%—module.

Let L be a smooth affine algebraic group locally of finite type defined over Spec R
acting on Y and let D be a n"-deformed L-htdo on Y. We define the notion of

L-equivariant D-modules.

Definition 5.3.6. A L-equivariant coherent D-module is a triple (M, (M,), (o))
such that:

1. (M;) is an inverse system of D-modules and 7w M; = 0.
2. Forie N*, (M,;,«a;) € Coh(D, L).

3. For 1 > 2, the connecting map in the inverse system induces an isomorphism

M, /T IM; 2 My of L-equivariant D-modules.

4. M =Z1limM; as D-modules.
—

A L-equivariant morphism between L-equivariant D-modules (M, (M;), (a;)) and
(N, (M), (8) is a D-linear morphism ¢ : M — N such that there exist compatible
maps ¢; € Homeonp,r) (M, N;) with ¢ = {Enqbz

We define the category of L-equivariant D-modules to consist of L-equivariant
objects and i—equivam’ant morphisms. As before, we will omit the equivariance struc-
ture when it is understood from the context. We denote Coh(Z/)\, L) the category of

ﬁ—equivariant coherent D-modules.

Proposition 5.3.7. Let the notation be as above. The category Coh(l/)\, L) is Abelian.

To prove this proposition, we will need the following lemma:

Lemma 5.3.8. Let A be a w-adically complete Noetherian R-algebra. Let (M;);en-
and (N;)ien= be inverse systems of A-modules such that #'M; = 7'N; = 0 for all
1 € N* and assume that transition maps induce isomorphisms MZ’/’/Ti_lMi = M,
and N; /77 IN; = N;_y. Let (f;) : (M;) — (N;) be a map of inverse systems and
(K;) = ker(f;). Then K;/m"'K; =~ K;_;.
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Proof. We follow the idea in [54, 087X]. Let M := {iLnMi, N = li£1 N;and f: M —
N the induced map; further let K = ker(f). We have by Proposition 5.3.1 that for
any j € N*, M; & M/m/M and N; = N/mN, so we may assume that the map
fi: M/mM — N/7IN is given by f;(m+ M) = f(m) +mN for all m € M.

Next, we know by [14, 3.2.31)] that there exists ¢ € N such that for n > ¢, we have
"N N f(M) C 7" ¢f(M). In particular, we obtain:

f1(#m"N)C K+ 7" M. (5.9)

For s,t € N,s > ¢, we let K|, := im(ker(f;) — M;). We claim that for a fixed ¢,

K¢, is eventually constant and we denote Kj this value. We have that for s > ¢ + ¢

K., =f'(#*N)+a'M/x'M
= K+ n'M/7*M (by equation (5.9)) (5.10)
~ K/K N rtM.

Therefore K] = K/K N7'M is the constant value we seek. We claim that for any
n € N the system (K}/7"K]);>, is eventually constant with value K/7"K. Again,
we have by [14, 3.2.31)] that there exists d € N such that

Kna*M c 7~ for any u > d. (5.11)

Therefore we obtain that for t > n +d

K//mf"K] >~ K/KN7'M/(x"K/K N7'M)
~ K/(KNw'M + m"K) (5.12)
~ K/m"K (by equation (5.11)).

Finally, to prove that K/7"K = K, for all n € N, we repeat the argument in [54,
087X] to prove that the inverse system (K/7'K) is indeed the the kernel of (f;). [

Proof of Proposition 5.3.7. We have by Section 3.9 that the category Coh(D, L) is
Abelian. We view Coh(l/)\, L) as a full subcategory of the Abelian category of towers
consisting of objects in Coh(D, L). It is easy to see that 0 € Coh(Z/)\, L) and the
category is closed under direct sums. Therefore, we only need to prove that Coh(l/)\, L)

is closed under kernels and cokernels.
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Let ¢ : (M, (M), (a;)) = (N, (N7, (B:)) be a map of objects in Coh(D, L). For
i € N*, let ¢; : M; — N; be the corresponding map and K; = ker(¢;). Since
Coh(D, L) is Abelian, we have K; € Coh(D, L); further by construction we have
7KC; = 0 and that (K;) forms an inverse system of D-modules. Finally, by working
locally and using Lemma 5.3.8, we obtain that for any i € N*, K; /7" 'K; = K;_4, so
K =ker¢ = li;n/C,- S Coh(l/?\, L); the coherence of K follows form Corollary 5.3.2.

A similar argument proves that Coh(Y/D\, L) is closed under cokernels. O

Recall that 4; : X — X x X denotes the inclusion of X into the left copy of X x X.
Further, recall from Theorem 4.3.5 that for a n"-deformed G-equivariant htdo on

X x X, the functor zfé induces an equivalence of categories between Coh(D, G) and
Coh(i*D, B). We denote 74 the quasi-inverse of i .

Proposition 5.3.9. Let D be a n"-deformed G-equivariant htdo on X x X. The func-
tor Z'Al# induces an equivalence of categories between Coh(i/)\, G) and Coh(i*D, B). A

quasi-inverse is given 7 defined by F4(N) = lim SEN /7N for N € Coh(i*D, B).
—

Proof. Let M € Coh(l/)\, G) and M; := M/7'M for i > 1. By construction
M; € Coh(D, G), so applying Theorem 4.3.5, we obtain N; := @?‘7£./\/lZ € Coh(i#D, B).
Further, we have 7'A; = 0 since 7°M; = 0. By Lemma 5.3.3, /7" IN; = N;_;.
Therefore, we obtain by Corollary 5.3.2 that

N = i" M = lim \; € Coh(i¥D, B).
—

We have by Corollary 5.3.2 that A; = N /7N, so we get:

Hioi" (M) = H(N)
= lim J(N;)
>~ lim M; (by Theorem 4.3.5)
F
= M.

(5.13)

Thus ;f\j is a left quasi-inverse for ZAZ# A similar argument shows that %\j is also

a right quasi-inverse. O
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5.3.3 Some category theory lemmas

To prove an affinoid version of the Borho-Brylinski theorem, we need some lemmas

for R-linear Abelian categories.

Throughout this subsection we fix A an R-linear small Abelian category and let
B be the full A-subcategory of m-torsion elements, i.e. ob(B) = {A € A| 7"idy =
0 for some n € N} (here ids denotes the identity morphism going from A to A).
We also call a morphism f € Hom(A, B) w-torsion if there exists n € N such that
mf=0.

Throughout this subsection we use that in an R-linear category, we have for f €
Hom(A, B), g € Hom(B,C') and r € R

rgof)=(rg)of=go(rf).

Define a new category Ak, where ob(Ax) = ob(A) and Hom sets given by
Homy, (M, N) := Homuy(M,N) ® K, for all M, N € ob(A). Furthermore, denote
R
F the natural functor A — Ay.

The aim of this subsection is to establish the following theorem:

Theorem 5.3.10. There exists an equivalence of categories between the quotient cat-

egory A/B and the category Ak .

One should notice that apriori it is not clear why the quotient category A/B is
well-defined, so we should begin by proving that B is a Serre subcategory of A. We

start by proving a very useful lemma:

Lemma 5.3.11. Let B € B, C € A and consider morphisms f € Hom(B,C) and
g € Hom(C, B). Then f and g are mw-torsion.

Proof. Since B € B, there exists n € N such that 7" idg = 0. We have

7" f =n"(idgof) = (n"idp) o f =0,
so f is indeed m-torsion. A similar argument shows that ¢ is also m-torsion. O

Proposition 5.3.12. The category B is a Serre subcategory of A.
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Proof. Consider a short exact sequence:

05ALBS S0

One needs to prove that B € B if and only if A,C € B.

First assume that B € B. By Lemma 5.3.11, f is m-torsion so there exists n € N
such that 7™ f = 0, so that

O=n"f=n"(foidy) = for"idys.

Since f is a monomorphism, we can left cancel to get 7"id4 =0, so A € B.

By Lemma 5.3.11, g is w-torsion, so there exists n € N such that 7"¢g = 0, so that

0=n"g=n"(idcog) = 7" id¢ og.

As ¢ is an epimorphism, we can right cancel to obtain 7"idc = 0, so C € B.

Now assume that A,C' € B. By Lemma 5.3.11, f, g are m-torsion so there exist
ni,ne € N such that 7" f = 7"2g = 0. Let n = max(ny,ns) and h := 7"idg. We

have

O=7"f=m (idB.Of)—<7T idB).of_hof. (5.14)
0=n"g=n"(goidg) =go(n"idg) = goh.

Since h € Hom(B, B), we have by Lemma 5.3.13 below that h* = 0, so 7*"idg = 0.
Thus B € B. ]

Lemma 5.3.13. Let C be a small Abelian category and let

0-ALBS S0

be a short exact sequence. Let h € Hom(B, B) such that ho f = goh =0. Then
h? = 0.

Proof. By the Freyd-Mitchell embedding we may assume that C = S-mod for some
ring S. In particular, we may assume that A, B and C are Abelian groups. Let
b € B; then g(h(b)) = 0, so h(b) € ker(g) = im(f). Thus, there exists a € A with
f(a) = h(b). Then
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proving that h? = 0. O

Let S be the collection of B-isomorphisms, i.e. morphisms f in A such that
ker(f) and coker(f) are in B. Then S is a multiplicative system in the sense defined
in |61, Appendix II]. Furthermore, by [61, Example A.1.2|, the quotient category
A/B is equivalent to the localised category Ag. Denote loc : A — Ag the localisation

functor.

Proof of Theorem 5.3.10. By the discussion above, it is enough to prove that there
exists an equivalence of categories between Ag and Ag. By construction, we have that
for any s € S, F(s) is an isomorphism, so by the universal property of localisation
there exists a unique functor G : Ag — Ak defined by G(s7'f) = F(s)"*F(f) for
any s~ f in Homy (X,Y).

We claim that G is an equivalence of categories. It is clear that G is essentially
surjective, so we need to prove that it is fully faithful.
Let ¢ € Homy, (A, B) = Homy(A, B) ® K. Then there exists n € N such that
R

¢ = f@n " for some f € Homy(A, B). By construction, we have that 7" idg € S,
so we get that

G((n"idp)~'f) = F(a"idp) ™" o F(f)

= (iddp@m ") o (f®1)

=fr "

= ¢
Thus, G is indeed full. Lastly, we need to prove that G is faithful. As all the categories
involved are Abelian it is enough to prove that for s7' f € Homyu, (X,Y), if G(s7'f) =
0, then s7!'f = 0. Here we assume s € Homy(X’, X), s € S and f € Homyu(X',Y).
We have 0 = G(s™'f)= F(s)™' o F(f), so F(f) = 0. Therefore, we get that f is

m-torsion, so there exists n € N such that 7" f = 0. Then:

(5.15)

fOﬂ'nidy:ﬂ'nfOidy:O,

and since 7"idy € S, we obtain by [44, Lemma 2.1.5] that s'f = 0. Thus, G is
indeed faithful. O
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We finish the subsection by proving a categorical proposition that we will need in

the next subsection.

Proposition 5.3.14. Let F : A — B be an equivalence of Abelian categories. Let
C and D be Serre subcategories of A and B, respectively such that F restricts to an

equivalence F : C — D. Then F induce an equivalence between the quotient categories

A/C and B/D.

Proof. Let g4 : A — A/C and g : B — B/D denote the localisation functors and let
H := g o F. By assumptions, we have ker H = C, so by [48, Exercise 5, Section 4.4],
there exists a faithful and exact functor H : A/C such that Hogq = H = ggoF. Since
qp o F is essentially surjective, we obtain that H is also essentially surjective. Finally,
for any morphism f in B/D, there is a morphism ¢ in A/C, such that H(g) = f, so
H is also full. O

5.3.4 Affinoid equivariant equivalence a la Borho-Brylinski

Let Y be an R-variety and L a smooth affine algebraic group locally of finite type
defined over R and D a sheaf of n"-deformed L-equivariant htdo on Y. Recall that
by Proposition 5.3.7 the category of j}—equivariant coherent i)\—modules, Coh(b\, L),
is Abelian.

Definition 5.3.15. Let Y be a quasi-compact R-variety and L an algebraic group
acting on Y. Let Coh(l/)\, L)™ be the full subcategory of Coh(lf);\/, L) consisting of -
torsion objects. As 'Y is quasi-compact this is equivalent to the full subcategory of

Coh(l/?\y, L) such that all the sections are mw-torsion.

Proposition 5.3.16. There is an equivalence of categories between the quotient cat-

egory
Coh(l/?\, L)/ Coh(l/?\, L)™ and the category Coh(i/)\, L)k.

Proof. This follows directly from Theorem 5.3.10. O]

Definition 5.3.17. Let Y be a R-variety; recall that 1/); = 2/)\® K. A coherent ﬁK-
R

equivariant Dy -module is quadruple (M, My, (M,), (a;)) such that My is a lattice
of M and (Mo, (M), (o)) € Coh(D, L).

Let (M, My, (M,), () and (N, Ny, (N;), (B;)) be Lg-equivariant Dy -modules
and let ¢ : M — N be a @—linear morphism. We have by the proof of [14, Proposi-
tion 3.4.5] that
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HOHlﬁ(Mo,No) (%) K= HOHlD/;(M,N),

so there exists a pair (¢o,x), ¢o € Homz(Mo, Ny) and v € K such that ¢ = ¢y @ .

We say that ¢ s L K -equivariant if ¢g is f/-equivam‘ant.

We denote Coh(l/?;L) the category of coherent Z/DE—modules consisting of Lx-

equivariant objects together with L K -equivariant morphisms.

We will ignore the equivariance structure when it is well understood from the

context and just call M an L K-equivariant Z/);—module.

Lemma 5.3.18. Assume thatY is quasi-compact. Then there exists an explicit equiv-
alence of categories between Coh(l/?\, L)k and Coh(l/);, L).

Proof. Define F : Coh(D, L) — Coh(Dg, L) by F(M) = M ® K for any object
R
M € Coh(D, L)k and

Flfox)=f®uz, foral f®z € Hom(M,N)® K.
R
By construction, it is clear that I is essentially surjective and since the tensors in
Hom(M, N) ® K are all pure, F is also faithful. Furthermore, it follows by definition
R
of the morphisms in Coh(Dg, H) that F is also full. O

Until the end of the section, we assume that D is a n"-deformed G-equivariant
htdo on X x X.

Lemma 5.3.19. The functom# i Proposition 5.53.9 restricts to an equivalence be-
tween Coh(ﬁ, G)™ and Coh(i*D, B)™. A quasi-inverse is given .

Proof. Let M € Coh(ﬁ, G)™ and define M; := M /7" M. By definition, there exists
m € N* such that for j > m, M; = M. Let N; = sz/\/lz, we have z'Al#./\/l = lim N,
«—

and by Corollary 5.3.2, N; = z}#M / ﬂii}#/\/l. Further by construction, we have that
for j > m, N; = il#/\/l, therefore zfl#./\/l € Coh(il#D, B)".

An analogous argument proves that for N € Coh(z’l#D, B)™, we have j%?i(/\/ ) €
Coh(f)\, G)™. The conclusion follows from Proposition 5.3.9. O

We can now prove an equivariant version of Corollary 4.3.11:
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Theorem 5.3.20. There is an equivalence of categories between Coh(l/);, G) and

Coh(if Dk, B).

Proof. To simplify the proof, we use = to denote an equivalence of categories. Since
G is affine and the quotient map G — G/B is surjective, we obtain that X is quasi-
compact, thus so is X x X. We have by Lemma 5.3.18:

—

Coh(Dg, G) = Coh(D, G)x and Coh(if' Dy, B) = Coh(if D, B). (5.16)

Furthermore, we have by Proposition 5.3.16 that

Coh(D, G)x = Coh(D,G)/ Coh(D, G)", —
—_— —_— —_— 5.1
Coh(i*D, B)x = Coh(i D, B)/ Coh(if D, B)".

Next, we have by Proposition 5.3.9 that there is an equivalence of categories
Z'Al# : Coh(l/D\, G) = Coh(i*D, B) and by Lemma 5.3.19 this restricts to an equiv-
alence Coh(ﬁ, G)™ = Coh(i#D, B)™, so applying Proposition 5.3.14, we obtain an

equivalence between the quotient categories:

— —

Coh(D, G)/ Coh(D, G)™ = Coh (i D, B)/ Coh(if D, B)™. (5.18)
Therefore, by combining equations (5.16), (5.17) and (5.18), we get

—

Coh(Dy, G) = Coh(if Dk, B). O
Remark 5.3.21. Denote E#K the equivalence functor from the category Coh(Y/D.;, G)
to the category Coh(ifﬁl/);, B). Let M € Coh(l/?;, G) and let My be the corresponding
lattice of M. Then under the equivalence of categories above we have that
A ~#
Zl,KM = (4" Mo) % K.
Let us finish the section by proving an affinoid version of Corollary 4.3.16.

Corollary 5.3.22. Let M € Coh(Y/D;, G) and assume that I'(X, E#K/\/l) = 0. Then
(X x X, M) =0.
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Proof. Let Mg be the corresponding lattice of M and define M; := Mg/7* M, and
N; := i M;. By construction, we have N := ZAZ#M = lim N; and by Corollary 5.3.2,
(_
N;=N/mN.
By assumption, we know that T'(X,i, M) = I'(X,N) ® K = 0. Since N €
’ R

Coh(i)\, L), the sections of N are finitely generated over 2/)\; in particular, there exists
m € N such that 7™T(X, N) = 0, so I'(X, 7™ N) = 0.. Since I'(X,N) = {iinF(X,/\/i),
we obtain that for j > m, I'(X,N;) = T'(X,N), so I'(X,7™N;) = 0. Therefore, by
applying Corollary 4.3.16, we obtain I'(X x X, 7" M;) = 0 for j > m, so 7"I'(X X
X, M;) =0. Since I'(X x X, M) = 1(131F(X x X, M;), we conclude that 7™T'(X x
X, Mo) =0, 50 T(X x X, M) = T(X x X, Mo) @ K =0. 0

5.4 Affinoid equivariant Beilinson-Bernstein locali-
sation

Throughout this section we let G be a connected, simply connected, smooth affine
algebraic group scheme locally of finite type defined over Spec R and we let g = Lie(G)

be its Lie algebra. We also let X be a quasi-compact R-variety on which G acts.

5.4.1 Affinoid localisation mechanism

We fix L a closed subgroup of G and n a deformation parameter. We denote U(g),
the 7"-th deformation of U(g) and we let (D,7;) be a n"-deformed L-htdo on X.

Throughout this section we also make the following assumption:

Assumption 5.4.1. Let M be a coherent D-module. Then I'(X, M) is a finitely
generated U(g),-module.

This is a restriction that is always satisfied when D is a 7"-deformed tdo on the
flag scheme X (the equivariance does not play any role). This is the case we are

mainly interested in, but we choose the write theory in this more general setting.

Recall that U(g), denotes the m-adic completion of U(g),; further we denoted

—

U(g)n.x := U(g)n® K. Similar to Definition 5.3.6, we define the notion L-equivariant
R

U(g)n,-modules by extending Definition 4.4.3.

131



—

Definition 5.4.2. A L-equivariant U(g),-module is quadruple (M, (M), (as), (p:))

—

such that M is a finitely generated U(g),-module, (M;) is an inverse system of U(g),-

modules and

o (M, ay, p;) is a finitely generated L-equivariant U(g),-module and 7' M; = 0.

e The transition maps induce isomorphisms M; /7" 1 M; = M;_, of
L-equivariant U(g),-modules.

—

o M = 1im M; as U(g),-modules.
%

—

A morphism between two L-equivariant U(g),-modules (M, (M), (), (pasi)) and
(N, (N:), (Bi), (pni)) is a map of f + M — N of U(g),-modules such that there is
a family of compatible L-equivariant morphisms f; : M; — N; such that f = lim f;.

%

—

We call such a morphism L-equivariant and denote Modg,(U(8)n, L) the subcategory of

—

Modg(U(g)n) consisting of L-equivariant modules and morphisms. As for equivariant

D-modules, we will omit the equivariance structure when it is clear in the context and

—

just call M a L-equivariant U(g),-module.

We also define the notion of equivariant modules for the ring U(g), k.

Definition 5.4.3. A Ly -equivariant U(g)n.x-module is a quintuple
(M, My, (M), (i), (pai)) such that My is a lattice for M and
(Mo, (M;), (ci), (pari)) € Modgg(U(@)n, L).

Next, let (M, My, (M;), (i), (pari)) and (N, No, (N;), (Bi), (pni)) be f}K—equivariant

—_—

U(g)n,x-modules, and let f : M — N be a U(g)nx linear morphism. As M and N

are finitely generated, we have

HOIHU/(E)\TL(MOa NO) % K= HOInU(g)nVK(M’ N)u

so there exists fo : My — Ny and x € K such that f = fo ® z. We say that f
18 iK—equivariant if fo is ﬁ—equz’varz’ant. Denote Modfg(m, L) the subcategory
of finitely generated ﬁ(/g)n\;{ modules consisting of IAJK-equwam‘ant objects along with
ﬁK—equivariant morphisms. We will ignore the equivariance structure when it is well

understood from the context.
Before stating the affinoid localisation mechanism, we need one more lemma:
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Lemma 5.4.4. Let B be a Noetherian R-algebra and A a finitely generated B-module.
Let A; = A/n'A, B; = B/7'B, A = hm A;, B = hmB Further, let C; be a inverse

system of B;-modules and C' = th’ Assume that C; = C/n'C. Then:

~

Proof. Since B is a Noetherian R-algebra, we have A~ A B , SO
B

12
12

ARC=2A@BRC=2ARC.
B B B B

Consider the exact sequence

C5C—C/a'C—o.

Since tensor product is right exact, one obtains:

ARC S5 ARC —- AR C; — 0.
B B B
Therefore, we get

AR C/T(ARC) 2 ARC; =2 A;® (.
B B B B

The claim follows since A ® C'is w-adically complete. O
B

Recall by Definition 4.2.5 that there exists a ts a map zg U(g), — D. By functoriality,
the map iy : U(g), — D induces a map zg U(g) — D and thus a map zg U(g)nx —
Dy.

Definition 5.4.5. We define two functors:

Loc : Mod(U(g)nx) = Mod(Dg),  Loc(M)=Dx ® M,

I': Mod(Dg) — Mod(U(g)nr),  T'(M)=T(X, M).

Proposition 5.4.6.

i) Let M € Modg(U(g)n.x, L). Then Loc(M) € Coh(Dg, L).
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ii) Let M € Coh(Dy, L). Then T'(X, M) € Modgy(U(8) ., L).

—

Proof. Let My be the lattice of M such that M, € Mod(U(g)n,L). Then

D ® M)®K=Dx ® M= Loc(M),

Ula)n R U(8)n i

soM:=D ~® My is a lattice for Loc(M), so we need to prove M is L-equivariant.
U(g)n

Let M; = My/7m*My and M; := D ® M;. Then, we have by applying Lemma
U(g)n
5.4.4 that M = lim M;. Fix i € N*; by construction we have m°M; = 0; next, by
H

definition we have that M; is a L-equivariant finitely generated U(g),-module, so M;
is a quasi-coherent L-equivariant D-module by Proposition 4.5.1. Since M; is finitely
generated as a U(g),-module, by picking a presentation of M; we obtain that M, is

also coherent.

Finally, consider the short exact sequence:

Since tensor product is right exact, we get a short exact sequence:

D ® Mii>D ® M;—D ® M,_1—0,
U(g)n U(9)n U(g)n

so M; /7" I M; =2 M;_y. Thus, we proved that M is indeed L-equivariant, so Loc(M)

is also L-equivariant. This proves the first statement.

On the other hand, consider M € Coh(Y/D;, L) and let M = I'(X, M). Further,
let Mg € Coh(Z/)\, L) be the corresponding lattice of M and M, = I'(X, M,). By
construction My ® K = M, so it is enough to prove that M, is L-equivariant. Let
M, = M/?Ti./\/l,RMi = I'(X, M;). Since M is coherent, we have M = {iin]\/li, SO
My = lim M;. Further, M;/m*"*M; = M;_; and 7'M, = 0 for all i € N, so we are left
to prox;e_ that M,’s are L-equivariant finitely generated U(g),-modules.

Since M, € Coh(l/?\, L), we obtain by construction and Corollary 5.3.2 that for
all i« € N*, M, is a L-equivariant coherent D-module. Then by Proposition 4.5.4
and Assumption 5.4.1 we obtain that for all ¢ € N*, M; is a L-equivariant finitely
generated U(g),-module. This concludes the proof. O
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5.4.2 Applications of the localisation mechanism

Throughout this subsection, we assume that G is a connected, simply connected, split
semisimple, smooth affine algebraic group scheme over Spec R. We also let X = G/B
denote the flag scheme which is a quasi-compact R-variety. Fix n a deformation
parameter and g = n~ @ h & n' a Cartan decomposition of g = Lie(G). Further, we
fix A : 7"h — R an R-linear map and denote R, the corresponding U(h),-module.
By [5, Section 6.10] we have an induced map (U(g)%), — U(h), and we view Ry
as a (U(g)%¥),-module via this map. We also let K, := R, % K the corresponding

U (g)g -module. We make the following definitions:

e Ulgy :=Ulg)n ® Ry,
(U(@)%)n

We should remark that by [5, Theorem 6.10a)], U(g); x = U(g)nx & Ky, s0

in particular U(g); x is a quotient of U(g)n k-

We also let D)) be as in [5, Section 6.4]. This coincides with Dy » as defined in
Definition 4.5.14. By [5, Theorem 6.10b)] one has I'(X, D, ) = U(g); . We define

a localisation functor

—

Loc* : Modig(U(g)2 ) — Coh(D2 ) Loc*(M) =D, ® M.

U(g)?‘L’K

We say that A € b, is dominant if (A + p)(h) > 0 for any positive coroot h € b.
Given A : mh — R, we say that )\ is dominant if the corresponding root A € bj is
dominant. We say that A : 7" — R is regular if the corresponding \ € bj; is regular,

i.e. the stabiliser of the Weyl group action on A is trivial.

In [5], the authors prove an affinoid version of Beilinson-Bernstein localisation:

Theorem 5.4.7. [5, Theorem C] [3, Theorem 5.3.13] Let X : 7" — R be a dom-

inant weight. The functor T is exact and the functors Loc® and T' induce quasi-

inverse equivalences of categories between Modfg(U(g);\l’K) and the quotient category
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—

Coh(Dz’K)/ker I'. In case X\ is also reqular, then ker I' = 0 whenever n > 0 or p is a

very good prime for G.

We should remark that the part of the proof where A is dominant does not require
p to be a very good prime for G. The restriction on p has been removed in [3, Theorem
5.3.13| provided that n > 0.

We may prove an equivariant version of the affinoid localisation theorem.

Theorem 5.4.8. Let L be a closed subgroup of G and let A : n"p — R be a domi-
nant weight. The functors Loc® and T induce quasi-inverse equivalences of categories
between Modg,(U(9); g, L) and the quotient category Coh(D; i, L)/ kerI'. In case A

s also reqular, then kerI' = 0 whenever n > 0 or p is a very good prime for G.

Proof. By Theorem 5.4.7, it is enough to prove that Loc® and T' preserve the L-
equivariance. We have by Corollary 4.5.15 that D) is a 7"-deformed G-htdo, so in
particular it is n"-deformed L-htdo. Further, we have by [5, Proposition 5.15| that

D) satisfies Assumption 5.4.1. The claim follows from Proposition 5.4.6 since U (g)ﬁ K

is a quotient of U(g), k- O

As a corollary we obtain:

Corollary 5.4.9. Let M € Modg,(U(g)) i ). Then

['(X,Loc*M)) = M.

In the next section, we will apply Theorem 5.4.8 in two cases: B is a Borel
subgroup of a G and G = G4 = {(g,9)|g € G} is the diagonal subgroup of G x G.

5.4.3 Equivariance of two-sided ideals

We keep the notation from the previous section. The Lie algebra of the algebraic
group G X G is given by Lie(G x G) = Lie(G) x Lie(G) = g x g. We aim to prove that
any two-sided ideal in m is G-equivariant when viewed as m—module.
Here we view G as the diagonal subgroup of G x G. To avoid confusion, we denote

this group Gjy.

Recall that the enveloping algebra U(g) is a G-representation. In particular, the

group G(R) acts on U(g) via the Adjoint action inducing a comodule map
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p:U(g) = O(G) @ U(g).

Further, since the G-action preserves U(g),, the map p restricts to a comodule

map p: U(g), = O(G) @ U(g),. Let O(GQ) :=lim O(G) /7' O(G) denote the m-adic
D

completion of the Hopf algebra O(G) corresponding to the group G. Using the fact

that the m-adic completion is a functor, we obtain a map

where & denotes the completed tensor product.

—

Definition 5.4.10. We say that a two-sided ideal I in U(g),, is w-closed if the quotient
U(g)n/I is m-torsion-free.

—

For the rest of this subsection, we let I a m-closed two-sided ideal in U(g),.

By construction, we have that g - x = p(x)(g), for all g € G(R),z € U(g)n, SO
applying [6, Corollary 4.3], we obtain

p(x)(g)=g-x€l, forall g e G(R),z € I. (5.20)

—

For each ¢ € G(R) consider the map ¢, : O(G) — R, €,(f) := f(g) and let ¢ :
U(g)n — U(g)n/I denote the natural projection. Consider the following commutative

diagram:

id®q

O(G)&U(g)n % O(G)2U(g)a/1
leg®id leg@)id (5-21)

RRU(g)n _ d%a ROU(g)n/I.

By equation (5.20), we have that (id ®q) o (e,®id) o p(i) = 0, for all i € I and
g € G(R), therefore we obtain
(e,@id) o (id ®q) o p(i) = 0 for all g € G(R),i € I. (5.22)

Let l?(a) = (’7(5) ® K. We wish to prove that the Jacobson radical of l?(a)
R

— —

is 0, and if f € O(G), viewed as an element of K(G), is such that €,(f) = 0 fo all
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g € G(Op) and all L/K finite extensions, then f is in the intersection of all maximals
ideals of K(G). By combining the results, we obtain f = 0.

—_—

Proposition 5.4.11. The Jacobson radical of K(G), J(K(G)), is 0.

Proof. Any free Tate algebra over a non-archimidean field K is a Jacobson ring by

—

[18, Proposition 3.1.3|; in particular as K(G) = K(x1,xs,...x,)/J is a quotient of a
free Tate algebra by some closed ideal J, we have J(K(G)) =nilradical(K(G)), so it

—

suffices to prove that nilradical(K(G))=0.

As G is a reductive connected group scheme, we have by [36, 11.1.9 (4)] that
O(G) is an integral domain, therefore k(G) := O(G) ® k is also an integral domain.
R

—

Consider the m-adic filtrations on O(G) and O(G); we have by the properties of m-adic

completions

—

gr(0(G)) = gr(0(G)) = (gr R)(G).

As (gr R) is a polynomial ring over k and k(G) is an integral domain, we obtain
that gr(O(G)) is an integral domain, so O(G) is an integral domain. Therefore,
K(G) = O(G)® K is an integral domain, so in particular K (G) has trivial nilradical.

R
[

—

Proposition 5.4.12. Let f € O(G) such that e,(f) =0 for all g € G(Oy) and all L
finite extensions of K. Then f = 0.

—

Proof. View f as an element of K(G). Further, let K(zy,2s...,2,) be a free Tate

—

algebra projecting onto K(G) via a map denoted ¢; let J = ker¢. Finally, let
m C K(G) be a maximal ideal of K(G); we aim to prove that f € m.

Asm C [?(E) is maximal, ¢~!(m) is a maximal ideal in K(z1,75...,,), so we
get an induced map ( : I?(E)/m — K(xy1y...7,)/¢" (m). Further, we have by
[18, Corollary 2.2.12], K{x1,22,...,2,)/¢" (m) = L, where L is a finite extension
of K. The image of f under the composition of the maps (call this composition
n: (Q/(CT) — L) lies into the ring of integers of L, Oy.

—

By [20, Example 1.8 ii)|, there is a correspondence between maps from K(G)

to L and the zero locus of a system of generators for the ideal defining J (recall

—

K(G) = K(z1,22...,2,)/J) inside O}. Therefore, as ¢,(f) = 0 for all ¢ € G(Oy),
we obtain n(f) = 0. Consider the composition defining 7:

—_—

K(G) = K(G)/m — K{x1,15...2,)/¢ *(m) = L.
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o — o —

As m is a maximal ideal, K(G)/m is a field, so the map K(G)/m — L is an

injection. Thus, as n(f) = 0, one obtains that f € m. In conclusion, f lies in all

—

the maximal ideals of K(G), i.e. f € J(K(G)); applying Proposition 5.4.11, we get
fF=o. 0

—

Theorem 5.4.13. Let I be a m-closed two-sided ideal in U(g),. Then p(I) C

—

A

O(G)&I.

—

Proof. Consider the composition map (e,0id) o (id®gq) o p : I — RQU(g),/I. By
equation (5.22), we know that for all i € I, (¢,®id) o (id ®q) o p(i) = 0.

Let I = I ® K and notice that Ik is a two-sided ideal in U(g)n, k. As [ is a
R

—

m-closed ideal, the space U(g), /I has no m-torsion, so we obtain

—

U(g)n/1 ® K = U(9)n,ic/ I

The space U(g)n x/Ix is a K-Banach space that has a countably dimensional

dense subspace consisting of elements of the form = + Ix, * € U(gk). Therefore,

applying [51, Proposition 10.4], we get that U(g), x/Ix has a countable topological
K-basis, so U(g),/I has a countable topological R-basis; denote this basis {y;|i € N}.
Another way to see the existence of this basis is that the space U(g)n x/Ix is a

separable K-Banach space, so it has a Schauder basis.

—_—

Consider an element a = Y7, fi®y; € O(G)®U(g),. Then we have for all
g € G(R),

0= (Eg®id)(z fi®y:) = Z fi(9)yi-

—

As y;’s form a topological basis of U(g),, we obtain

¢(fi) =0forall g € G(R),i € N. (5.23)

Now, let A be m-adically complete commutative R-algebra finitely generated as
an R-module. For g € G(A) let ¢, : A(G) — A denote the evaluation map by abusing

notation.
—_—

Recall that U(g), is a G-representation by extending the Adjoint action of G on

—

g. Consider the set I ® A inside U(g)n.4 := U(g), ® A. Notice that since A is finitely
R R
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generated as an R-module, we only need to take the standard tensor product, not the

completed one. Let x; ® y; be a simple tensor in U(g), 4 and z2 ® y» be a simple
tensor in 1 ® A. Then
R

(21 @ 1) (22 @ Yo) = 2172 @ Y1Y2.

As oy € I and I is a two-sided ideal x1x9 € I, s0 (27 @ y1)(12 @ y2) € I ®
R
A. Extending this to non-simple tensors, taking in account all the possible ways to

represent elements in / ® A and U(g),, 4 as sums of simple tensors, we get that / ® A
R R

is a left ideal in U(g), 4. By symmetry it is also a right ideal, so I ® A is indeed
R

—

a two-sided ideal in U(g)n.4. As U(g), is a G-representation and G(R) preserves I,
G is a flat group scheme, we deduce that I is a G-subrepresentation of U(g),, so
G(A)- (I ® A) C I ® A. Therefore, by base changing equation (5.23) to A we get

R R

€,(fi) =0 for all g € G(A),i € N. (5.24)

In particular we get that the result is true for any Op, where L is a finite extension
of K. Applying Proposition 5.4.12, we obtain f; = 0 for all ¢ € N. Thus, we have
obtained that a = 0, so (id ®q) o p(i) = 0, which implies

p(i) € ker(id ®q) = O(G)&I.

—
~

Therefore, p(I) C O(G)®1I. O

Let 7 be the principal anti-automorphism of U(g) induced by x — —z for all

x € g. We use 27 to denote 7(z). For all 21,5 ..., € g, we have

(129 ... xy)" = (—1)"Tpxp_1 ... To2xq.

— —
A

We define the action of the ring U(g x g), = U(g),QU(g), on U(g), via

—

(a ®b)x = bxa”, for all a,b,x € U(g)n.

Let m : (@,@@)@U(g)n — U/(QE1 denote the action map. The set of

submodules of U(g),, under this action coincide with the set of two-sided ideals. The

group G x G acts on U(g),®U(g), via the adjoint action:
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(g1, 92) - (2®y) = (Ad(g1)z® Ad(ga)y).

In particular we get an action of the group G4 = G. Let

—_—

Phbimod U(g)n®U(g)n — O(G)@U(g)n@)[](g)n

be the corresponding comodule map.

—_—

Finally, let gq = Lie(Gy). It embeds into U(g),®U(g), via x +— 2®1 + 1@z for
all x € gq4.

—

Proposition 5.4.14. Let I be a w-closed two-sided ideal in U(g),. Then, I €
Mod(U(g % g}, Ga).

—

Proof. By abuse of notation let p: I — O(G)®I be the restriction of p to I induced
by the Ad action; by Theorem 5.4.13 this map is well defined. Furthermore, since the
ring U(g),®U(g), is Noetherian, I is also finitely generated. Let

— e

ﬁtensor : U(g)n®U(g)n®I — O(G)®U(g>n®U(g>n®]

be the comodule map induced by p and ppimeq- To prove that the multiplication m

—

is a morphism of comodules it is enough to prove that for all g € G, x,y € U(g),,u €
I.

Ad(g) - ((z®y) - u) = (Ad(g)z® Ad(g)y) - (Ad(g)u)

We have:

~

Ad(g) - ((z&y) - u)

Ad(g)(yuzT)

d(g)y Ad(g)u Ad(g)z"

d(g9)y Ad(g)u(Ad(g)z)

= (Ad(g)z® Ad(g)y) - (Ad(g)w).

A 5.2
X (5.25)

Next, the differentiation of the Ad action is the ad action which coincides with
the action of the Lie Algebra gg4. (*)

Now, consider I; = I/n'I. Then it is easy to see that I; is finitely generated as
U(gxg)n = U(9),RU(g),-module (here U(g),®U(g), acts on I; via (x®y)-(u+7"1) =
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uy” + 71), 7'1; = 0 and I = lim ;. The map p: I — O(G)®I descends to a map
pi - I; = O(G)®I; which is com;tible with the action map since piensor is @& comodule
homomorphism. Finally, by (*) the differentiation of the Ad action descend to I;, so
I; is indeed a Gg-equivariant U(g), @ U (g)n—mogglﬂlus, we have proven all the

conditions required to make I a G’d-equivariant U(g X g),-module. O

We may now prove an affinoid version of Proposition 4.4.4.

Corollary 5.4.15. Let J be a two-sided ideal in U(g)n k. Then

J e MOdfg(U(g X g)n,K, Gd)

Proof. Clearly, J is finitely generated since U(g X g), x is a Noetherian ring. Let
I=Jn U/(g\)n It is easy to see that [ is a two sided ideal in U/(g\)n; we claim it is
m-closed. Suppose there exists x € m and n € N* such that 7*(x + 1) = 0+ 1.
Then we obtain 7"z € I C J. Since J is a two-sided ideal in m, we have z € J.

By the construction of I, we obtain x € I,i.e. x4+ 1 =0+ I, so I is indeed m-closed.

Therefore, by applying Proposition 5.4.14, we obtain I € Mod(U(g X @), Gq)-

To finish the proof, we need to prove that I is a lattice for J. Notice that I ® K C
R

—

J. Let x € J; there exists n € N such that 7"x € U(g)n, so m"x € I. Thus
T =" :1:®7T " e I®K so J = ]®K Finally, since Mg, (g)n/ﬁiU(g)n =0 we

obtain that ﬂf"ll/#[ =0,s01is mdeed a lattice for J. ]

5.4.4 Ideals with a given central character

We now specialise to ideals in U(g), x with a given central character. The Cartan
subalgebra of g x g is given by b x b, so picking a weight v : 7"(h x h) — R is the
same as picking a pair of weights (A, u) where A\, i : 7" — R.

Proposition 5.4.16. We have U(g x g)fl:’;{ =~ U(g)) K®U(g)nK

We need the following Lemma:

Lemma 5.4.17. Let A and B be complete normed K-algebras and I,J be closed
two-sided ideals in A and B, respectively. Then

ARB/(I®B + ARJ) = A/I®B/J.
GB/(IQB + AGT) = A/1GB/
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Proof. We call a continuous morphism ¢ : M — N between two semi-normed K-
vector spaces strict if the natural morphism coim ¢ — im ¢ is a homeomorphism. If
M and N are Banach spaces, then by [16, Lemma 2.6], ¢ is strict if and only if the

image of ¢ is closed in N.

Let ¢1 : A — AJI, ¢o : B — B/J be the natural projections. Since A and B
are Banach spaces and [ and J are closed ideals, we get by the discussion above
that ¢; and ¢ are strict morphisms. Further, R is mixed characteristic (0,p), so
the valuation on Q C K = Frac(R) is non-trivial. Thus, by [16, Theorem 2.8] the
morphism ¢, ([Z?QSQ ; A(I%)B — A/l %B /J is also strict. Furthermore, as I, J are closed
in A and B respectively, we get that the natural inclusion (IE? B+ A % J— A % B

is also strict. Therefore, we obtain a strict short exact sequence

0-I®B+A®J—>A®B—~A/l®B/J—0.
K K K K

Applying [19, Corollary 1.1.9/6], we get a strict exact sequence

0+I®B+A®J— A®B — A/I®B/J — 0. (5.26)
K K K K

Since I and J are closed ideals, we have ] ® B+ A® J = I®B + A®J. The lemma
K K K K
follows from equation (5.26). O

We can now prove Proposition 5.4.16:

Proof. For A : 7" — R denote xy : U(g)¢ — R the map obtained by composing the
map A with the map U(g)¢ — U(),. Recall by Theorem 5.2.4, we have Z (U (g),.x) =

U (g)g > S0 X determines a central character of U(g),, x which we denote y, by abuse

of language. Let m, = kerx,, so that m = U(9)n.x/U(8)nxmy. Further,

consider x», : U(g x 9)§*¢ — R and let my, = kerx,, so that U(g x 9)2?( =

U(‘g X g)”rK/mA’HU(g X g)n,K
We have by definition that my , = my @ (U(g)%), + (U(g)%), ® m,, so

m)\,,uU(g X g)n,K = m)\(I%U(g>n,K + U(g)mK@m# (527>

The claim now follows by applying Lemma 5.4.17. O]
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Recall that 7 denotes the principal anti-automorphism of U(g). It can be extended

to an anti-automorphism of U(g), x, which we will also call 7. We have by |10,

Lemma 5.4-Equation 5.5] that 7 induces an isomorphism U(g)*”" = U(g)~“°*; here w,
op

denotes the longest element of W. The map 7 extends to an isomorphism U(g); =

U(g);}’(")‘. From now on, until the end of the document we will use A* to denote —w,A\.

Recall that if I is a two-sided ideal in U(g), x, we have shown in Corollary 5.4.15

that I € Mod(U(g X 9)n,k,Ga). Furthermore, if I has central character y,, i.e.

my C I, we view I as a two-sided ideal in U(g) . We have by Proposition 5.4.16
that I is a module over the ring U(g x g)) jo & m@m, so we have:
K ) K k)

Corollary 5.4.18. Let I be a two-sided ideal in U(g); . Then

I € Modg(U(g x 9)) 12, G).

We should remark that we have dropped the index d as this should not cause
any confusion for the rest of the document. Recall that we view G via its diagonal

embedding into G x GG. The corollary above is an affinoid version of Corollary 4.4.5.

5.5 Global sections under affinoid pullback

Throughout this section, we aim to compute global sections under the affinoid pull-

back defined in Remark 5.3.21. We proceed by developing some machinery.

5.5.1 Preliminary lemmas

Recall that for any sheaf R-modules F on a topological space Y, we denote F =
lim F /7" F its m-adic completion and Fy the sheaf defined by Fx(U) := F(U) @ K
— R
for any U C Y open.

Throughout this section we will freely make use of the following easy result: Let
f Y — W be a map of R-schemes and F be a sheaf of R-modules on Y, then

(feF)x = [o(FK).

Lemma 5.5.1. Let j : Y — W be a closed embedding of R-varieties and let (F;) be
an inverse system of sheaves of R-modules such that F; /7" 1 F; = F;_ fori > 1. Let
F . =lmZF,. Then:

H
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5 F 2 (lim §,F).
—

Proof. Notice that apriori it is not clear that the right-hand side is well defined.
However, since j is a closed embedding, it is in particular right exact. Therefore, one

can prove in a similar fashion to Lemma 5.3.3 that
]*E/ﬂ-z_lj*ﬁ = j*E—l-

Let G := lim j,F;. Since j, is a right adjoint functor to the inverse image functor,
H

J« commutes with inverse limits, thus

.F = j.(im F,) = lim(j.F) = G. 0
— —

Lemma 5.5.2. Let Y be an R-variety and let p, :' Y XY — Y be the projection on
the right factor, and F a sheaf of R-modules. Then:

prlF = F

Proof. First, notice that there is a map from the right hand side to the left-hand
side via the maps F — F/m'F = F/r'F. Let U,V C Y be affine open, so that
UxV CY xY is affine open. Then, we have:

P F(U x V) = lim(p,  F/m'p, " F)(U x V)
= limp, ' F(U x V) /x'p; F(U x V)
>~ | : 5.28
lim F(V) /' F (V) (5.28)
~ A1)
=~ p L F(U x V).
Now let (U;);er be an affine open covering of Y. Then {U; x Uy|j,k € I} is an
affine open covering of Y x Y. By equation (5.28), we have that the sheaves p'F

and p ' F agree on affine open cover and since there exists a map between the two,

they are isomorphic. O
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5.5.2 Simplyfing the pullback functor

We retain the notation from the previous section. Further, for the rest of the sec-
tion we assume A,y : 7h — R are R-linear dominant weights. Since DM is a
sheaf of 7"-deformed G-htdo by Corollary 4.5.15 and the double flag variety X x X
is quasi-compact we have by Theorem 4.3.5, Proposition 5.3.9 and Theorem 5.3.20

equivalences of categories:

i7" - Coh(DM, G) — Coh(D), B),
" . Coh(D)*,G) — Coh(DX, B), (5.29)

o~

i : Coh(Dyl, G) — Coh(D ., B).

We let 7+ : eB — X and p, : X x X — X denote the natural inclusion and
projection onto the right factor, respectively. We also define M# := i, R @ D~.
Ox

—

We can now give a description of the pullback of G-equivariant coherent D
modules and DQ:’,‘(—modules. We start by proving m-adic and affinoid versions of
Corollary 4.6.4.

Proposition 5.5.3. Let M € Coh(Dy*,G). Then:

W GEM 2 ME @ M.

1~
pr Dh

Proof. We know by construction that M /7'M € Coh(D*, G). We have

i (i M) = i (i (M7 M)
= Jim(iy, (i (M /7' M))) (by Lemma 5.5.1)
p M M /7' M) (by Corollary 4.6.4)

&
— p;LDn
im(p, My /7', M, ® M7 M)
— pr "Dt /wipy "Dl
=p; My ® M (by Lemma 5.4.4)
pr 1 DH

o p;lm ® M (by Lemma 5.5.2). O

pr "D

1%
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—

Corollary 5.5.4. Let M € Coh(Di‘:‘;(, G). Then:

i (M) = (7 M) © M,

— 1y
pr Dy i

Proof. Let Mg be the correspoding lattice for M such that M, € Coh(Dﬁ’“, G). By
definition (E#KM) = (@#MO)K. We have

in (i M) = i1, (0" Mo) k)

= (i, i Mo)x
> (p, "Ml ® M)k (by Proposition 5.5.3)
pr D
> (p,'Mh)k  ®  (Mo)k
(v ' DR K
= (p,'Mh)k ®@ M
(pr "Dk
= (pr_lM‘ﬁ)K ® M. ]
pr Dl i

We should remark that the argument above proves that the functor %#K is well
defined, i.e. it does not depend on the lattice of M.

5.5.3 Computation of global sections

We aim to compute I'( X, EZ#K./\/[) for M € Coh(D,’}L:’;{,G). Recall that Z = X x X

denotes the double flag variety. We start by making some notations.
To simplify the notation, we denote A := I'(X, i)\ﬁ), so that Ay = A® K =
R
X ,Yi‘@‘\K) Further, we let B := I'(X,Dp*). We have by combining Proposition
5.4.16 and [5, Theorem 6.10b)] that U(g x g)\ = By = m®AK. Given a
’ K

Bi-module M, we may view it as Agx-module via z.m = (1 ® x).m for x € Ax and

me M.

Proposition 5.5.5. Let M € Coh(Di:“K,G). Then as U(g)y x-modules we have an

isomorphism:

(X, i M) 2 T(X, MY ) ® T(Z,M).

Ak
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Proof. We have I'( X, El M) =T(Z, 14, (EZ#KM)), so using Corollary 5.5.4, it is enough
to compute I'(Z, (p; 1/\/1“) @ M).

We have by the first part of Lemma 4.6.2 that there is an exact sequence (DF)* —
(DH)> — M# — 0 for some a,b € N*. Since 7-adic completion is exact on coherent
modules, we obtain an exact sequence ({D\ﬁ)“ — (Y/DE)I’ — .//\/l\’ﬁ — 0, so an exact

sequence

(Dh )" = (D )" = MMK — 0.
Since p; 1Mn x = (o 1./\/1” )k and tensor product is right exact we obtain an exact

sequence:

(p'Dhg)" ® M%(p:lDfiK) ® M-=@p, M)k © M=o

—_— b —_— —_—
—1yp — 1y — 1y
pr Dn,K Dn K Pr Dn,K

To simplify the notation, we let £ = p,- 1151“7\[( and M =T'(Z, M). The above short

sequence fits into the following commutative diagram:

5“(?/\/{ — Sb%)/\/l —_— (pr_l./T/l\ﬁ)K%)M — 0

[ N

Me y MP y (' M)k ® M — 0.

— 1
pr Dy i

Since I'(Z, —) is exact on coherent modules by Theorem 5.4.7 we obtain a com-

mutative diagram:

D(2,6° M) — T(Z,8' ¢ M) — I(Z, (- MY ® M) + 0

|

0NZ,M*) ——— T(Z, M") —— T(Z, (p; 1/\/1“) <§M) -0

~ ~

DX, D' )@ M+ (X, D' ) ® M — D(X, M" ) @ M — 0.
’ Ag ’ Ax ’ Ax
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By construction, we have that the vertical arrows on the first, second and fourth
columns are isomorphisms. Considering the first and fourth row and applying the

Five Lemma, we get the desired isomorphism. O

5.5.4 Global sections of M?LK

Recall that b~ = n~ @ b denotes the negative Borel subalgebra of g. Let T'(1)g =

R, (®) U(g), denote the right U(g),-module such that U(b~), acts on R via pu.
U6~ )n

Further, we let T'(u) == T(p)o ® K = K,
R

© Ul and T(a) i= T(o)o & K =
Ut~ )k R
T(p) ® U(g)nxkx- We should remark that T'(p) is the same as defined in Lemma
U(g)x

4.6.2.

—

Proposition 5.5.6. We have F(X,@) = T(u) as right U(g)n, x-modules.

Proof. We have by construction that I'(X, M})) @ K = I'(Xk, M, 1 x,) and by
R bl
Lemma 4.6.2 that I'( X, M], 1 ) = T(1t). Therefore

DOX, M) @ K 2 T(a)o & K = T(p)

By [5, Proposition 5.15b)|, I'(X, M*) is finitely generated as a U(g),-module,
so ['(X, M#) and T'(u)o are both lattices for T'(i). Therefore, they agree modulo

bounded 7-torsion, i.e. there exists an exact sequence

T(u)o — T'(X, M) — C — 0,

such that 7™C = 0 for some m € N and C is a finitely generated U(g),-module.
Since, m-adic completion is exact on finitely generated U(g),-modules we get an exact

sequence

—

with 7mC = 0. So by tensoring with K we obtain
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We may now prove the main theorem of this section, an affinoid version of Theorem
4.6.5.

—

Theorem 5.5.7. Let M € Coh(Dz”"K, G). Then as U(g)p x-modules we have:

—

DX, i M) 2 T(n)  ®  T(Z,M).
U(Q)Z,K

Proof. This follows by combining Corollary 5.4.8, Proposition 5.5.6 and [5, Theorem
6.10b)]. O

5.6 Affinoid Duflo’s theorem

Throughout this section A : 7" — R denotes an R-linear dominant weight. Recall
that we use A* to denote the weight —w,\, where w, is the longest element of the
Weyl group. If A is a dominant weight, so is A*. To prove an affinoid version of Duflo’s
theorem, we follow the same lines as in Section 4.7 at the affinoid level. We consider

the functor

F : Modgy(U(s x 9)) 12, G) = Modg(U(g)X 5, B),
F (M) :=T(X, i} Loc*(M)).

Proposition 5.6.1. The functor % is eract and (M) = T(\) ® M as

n

@) ot for M € Modg(U(a x a)1 £ C).

Proof. Let M € Modg(U(g x 9)21?7 G) and M := Loc**(M). We have by Corol-
lary 5.4.9 that I'(Z, M) = M and by Theorem 5.4.8 that M € Coh(D:}’g\,G), SO
the second claim follows from Theorem 5.5.7. Consider a short exact sequence in

Modg,(U(g x g)p ic'» G):

0O—N—-M-—P—0.

We let N, M, P denote the localisation of N, M and P respectively. Further, we
denote £ := ker(N' — M). By construction, Loc*** is right exact, so we obtain an

exact sequence:
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0=L>N—->M—=P—=0.

Since Z#K is an equivalence of Abelian categories, it is exact. Furthermore, by

Theorem 5.4.8 the global sections functor is also exact, so we obtain an exact sequence

0 — (X, %#Kc) — (X, %ffKN ) — D(X, %ffKM) — (X, %ffKP) 0.

Combining Theorem 5.5.7 and Corollary 5.4.9 we obtain an exact sequence

) )
- U(9)n - U(9)n (5.30)
TN ® M->TAN & P—=0.
U(g)n.x U(G)Q,K

The claim follows since I'(Z, £) = 0 by definition of £ and Corollary 5.4.9. [

Lemma 5.6.2. Let M € Mod(U(g xg);\l;’?,G) and assume F (M) = 0. Then
M = 0.

Proof. Let M := Loc**(M). Then, by assumption, we have that I'(X, Q#KM) =0.
By applying Corollary 5.4.9 and Corollary 5.3.22, we obtain M = 0. O]

We now specialise to two sided ideals in m; recall that a two-sided ideal
I can be viewed as a module over U(g)) x @ U(g)p i via (z ® y).i = yir(z) for

T € m,y € m and ¢ € I. Further, by Corollary 5.4.15, we have I €

Modg,(U(g x g)ilg\ ,G), so Z (1) is well-defined. As a corollary, we obtain immedi-
ately:

Corollary 5.6.3. Let I, J be two-sided ideals in m such that I C J. Assume
that F (1) = % (J). Then I = J.

Proof. Consider the short exact sequence:

0—=1—J—J/I—D0.

By Proposition 5.6.1 the functor .# is exact, so we obtain an exact sequence
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0—2F%)— F(J)— F(J/I)—0.

Using the assumption, we obtain .#(J/I) = 0. The claim follows by Lemma
5.6.2. [l

Corollary 5.6.4. Let I be a two-sided ideal in U/(g)\ Then as left U( ) i -modules

we have

We should remark that m acts on T()\)I via z.(ti) = t(z.i) = tit(x) for
reU(g)n g te T()\) and ¢ € I. Further, the isomorphism is natural in /.

Proof. Consider the following exact sequence:

0—1—U(g)) x—Ulg )Q’K/I—>O.

Applying Proposition 5.6.1 we obtain a short exact sequence:

05T © I-TN =T @ Ui/l —0.

0— T\ I—>T(/\ () ® Ulghr/I —0
U(g);\LK l U(Q)Z,K

0 —— TN —— TN @  Ul@hg/I — 0.
U(Q)Q,K

It is easy to see that the first map is a surjection and the second and the third
maps are isomorphisms. Furthermore, by the diagram above, the first map is also

—

injective, so indeed we get .# (1) = T'(\)I. O

Let o : g — g denote the Chevalley involution that swaps n* and n~ and fixes

h . Then o extends to an anti-automorphism of U(g)x that fixes the center by

[34, Exercise 1.10]. Therefore, we obtain that an anti- automorphlsm o:U(ghx —

U(G)?{,K- Recall that T'(\)g = R, U((E?i) U(g), so that T()\) =K, @ U(@nxk-
" U(bi)n,K
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Lemma 5.6.5. The map

—
~ — ~

¢:T(N) — M(N), pkr)=0(x)®k, ke Ky,x € U(g)nk

is a K-linear isomorphism of vector spaces satisfying gg(tu) = &(u)gzg(t) for all u €

—

U(g)nx and t € T(X). In particular, if I is a two-sided ideal in U(g); x, then

—

HTNT) = 6(HM(N).

Proof. We have by Lemma 4.7.6 that the map ¢ : T(A\) — M()\), ¢p(k®@z) = o(x) @ K
is a K-linear isomorphism of vector spaces satisfying ¢(tu) = o(u)¢(t) for all t € T'(\)

and u € U(g)x. Therefore, the claims follow from the construction of pand 6. O

To prove the main theorem, we will need the following corollary:

Corollary 5.6.6. Let I be a two-sided ideal in U(g); ;. Then:

—_—

I = Ann(M(X)/IM(N)).

—_— —_—

Proof. Let J = Ann(M(X)/IM(X)). Since I(M(X)/IM(X)) = 0, we obtain that

I C J,s06(I)Ca(J). We remark that since ¢ is an anti-automorphism of U(g); .,

6(I) and G(J) are also two-sided ideals in U(g); . Since .# is exact, in particular
left exact, we obtain . (6(I)) C .# (6(J)). Consider the following diagram:

By construction, the bottom diagram commutes and by the definition of .J, we have

— -

JM(X) = IM(N). Using Lemma 5.6.5, we get T'(A\)a(I) = Jf(X)&(J). Furthermore,
since the isomorphism is Lemma 5.6.4 is natural on ideals, the top diagram is also
commutative. Therefore, .Z(6(1)) = %#(6(J)). The claim follows from Corollary

5.6.3 since ¢ is an anti-automorphism. O]

Theorem 5.6.7. Let I be a prime ideal in m Then

—

I = Ann(L(u)) for some p: 7" — R.
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—_— —

Proof. Since M(X)/IM(X) is a quotient of M (), we have by Proposition 5.2.29 that

there exists a finite composition series:

—_—

OZM()CMlCMl:M(/\)/IM()\)

Let I; = Ann(M;/M;_;) for 1 <i <. We have

Lily...IMy=05L1Iy... | M_,=...=0,

—_—

so I1Iy...I; € Aan(M(N)/IM(N)) = I by Corollary 5.6.6. Since [ is prime, there
exists 1 < j < [ such that I; C I. On the other hand, we have by construction
I C Ij, sol =1; = Ann(M,;/M;_,). Finally, we have by Proposition 5.2.29 that
M;/M;_; = L/(;) for some p : 7"h — R. O

As an easy corollary, we obtain a positive answer to [6, Question A], thus com-

pleting the proof of Theorem B.

Corollary 5.6.8. Every primitive ideal of U(g), x with K-rational infinitesimal cen-

tral character is the annihilator of a simple affinoid highest weight module.

Proof. Any primitive ideal in U(g), x with K-rational infinitesimal central character
intersects Z (U/(g_)n\K) in a maximal ideal of the form kery,; here we view ker x,
as a central character of m via Theorem 5.2.4. Therefore, classifying these
ideals reduces to classifying the ideals in m for all A € 7"h*. There is an

action of the Weyl group W on the set of weights such that for two weights A and

1L, U(g);),K = U(g),, i if and only if A and y are W-conjugate. Further, every WW-
conjugacy class contains at least one dominant weight. The claim follows by Theorem

5.6.7 since every primitive ideal is prime. O

We should remark that in the case p is a very good prime for G, we have by
Theorem 5.2.6 that the ideals {1, = Ann(M(\))|A € 7"h*} form the set of minimal

primitive ideals with K-rational central character.
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5.7 A controller theorem

We keep the notations and assumptions from the previous section; we further assume

that A : 7"h — R is also reqular. We will also make use of the fact that two-

sided ideals in U(g), x that contain U(g), x ker x correspond to two-sided ideals in
U (9)2 K-

Lemma 5.7.1. Let I be a two-sided ideal in U(gr). Then U(g)nri! is a two-sided
ideal in U(g)n ! and furthermore, U(@)nxl = U(8)nxIU(8)n K-

Proof. Clearly, it is enough to prove that 1U(g), x C U(g)nx!.

Viewing U(g), x as a left U(g), x-module via left multiplication, we have that

U(g)nx! is a U(g)n x-submodule. Since the topology U(g), x is complete, we have
by [33, 1.5.5] that U(g), k! is a closed subset.

Let ¢ € I and z € U(g),x. Recall that assuming that wy,us...ug is a free
R-basis for g, we may write as x = Y a Cou®, With |[p™"cq|| — 0 as |a| — oo.

For k € N, let 2, = > | <k cqu®. Since [ is a two-sided ideal, we obtain that

ivg € I CU(g)nk!.

Finally, we have iz = ilimy o ) = limy_,o ixy. Since U(g), k! is closed, we
obtain iz € U(g), k! finishing the proof. O

Proposition 5.7.2. Let I be a two-sided ideal in U(g), x such that U(g),, k ker x» C
I. Then there exists an unique two-sided ideal J in U(gr) such that I = U(g)nxJ.

Proof. Let M = Im. We have by Theorem 5.2.25 that there exists M a submodule
of M () such that M = U(g)n k.M. Further, we have by [13, Theorem 4.3] that there
exists an unique two-sided ideal J in U(gg) such that JM(A) = M. By applying

Lemma 5.7.1 we obtain:

—

(U(g)n,icJ)-M(A) = (U(@)nrc ) )U (@), ic-M(A)

) (5.31)
= (U<g)n,KJ)~M(>‘) = U(g)n,K-M =M,

—_— —_—

so (U(@)nxJ)M(N) = IM(N). Let J = U(g)nxJ + I, so that J'M(X) = IM()N)
and I C J'. We have by Lemma 5.7.1 that J’ is also a two-sided ideal. Further,
by combining Corollary 5.6.3, Corollary 5.6.4 and Lemma 5.6.5 we get J' = I, so

U(g)nxJ C I. Applying the same strategy again, we obtain U(g), xJ = I. O
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To finish the proof, we need one more lemma. This is probably well-known among

the experts, but we have not been able to locate a reference.

Lemma 5.7.3. Let S C T two rings and let I be a left ideal of T' generated by X C S.
Then I =T(INS).

Proof. Let J = I N S. Obviously, we have T'J C I. On the other hand, we have
XcS, Xcl, soX CJ. Therefore,  =T.X C TJ. The claim follows. m

Theorem 5.7.4. Let A\ : 7"h — R be a R-linear dominant regular weight. Let I be a

two-sided ideal in U(g)n x with x-central character. Then:

I = U(@)unc(INU(gx)).
Proof. This follows immediately from Proposition 5.7.2 and Lemma 5.7.3. [

As a corollary, we obtain immediately:

Corollary 5.7.5. Let A : 7" — R be a R-linear dominant reqular weight. The maps:

]HIQU(QK)
T U(@)ni

(5.32)

induce inverse bijections between the set of two sided ideals in U(g), x with x central

character and the set of two sided ideals in U(g), x with xx central character.

We may also prove which ideal controls the annihilator of the simple affinoid

—

module L(pu).

Proposition 5.7.6. Let p: m"h — R and assume that v 1s W-linked to A\. Then:

—

Ann(L(p)) = U(@)n,x Ann L(p).

—

Proof. Let P := Ann(L(y)), P = Ann(L(p)) and J = PN U(gg). Then, we have by

construction P C J.

—

We claim that U(g),, x P contains the annihilator of L(x). We have by the proof
of Lemma 5.7.1 that for all p € P and z € U(g), k, there exist ¢ € P and y € U(g) x
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such that pr = yq. Therefore, we have for all z € U(g),x and 2 @1 € U(g)nx @ L
Ulsk)
that

p(z 1) =z(prl)=z2y(¢®1) = 2zy(1 ® ¢.l) =0,

so the claim is proven. Therefore, we obtain using Corollary 5.7.5 that P = J and
s0, P = U(g)n.xP. O

Let my and m, be the corresponding ideals generated by ker x, in U(g),x and

U(g)k, respectively. As a corollary, we obtain

Corollary 5.7.7. Let A : #"h — R be a R-linear dominant reqular weight. The
map ¢ : Spec(U(g); k) — Spec(U(g)x), ¥(P +mx)) = (P NU(g)x) +my is a
homeomorphism with inverse =" : Spec(U(g)x) — Spec(U(g)y k), ¥ (Q +my) =
(U<9)£{,KQ) + M.

Proof. This follows by combining Theorem 5.6.7, Corollary 5.7.5 and Proposition
5.7.6.

]

Question 5.7.8. Does the result of Theorem 5.7.4 hold if we drop the assumption

that X is reqular? What about if we restrict ourselves to just prime ideals?

157



Chapter 6

Affinoid Quillen’s Lemma

The goal of this chapter is to prove a more general version of affinoid Quillen’s Lemma
[5, Theorem C|. The original proof works only for the case n > 0, while our version
will also work in the case n = 0. The proof will follow the same lines as the one by

Ardakov and Wadsley; we also introduce new techniques to deal with the fact that

the slice of U(g)k, which is isomorphic to U(gg), is not commutative. Using this
version of affinoid Quillen’s Lemma we are able to characterise all the primitive ideals

in U(g), x for all n € N.

Throughout this chapter, we fix a ring A such that A is a completely filtered
K-algebra, FyA is an R-lattice in A and the slice gry A = FyA/mFyA is an almost
commutative Noetherian k-algebra (we call such algebras almost commutative affinoid

algebra) such that gr, A is finitely generated as a module over a central subalgebra

Z.

6.1 Introduction

Let M be a finitely generated A module and ¢ € Endy(M). We say that ¢ is simple

if every non-zero element of Klp] acts invertibly on M. We also let K(¢) be the
subfield of Ends (M) generated by K and .

From now on, we fix M and ¢ and assume that ¢ is simple.

Definition 6.1.1. We say that N C M is a regular FyA — p-lattice if N is a lattice
of M, N 1is a finitely generated FyA-module and the subring

B:={¢ e K(p)|p(N) C N}
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is a discrete valuation ring and a lattice in K(p).

Definition 6.1.2. Let S be an integral domain and T an S-algebra. For f # 0, we
denote Sy the localisation of S at powers of f and Ty := Sy ®T.
5

We say that T is generically flat over S if for every finitely generated S-module
P, there exists 0 # f € S such that the module Py =Ty ® P is free over Sy.
T

Lemma 6.1.3. The ring gr, Alx] is generically flat over klx].

Proof. Consider the filtration on gr, A[z] induced by the filtration of gry A. In respect
to this filtration, gr(gr, Alx]) = gr(gry(A))[z], and by our assumption on A, we have
gr(gry(A)) is finitely generated k-algebra. Therefore, by [54, Lemma 10.117.2], we get
that gr(gr, A[z]) is generically flat over k[x]. The claim follows from [43, Proposition
4.9] O

Lemma 6.1.4. Suppose that M has a regular FyA — -lattice N. Then the residue

field of the discrete valuation ring B, k', is an algebraic extension of k.

Proof. Let 7 be a uniformiser of B and note that the residue field &' := B/7B of
B acts faithfully on N/7N by the definition of B. In particular, N/7N is non-zero.
Since B is an R-lattice in K (), 7 is not a unit in B. Hence, 7 € 7B and N/TN is a
finitely generated gr, A-module.

Now, let s € k/; then s acts on N/7N, so we may view N/7N as a finitely generated
gry Als]-module. We have by Lemma 6.1.3 that there exists f € k[s], f # 0, such that
(N/TN)y is a free k[s] ;-module. Since k[s|f is a subring of &” and &’ acts invertibly on
N/TN, k[s]; will also act invertibly on the free k[s]-module (N/7N)y, forcing k[s];

to be a field. The claim now follows from the Nullstellansatz. O

Proposition 6.1.5. Let the notations and assumptions be as in Lemma 6.1.4. Then

k' is a finite extension of k.

Proof. Since k' acts invertibly on N/7N we may identify &’ as a subfield of the
endomorphism ring Endg, 4(N/7N) C Endz(N/7N); recall that Z is a central subring
of gry A such that gry A is finitely generated as a Z-module..

Let P € Spec(Z) be a minimal prime over Anngz(N/7N) and let k(P) be the
residue field of Zp. Letting X := k(P) % N/TN, we have a natural k-linear ho-
momorphism Endz(N/7N) — Endyp)(X) given by ¢ — 1 ® ¢. Since N/TN is a
finitely generated gr, A-module and gr, A is finitely generated as a Z-module by our
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assumption, we get that N/7N is a finitely generated Z-module. Therefore, X is a
finite dimensional k(P)-vector space and we view k" as a subfield of the matrix ring

Finally, since Z is a finitely generated k-algebra, k(P) is a finitely generated
field extension of k. Since the image of k(P) lies in the centre of Endyp)(X), the
algebra k'k(P) is finite dimensional over k(P). Thus, if Q € Spec(k'k(P)), then
L = K'k(P)/Q is an integral domain and further it is a finite dimensional k(P)-vector
space. In particular, we get that L is a finitely generated field extension of k. It
follows from [39, Propostion III.6] that every subextension, and in particular, the
image of £’ in L, is a finitely generated field extension of k. The claim follows since

the image of k' in L is non-trivial. O]

Corollary 6.1.6. Assume that M has a reqular FyA — p-lattice. Then ¢ is algebraic

over K.

Proof. Let N be a regular FyA — ¢-lattice of M. Then we have by Proposition 6.1.5
that the residue field of B := {¢ € K(p)|¢(IN) C N} is a finite extension of k. Since
the 7-adic filtration on B is separated we have by [33, Theorem 1.5.7] that B is a
finitely generated R-module, so K(p) = Frac(B) is a finite dimensional K = Frac(R)

vector space. ]

6.2 Microlocalisation

Throughout this section, we fix FyM an FyA- lattice of M. We also let Py, Ps,... P,
be the distinct minimal primes in Z above Anny(gry M) and T := Z \ U;_, P;.

We have by Lemma 2.2.8 that gr A := gry Alx,z7!] and since T C gry A con-
sists of homogeneous elements of degree 0, we have by Lemma 2.1.18 that we may
consider the microlocalisations of A and M at T as in Definition 2.1.19; denote the

microlocalisations by @ := Qr(A) and Q1 (M), respectively.

Lemma 6.2.1. There are ring/module filtrations on Q and Qr(M) such that gr(Q)) =
(gro A)rls, s7'] and gr(Qr(M)) = (gro M)r[s,s™t]. In particular, the ring Q is

Noetherian.

Proof. We have by |7, Proposition 3.10| that
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gr(Q) =T 'gr A= T (gry Alz,27"]) = (gro A)plz, 27" (6.1)

A similar argument computes gr(Qr(M)). The last claim follows from the equa-
tion above since (gry A) is Noetherian, the localisation of a Noetherian ring is also

Noetherian and Hilbert’s basis theorem. O

Lemma 6.2.2. The module Qr(M) is Artinian as a Q-module. In particular, the
slice gro(Qr(M)) is an Artinian gryQQ module.

Proof. Since some product of P/s annihilates gr, M, we may find a finite chain of Zp-
submodules of (gr, M) such that each quotient is isomorphic to (Z/P;)r for some i.
On the other hand, the ring (Z/P;)r is the residue field of the Zp,, so, in particular,
(gro M) has finite length.

Since (gro M)r has finite length as a (gry A)r-module, we have by Lemma 6.2.1
that gr M is an Artinian gr )-module. Since the filtration on M is separated and @)
is complete, the claim follows from [33, Proposition 1.7.1.2]. O

Since microlocalisation is a functor, we may extend any A-linear endomorphism
of M to a Q-linear endomorphism of Q7 (M). Therefore, we may view Qp(M) as a
@ — K(p)-bimodule.

Lemma 6.2.3. Let V' be a simple Q — K(p) quotient of Qr(M). The module V' has
at least one FyQ lattice. Furthermore, for any such FyQ lattice L, L/wL has finite
length and Kdimp,o(L) = 1.

Proof. Let Ly be the image of FoQr(M) in V. By Lemma 6.2.1, Fy,@ is Noetherian
and since it is m-adically complete we have by [5, Lemma 3.2a)| that Ly is a FyQ-
lattice in V. Furthermore, since Lg/mLg is a quotient of gry(Qr(M)), we get by
Lemma 6.2.2, that Ly/7 L has finite length.

Now, let L be another FyQ-lattice in V. We have by [27, Proposition 1.1.2] that
the class of L/mL is equal to the class of Ly/mLg in the Grothendieck group of gr, @

modules, so, in particular, L/7L has finite length.

Next, by applying [33, Proposition 1.7.1.2], we obtain

Kdimp,g(L) < Kdimgyp,)(gr L) = Kdimg,, o) (L/7L{z]).
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Since L/mL is a quotient of gr,(Qr(M)), we have by Lemma 6.2.2 that
Kdimg,, o(L/7L) = 0, so by [30, Theorem 15.19], Kdimg, gpj(L/7L[z]) = 1.

Since L has an infinite descending chain of FyQ-submodules given by 7L, it

cannot be Artinian, so Kdimp,o(L) = 1. O

Definition 6.2.4. We say that a subring B of K(y) is a lattice preserver if there is
an FyQ lattice L of V' such that BL C L.

We fix Ly a Fy@Q lattice in V' and we denote £ the set of Fy() lattices contained in

Ly, but not contained in wLg. We also denote P the set of lattice preservers in K (y).

Lemma 6.2.5. The set P has a mazimal element.

Proof. This repeats the argument in |5, Proposition 8.3] word for word. O

Theorem 6.2.6. Every mazimal lattice preserver is a discrete valuation ring.

Proof. We repeat the argument in |5, Theorem 8.4] word for word. O]

6.3 Finding the lattice using Auslander-Gorenstein
theory

Throughout this section, we assume that gr, A is an Auslander-Gorenstein ring.

Lemma 6.3.1. i) The ring FyA is Auslander-Gorenstein.

ii) For every finitely generated m-torsion-free FyA-module N, we have
JroA(N) = Jary a(N) + 1.

Proof. We have by |21, Theorem 2.1] that gr, A[x] is also Auslander-Gorenstein. Since
gr(FpA) = gr, Alz] and the m-adic filtration on FyA is Zariskian, the first claim follows
from [15, Theorem 3.9].

We have by Rees Lemma |2, Lemma 1.1| an isomorphism of Abelian groups

Extg, (N, gry A) = Ext{(N, A) for i > 0.

The second claim follows from the definition of grade. n
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Definition 6.3.2. We say that a pair (B,C) has property P if B is a Noetherian
ring which is finitely generated over a central subring C, and for all finitely gener-

ated B-modules N1 C Ny such that Py, Ps, ..., P. denote the minimal primes above
Annc(Ns), if there exists t € C'\ U;_, P; with tN, = 0, then

iB(N1) > jp(Na).

We say that a Noetherian ring B is centrally grade preserved on modules if it has

a central subring C' such that (B, C) has property P.

From now on, we further assume that gr, A is centrally grade preserved on modules

and we let Z be a central subring such that (gr, A, Z) has property P.

Lemma 6.3.3. Let N be a finitely generated A-module and let Ly, Ly be two FyA
lattices of N. Then Supp,(L1/mLy) = Suppy,(La/mLs).

Proof. Let I} = Annyg(Ly/mLy), I = Annyg(Le/mLs) and let z € 1. Let 2’ € FyA be
a lift of z. Since Li, Ly are FyA lattices, there exists ¢,d € N such that 7Ly C L
and 7L, C 7°t! Ly. Therefore, for I, € 7Ly we have 2", € 2Ly C w%Ly C 71 L.
Thus, 2¢ € Anng(7¢Ly /7T Ly) = Anng(Ly/7Ls).

In particular, we proved that z € /Iy, so I; C /I and it follows that \/I; C v/Is.
A similar argument shows /Iy C v/I;. The claim follows since for any ideal I that
is the annihilator of a finitely generated Z-module M, we have Supp(M) = V(I) =

V(VI). O

Proposition 6.3.4. Let N be a finitely generated FyA-module.

i) If N is w-torsion-free, then jpa(N) = ja(N ®gr K).

ii) If L is an FyA lattice in M and N a submodule of M/L such that Qr(N) =0,
then jF()A(N) Z jFoA(L) + 2.

Proof. The first part repeats the argument in [5, Lemma 8.5| word for word.

Since N C M/L is finitely generated, it is contained in 7#=™L/L for some m > 1.
By considering the filtration N induced by L € 7 'L... C 7 ™L, we may assume
that m = 1, so tN = 0. By our assumptions, N and (L/wL) are finitely generated
Z-modules, so Supp,(N) C Suppy(rm~'L/L) = Supp,(L/wL). Further, we have by
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Lemma 6.3.3 that Supp,(L/7nL) = Supp,(gr, M), so L/mL is annihilated as a Z-
module by some product of the minimal primes Py, P,,..., P, above Anny(gr, M).
Since 7N = 0 and Qr(N) = 0, we have by Corollary 2.1.20 that N is T-torsion.
Further, as N is finitely generated as a Z-module, we get tN = 0 for some t € T

Therefore, viewing N as a submodule of L/7L and using the assumptions in
Definition 6.3.2, we obtain jg a(L/7L) + 1 < jg, a(N). Thus, applying part i) of

Lemma 6.3.1 twice we obtain:

JroA(N) = Jery a(N) + 1 2 jgy a(L/mL) + 2 = jroa(L/mL) + 1.

To finish, we use part i) of Lemma 6.3.1 and Proposition 2.3.9 to obtain that

Proposition 6.3.5. Suppose that M is a simple A — K (p)-bimodule. Then M has a

reqular @-lattice.

Proof. The proof repeats the argument in |5, Proposition 8.6]; we remark that since
1 € T, if we let S be the preimage of T in FyA, it still follows that 7 is in the Jacobson
radical of FyAsg. O

Corollary 6.3.6. Let A be an almost commutative affinoid K-algebra such that its
slice is an almost commutative Auslander-Gorenstein k-algebra and centrally grade
preserved on modules. Then every simple endomorphism of every finitely generated

A-module is algebraic over K.

Proof. This repeats the argument in [5, Corollary 8.6]. O

—_—

6.4 Affinoid Quillen’s Lemma for U(g)g

Let us provide sufficient conditions for property P to be satisfied.

Definition 6.4.1. Let B a Noetherian ring and § a finite partitive function on B.
We call B §-Cohen-Macaulay if for every finitely generated B-module M, we have

0(B) = 0(M) + jp(M).
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Lemma 6.4.2. Let B be a Noetherian ring and C a central subring such that B is
finitely generated as a C-module, Kdim(B) < oo and B is Krull-Cohen-Macaulay.
Then the pair (B, C) has property P.

Proof. Let N; C Ny be two finitely generated B-modules, Py, P ..., P, the minimal
primes above Anng(N,) and t € C'\ Ul_, P; such that tN; = 0. Following definition
6.3.2, we need to prove jg(Ny) > jp(Na).

By our assumptions, we have Kdim¢(N;) < Kdime(Ny). Further, we have by [43,
Corollary 10.1.10] that Kdimg(N;) = Kdimg(N;) for i = 1,2. The claim follows since
Kdimg(N;) = Kdimg(B) — jp(N;) for i = 1, 2. O

Lemma 6.4.3. Let B be a ring and C' a central subring such that C' is Gorenstein
and Homg (B, C) = B as B-modules. Then the pair (B,C') has property P.

Proof. Let Ny, Ny, t be as in the proof of the previous lemma. Since C' is Gorenstein,
our assumption gives us jo(N1) > jo(Na).

We claim that for any finitely generated B-module M, we have jg(M) = jo(M).
First, notice that

Home (M, C') = Homp(M, Home (B, C)) = Homg (M, B)

for any finitely generated B-module M. Therefore, the functors Homg(—,C) and
Homg(—, B) coincide, so viewing Ext as the right derived functor of Hom, we obtain
Ext’y (M, B) = Ext (M, C) for i > 0. O

As a corollary, we obtain immediately:

Corollary 6.4.4. Let C' C B a Frobenius extension and assume that C' is Gorenstein.
Then (B,C) has property P.

Let us now prove that the ring U(g)x satisfies the assumptions of Corollary 6.3.6.
It is clear that U(g)x is an almost commutative affinoid K-algebra, so we only need
to prove that U(gr) = gro(U(g)k) is an almost commutative Auslander-Gorenstein

k-algebra that is centrally grade preserved on modules.

Lemma 6.4.5. The ring U(gy) is an almost commutative Auslander-Gorenstein ring

that is Cohen-Macaulay with respect to the GK -dimension.
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Proof. This follows from the PBW filtration and [55, Corollary 4.5] since S(gy) is a

polynomial identity ring of finite injective dimension. O]

Proposition 6.4.6. The pair (U(gx), Z(U(gr))) has property P.

Proof. We have by [55, Lemma 4.3] that Kdimgy g, (M) = GKdimgy g, (M) and by
Lemma 6.4.5 that GKdimy g, )((M) + ju(g,) (M) = GKdim(U(gy)) for every finitely
generated U(gg)-module M. The claim follows by combining [35, Proposition 2] and
Lemma 6.4.2. [

We can now prove Theorem C from the introduction, the case n > 0 is proven in
[5, Theorem 9.4].

—

Theorem 6.4.7. Let M be a finitely generated U(g)x module and ¢ a simple endo-
morphism of M. Then ¢ is algebraic over K.

Proof. This follows by combining Proposition 6.4.6 and Corollary 6.3.6. [

6.5 Applications of Affinoid Quillen’s Lemma

Let us now mention two important applications of Theorem 6.4.7.

Proposition 6.5.1. Assume that p is a very good prime for G and let B be a Borel
subgroup of G. Then the Krull dimension of U(g)x, Kdim(U(g)k), satisfies the

iequality:

—

Kdim(U(g)x) < dim(B).

Proof. As remarked in [4, Theorem 4.3| the restriction to the case n > 0 is only
required to apply the affinoid Quillen’s lemma in [5] which only works for n > 0. This

restriction is removed by Theorem 6.4.7. [

We are now able to characterise all the primitive ideals in U(g), x for any n € N.

Theorem 6.5.2. Let I be a primitive ideal in U(g), k. Then there exists a finite

extension L/ K and a primitive ideal J € U(g), x ® L with L-rational central character
K

such that:
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I=JNU(g)nk-

o~

Further, this ideal J is of the form Ann(L(\)) for some suitable \.

Proof. We have by Theorem 5.2.4 that Z(U(g), k) is isomorphic with a Tate algebra.

Further, we have by Theorem 6.4.7 that I has some central character. Therefore,

there exists L/K finite extension such that [ ® L C U(g)nx ® K has L-rational
K R

central character.

Let e be the ramification index of L/K, O the ring of integers of L, 7’ the
uniformiser of Oy, and g’ = g® O. We have by |5, Lemma 3.9 ¢)| that U(g), x ® L =
R

U(g')en,. Finally, we have by [43, Theorem 10.2.9] that there exists a prime ideal
J € U(9)en,r such that I = JNU(g)nx. Thus J contains I ® L, so in particular it

K
has an L-rational central character. The claim follows from Theorem 5.6.7. OJ

Let us end this section by proving Theorem D. First, we need to prove an auxilary

proposition.

Proposition 6.5.3. Let I be a two-sided ideal in U(g), x and assume it has a central

character x 1 Z(U(g)nx) — K generated by a dominant regular weight. Then I is
controlled by a two-sided ideal in U(g) k.

Proof. We have by the proof of Theorem 6.5.2 that there exists a finite extension L/K
such that I ® L has a L-rational central character. By passing to the Galois closure, if
necessary, Wlé may assume that L/K is a Galois extension; let G = Gal(L/K) denote
the corresponding Galois group. Again, let e be the ramification index of L/ K, O
the ring of integers of L, n’ the uniformiser of O and ¢’ = g (}Xg Op. As before, it

follows from [5, Lemma 3.9 c)| that U(g)nx ® L = U(g')en.L-
K

Since I is a two-sided ideal in U(g), x and L/K is finite, we get that [ ® L is a
K

two-sided ideal in U(g)nx ® L = U(g')en.- Therefore, we have by Proposition 5.7.2
K

that there exists J, a two-sided ideal in U(g’)r, such that [ ® L = U(g')en.r.J.
K

By construction, I ® L is closed under the natural action of G, therefore J is also
K

closed under the corresponding G-action on U(g’);,. We have

167



Ulg),=U @) L=U (@) L=U L=U L. 6.2
() =U(g20r) ® (8)Q0L® (9) @ (9)x @ (6.2)
Since L/K is a finite Galois extension, we have by Galois descent and the same

arguments as in [22, Theorem 4.2| that J = JoU(g’), for some two-sided ideal Jy in
U(g)x. We have

TU(g)enr =1 % L=JU(g)en,r. = (JoU(g)L)U(F )en,z
(6.3)

= J0U<9/>en,L = <J0U<g)n,K) (1% L.

Therefore, by taking G-invariants and taking into account that I and JoU(g)n x

are fixed by the G-action, we obtain

I=(Ie® L)¢ = ((JoU(g)n k) ® L)¢ = JoU(g)n,k- (6.4)

In conclusion, [ is controlled by Jy and the claim is proven. O

Proof of Theorem D. This follows by combining Proposition 6.5.3 and Lemma 5.7.3.
O

For the rest of this section, we fix x = x» : Z(U(g)nx) — K a central character
generated by A dominant.

Proposition 6.5.4. The map ¢ : { two-sided ideals in U(g),x with character x }
— { two-sided ideals in U(g)x with character x }

() =1NnU(g)x

is bigective, with inverse ¥ (Io) = U(g)n.xloU(8)n.x -

Proof. First, we prove that ¢ is injective. Let I, .J QU(g), x and assume that (/) =

(J). Then U(9)nx(INU(9)k)U(8)nx = U(8)nx(JNU(8)x)U(8)n x and the claim
follows from Theorem D.

To prove v is surjective, it is sufficient to prove that if Iy, Jo < U(g)x and
U(8)n,x IoU(8)n,x = U(8)n,x JoU(8)n,x, then Iy = Jy.
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Again, we choose L/K a Galois extension such that (U(g)nxloU(8)nx) ® L has
K
L-rational central character; let G = Gal(L/K) the Galois group.

By construction, we have that (U(g)n xloU(8)n k) ® L is controlled by I ® L and
Jo ® L. Thus, applying Proposition 5.7.2, we obtain that Iy ® L=Jy ® L. Therefore
we get by Galois descent

L=, ®L¥Y=(J,®L)9=1
K K
m
Lemma 6.5.5. Let ¥ be as in the previous proposition. Then ¥ (1) is a prime ideal

if and only iof I 1s a prime ideal.

Proof. First assume that I is prime. Let A, B <U(g)x be two-sided ideals such that
AB Cc (1) =1NU(g)k. Then

(U(@)n,x AU (@), ) (U (@), BU(8)n, ) € U(@)n,c (I N U(9)k)U (@), = 1,

and since I is prime we obtain that U(g), x AU(@)nx C I or U(g)nxBU(g)nx C I.
Therefore, by Proposition 6.5.4, we obtain that A C INU(g)x or BC INU(g)k, so

(1) is prime.

For the other direction, let Iy = ¢(I). Let A, B QU(g), x such that AB C I. We
have by Proposition 6.5.4 that A = U(g)n xAoU(9)nx and B = U(g)nxBoU(8)n i
for some Ay, By < U(g)k. Therefore, we obtain

U(9)n,x (Ao Bo)U(8)n,x € U(8)n,x(10)U(8)n, k-

Thus, applying again Proposition 6.5.4, we get AgBy C Ip. Since [ is prime,
either Ay C Iy or By C Iy. In conclusion, we obtain that either AC I or BCI. [

Now, let us finish this section by proving Theorem E; this can be seen as a more

general version of Corollary 5.7.7. Let my and mj be two-sided ideals in U(g)x and

U(g)nx generated by ker x,, and also let U(g)} and m be the corresponding

quotients.

Corollary 6.5.6 (Theorem E). The map 1 : Spec(U(g)} k) — Spec(U(g)% ),
(P +my) = ¢(P) + my is a homeomorphism with inverse
U (Q+m) = U(@)nxQU(g)nx + M.

Proof. This follows from Proposition 6.5.4 and Lemma 6.5.5. m
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6.6 An algebraic proof of Duflo’s theorem for g = sl,

Let us now give an algebraic proof of Duflo’s theorem for g = sl, using the bound on
the Krull dimension of m{ We will only present the proof in the case of trivial
central characters and n = 0, but this can easily be extended to all rational central
characters and to all n € N*. The proof only works in the case g = sl as this is the
only Lie Algeﬂra\in which the centre of the affinoid enveloping algebra is a PID, in

this case, Z(U(g)k) is isomorphic to a Tate algebra in one variable.

6.6.1 ad-Action on the Affinoid Enveloping Algebra

Frow now on, we will assume that g = sl, and we denote e, f, h the standard s[,-basis,

and let ¢ denote the Casimir operator. Consider the adj, = [h, —| action on U(gk).

Lemma 6.6.1. [/2, Lemma 2.29]

Fori,j, k € N, the operator [h,—] acts on the monomial e'h? f* with eigenvalue

2(k — ). In particular, the action ady, on U(gk) is diagonalisable.

—_—

We need a more general definition of a diagonalisable action to apply for U(g)g in
order to replace the direct sum decomposition with a convergent sum decomposition
as in [50]. A module M will be called h*-diagonalisable if there is a set of weights
[[(M) C b* with the property: for every m € M there exists a family {m, €

M} xerom) converging cofinite to zero in M and satisfying

m = Z ).
)

Ae[ (M

In particular, if we let M = U(g)x and consider the ad; action on it we get by

Lemma 6.6.1 that U(gg) is diagonalisable with the set of weights given by 2s, s € Z.

We would like to compute the space U(g)x,, i.e, the centralizer of h in the affinoid
enveloping algebra. For this we need an auxiliary result; recall that ¢ denotes the

Casimir operator.

Lemma 6.6.2. [/2, Proposition 2.30]

U(gx)o = KTh, ],

As a corollary we obtain:
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Corollary 6.6.3. The centralizer of h inside the affinoid enveloping algebra of sly is
given by
U(Q)K() = K<h7 C>'

o —

We now use the decomposition of U(g)x into h* subspaces to deduce a crucial

property about the h* subspace decomposition of two sided ideals in U(g)x

—

Proposition 6.6.4. Let I be a two sided ideal in U(g)x and let i € I. Write

1= Cloio + E asisa

SEZL,s#0

—_—

with io € U(9) kg, is € U(9) ko and such that ||as|| — 0 as |s| = oo. Then agig € I.

To prove the proposition we define a new family of operators H; for j € N that

act on the affinoid enveloping algebra. Let

J
Y % G E(adh —21)(ady, +21).

Lemma 6.6.5. Let my € U(g)ko,- Then:

mys if s = 0.
Hym, = 0 if |s| < j. (6.5)
bsms if |s| > j, with by € K, ||bs]| < 1.

Proof. We have that

J
Hym, = E s 1 [ (adn —20)(ady +21)m,
=1

1 J
= 22]0' 21‘[ (25 — 21)(25 + 20)m,
=1

J (6.6)
_ (_1>jwlj!>24j E(s (s +Dm
1 J

.(j!)Q H(s —U)(s+1)m




For s = 0, we obtain

2
—I"mgo = my.

-

J ( ) (]')2 o
Next, if |s| < j, there exist { < j such that s + =0 or s — [ =0, so H;m, = 0.

Finally, assume |s| > j and without loss of generality that s > 0, so that s > j.
Then

%E(sjtl): (S—;j> and%H(s—l): (8;‘7).

Thus, we get Hym, = (—1) (") (*;7)ms, so b, = (—1)3'(5?) (*.?) € N, which

immediately implies ||bs|| < 1. A similar result holds for s < 0. This concludes the

proof of the lemma. ]

Proof of proposition 6.6.4. Define a new sequence ) ;= Hj.i. Since I is a two sided

ideal, we have that i) € I. Furthermore, by applying Lemma 6.6.5 one gets

Z(J) = aoi[) + Z asbjsisy

SEZ,|s|>j

with [|b;|] < 1. Since ||as]| = 0 as s — oo and ||bs|| < 1 the sequence i) has limit

given by
¢ = lim ¢
j—00
= Jli)r{.lo aplo + Z ClsbstS (67)
SEL,|s|>7
= aglo
By [33, Corollary 1.5.5], I is a closed ideal, so agiy = iel. O

6.6.2 Ideals in the Tate algebra in one variable

Let us now prove some basic results about the ideals in the Tate algebra in one
variable. Let K (t) denote this Tate algebra. Recall from Section 2.2 the Gauss norm
on K(t) given by || 372 a;t’|| = maxjen [|a;|].
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Definition 6.6.6. We call f = 32 a;t’ € K(t) distinguished of degree s if ||as|| > 1,
LFI] = Nas|| and [|a]| < [as]| fort > s.

We call an element of w € K][t] a Weierstrass polynomial if w is monic and

l|w|| = 1. Denote by W the set of Weierstrass polynomials in K[t].

Proposition 6.6.7 (Weierstrass Preparation Theorem). Let f € K(t) be distin-
guished of degree s. Then there exists unique w € W and g € K(t)* such that

[ =wg.

Corollary 6.6.8. Let f = > 2 a;t’ € K(t). Assume that ag # 0. Let I = (f) be
the ideal generated by f. Then there exists ' = Z;V:o bit! € K[t])N T with by # 0. In

particular, one may assume that by = 1.

Proof. By scaling with a suitable power of 7, we may assume that f is distinguished
of degree s. Therefore, by Proposition 6.6.7, we have f = we for w € W and
e € K(t)*. Write w = Z;V:o b;t’. Since ag # 0, by # 0 as well. Therefore, we have

w=wee ! = fe~! € (f) and the claim is proved. O

Remark 6.6.9. It follows from Proposition 6.6.7 that any ideal in K (t) intersects
K|[t]. This only holds for the Tate algebra in one variable. Indeed, one may construct
an ideal J in the Tate algebra K(ty,t3) such that J N Klty,ts] = 0.

6.6.3 Primitive ideals with trivial central character

Let us now describe the primitive ideals in U(g)x with trivial central character. We

— —

let U° = U(g)x/(c) and we will identify the ideals in U° with ideals in U(g)x with

trivial central characters. We aim to prove that U° contains a unique proper prime

—0 —

ideal corresponding to the augmentation ideal, U(g)x , in U(g) k.

Proposition 6.6.10. Let I be a prime ideal in U°. Assume that I is proper. Then

—0

I=U(g)x /(c).

o — —

Proof. Let M(0) denote the Verma module of weight 0 and let M = IM(0). We

have by Theorem 5.2.25 that M € {0, N(0), M(0)}, where N(0) denotes the maximal
submodule of M (0).

—

Case I. M = 0. Then I € Ann(M(0)) + (¢) = 0+ (¢), so I = 0+ (c), which is

not a proper ideal.
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o — —

Case II. M = N(0). View [ as a two-sided ideal in U(g)x containing (c). We

—_—

0
have 0 C (¢) € 1 € Ann(M(0)/N(0)) = U(g)nx - Since I is a prime ideal it follows
0
from combining [43, Lemma 4.5] and Proposition 6.5.1 that I = U(g), x -

o — o — —

Case III. M = M(0). Let vp = 1® 1 € M(0). Since vy generates M (0), there

exists ¢ € I such that ivg = vg, so i is of the form

1+ Z gy fTRYe* + (c).

z,y,2eN,z4+y+2>0

Next, write ¢ as ig + ¢/, where

=1t Y e

z,y,2€EN,x4+y+2>0,x=2

We have by combining Lemma 6.6.1 and Proposition 6.6.4 that ig + (¢) € 1.
Further, we have by Corollary 6.6.3 that iy € K(h, ¢). Therefore, there exist (a;) en+ €
K such that 1+ 377 a;h/ + (c) € I, where ||a;|]| — 0 as j — oo. Therefore, by
Corollary 6.6.8, there exist (b;)jen+ € K such that =1+ Zjvzl bih? + (c) € 1.

Finally, view I as an ideal containing (¢) and let I’ = INU(gk). Then z € I’ and
it follows that I’M(0) = M (0). Therefore, by applying [13, Theorem 4.3|, we obtain
I/:U(QK),SOI:U(Q)K. ]

As a corollary, we obtain:

Corollary 6.6.11. The only prime ideals in U(sly)x with trivial central character

are the ideal generated by the Casimir and the augmentation ideal.
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