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Abstract

The study of D-modules - modules over a ring of differential operators - finds interest in various places.
The development of algebraic D-modules in particular have seen much use in the representation theory
of Lie algebras, after Beilinson and Bernstein showed in 1981 that there is an equivalence of categories
between certain representations of a semisimple Lie algebra and twisted D-modules on the flag variety.
This gave rise to the study of geometric representation theory. If we instead consider certain types of
D-modules on the base affine space, which is a principal bundle over the flag variety, this Beilinson-
Bernstein equivalence is obtained in a more general way. In this thesis, we explore this generalization,
with a particular focus on examples, especially the example of sl5(C), where we shall show how various
representations of sly(C) can be obtained from certain D-modules which are relatively easy to construct.
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CHAPTER 1

Introduction

Analogously to how the study of group representations gives information about the structure of a group,
the study of Lie algebra representations can tell us more about the structure of a given Lie algebra.
Moreover, when that Lie algebra g corresponds to a particular algebraic (or Lie) group G, the repre-
sentation theory of G and that of g are closely related, and so we can learn more about the structure
of G by studying the representation theory of g. While the study of algebraic group representations is
simplified via the study of the corresponding Lie algebra representations, attempts to fully classify all
the representations of a Lie algebra are hopeless, due to the potential difficulty involved with infinite
dimensional representations. Instead, we might turn our attention to certain nice representations of
g, which, while still possibly infinite dimensional, have certain finiteness properties which simplify the
study. In this thesis, we look to describing some such representations through the geometric approach of
D-modules, using Beilinson and Bernstein’s equivalence of categories. To discuss such representations,
we fix some notation: let g be a semisimple complex Lie algebra with Cartan subalgebra b, let U(g) be
the universal enveloping algebra of g, and Z(g) the center of U(g). We say that a representation of g
has infinitesimal character x : Z(g) — C if any z € Z(g) acts by x(z) - in other words, z — x(z) acts by
trivially, and we look to study such representations.

On the geometric side of the story are algebraic D-modules (modules over an algebra of differential
operators), which have the immediate realization as tools to study solutions to linear partial differential
equations. The classic example of an algebra of differential operators is the Weyl algebra, which is

the subalgebra of the endomorphisms of a polynomial ring k[x1,...,2,] consisting of the differential
endomorphisms; we can view this algebra as the noncommutative ring k[z; ..., x,, ﬁ, ceey %]. D-

modules on a smooth affine variety are then modules over the Weyl algebra. This notion can be globalized
to general algebraic varieties, by considering sheaves of algebras of differential operators. Then a D-
module is a quasi-coherent module over a sheaf of algebras of differential operators.

In 1981, it was shown by Beilinson and Bernstein in [BB81] that the category of Lie algebra rep-
resentations with infinitesimal character x is equivalent to a certain category of twisted D-modules on
the flag variety X := G/B, where B is a Borel subgroup of G. In particular, the functor defining this
equivalence from this category of twisted D-modules to the category of Lie algebra representations is
the global sections functor. In this way, questions about the representations of a Lie algebra can be
reframed in the language of algebraic geometry; by taking global sections of certain twisted D-modules,
we obtain representations of a given Lie algebra. Hidden in the background of this picture is the base
affine space X := G/N, where N is a maximal unipotent subgroup of G. The base affine space has two
particularly nice properties which reveal their use in this geometric approach to the study of Lie algebra
representations. First, if H denotes a maximal torus of G, then the base-affine space is an H-torsor over
the flag variety. Secondly it is a quasi-affine variety, so Theorem 6.1.1 tells us that the quasi-coherent
sheaves on this H-torsor are generated by their global sections. B

We can pull back twisted D-modules on X along the map 7 : X — X to obtain D-modules on X. In
this way, the study of twisted D-modules on the flag variety is contained in the study of certain types of
D-modules on the base affine space, called monodromic D-modules. The view on the base affine space
actually provides more though, as the global sections of D-modules on the base affine space see Lie
algebra representations of a generalized infinitesimal character x, i.e. where for any z € Z(g) the action
of z— x(z) is nilpotent (as opposed to specifically zero as in the case of a (strict) infinitesimal character).

Those D-modules on X which are invariant under a certain action of the torus H will be the ones of
interest here, and we shall see more precisely how they correspond with Lie algebra representations of
generalized infinitesimal character. The utility of D-modules can be seen for instance in the direct image
and inverse image functors, which allow us to push and pull D-modules along morphisms of varieties.
In this way, using the Beilinson-Bernstein equivalence of categories, we can more easily obtain examples
of Lie algebra representations. For instance, stratifying the base affine space by B-orbits, and pushing
forward the structure sheaf will give the Verma and dual Verma modules, while doing the same for the



inverse image of K-orbits on G/B (where K is a maximally compact subgroup of G) will give all the
principle series and discrete series representations of g.

Given that Verma modules are building blocks of many other nice representations, various questions
arise about their structure. In particular, one is interested in which simple modules appear withing the
composition series of a particular Verma module and with what multiplicity. To study this question,
it is sensible to look at filtrations of Verma modules, and there is one particular filtration, the Jantzen
filtration which has a close connection with this problem. Typically, the Jantzen filtration for Verma
modules is defined using deformed Verma modules, which have generalized infinitesimal character, so
with the geometric interpretation of Lie algebra representations of generalized infinitesimal character at
our disposal, we can then give a geometric description of the Jantzen filtration. This demonstrates why
the base affine space is the desirable setting for defining the geometric version of the Jantzen filtration.

One of the primary aims of this thesis is to provide the reader with a more concrete understanding of
this Beilinson-Bernstein localization on the base affine space. There will be a heavy focus on examples,
in particular, we try to detail precisely what occurs in the example of sly(C).

In Chapter 2, we give a very brief introduction to the basics of algebraic groups and Lie algebras, first
running through some facts of algebraic groups, then of Lie algebras, in particular we work up to the
definition of a semisimple Lie algebra, and some of its important subalgebras. The study of semisimple
Lie algebras leads us inevitably to root systems, which provide a classification of semisimple Lie algebras.
Of particular interest is the root space decomposition of a semisimple Lie algebra, which is very useful
in the study of Lie algebra representations. Next, we briefly mention the correspondence between Lie
algebras and algebraic groups, discussing how a Lie algebra can be obtained from the left invariant
derivations on an algebraic group in a functorial way, and also we mention the adjoint of this functor,
where one obtains an algebraic group from a given Lie algebra. Next, we take a closer look at the Lie
algebra sly(C), which is simple enough that we can give a nice concrete description of its structure. In
particular, we explicitly detail how it can be obtained from the left invariant derivations of the algebraic
group SLo(C) via purely algebraic means. We finish the chapter with a definition and description of
the flag variety and the base affine space, with a particular focus on the case of G = SL,,(C). We also
prove that the flag variety is projective and the base affine space is quasi-affine in this case. Much of the
material in this chapter is standard (except for the last section) so ideally, the reader would be familiar
with the topics to some extent. In the interest of brevity, we do not always give full proofs, but refer the
reader to a source with the full proof, and suggest here that the reader may wish to refer to [Hum72]
and [Hum?75| for a more detailed account of this background.

We then discuss representations of Lie algebras in more detail in Chapter3. In particular, we look
at highest weight modules and the category O, which give us “nice” infinite dimensional representations
which we can study. In particular, we introduce Verma modules, which are the building blocks of category
0.

In Chapter 4, we give an introduction to the theory of algebraic D-modules, first looking at modules
over the Weyl algebra, before globalizing the concept where we consider sheaves of rings (or algebras) of
(twisted) differential operators and quasi-coherent sheaves of modules over those sheaves of differential
operators. This chapter will be more detailed than both the preceding and succeeding chapters, as it
will likely be a different point of view for many readers, while still accessible enough that we can go into
sufficient detail. The subtle nature of sheaves at times makes this section rather involved; however, since
we will always be working over smooth varieties some of the difficulties alleviated by using the fact that
we can always localize. The main example the reader should keep in mind during this chapter is that of
the projective line P!, and we do discuss briefly the twisted D-modules on P! concretely. We move to a
discussion of the D-module inverse and direct images, which require some care to define. Finally we end
the chapter with a brief discussion on monodromic D-modules.

Chapter 5 gives some of the historical context for this thesis, starting with the Borel-Weil theorem,
which, by considering the global sections of the line bundle, demonstrates the connection between certain
G-equivariant line bundles on the flag variety with certain G-modules of dominant highest weight. The
Borel-Weil-Bott theorem then generalizes this by looking at the higher cohomology of the line bundle.
Again, the example to keep in mind is G = SLy(C),with flag variety G/B ~ P!. Next we look to another
generalization of the Borel-Weil theorem, and that is the Beilinson-Bernstein localization theorem. We
shall not undertake the proof here since it is quite involved, but we will at least try to give some insight
into the theorem. There are two main aspects to understanding it. On the one hand, we would like
the D-modules of interest to be generated by their global sections; another way to say this is that the
flag variety is “D-affine”, which loosely says that there are enough global differential operators on the
flag variety. The other main aspect of the theorem is that the global sections of the twisted sheaf of



differential operators on G/B coincides with the universal enveloping algebra of the Lie algebra g. We
shall discuss both of these points briefly.

In Chapter 6, we use the Beilinson-Bernstein equivalence of categories for H-monodromic D-modules
in the base affine space to construct some interesting representations of g. This is the first main con-
tribution of this thesis. In particular, we shall focus on the examples of sl3(C) and sl3(C), which give
insight into the more general case of sl,,(C). We first give an overview of the structure of the ring of
differential operators on G/N before looking at some of the D-modules which correspond to Lie algebra
representations. We look at the finite dimensional representations, which can all be obtained from the
structure sheaf of the base affine space. Another natural D-module to consider is the pushforward of
the structure sheaf of certain group orbits of G/N. We look first to the open B-orbit, which corresponds
to the Verma and the dual Verma modules depending upon the type of pushforward taken. We also
consider the structure sheaf of the inverse image (along 7 : G/N — G/B) of the open K-orbit on G/B;
pushing this forward to the base affine space will give the principal series representations.

In Chapter 7.4, we move on to the Jantzen filtration. We first discuss how the Jantzen filtration was
initially defined for Verma modules, and a similar filtration can be defined in the case of dual Verma
modules and for principal series representations. Before defining the geometric version of this Jantzen
filtration, we take a look at the monodromy filtration for a general abelian category equipped with a
nilpotent endomorphism, which gives us the tools to then define this geometric notion of the Jantzen
filtration as done in [BB93] as the restriction of the monodromy filtration to either the kernel or cokernel
of the nilpotent endomorphism. We then go through the example of computing the Jantzen filtration of
Verma modules in the case of sl3(C) which will hopefully enlighten the reader to the reason this geometric
view of the Jantzen filtration coincides with the original algebraic definition for Verma modules. This is
the second main contribution of this thesis.

The assumed knowledge for this thesis involves all the past coursework the author has done. In par-
ticular, courses in the basics of category theory, representation theory and algebraic geometry, including
some familiarity with sheaf theory and homological algebra. For background on this assumed knowledge,
we suggest [Jac89] for any algebra, basics of representation theory and homological algebra, [Har77] for
background on algebraic geometry including sheafs, and [Riel7] for any category theory.



CHAPTER 2

Algebraic groups and Lie algebras

Though this thesis is concerned primarily with Lie algebras and (their connection with) D-modules,
we begin the story with algebraic groups, from where much geometric intuition and a good amount
of motivation for the study of Lie algebras arises. We shall not require many tools from the study of
Algebraic groups, so we just recall some basic definitions and provide examples. Of slightly more interest
is the connection between an algebraic group and its corresponding Lie algebra; although we will not
look at this in detail for the general case, it will be nice to view this connection for linear algebraic groups
over C, and in particular the case of SL, (C). Throughout this section, unless otherwise stated, we shall
take k to be an algebraically closed field of characteristic 0. The main resources we follow in this chapter
will be [Hum72] and [TY05].

2.1 Algebraic group basics

Definition 2.1.1. An algebraic group (G,-) over an (arbitrary) field k is an algebraic variety with
a compatible group structure on the points of the variety, in the sense that the group operations of
multiplication and inversion are regular.

One may notice the similarity between this definition with the definition of a Lie group:

Definition 2.1.2. A real (resp. complex) Lie group (G,-) is a smooth (resp. complex) manifold with
a compatible group operation between points of the manifold, in the sense that the group operations of
multiplication and inversion are smooth (resp. holomorphic).

In particular, if the algebraic group G has the structure of a smooth (complex) manifold, then G
will be a real (complex) Lie group. Throughout this paper (and in much of the surrounding literature),
the algebraic groups we discuss in any sort of detail will have the structure of a complex Lie group.
Hence, we shall mostly write only of algebraic groups, but the reader should keep in mind that analogous
statements can be made of Lie groups where relevant, and in this section we will occasionally refer to
the analogous nature of Lie groups.

Definition 2.1.3. A morphism of algebraic groups over k is a regular map which is also a group
homomorphism.

Algebraic groups over k then form a category, which we denote Grp/k. Later in this section, we shall
see that associated to each algebraic group (or Lie group), there is a Lie algebra (Definition 2.2.1). In
[Mil13] (Theorem 2.1 p. 158) it is shown that there exists a canonical functor from real (resp. complex)
algebraic groups to real (resp. complex) Lie groups which preserves the corresponding Lie algebra.
Definition 2.1.4. Let G be an algebraic group. An algebraic subgroup of G is a subvariety H with an
algebraic group structure such that the inclusion map ¢ : H — G is a morphism of algebraic groups.

The task of showing that something is an algebraic group directly may sometimes be straightforward -
such as in the case of GL,,(C) or SL,,(C), where it is simply a matter of seeing that the multiplication and
inversion are defined by polynomials (possibly along with division by a nonzero determinant) - however
in other cases, it may be rather tedious or difficult. We give, without proof, a theorem which allows one
to more easily identify more algebraic groups.

Theorem 2.1.5. A Zariski closed subgroup of an algebraic group is an algebraic group.

Some common examples of algebraic groups are, for instance, (k™,+), (k*,-), where k is any field,
(S = {z € C||z| = 1},-). Of particular interest are linear algebraic groups, i.e. closed subgroups of
GL(V) = GL,,(k), the group of automorphisms of a finite n-dimensional k-vector space V; or equivalently
upon choosing a basis, the group of n x n invertible matrices with entries in k. For instance the so-called
classical groups, characterized below, are all linear algebraic groups.

Example 2.1.6. The classical groups, up to a choice of basis, are:
i) The general linear group itself GL,,(k);
ii) The special linear group SL, (k), consisting of n x n matrices of determinant 1 with entries in k;



iii) The orthogonal group O, (k) consisting of n x n orthogonal matrices with entries in k, i.e. invertible
matrices whose inverse is equal to its transpose;

iv) The special orthogonal group SO, (k), consisting of n x n orthogonal matrices with determinant 1
with entries in k;

v) The unitary group U, (k), consisting of n x n unitary matrices with entries in k, i.e. invertible
matrices whose inverse is equal to its conjugate transpose;

vi) The special unitary group SU,, (k) consisting of n X n unitary matrices of determinant 1 with entries
in k;

0o I,
-1, O
group consists of 2n x 2n matrices A such that ATJA = J.

vii) The symplectic group Sp,,, (k); let J = ( > , where I, is the n x n identity. The symplectic

If the underlying field of the vector space is the real or the complex numbers, then all of these are
examples of Lie groups. One can check furthermore that GL,,(C), SL,,(C), and Sp,,,(C) are complex Lie
groups. It is somewhat interesting to note that, for instance, the special unitary group SU,,(C) is a real
Lie group, but not a complex Lie group. The quickest way to see this is to note that SU3(C) has real
dimension 3.

Since an algebraic group G is a group, we can consider its action on certain sets, in particular on
varieties (or schemes, or manifolds). A particularly natural choice would be to consider its action on
those varieties which are obtained as a quotient of G by certain subgroups. In this light, the following
subgroups will appear quite frequently throughout our discussion.

Definition 2.1.7. A maximal, Zariski-closed, connected solvable subgroup of G is called a Borel sub-

group.

Definition 2.1.8. A square matrix A is called unipotent if M — I is nilpotent, i.e. there exists some

n € N such that (M — I)™ = 0, where I is the identity matrix.

Definition 2.1.9. Let G be a linear algebraic group (i.e. a closed subgroup of GL,(k), so all the

elements of G are matrices). A subgroup N C G is called a unipotent subgroup if all of its elements are

unipotent. If N is not properly contained in any unipotent subgroup of G, then N is called a mazimal

unipotent subgroup.

Definition 2.1.10. A torus H in G is an algebraic subgroup which is isomorphic to a direct product of

finitely many copies of the multiplicative group k*. If H is not properly contained in any torus, then H

is called a maximal torus.

Example 2.1.11. i) Let G = GL,,(C). The subgroup T of matrices containing nonzero entries only
along the diagonal is a torus. Moreover, (C*)"! is not a subgroup of GL,,(C), so T is a maximal
torus. If P € GL,(C) and A, B € T, then

P 'APP 'BP =P 'ABP ¢ P7!TP,

and so we can see that any subgroup of the form P~ 'TP is a maximal torus. Moreover, every
maximal torus of GL,(C) is conjugate to the aforementioned one [Hum75] (p.135).

ii) For G = GL,(C), an example of a nilpotent matrix is one which has all its elements with zeros along
and below the main diagonal. An example of a unipotent subgroup N would then be one consisting
of matrices which have 1’s along the main diagonal and 0’s below the main diagonal. One can verify
by matrix multiplication that this is indeed a subgroup of GL,,(C). Since for any A € GL,(C) and
BeN1-ABA-! = A(1—-B)A™!, we see that any conjugate of a unipotent subgroup is unipotent.
It turns out that the maximal unipotent subgroup of GL,,(C) is unique up to conjugation [Hum75]
(p-135). For the remainder of this paper, unless specified otherwise, when we refer to a maximal
unipotent subgroup, we refer to the group of matrices of the form



ili) Similarly to the example (ii), however we consider e.g. the subgroup N’ of matrices of the form

1 0 =% *
01 0 *
0 0 1 *
o o0 0 --- 1

This will also form a unipotent subgroup, however since N’ is a proper subgroup of N in the example
above, N’ is not a maximal unipotent subgroup.
iv) Let G = GL,,(C). There is a Borel subgroup consisting of upper triangular matrices, i.e.

a1 Pz 0 Bin
0 ay -+ PBon

B = . . . . EGLn(C) aiEC*,ﬁijEC,lgign,i<]’§n
0 0 - a,

To see that B is indeed a Borel subgroup, write By = B, let B; be the maximal unipotent subgroup
as in (ii), and for ¢ > 2, let B; be the subgroup of B;_; whose entries ¢ — 1 places above the main
diagonal are zero. Then B, is just the trivial subgroup of GL,,(C). One can directly verify that each
B; is a normal subgroup of B;_1, since for A € GL,(C) and C € B;, 1 — ACA™' = A(1-C)A~!, so
if (1—C)* =0, then (1— ACA~1)* = 0. Additionally, the quotient B;/B;_; is abelian, since for any
matrices P, @ € B;_1, the commutator PQ — QP € B;. That B is maximal follows from the fact that
SL2(C) (more generally, SL,,(C)) is perfect, and any subgroup of GL,,(C) which properly contains B
as a subgroup contains SLs(C) as a subgroup. Hence, the group described above is a Borel subgroup
of GL,,(C). Note that as in the case of maximal unipotent subgroups, any conjugate of a Borel
subgroup is a Borel subgroup, since if P € GL,(C), then [PB;P~!, PB;P~1| = P[B;, B;]P~*. The
Borel subgroup of GL,,(C) is unique up to conjugation [Hum75] (p.134).

v) All of the above examples can be worked to suit SL, (C). In fact, simply taking the intersection with
SL,(C) of a (maximal) torus, unipotent and Borel subgroup of GL,(C) gives a (maximal) torus,
unipotent and Borel subgroup of SL,,(C).

2.2 Lie algebras

Definition 2.2.1. A Lie algebra g is a vector space equipped with a bilinear product [-,-] i gx g — g
called the Lie bracket which is alternating (i.e. [z, ] = 0) and satisfies the Jacobi identity

[:177 [y,ZH + [ya [Zﬂ IH + [Zv [Ivy“ =0,

for all z,y,z € g.
Remark 2.2.2. Alternativity and bilinearity of the Lie bracket imply [x,y] = —[y, x], since

0=[z+y,z+y]

= [z, 2 +yl+ [y, z + ]
= [z, 2] + [z,y] + [y, 2] + [y, ]
= [z,y] + [y, z].

Definition 2.2.3. A Lie algebra morphism ¢ : g — g’ is a vector space morphism which commutes with
the Lie Bracket, i.e. ¢([z,y]) = [p(x), p(y)], for all z,y € g.
Lie algebras over a field k form a category k-Lie

Example 2.2.4. i) Given a vector space V, to the set of endomorphisms of V, we may place a binary
relation given by the commutator [A4, B] = AB — BA, where composition of endomorphisms A and



ii)

iii)

iv)

vi)

vii)

B here is denoted by juxtaposition. We can check that if A, B,C € End(V'), then

[4,[B,C]| + [B,[C, A]| = A(BC — CB) — (BC — CB)A + B(CA — AC) — (CA — AC)B
= ABC+CBA—- BAC — CAB
=C(BA—- AB)— (BA—- AB)C
= [Cv [Ba A]]
= *[Ca [Aa BHa

so indeed, the commutator bracket is a Lie bracket, and therefore the vector space End(V') equipped
with commutator bracket forms a Lie algebra. We denote this Lie algebra by gl(V). If dimV = n
is finite, then this is the same as the Lie algebra of n x n matrices equipped with the commutator
bracket, and we denote it gl,, (k).

Specifically, for the case that n = 1 in the above example, we have [A, B] = 0, for all A, B € k. A Lie
algebra g satisfying this property that [A, B] = 0, VA, B € g is called an abelian Lie algebra. More
generally, given any vector space, we may equip a Lie bracket which vanishes for any two inputs,
thus yielding an abelian Lie algebra.

Given a field k, the vector space k3 equipped with the familiar cross product is a Lie algebra.
The conditions of bilinearity and alternativity are straightforward to see, and a (somewhat tedious)
computation can be done to convince the reader that the Jacobi identity holds.

Given a k-algebra A, we define the set of derivations on A to be the subset of vector space endo-
morphisms D : A — A satisfying Leibniz’s rule, D(ab) = aD(b) + D(a)b. While the composition of
derivations may not yield a derivation, the following computation shows that the set of derivations
are closed under commutation

(0 — 0)(ab) = B(ap(b) + ¢(a)b) — p(ab(b) + 0(a)b)
= abp(b) +0(a)p(b) + Op(a)b + (a)f(b)
— ap(b) — p(a)(b) — p0(a)b — 0(a)e(b)
= a(fp — 0)(b) + (0 — p0)(a),

where 0, ¢ are derivations of A and a,b € A. Thus, as the commutator is a Lie bracket, the derivations
form a Lie algebra. We denote the Lie algebra of derivations of A by Der A.

The set of n X n matrices with entries in k with zero trace equipped with the commutator forms
a Lie algebra. Such matrices form a vector space, and since tr(AB) = tr(BA) for n X n matrices
A and B, the trace zero condition is preserved by the commutator. We denote this Lie algebra by
sl (k).

In the prior example, when n = 2, is the Lie algebra sly(k), which finds particular importance in
describing the structure of more complicated Lie algebras. We mention here that sla(k) is spanned

by the matrices
0 1 0 0 1 0
E_<0 0), F_(l O), and H_<O _1>,

and these satisfy the commutation relations
[BE,F]=H, [H,E]=2E, and [HF]=—2F.

We saw above that gl, (k) is abelian, and in fact every 1-dimensional Lie algebra is abelian, since
the Lie bracket is alternating. We can also easily characterize all the 2-dimensional Lie algebras.
Suppose g is a 2-dimensional Lie algebra over k. Then g is generated by two vectors, say « and y, and
we obtain the Lie algebra structure by defining the bracket on x and y. If [z, y] = 0, then g is abelian.
On the other hand, if [z, y] # 0, then we may assume without loss of generality that [z,y] = tz, for
some t € k\ {0}. If [ is another 2-dimensional non-abelian Lie algebra over k, generated by vectors z
and w, then we may assume that [z, w] = sz, for some s € k. The linear map ¢ : [ — g which sends
z+— x and w — }y defines a Lie algebra isomorphism, by linearity of the Lie bracket and since

[p(2).o(w)] = |2, 3y] = Lol

= st = sp(2) = p(s2)
= ¢([z, w]).



It follows that any 2-dimensional Lie algebra must be isomorphic to one of these two Lie algebras
depending upon if it is abelian.

In general, given any (associative) algebra A, the commutator bracket is a Lie bracket - one verifies
this with essentially the same computation as in Example 2.2.4 (i). This provides a way to construct a Lie
algebra £(A) from A, viz. by replacing the usual product with the commutator bracket. Supposen : A —
B is a morphism of algebras. Then given ay, a2 € A, we have n(aja2 —aza1) = n(a1)n(az) —n(az)n(ar). It
follows that n naturally induces a Lie algebra morphism L(n) : L(A) — L(B). Hence, we have a functor
L from the category of algebras to the category of Lie algebras. On the other hand, given any Lie algebra
g over a field k, we can construct an algebra U/(g) which is universal in the sense that there is a natural
morphism u : g — L(U(g)) of Lie algebras such that for any algebra A and any Lie algebra morphism
f:9— L(A), there exists a unique algebra morphism f:u (9) — A which makes the diagram

g —— L(U(g))

7 L’v‘(f)
L(A)

commute. This universal property makes it clear that ¢(g) is unique up to unique isomorphism (this can
be seen by letting U’ be another such algebra and v’ : g — L(U’) the corresponding natural Lie algebra
morphism, and then replacing A with &’ and f with u’ in the above diagram). We call the algebra U(g)
the universal enveloping algebra of g, and it can be constructed in the following way. Let

T(g) = k&P o™

J=1

be the tensor algebra of g, and I < T'(g) the ideal generated by all the elements in T'(g) of the form
[,y] — x ® y + y ® . Then we shall see that U(g) = T(g)/1, satisfies the desired universal property.
There is a natural homomorphism from T'(g) to U(g), and the restriction to g = g®! induces a Lie algebra
morphism u : g — L£(U(g)). Now we need to show that for any algebra A and any Lie algebra morphism
f:g— L(A), there exists a unique algebra morphism f : U(g) — A such that f = £(f) o u. Using f, we
can define a natural algebra morphism f* : T'(g) — A, sending 21 ® 22 ® ... @ T, — f(z1) f(z2) - f(zn)-
Since

[yl —z0y+yea) = f(lz,y]) - f@)fy) + f)f() =0,
the ideal I is in the kernel of f*, and so we have a well-defined morphism f : U (g) — A satisfying

fz+1) = f(z), which implies that L(f) ou(x) = f(z), for all z € g. By construction, u is epic (i.e.
right cancellable), so f is unique; thus, we have shown that (U(g),u) is indeed a universal from g to (-)~.
What we have shown is equivalent to the statement that the functor U(—) from k-Lie to k-alg is the left
adjoint of the functor £(—) from k-alg to k-Lie. The following theorem, due to Poincare-Birkhoff-Witt
provides a nice way to write the elements of the universal enveloping algebra.
Theorem 2.2.5 (PBW Theorem). Let g be a Lie algebra over k. If (x1,...,x,) is a basis for g, then
the set of monomials of the form xi*...x% forms a basis for U(g).
The proof is given in [Hum?72]
Definition 2.2.6. i) We call a Lie algebra morphism ¢ : g — gl(V') a representation of the Lie algebra
g. If V is finite dimensional, we call it a finite dimensional representation.
ii) Given a k-Lie algebra g, a (left) g-module M is a k-vector space equipped with a scalar multiplication
g X M — M, such that for any x,y € g, and any m € M, the relation

[z,9] - m=w-(y-m)—y-(z-m)

is satisfied. If the underlying k-vector space of M is finite dimensional, we call M a finite dimensional
module.

Just as how representations of a group are in one-to-one correspondence with modules over the
group algebra, representations of a Lie algebra are in one-to-one correspondence with modules over
the Lie algebra. Moreover by the universal property above, modules over a Lie algebra are in one-to-
one correspondence with modules over the universal enveloping algebra. One has a natural notion of
morphisms of representations of g and morphisms of g-modules.



Definition 2.2.7. i) Given a Lie algebra g and representations ¢ : g — gl(V) and p : g — gl(W), a

morphism ¢ — p of representations is a Lie algebra morphism 7 : gl(V') — gl(W) such that p = no.

ii) Given g-modules M and N, a morphism M — N of g-modules is a vector space morphism which
respects the scalar multiplication by g.

Identifying each representation of the Lie algebra g with the corresponding g-module, one sees that
Definition 2.2.6 (i) and (ii) coincide and Definition 2.2.7 (i) and (ii) coincide. Thus we may speak
of the category of representations of g and of the category of g-modules. Moreover, by the foregoing
discussion, these two categories are both isomorphic to the category of U(g)-modules. Henceforth we
shall refer to these isomorphic categories as g-mod, and interchangeably refer to the objects as either
g-modules, U (g)-modules, or g-representations. A key example of a Lie algebra representation is the
adjoint representation.

Definition 2.2.8. Let g be a Lie algebra, and for any = € g, denote by ad, the morphism from g to g
defined by ad, (y) = [z, y]. The morphism g — gl(g), sending = — ad, is called the adjoint representation.

To check that this is indeed a representation, just see that for x,y, z € g,

adjey)(2) = [[z, 9], 2] = [x, [y, 2]] = [y, [, 2]] = ad.(ady(2)) — ady(ad.(2))

by the Jacobi identity. Assuming that g is finite dimensional, then the adjoint representation is finite
dimensional, and for any = € g, we may consider the trace Tr(ad,) of ad, . With this, we have the
following definition.
Definition 2.2.9. Given a Lie algebra g, the Killing form on g is the symmetric bilinear form defined
by

(xay) = H($7y) = T‘I‘(ad(E a'dy)a

for all z,y € g.
The Killing form finds various use in the study of Lie algebras, and we shall soon see an example of
this in an important criterion (Proposition 2.2.18).
There are various definitions pertaining to (associative) algebras which have analogous notions for
Lie algebras.
Definition 2.2.10. i) A Lie subalgebra of a Lie algebra g is a vector subspace which is closed under
the Lie bracket.
ii) An ideal of g is a Lie subalgebra I such that for any a € L, and any m € I, [a,m] € I.
iii) Given an ideal I of g, we may consider the quotient Lie algebra g/I, consisting of equivalence classes
x4 I, where x € g. It is easy to check that addition and the Lie bracket are well defined on g/I.
iv) For a Lie algebra g, define the following ideals

C'(g) =D%g) =9, C'*'(g)=9.C'(g)], D'(g)=[D"'(9),D" (g)],

for i > 1. Call the C%(g) the central descending series of g and call D¥(g) the derived series of g.
v) A Lie algebra g is called nilpotent if {0} is an element of the central descending series of g.
vi) A Lie algebra g is called solvable if {0} is an element of the derived series of g.
vii) Given a subset S of a Lie algebra g, the normalizer of S is given by

N(S)={ze€g|[z,s] €S, for all s € S}.

If S is closed under addition, then by the Jacobi identity, N(S) is a Lie subalgebra of g.
Lemma 2.2.11. The elements D(I) of the derived series and C*(I) of the central descending series of
an ideal I in g are all ideals in g.

Proof. For a,x € g, and y € I, we have, by the Jacobi identity,

[a, [z, y]] = =[x, [y, a]] = [y, [a, 2]},

and since [y,a] € I and [a,x] € g, we see that [a,[z,y]] € [g,I]. If z € I, then [a,z] € I, so we have
[a, [x,y]] € [I,I]. The result then follows by induction. O

We have the following criteria for nilpotency and solvability of a Lie algebra. The proofs can be found
in [Hum?72] (p.12 and p.20 respectively).



Theorem 2.2.12 (Engel’s Theorem). Let g be a Lie algebra. If ad, is nilpotent for every x € g, then g

is milpotent.

Theorem 2.2.13 (Cartan’s criterion for solvability). Let g be a subalgebra of gl(V'), where V is a finite

dimensional vector space. Then g is solvable if and only if Tr(ab) = 0 for every a € [g,g] and b € g.
Since D C C**!, any nilpotent Lie algebra is solvable. We have the following proposition regarding

solvable ideals in g.

Proposition 2.2.14. There exists a unique mazximal solvable ideal in g.

Proof. Tt suffices to see that if I; and I are two solvable ideals of g, then I; + I5 is solvable, for then
the maximal solvable ideal will be the sum of all solvable ideals. Obviously I; N I3 is solvable, and one
can plainly see that quotients of solvable ideals are solvable, so in particular I; /(I3 N I3) is solvable.
Applying the second isomorphism theorem (for Lie algebras) shows that (I3 + I2)/Is is solvable. Hence,
Di(I1 + I3) C I, for some i > 0, and D’ (1) = {0} for some j > 0. Hence, D' (I; + Iy) C DI(I3) = {0},
so indeed, I; + I is solvable, and the proposition follows immediately. O

Definition 2.2.15. Call the unique maximal solvable ideal of the Lie algebra g the radical of g, and
denote it by tad(g).

Definition 2.2.16. The largest nilpotent ideal of a Lie algebra g is called the nilpotent radical of g,
which we denote nil(g).

It can be seen that the nilpotent radical of a Lie algebra g coincides with [g, tad(g)] = [g, g] N tad(g).

We call a Lie algebra simple if it is not abelian and has no non-zero proper ideals. We define a
semisimple Lie algebra as follows.

Definition 2.2.17. A Lie algebra g is called semisimple if {0} is the only abelian ideal of g.

If g is a finite dimensional Lie algebra over a field of characteristic 0, then its adjoint representation
is a subalgebra of gl(V'), for some finite dimensional V. We may apply Cartan’s criterion to this adjoint
representation to conclude that k(a,b) = tr(ad, ady) = 0 for every a € [g, g] and every b € g, if and only
if g is semisimple.

We have the following proposition which provides some equivalent characterizations of a semisimple
Lie algebra.

Proposition 2.2.18. Let g be a finite dimensional Lie algebra. The following are equivalent.
i) g is semisimple;

it) rad g = {0};

i1i) The Killing form k(—,—) on g is non-degenerate;

i) g is a direct sum of simple Lie algebras

Proof. This proof follows [TY05] (p. 299-300).

(i) = (ii): If g is semisimple and I is a solvable ideal of g, then for some element D*(I) of the derived
series of I, we have [D¥(I), D(I)] = {0}. By lemma 1.1, D%(I) is an ideal, and since the only abelian
ideal of g is {0}, we conclude that D*(I) = {0} for every i > 0. in particular, I = {0}, and thus we
conclude that the radical rad g = {0}.

(i) = (ili): Now the kernel of x(—,—) is an ideal of g. Since x(—,—) restricted to the kernel is
vanishing, by Cartan’s criterion for solvability, ker k(—, —) is a solvable ideal, and therefore {0}. Hence,
K is non-degenerate.

(ili) = (i): Now suppose that the Killing form x(—,—) is non-degenerate. Then it follows from
Cartan’s criterion that the only solvable ideal of g is {0}, and hence the only abelian ideal of g is {0}.
(i) = (iv): If g is semisimple, and I is a nonzero ideal of g, then 1 < dim I < dim g. If we could show
that g/I and I are both semisimple, then the implication would follow by induction and the fact that
g=1®g/I. See [TYO05] (p. 300) for details.

(iv) = (iii): Since simple algebras are obviously semisimple, the Killing form on a direct sum of simple
algebras will be non-degenerate. O

Definition 2.2.19. A Cartan subalgebra b of a Lie algebra g is a nilpotent subalgebra which equals its
normalizer, i.e. h = {z € g|[z,h] € b, Vh € h}.

It follows from Theorem 2 (Chap. VII, §2, no. 4) in [Bou75] that if g finite dimensional and semisimple
over a field k of characteristic 0, then a Cartan subalgebra b is the maximally abelian subalgebra such
that for any h € b, the adjoint adj, is diagonalizable. The existence and uniqueness up to isomorphism
of a Cartan subalgebra for such a Lie algebra g then follows easily - just construct the maximal abelian
subalgebra whose elements are such that their adjoints are diagonalizable.
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Definition 2.2.20. A Borel subalgebra b of a Lie algebra g is a maximal solvable Lie algebra.

Since any Borel subalgebra b is solvable, its nilpotent radical is just n := [b, b]. Assuming that g is
semisimple, then we can write b ~ n @ b, and so the quotient b/n is isomorphic to a Cartan subalgebra.

2.3 Root Systems

For a general finite dimensional vector space, loosely speaking, a root system provides a (small) finite
spanning set of vectors which is very symmetric. Being a spanning set, the root system can fully describe
the structure of the vector space. The symmetries of the set then provide additional information, and
this can be seen to pertain to the structure of a Lie algebra. More precisely, we have the following
theorem (which we will not prove) due to Serre [Ser66] (Chapter VI):

Theorem 2.3.1. To each isomorphism class of semisimple Lie algebras, there is a unique associated
root system which determines that isomorphism class.

Now we begin with the general definition of a root system for a vector space. Let V' be a vector
space with a symmetric bilinear form (—,—). For any element « € V, define s, to be the involution

sa(z) = 2 — 2422 We see that sq(a) = —a, and if B L «, then so(8) = B. Denote by P, the

(o)

hyperplane consisting of all 3 € V such that 3 L o. We shall denote by " the element 2(&;)) in V*.
Definition 2.3.2. Let V be a finite dimensional vector space. A subset ® C V is called a root system
in V if the following hold:

i) [9] < oo
ii) 0 & ®;
ii) Span® =V
If @ € @, then the only multiples of a in ® are +®.
v) ® is invariant under s, for every o € ®.

vi) For all o, 8 € ®, aV(B) € Z.
Definition 2.3.3. The rank of a root system is dim V.

)
iii)
iv)

)

v

Definition 2.3.4. Given a root system ® in the vector space V, the Weyl group W is the subgroup of
GL(V) generated by all the s, for a € ®.

Definition 2.3.5. Given a root system ®, we define the dual root system ®V := {a" |« € ®}.
Proposition 2.3.6. If ® is a root system of V, then the dual root system is a root system of V*.

Proof. That ®V satisfies (i) and (ii) in 2.3.2 is immediate from the definition of ®V. If {a, ..., a, }, forms
a basis for V, where n = dim V' and the a; € ®, then another basis {f1,...8,} for V may constructed
such that o;(5;) # 0 if and only if ¢ = j. Since every element of V* is fully defined by how it acts on
a basis of V| it follows that any element of V* is a linear combination of the o}, so Span®" = V*
therefore @V satisfies condition (iii) of Definition 2.3.2
The bilinear form on V* induced by the bilinear form on V satisfies ((z, —), (y,—)) = (z,y), for z,y € V,
and so for a, 5 € ®, we have
(0 5)

(o, a%)

( 4(a,B) )
(a,2)(B.5)

(@) (8Y)

Since ®V spans V*, we may identify (o) with «, and then identify (®V)Y with ®. Now if o € @, and
AaY € @Y for some A € k, then (AaV)Y € ®. Since The only multiples of « in ® are +q, it follows that
A = =+1, so ¢V satisfies condition (iv) of Definition 2.3.2.

To see that (v) is satisfied, let a,, 8 € V and note that

o8V — 8 — 2B v _ <62(a,ﬂ)a>v.

(o, @) (o, )

Finally, that ®V satisfies (vi) follows from the identification of ® with (®V)V. O
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Example 2.3.7. i) A; :if dimV = 1, and ® is a root system in V containing «, then necessarily
® = {a, —a}. This is the only root system of a 1-dimensional vector space.

For the next four examples, assume dim V' = 2, and ® is a root system in V.
ii) Ay x Ay : if « is some element of @, then there exists § L «, and so we may form the root system
consisting of {«a, —a, 8, —S}.
8

A

v
-8

iii) Ay : Now let @ € ® and 3 be as in the previous example, and stipulate now that S has the same length

as . Here, however rather than choosing 8 € ®, here we shall take v = %a—l— @B € ®. Then applying
e.g. Sq shows that vy —a € ®. It is straightforward then to see that ® = {«o, —a, v, —y,a —7,7— a}.

T-a ¥

-7 a-—7
iv) Bs : returning to the case where «, 8 € ® are as in (ii), we may additionally add the vector a+ 3 to
the root system, and applying the various reflections, we see that in this case ® = {«a, —«, 8, — 3, a+

B,O{*ﬂ,fOZﬁ*ﬁ(,*Ol*ﬂ}.

f—a a+8

A

—a—f -8 a—f
v) Gs : finally, given the root system in example (iii), we may adjoin the vector «+~. Then this yields
the root system ® = {o, —a,y, =y, — 7,7 — @, 28, —28,v + o, 7 — 2a, —y — o, 20 — ¥}

12



v —2a y—a ¥ a+y

—a =7 - a—7 200 —

v
a— 2y

The above examples are all the possible rank 1 and rank 2 roots systems.
Definition 2.3.8. A subset A C ® of a root system in the vector space V is called a base if it forms a
basis for V' and moreover every root can be written as either a Z>p-linear or a Z<p-linear combination
of elements in A. The roots in a chosen base of A C ® are called simple roots.
Definition 2.3.9. We call the Z-span A, of a root system ® the root lattice of ®.
Definition 2.3.10. If we fix a base A, if a € ¢ is a Z>¢-linear combination of roots in A, then we say
that a is a positive root. Similarly, if o is a Z<p-linear combination, then we say it is a negative root. We
denote by ®+ and ®~ the set of all positive and negative roots respectively.
Theorem 2.3.11. Every root system has a base.

For the proof, see [Hum?72| (p.48).

Let ® be a root system in V. We remark that the reflecting hyperplanes P, = {5 € V|3 L a} for
a € ® provide a partition of the subset V' \ |J P,.
Definition 2.3.12. Call each connected component of V' \ |J P, a Weyl chamber. Call v € V regular if
v lies in a Weyl chamber.

Given a finite dimensional semisimple Lie algebra g with Cartan subalgebra b, if & € h*, define the
vector subspace

0o = {z € g|[h,z] = a(h)z, for all h € h}.
Definition 2.3.13. We say that « € h* is a root of g relative to the Cartan subalgebra § if o # 0 and
ga # {0}.
The following proposition is from [Ser66] (p.43).
Proposition 2.3.14. Let g be a complex semisimple Lie algebra.

i) The set ® of all the roots of g relative to b form a root system of b.
it) for any a € ¥, the subspace go is 1-dimensional.
1) Do = [0a, 0—a] s a 1-dimensional subspace of b.

w) 9=b®DB,cq da-
Given a root a € ®, by multiplying a nonzero element in bh, by a sufficient scalar, one finds an
element h, € b, such that a(h,) = 2. Moreover, there are elements x, € g, and y, € g_, such that

[xavya]::hav [havxa]::2xav and [havya]:'_2ya~
Hence, for every « € ®, there is a Lie subalgebra sly(a) := ho @ ga D g—a C ¢, which is isomorphic to
5[2 (C)

Now suppose we are given a root system ® of g relative to h. Then there is a natural choice for a
Borel subalgebra of g,
b=h& P o

aedt
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with nilpotent radical

n= W7b]:: 6{9 Jas

aedt

which is shown in [Ser66] (p. 47-48).

2.4 The correspondence between algebraic groups and Lie algebras

One of the key realizations in Lie theory is to see that Lie groups may be better understood by studying
the corresponding Lie algebra, which is the tangent space at the identity of a given Lie group. To each Lie
group, one can of course take the tangent space at the identity and this space may naturally be given the
structure of a Lie algebra. On the other hand, there is an exponential map which associates a Lie group
to any given Lie algebra. We shall see that a similar correspondence exists between algebraic groups
and Lie algebras. While the material in this section is important to give the reader an understanding of
the connection between algebraic groups and Lie algebras, it is not so vital for the main premise of this
thesis, and so we will refer the reader to [TY05] for more details on this correspondence.

Let G be an algebraic group over the C, and €(G) its algebra of regular functions. The set of
derivations (Example 2.2.4 (iv)) on €(G) form a Lie algebra. For f € 0(G), and « € G, define the left
(respectively right) translation of f by « as

(Aaf)(B) = f(a™'8),  (respectively (paf)(B) = f(Ba)),

for all g € G.
Definition 2.4.1. Call a derivation X of Og left invariant if X\, = A\, X.

Definition 2.4.2. We define the Lie algebra g = £(G) corresponding to the algebraic group G to be
the subalgebra of derivations of O¢ which are left invariant.

This is indeed a Lie algebra since if X and Y are left invariant derivations of g, c € C and a € G,
then ¢X 4+ Y is left invariant, and

Aa[X, Y] = A XY — AV X

=XAY - YA X
=XY), -YX)\,
= [X,Y] )\,

so [X,Y] is left invariant. It is shown in [TYO05] (p.349) that g = £(G) is isomorphic to T.(G), the
tangent space of G at the identity e, via 6 : X — . o X, where y, is the evaluation at e. Thus we shall
identify these Lie algebras, and observe that this definition for the Lie algebra of an algebraic group is
analogous to that of a Lie group. In what follows, we shall show that for any morphism u of algebraic
groups, we may define a morphism £(u) of the corresponding Lie algebras so that £ forms a functor from
the category of algebraic groups to the category of Lie algebras.

Definition 2.4.3. If v : G — H is a morphism of algebraic groups, then the differential of u at the iden-
tity e is the map du : £(G) — £(H), defined as the dual map of the induced map u® : mH}u(e)/m%Lu(e) —
me./ méye.

With u being a morphism of algebraic groups, hence of varieties, we have a morphism of the rings of
regular functions u* : Oy — Og. We shall observe that the differential du at the identity is a Lie algebra
homomorphism. Indeed for any x,y € £(G), and f € H, we have du(z)(f) = zu*(f), so du(z) = zu*.
Then

*

dlz,y] = [z,ylu
(z-yu" = (y- z)u”

(zu”) - (yu*) — (yu*) - (vu”)
[du(z), du(y)],

*

where the third equality is proved in [TY05]. We shall define £(u) := du. One can check that for algebraic
group morphisms u : G — H, and v : H — K, then d(vu) = dvdu. A nice consequence of this is that
given an algebraic group G a Borel subgroup B and a maximal torus H, if g denotes the Lie algebra of
G, then b = £(B) will be the Borel subalgebra of g, and h = £(H) will be a Cartan subalgebra of g.
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On the other hand, there is a map, exp, which takes a Lie algebra g C gl,, (k) to a corresponding
linear algebraic group G C GL, (k). For such Lie algebras, this map is given by the exponential of the
matrix,

exp(A4 Z AJ Aeg.

]>0

Given an action of G on a variety M, we can define an action of G on functions on M by g - f(m) =
f(g~tm), wherem € M, g € G, and f is a function whose domain is M. Then there exists a corresponding
action of the Lie algebra g on functions on M given by

A fmy= S| oxp(ta) - f(m) (2.)

where f and m are as above, and A € g.

2.5 5[2(@)

First, we shall show, via purely algebraic methods, that sl3(C) is the corresponding Lie algebra of the
algebraic group SLo(C). Since SLy(C) is the affine variety in C* given by the vanishing of the polynomial
ad — be — 1, where a,b, ¢, and d are the coordinates of C*, the ring of regular functions & (SLy(C)) of
SLo(C) is isomorphic to C[z1, T2, 3, 24]/I, where I is the ideal (x124—xz225—1). Let X be a left invariant
derivation of #(SLy(C)) (Definition 2.4.1). If f,g € Clz1, x2, T3, 4], then

X(fg+1) =X({(f+Dg+1)
=(f+DX(g+ D+ X(F+Dg+1T)
=fX(9) + X(f)g+fXU)+ X(I)g+1
= X9+ X(flg+ 1.

We can consider how X acts on monomials of the form z{* 23253 zy* + I. Moreover, using the fact that

X is a derivation, we may simply consider how it acts on each monomial x;, 1 < i < 4, and use the

above equality to deduce the action on z{'z5%x5%x5* + I. In order to satisfy the condition of being a

derivation, X (z;) must be a polynomial, so we may write X (x;) = s;, where s; € &(SLy(C)). Now if
A= <(z b) € SLy(C), then the left translation by A of f(z1,ze,x3,z4) is
Aaf(xr, 22,3, 24) = f(dry — bz, drs — by, a3 — cx1, 074 — CT2).
Since X is left invariant, we have
)\Aslz)\A(X $1) =X )\A( )):X dwl—b$3)=d81—b83,

( ( (
Aasa = Aa(X(x2)) = X(Aa(z2)) = X (dze — bxy) = dsg — bsy,
Aass = Aa(X(z3)) = X(Aa(xs3)) = X(axz — cx1) = ass — cs1,
1)) = X(
(C

Aass = Aa(X (1)) = X(Na(z4))

Since these equations hold for every A € SLy(C), the s; cannot contain any constant term. Similarly, by
an argument on the order of the degree, one can check that the s; cannot contain any terms of degree
greater than 1. Considering the action of A4 on each of the x;, we can conclude, by the above equations,
that

X(axy — cxs) = asq — csa.

§1 = M1T1 + MaXo,
So = M3T1 + My,
S§3 = M1T3 + M2y,

S4 = M3T3 + MyTy,
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where the m; € C, for 1 <17 < 4.
Finally, since x1x4 — xox3 is identified with 1 in the ring of regular functions, we have
0=X(1) = X(x124 — z23)
=z X (xq) + 24X (21) — 22X (23) — 23X (22)
= T154 + X451 — X283 — T3S2
= M3T1T3 + MaT1T4 + M1T1T4 + M2T2T4
— M1ToT3 — MoXoly — M3T1T3 — MyToX3
= (m1 +myq)(x124 — T273)
=mqi+ my.

Hence, X is fully determined by the mi, ms, m3 € C, and using the characterization of derivations
above, we may write

X = (miz1 + max2)01 + (M3x1 — mix2)02 + (M3 + maxa)0s + (M3x3 — m124)04,

where 0; denotes the partial differentiation operator on z;, 1 < i < 4. It is a straightforward, though
tedious, computation to check that if we represent X as a 2 x 2 matrix

0= (s Tm)

and if Y is another left invariant derivation represented by the matrix

(k1 ke
=3 %),
then the commutator [X, Y] is represented by the matrix (X)(Y) — (Y)(X). It then follows that the Lie
algebra £(SL2(C)) is isomorphic to sl3(C), the Lie algebra of 2 x 2 matrices with trace zero, and thus

we shall identify these two Lie algebras.
As mentioned in Example 2.2.4 (vi), the standard basis of slo(C) is {E, F, H}, where

I Bt ) B U

These satisfy the commutation relations

[EvF] =H,
[H,E] =2E,
[H,F] = —2F.

Here, CH =: b is a Cartan subalgebra - in particular it is isomorphic to (and hence can be identified with)
C. Since b is 1-dimensional, the root system of sly(C) relative to b can be taken to be ® = {2, —2}, and
we can decompose sly(C) = CF®@CH @ CE, where E is the element in the root space which corresponds
to the root 2, and F is the element in the root space which corresponds to the root —2.

From our discussion in section 1.2, one can see that the flag variety for SLy(C) is isomorphic to P*,
and the base affine space is isomorphic to C?\ {0}. Recall that we denote a point in P! with homogeneous
coordinates (z1 : 2), where £y =0 = x9 # 0 and (21 : 22) = (Az1 : Aza), for all A € C*. We have the
natural group actions of SLy(C) on P! and C?\ {0} via

(Z Z) (21 : @2) = (azy + bag : cxy + daa),

and

(Z Z) (1, 22) = (ax1 + bxe, cx1 + dxs)

respectively. There is then a corresponding Lie algebra action of sly(C) on regular functions on P! and
on C?\ {0} (see (2.1)). Since E, F, and H form a basis for sly(C), it suffices to determine this action for
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those elements. On C2 \ {0}, we have

E- f(zy,29) = dt‘ exp(tE) - f(z1,z2)

~ 2l (7))

= —x201 f (21, 22), (2.2)
F - f(z1,20) = dt’ exp(tF) - f(z1,22)

=2 7 ((ft ‘f) - (331,562))

= 2| S —ta)

= —J?1(92f(171,£€2), (23)
H- f(x1,22) = dt’ exp(tH) - f(x1,x2)

—t
_ 4 N ((eo 60t> : (xl,x2)>

d
= — t:Of(e*txl,etmg)

= (=7101 + 2202) f (w1, 72), (2.4)

Verification of the commutation relations will show that the Lie subalgebra of derivations on C?\ {0}
generated by —x201, —2102 and —x10; + 2202 is isomorphic to sl3(C). At the cost of notational abuse,
we shall henceforth refer to these derivations respectively as E, F, and H. One may similarly compute
the actions of E, F, and H on Op:, or alternatively just notice that given the natural projection of
C2\{0} — P! via (z1,72) = (71 : x2), the regular functions of P! on the open affine sets Uy = P'\{(1:0)}
and Uy, = P'\ {(0 : 1)}, are respectively C[z] and C[w], where z = 125", and w = x] "x2. Then the
elements E, F, and H are going to correspond with the differential operators —0., 220,, and —220,. For
details, see [Rom20].

2.6 The flag variety and base affine space

We now proceed to define two particularly important spaces, which will provide the setting for our D-
modules of interest. In the cases where G is a closed subgroup of GL,,(C), we will always take a maximal
unipotent subgroup N and a Borel subgroup B to consist of upper triangular matrices, as described in
Example 2.1.11 (ii) and (iv).
Definition 2.6.1. Let G be an algebraic group, N a maximal unipotent subgroup and B a Borel
subgroup, with NV C B C G. Both N and B act on G by right multiplication.

i) The set G/B of cosets of B is called the flag variety.

ii) The quotient G/N of cosets of N is called the base affine space (or enhanced affine space, or enhanced

flag variety).

Notice that neither B nor N is normal in G, so neither G/B nor G/N have the structure of a group.
They do, however, have the structure of a variety. In the following, we describe these structures for
G = SL,(C) and for G = GL,,(C).

Definition 2.6.2. Let V be a vector space. A flag in V is a sequence of subspaces

(0} =V CViC..CV,=V.
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We call a flag complete if m = dim V, otherwise we call it a partial flag. We call the sequence
(dim V4, dim Vs, ..., dim V,;,)

the signature of the flag.

We shall show that the set X of complete flags in C™ can be identified with the flag variety of GL,,(C).
First, the group GL,,(C) acts transitively on X. Indeed, choosing a vector from each of V;\V;_1,1 <i<mn
yields a basis for C". Since GL,,(C) acts transitively on the set of bases for C", it follows that GL,, (C)
acts transitively on X. Next, it suffices to see that the stabilizer of some element of X is B (since GL,,(C)
acts transitively, it doesn’t matter which element). Consider the flag {0} C V4 € --- C V,,, given by
V; = Span{ey, ...,e;}, 1 <1i < n, where the e; form the standard basis for C". The multiplication of an
element in C™ whose last n — ¢ entries are 0 by an element in B yields an element in C™ whose last n —1
entries are 0. Therefore, B stabilizes the flag given above. Moreover, B is the largest subgroup which
stabilizes this flag, and therefore is the stabilizer of it. It follows that there is a one-to-one correspondence
between elements of X and elements of the flag variety G/B for G = GL,,(C).

Since the points in X are complete flags, we may view X as being embedded in

G(n,1) x G(n,2) x ...G(n,n — 1),

where G(n,r) is the Grassmannian, consisting of all the r-dimensional linear subspaces of C"™. With this
view, we shall show that the flag variety is a projective variety. To do so, we must show that it is a
Zariski closed and irreducible subset of PV, for some N € N. First we show that G(n,r) C P, where

n
L= ( ) — 1 via use of Pliicker coordinates. It is clear to see that elements of G(n,r) may be written
T

as n X r matrices whose columns are linearly independent, and two such matrices represent the same
element of G(n,r) if and only if they differ by a factor of GL,(C).

The Pliicker coordinates are defined by the map 1 from M, , the set of n x r matrices to PL | which
takes an n X r matrix to the homogeneous coordinates consisting of all the possible r X r determinants
within the matrix. Since the determinant of a product is equal to the product of the determinants, it
follows that the Pliicker coordinates of a given matrix are invariant in P under the action of GL,.(C).
Thus, to each element of G(n, ), we may associate an element in PL. To see that this element is unique,
we shall show that any two elements of G(n,r) with the same Pliicker coordinates differ by a factor of
GL,-(C). Indeed, by applying a change of basis - i.e. multiplying by some particular element of GL,.(C)—
to a matrix A representing an element of G(n, r), we may assume that we can select r rows of the newly
formed matrix, and upon rearranging, have them form the r x r identity matrix, since A has rank r.
Without loss of generality, we may then assume that A is a matrix of the form

10 ... 0
1 ... 0
00 1],
00 0
00 ... 0

and show that any matrix B whose first r» rows are the same as A and with a nonzero entry in one of
the last n — r rows will be sent to a different element of P* than A by 1. But this is immediately clear,
since all but 1 of the entries in ¢(A) are nonzero, while ¢(B) will clearly have more than one nonzero
entry. In the same vein, it is straightforward then to see that if C' is another matrix whose first r rows
are the same as those of A, then C' and B represent the same element of G(n,r) if and only if B = C,
and then one easily concludes that indeed G(n, r) can be embedded into PL. For details on the closedness
of G(n,r) inside P, see e.g. [Hud07] or [Hum?75], where the idea is to show that it is closed on a set of
affine open subsets of P* which cover P~.
Now the Segre embedding allows us to then embed G(n,1) x G(n,2) x ...G(n,n—1) in some PV, where
N € N. Hence, to see that the flag variety is a projective variety, one must show that the set of all pairs
(Vi, Vig1) € G(n, i) x G(n,i+ 1) with V; C Vi41 is closed. For details, see [Hum72].

Having found the flag variety for GL,(C), we can quite easily determine the flag variety for SL,,(C).
In fact, the flag variety for SL,, (C) is the same as the flag variety for GL,,(C). This can be seen by noting
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that for every element b in the Borel subgroup of SLy(C), for every complex number A, the matrix Ab is
in the Borel subgroup of GL2(C)

Now using a similar idea to the Pliicker coordinates above, we can get a handle on what the base

affine space - which we denote by X - looks like for GL,,(C) and for SL,(C). In fact, we have an open
1 n
embedding of GL,(C)/N into some (n—;— )—dimensional affine Y of C?"~!. Indeed, we can take each

of the coordinates of C2"~! to correspond with exactly one of the r x r minors, 1 < r < n consisting
of elements in the r-leftmost columns of a choice of representative of a coset in X. By augmenting any
matrix A € GL,(C) by adjoining another copy of the first column of A to the left of the matrix A (so
that the first two columuns of this augmented matrix are identical), it is obvious that for 3 < ¢ < n, any
¢ X ¢ minor involving the first ¢ columns of this augmented matrix is zero. Applying this statement for

e‘eI> SuCh HH.HOI gi €s e::a‘Ctlj

equalities with 0 on one side and a (quadratic) polynomial in the aforementioned minors of A on the other
side. From this we can conclude that differential operators on X must be those differential operators on
(Czn:l which stabilize each of the ideals generated by each one of those polynomials. Hence, the image
of X lies in the intersection of the vanishing of these polynomials (identifying each relevant minor of A
with its corresponding coordinate in CQW'*l). We denote this intersection Y, and observe that assuming
some independence conditions, the dimension of Y is indeed

P2 ()-50)-50-0)+()-(3)

Jj=3 Jj=3

as we should expect.

The approach in the case of SL,(C) is almost identical, except that since the determinant of any
matrix in SL,(C) is 1, the coordinate corresponding to the n x n minor will be fixed, and so the
dimension of everything above will be reduced by 1.

Remark 2.6.3. From the above characterizations, we immediately see that in the case of SLo(C), the
flag variety is P! and the base affine space is C?\ {(0,0)}.

Thus, we have shown the following more general theorem in the case that G = SL,(C) and G =
GL,(C).

Theorem 2.6.4. Let G be a finite dimensional algebraic variety.
i) The flag variety G/B is projective;
it) The base affine space G/N is quasi-affine.
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CHAPTER 3

Category O, Verma modules, and representations of infinitesimal
character

In the following, g is a semisimple Lie algebra over C, denote by U(g) the universal enveloping algebra
of g, and by Z(g) the center of U(g). Throughout, we identify the categories of g-modules, U (g)-modules
and representations of g, and we denote these categories by Mod(g). There is a Borel subalgebra b = b
and an opposite Borel subalgebra b~ so that h = b* N b~ is a Cartan sub-algebra. Let n* = [b*, b¥]
be the nilpotent radical of b*. We will often write n = n™. We can decompose g = n~ @ h @ nt. It
is well-known that h ~ b/n. Let h* denote the dual of b, and fix a root system ® of h*, with positive
roots @+ C ®, and simple roots A C . For each root a € ®, there is the corresponding 1-dimensional
subspace of g,
0o :={z € g|[h,z] = a(h)z, for all h € h}.

Given a root system, we can choose the Borel subalgebra b so that its nilpotent radical n decomposes as

n= 6{9 Ja>

acedt

and n~ hence decomposes as
n = D oo
acd—

For any positive root o € ®T, we can find z, € g, and y, € g_ such that [z4,ys] € b. Indeed, this
follows from the Jacobi identity and the fact that for g € g, [h,g] = 0 for all h € § implies g € b (this
follows from our decomposition of g), as

(1, [Tas Yall = [2a [h yall = [Ya, [ zal]
= [z, —a(h)y] = [y, a(h)z]
= —a(h)([z,y] + [y, 2])
=0.

Moreover, by scaling z, and y,, we may take the element h, := [z4,ys] to be such that a(h,) = 2.
Evidently, (24, Yo, ha) form an sly-triple.

Let I" be the set of Z, -linear combinations of simple roots, and I'g be the set of R -linear combinations
of simple roots. There is a partial order on h* defined by A < pu if and only if 4 — X € I'g. Let W denote
the Weyl group of g, i.e. the group generated by the reflections with respect to each of the roots in @,

and let 1
P=3 Z @

acedt

We call p the Weyl vector. The Weyl group W has a natural action A — w(\) on h*, and we can
also define the so-called dot-action of W on h* by w- A = w(A + p) — p, for A € b*, w € W. It is
straightforward to see that this dot-action has a unique fixed point —p. For a fixed A € h*, we denote by
Wy ={w e W]|w- = A}, the isotropy group with respect to the dot action.

In case g = sly, we may take n = Span{E}, n~ = Span{F'}, h = Span{H }, where

0 1
(0 0)
0 0
(i 0)
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(b 0).

In this case, h* is a 1-dimensional vector space so can be identified with C, and we can take & = {—2,2}
and A = & = {2}. The Weyl vector is therefore p = 1. The partial order on h* described above is that
for which a + bi < ¢+ di if and only if a < ¢ and b = d, where a,b,c,d € R and i is the imaginary unit.
The Weyl group W here is the 2-element group {id, so}, where so denotes the reflection across 0 - i.e. for
any A € b*, s2(\) = —A. The dot-action of W therefore corresponds with the identity and a reflection
across —p = —1. The isotropy group W_; = W, and for every A € h* \ {—1}, the isotropy group W) is
trivial.

3.1 Category O

Definition 3.1.1. Let M be a g-module, and A € h*. The weight space corresponding to A is the vector
space
My:={veM|h-v=Ah)v, forall h € h}.

If My # 0, then we say that A is a weight of M. We call M a weight module if it decomposes into a direct
sum of weight spaces (i.e. h acts semisimply on M).
Definition 3.1.2. We call a weight A € h*
(i) Regular if Wy is trivial, and otherwise we call it singular.
(i) Integral if aV(\) € Z for any root a € ®, where " is the corresponding coroot of .
(iii) Dominant if ¥ (X + p) > 0 for every positive root o € ®T.

In the case of g = sly, the weight —1 is a singular weight, and every other weight is regular. The
integral weights are precisely the integers.

Definition 3.1.3. Say that a g-module M is locally n-finite if for every v € M, the vector subspace
U(n) - v is finite dimensional.

Definition 3.1.4. The BGG category O is the full subcategory of Mod(g) consisting of objects M
satisfying the following:

1. M is finitely generated over U(g);

2. M is a weight module.

3. M is locally n-finite
Definition 3.1.5. Let M be a g-module. Say that v, € M is a mazimal vector of weight \ if v,, € M)
and n- v, = 0.

It is clear from the definition of the category O that every object in O contains a maximal vector.
Definition 3.1.6. We call M a highest weight module (of weight X\) if it is generated over U(g) by a
maximal vector vy, for which h - v, = A(h)v,,, for any h € b.

Remark 3.1.7. If M is a highest weight module generated by vy, i.e. M = U(g) - vy, then it follows
from the PBW theorem that M =U(n") - vy,
Proposition 3.1.8. Let M be a highest weight module of weight X.
(i) The dimension of any weight space M, is finite and, in particular, the dimension of My is 1.
(i) Any submodule of M is a weight module. In particular, M is a weight module;
(i4i) Any nonzero quotient of M is a highest weight module;
(iv) M has a unique maximal submodule;
(v) M has a unique simple quotient;
(vi) If M is simple, then any highest weight module of weight X is isomorphic to M.

The proof can be found in [Hum75] (p. 16-17). From this proposition, we see the following nice
property of modules in the category O.

Proposition 3.1.9. Every module M in the category O has a finite filtration whose nonzero quotients
are all highest weight modules.

Proof. Since M € ob O, it can be seen to be generated by finitely many weight vectors vy, v, ..., v, and
the n-submodule generated by those vectors is finite dimensional. If this n-submodule has dimension
1, then M is generated by a single highest weight vector, and the result is immediate, so assume the
dimension is greater than 1. Since M is generated by finitely many weight vectors, we can find one -
in fact we can assume without loss of generality that it is v; - whose weight is greater than all those
with which it is comparable. Then the g-module M; generated by v; is a highest weight module. The
quotient module M /M, is isomorphic to a module contained in the g-module generated by the weight
vectors vg, ..., Uy,. Since v; had maximal weight among the vy, vs, ..., v,, the n-submodule generated by
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the va, ..., v, has strictly smaller dimension that the one generated by the vy, vs,...,v,. The result then
follows by induction. O

Definition 3.1.10. For any A € h*, denote by C, the 1-dimensional left b-module on which the b-action
factors through b — b 25 C. We define the Verma module to be the g-module

M(X) == U(g) Dui(v) Ca.

This is a highest weight module of weight A, and we shall denote the unique maximal submodule of M (\)
by N(A) and the unique simple quotient of M(\) by L(\).

We may alternatively describe Verma modules as follows. Let I C U(g) denote the left ideal which
annihilates the maximal vector vy, € M(X). By definition, we have n C I and h — A(h) € I for every
h € bh. On the other hand, if a € U(g) does not annihilate v,,, then by the PBW theorem, we may
write a as a polynomial in the generators of U(n~) left multiplying a polynomial in the generators of
U(h) containing no factors of h — A(h) for h € h. Hence, I is precisely the left ideal generated by n and
elements h — A(h), h € b.

One can check, by the PBW theorem, that as a #(n~) module, the Verma module M () is free of
rank 1. Hence, the foregoing discussion implies that M(\) ~ U(g)/I. Since I annihilates any maximal
vector of weight \ in an arbitrary highest weight module, this shows that the Verma module M (\) maps
surjectively onto any highest weight module of weight A. By Proposition 3.1.8 (vi), and since every object
in category O contains a maximal weight vector, it follows that every simple module in O is isomorphic
to L(\), for some A € h*. We can also restate Proposition 3.1.9 to say that modules in category O have
a finite filtration whose composition factors are quoteints of Verma modules.

Next, we would like to define a notion of duality in the category O, so that it is closed under taking
duals. Suppose M is a g-module in O, and let M* := Homg¢ (M, C) be the dual vector space. We would
like to define a g-action on M ™ so that as a g-module, M* is an object in O. The naive approach of taking
the natural action (z - f)(v) = —f(z-v), for x € g, f € M* and v € M fails if M is infinite dimensional.
Indeed, one can see that in this case M* would not be locally n-finite, nor would it necessarily be a
weight module. Instead, we proceed as follows: for each simple root & € A, we can choose an sly-triple
(Towy Yoy Pex ), Where o, € goy Yo € 9—a, and hy € b with «(h,) = 2. There exists an anti-involution 7 on
g so that for every simple root «,

T(xa) = Ya, T(ya) = Ta, T(h‘a) = ha?

and this anti-involution extends to one on the universal enveloping algebra U(g). Hence, we have an
action of U(g) on M* via

(@ f)(v) = f(r(z) - v),

and in the sequel, we shall view M* as a g-module with this action. Given A € h*, the dual (M, )* of M)
can be embedded into the M* by identifying each f € (M))* with the element in M* which agrees with
f on M)y and is 0 elsewhere. The image of this embedding is then (M*),, and henceforth we shall write
both (My)* and (M*), simply as M}. By considering the weight spaces of M*, we can then obtain a

weight module
MY = P M;.
A€bh*

It is a routine check, using the g-action as defined above, to see that this module is locally n-finite. It
turns out to be true also that MV is finitely generated - this follows from the fact that we can define
an exact functor on the subcategory of g-modules consisting of weight modules whose weight spaces are
finite dimensional which sends M +— MV ; exactness of this functor implies that since if M € ob O, then
MY is finitely generated. Hence M" is in category O, and we call M the dual of M in O. We see that

MYY = @M;*: @szM,
PYS AEh*

and so we may identify M"Y with M.

In particular, given any Verma module M (\) of maximal weight A, there is a corresponding dual
Verma module M()\)V. We state, without proof, the following proposition which is dual to part of
Proposition 3.1.8
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Proposition 3.1.11. The dual Verma module M(\)V has a unique mazimal quotient and a unique
simple submodule.

By our characterization of simple modules in O, we see that the unique simple submodule of M (\)Y
is L(A). The unique maximal quotient is therefore isomorphic to N(A).

3.2 Modules of infinitesimal (central) character

Definition 3.2.1. An algebra morphism Z(g) — C is called an central character.

Since this central character is associated with the Lie algebra (as opposed to a Lie group or an
algebraic group), it is often referred to as an infinitesimal character.

For a highest weight module M € ob O of weight A, the dimension of the maximal weight space My
is 1, so we shall write M) = Span(v,,). If z € Z(g), then

h-z v, =z h-vy,=Ah)z vn.

Hence, z - v, € Span(vy,), so we may write z - v, = xA(2)vm, for some x(z) € C. Moreover, since
z commutes with every element of U(g) and M is generated by v,,, we have z - v = xx(2)v, for every
v € M. One can check that x» : z — x(z) defines an algebra morphism from Z(g) to C, and hence
is a central character. Noting that U(g) = U(n~) @ U(h) ® U(n), and since monomials in n will kill vy,
and monomials in n~ will lower the weight of v,,, we conclude that the value of xx(z) depends upon
only the monomials in . In fact, letting pr denote the projection from U(g) to U(h) defined by setting
non-constant monomials in #(n) and U(n~) to zero, it can be seen that xx(z) = A(pr(2)), for z € Z(g).
Definition 3.2.2. Let A € h* and let M be a g-module. We say that M is a module of infinitesimal
character x if for every z € Z(g) and for every v € M, we have z - v = xx(2)v, where x, is as defined
above.

In what follows, we identify U(h) = S(h) = C[h*], and let C[H*]" denote the dot-invariant polynomials
in h*. For now, we shall take the following theorem for granted. The proof can be found in [Hum75] (p.
26).
Theorem 3.2.3. 1. There is an isomorphism Z(g) — C[h*]W, called the Harish-Chandra isomor-

phism, obtained by restricting the projection pr : U(g) — U(H);

2. Let \,p € b*. Then A = w - p for some w € W if and only if x» = xu;

3. Ewvery central character is of the form x for some X\ € h*.
Definition 3.2.4. We say a character is dominant, regular, integral, etc. if the corresponding weight is
respectively dominant, regular, integral, etc.

Henceforth, we shall identify Z(g) with C[h*]". The Harish-Chandra isomorphism then allows us to
describe a character as an algebra morphism

Clh " =Sm)" = Z(g) —» C,

where C[h*]" are the dot-invariant polynomials on h*. Now we may identify Specm(C[h*]") with h* /W
the space of W-orbits of h* (under the dot-action), and so choosing an infinitesimal character amounts
to choosing a W-orbit of h*, equivalently choosing a maximal ideal in C[h*]".

Now for any A € h*, we shall denote by |A| the dot-orbit of A, and let /5| denote the maximal ideal
of polynomials in C[h*]" vanishing at |A|. Then a module M has infinitesimal character x if and only
if I}x;M = 0. This motivates the following definition.

Definition 3.2.5. Let A € h* and let M be a g-module. We say that M is a module of generalized
infinitesimal character x» if I\TLAIM = 0, for some n > 1. Denote by Mod,|(U(g)) the category of
g-modules of generalized infinitesimal character x.

There is a similar category of modules which we may define as follows. First we remark that the
injection C[h*]" < C[h*] induces a projection 7 : h* = Specm(C[h*]) — Specm(Z(g)) = h*/W. Denoting
the maximal ideal in C[h*] of polynomials vanishing at some fixed A € h*, by Jy. It is clear that
w1 (Jx) = I}5- It is also clear to see that C[h*] has the structure of a Z(g)-module.

Definition 3.2.6. The extended enveloping algebra is the algebra U= U(g) ®z(g) Clh*].

We shall see that this definition is rather nice in the view of differential operators of the base affine
space. We remark that the center of U is C[h*], since Z(g) C C[h*] and C[h*] is commutative. Moreover,
since we have identified C[h*]" with Z(g), we sce that U" = U(g), where the W-action on I is induced
by the W-action on C[h*]. Now let Mod, (Zjl) denote the category of Z/-modules M such that JYM =0
for some n > 1. Any U-module can be given the structure of a U(g)-module by restriction of the action.
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Additionally, since 7=(Jy) = Iy, if M is a U-module with JvM = 0 and Res M is its restriction to a

U(g)-module, then I} (Res M) = 0. Thus, we have an exact functor Resy : Modx(U) — Mod)(U(g)).

So far, we have the inclusion C[h*]" < C[h*] of W-invariant polynomials in h* into the algebra of all
polynomials in h*. For a fixed A € h*, the isotropy group W) C W, and so any polynomial which is
W-invariant is necessarily W-invariant. We may then factor the above inclusion as

Clh " — Ch*]"™ — Clv7],
and the corresponding projection 7 : h* — h* /W on the maximal spectra may be factored through
h* = b*/Wx — " /W.

The first arrow sends the maximal ideal 7 to jAW* = (C[F)*]WA NJx, which can be seen to be the maximal
ideal W-invariant polynomials which vanish at w - A for every w € W,. Indeed, this is clear, since any
W-invariant polynomial vanishing at A must vanish at w - A whenever w € Wy. We may consider the
intermediate algebra U"> ~ U(g) ®z(g) C[h*]"*, and in particular, we have the category Mody(U">)

of U™"*-modules M for which (T, /\W MM = 0 for some n > 1. Naturally, we have an exact functor
Mody(U™) — Mod)y (U(g))

via restriction of the module structure. According to Beilinson and Ginzburg’s paper [BG97] (p. 4), by
considering the completions of the algebras Z(g) and C[h*]"> with respect to the ideals I\ and JIV*
respectively, this functor can be seen to be an equivalence of categories. Hence, if A is a regular weight
(i.e. Wy is trivial), the category Modx(U) is equivalent to the category Mod,y (U(g)), and so we may

study modules with generalized infinitesimal character y, by studying the category Mod (1/7 ).
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CHAPTER 4

D-modules

4.1 Rings of Differential Operators

Here, we shall build up to a general definition of a (sheaf of) rings (or algebras) of differential operators
via some concrete and more intuitive examples. In this first section, we closely follow [Sch19]. To
begin, let k be a field, and consider the vector space k[z1, ..., ;] of polynomials in n indeterminates over
k. We have the vector space endomorphisms of k[z1,...,z,] given by x; : f — x;f and 9; : f — 0;f,
1 <i < n, where 0; f is the formal derivative of f € k[x1, ..., x,] with respect to x;. These endomorphisms
can be added, scalar multiplied and composed. The composition follows the commutation relations
[xi,xj] = [82,@] = 0, and [ai,fl,'j} = (51]

Definition 4.1.1. The subset of End(k[x1, ..., 2,]) generated by k, x; and 9; form a noncommutative
algebra, A, = k[x1,...,Zpn, 01, ..., On], called the Weyl algebra.

Remark 4.1.2. [t can be seen that the Weyl algebra is the subalgebra of Endy (k[z1,...,x,]) generated

by k[z1,...,2,] and Derk[zy, ..., x,]. This follows since any derivation 6 is uniquely determined by an
n-tuple of elements (s1,...,8,) in klx1,...,x,] such that 6(x;) = 84, i =1,...,n, and so we may write

In the same way that vector spaces are of use in solving systems of linear equations, one might guess
that the modules over the Weyl algebra will have use in solving systems of linear partial differential
equations. In the following, we shall describe this more precisely. Recall that associated to the system
of linear equations

> aiu; =0, i=1,..n (4.1)
j=1

is the n x m matrix (a;;), which defines a linear map a : k™ — k™ by right multiplication on the
transpose. Writing V' = coker a = k™ /im a, then Homg (V, k) gives a space of solutions to (1). Indeed, if
f k™ — k such that f oa = 0, then f uniquely determines an element in Homy(V, k), and moreover,
since f is fully determined by how it maps basis elements of k'™, we may write

FWL o ym) = yifis yp fi €k, 1<j<m.
j=1

Then f o a = 0 implies that for every (x1,...,z,) € k™,

Z xiaijfj = 0,

1<i<n
1<j<m
which holds if and only if 377" | a;; f; = 0 for 1 <7 <n.
Now consider in equation (1), we replace the a;; € k by elements P;; € A,, and assume the elements
v, rather than being elements of k¥ are elements of some suitable A,-module, giving the equation

m
ZPijvj:O, 1§Z§n
Jj=1

Then we can essentially take the same approach as above; the matrix (P;;) defines a map P : A} — A"
by right multiplication, and then given an A,-module S, the space of solutions in S will be given by
Hom 4, (coker P, S). In such a way, one can nicely study the solutions to linear partial differential equations
by studying (finitely generated) A,-modules.
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While being more complicated than, for instance, the commutative algebra k[z1,...,2,] due to its
noncommutativity, there are quite a few properties that allow us to get more of a handle on the Weyl
algebra A,,. Before we remark upon these, we must first introduce some notation.

Definition 4.1.3. Given an object S in a category C, an increasing (resp. decreasing) filtration on S is
a collection of subobjects (.S;);ez of S indexed over a totally ordered index set Z such that if i < j, then
S; C S (resp. S; C Sy).
Definition 4.1.4. A filtered k-algebra is an algebra R such that there is an increasing filtration (of
vector subspaces) of R,

{O}ZR_1CR0CR1CR2C"'CR
such that R = |J, R;, and for any i,j € N, R; - R; C R;;.
Remark 4.1.5. In particular, in the definition above, note that Ry forms an algebra since Ry- Ry C Ry.
Moreover every R; is an Rg-module.

Definition 4.1.6. Let R be a commutative k-algebra. The algebra of differential operators Diff (R) on
R is the subalgebra of Endy(R) defined inductively as follows: Let Dy = R, and for ¢ > 1, put

D; = {d € Endi(R) | rd — dr € D;_y, for all r € R}.

Then Diff(R) = |, D;.
Remark 4.1.7. It can readily be seen that this definition gives Diff (R) the structure of a filtered algebra,
since

{0} CR=DyC Dy C Dy C-- C| |D; = Diff(R),

and it can be shown by induction that D; - D; C Dy, for if d; € D;, d; € D, then

Tdidj — didﬂ“ = T’didj — di’f‘dj + di’l“j — didj’/‘
= (le — di’l“)dj + di(de — dj’l‘).

By replacing Endj(R) by a more general k-algebra in Definition 4.1.6, we have the following more
general definition.

Definition 4.1.8. Let R be a commutative k-algebra, and A a k-algebra with an R-bimodule structure
and a morphism ¢ : R — A. Define a filtration A}, where AY, = {0}, and for ¢ > 1,

Al =={me Alrm —mr € AY_,, for all r € R}.

We say that A is an R-differential algebra if A =], A;.
Next, we give some examples of filtered algebras.
Example 4.1.9. i) The polynomial algebra R = k[z1, ..., 2], is a filtered algebra by taking

A; = {Zx?lxg" En:ai <j}.
i=1

In a similar vein to above, if R = A,,, then there are the following three filtrations:
i) Ry = {Saft - aned 00| 0 o < )
i) Ry = {3 af - agn) - 000 0L, B < -
iv) Ry ={Xaf - a0 | 0 (i + i) < g}

We remark that (iii) above coincides with the filtration obtained for A,, = Diff(k[z1,...,x,]) from
Definition 4.1.6. In the above examples, the filtrations are defined so that the elements in R; have
degree (in some sense of the word) less than or equal j. If we are interested in distinguishing elements by
degree, then we ought to consider quotients, e.g. gr; R := R;/R;_1 would be isomorphic to the subspace
containing only the elements of R with degree equal to j (as well as 0 of course). We see that if a € R;,
be RjthenaRj_1 C Riyj_1,and bR;_1 C Rijj—1,50 (a+Ri—1)(b+R;—1) = ab+ Ry is well defined
and hence gr; R-gr; R C gr; ; R.
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Definition 4.1.10. We may take the direct sum of all of the gr; R to obtain an algebra

grR:@grjR

called the associated graded algebra (to the filtration R,).

The following proposition suggests an immediate interest in the associated graded algebra for the
Weyl algebra.
Proposition 4.1.11. Given any of the filtrations (ii), (iii), (iv) from Example 4.1.9 of the Weyl algebra
A, the associated graded algebra is commutative, and in fact isomorphic to the polynomial ring in 2n
indeterminates over the field k.

Proof. The proof follows from the relation [z;,0;] = d;; € Fy, and from the fact that in the case of (iii)
(respectively (iv), (v)) the elements of any grade gr; A, are of the form f + F; 1, where f is a degree
j homogeneous polynomial in the z; (respectively the 0;, the x; and 0;) with coefficients in k[0, ..., Oy]
(respectively k[xq,...,x,], k). In particular, the generators for gr A,, commute. O

Thus, by considering the associated graded algebra of A,, with respect to a well-chosen grading as in
the examples, we can hope to be able to utilize tools from commutative algebra in order to get a better
handle on the noncommutative Weyl algebra. Now just as we may define a filtration and an associated
graded algebra for a k-algebra R, we may define a compatible filtration and an associated graded module
for an R-module M.

Definition 4.1.12. Let R be a filtered k-algebra, with filtration Re, and M a (left) R-module!. A
compatible filtration M, of M is an increasing filtration (of vector subspaces) of M

{O} =M_1CMyC M, C...

such that R; - M; C M, ;, and M = J M.
Definition 4.1.13. Let M and R be as in the above definition. Defining gr; M = M;/M;_,, we may
form the associated graded module

grM = @ gr; M.

Given any r € R;, m € Mj, the product (r + R;_1)(m + M;_1) = rm + M;,;_; is well-defined and
gives gr M the structure of a gr R-module.
Definition 4.1.14. We call the filtration M, good if gr M is finitely generated over gr R.

Observe that just as the R; in the filtration of a ring are all Ry-modules, all the M; in the compatible
filtration of the R-module M are Rg-modules.

Proposition 4.1.15. The Weyl algebra A,, = k[z1,..., Ty, 01,...,0,] is simple and noetherian.

Proof. Let 0 # P = ¢o32°0°, a, 8 € N, where 2 = 21 - 207, 8% = 9" ... 9P ¢o 5 € k and the
sum is taken over the oy, 8;, 1 <4,7 < n. Denote by e; € N" the element whose jth entry is 1 and all
other elements 0. We have the commutator relations

[@-,xaaﬁ] = ajxa_618’87
2, 2°0%] = — 8,005~

The elements [0;, P] and [z, P] are in the two-sided ideal generated by P, and so it follows immediately
that 1 is in the two-sided ideal generated by P, and hence the two-sided ideal generated by P is A,.
Since P # 0 was arbitrarily chosen, it follows that A,, has no proper nonzero ideals.

The detailed proof that A,, is noetherian may be found in [Sch19] (lecture 2), and here we just give a
rough outline. The idea is to show that given any finitely generated A,-module M, every submodule
N C M is finitely generated. Considering either of the filtrations (iv) or (v) of A,, in the above example,
M admits a good filtration since it is finitely generated. One can check that the filtration N; = N N M;
defines a good filtration of N, and therefore N is finitely generated over A,,. O

lwe can just as easily work a definition for right R-modules
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4.2 Modules over the Weyl Algebra

The discussion in the previous section shows that solutions of partial differential equations can be seen
as modules over the Weyl algebra A,, and such modules provide our initial examples of D-modules.
Naturally, the Weyl algebra itself is an A,-module, and since A,, is a subring of the ring of endomorphisms
of k[z1,...,zy], then k[zq,...,2,] is an A,-module, where the x; act by multiplication and 9; act by
partial differentiation on ;. There are other examples of A,,-modules such as k[x;], where 21 and 0; act
as above and for ¢ > 2, the x; and 0; annihilate everything. We see that in this case,

k[xh...,xn] -~ An

ko] = (To, ... wn)  (22...75,01,...,00)

In fact, by considering quotients of A,, by ideals of polynomials (in both the z; and the 9;), we are
provided with various interesting A,-modules. We may also consider Laurent polynomials and quotients
of those for more examples of A,-modules. Some interesting A,-modules are detailed below.

Example 4.2.1. i) We have already observed above that k[z1,...,zy] is an A,-module with the usual
actions of x; and 0;.
ii) We may also consider the module k[0, ...,0,] ~ ﬁ, in which the 0, act by multiplication

and the z; act by negative differentiation - i.e. differentiation followed by multiplication by —1.

iii) The vector space of Laurent polynomials k[z1, 27", ..., 2,, 2, '], with the usual actions of z; and 9;
also forms an A,-module, and one may note that this module is generated the x; L

iv) The vector space of polynomials k[\/z7, \/?1_1, NG \/E_l] forms an A,-module. We may
view this module instead as klt1, tl_l, .oy tn, t, 1], where x; acts as multiplication by ¢?, and 9;t™ =

%t;”*{ and 0;t; = 0, for ¢ # j, with the 0; still adhering to the usual product rule.
v) We can generalize the previous example by instead considering m*" roots, obtaining the A,-module

1/m —1/m 1/m —1/m
L e oA S
vi) Rather than only polynomials, we may consider the ring of formal power series k[[z1,...,z,]], and

see that it is an A,,-module.

vii) Here we shall assume, for simplicity, that n = 1. We may consider the A;-module A;/A;(9 — a), for
a € k*. Then z acts as the usual multiplication by z, and the action of d is defined by 0- f = % +af,
where f € A1/A1(0 — a). This follows from the relation

0" = na" 1 4+ 270 = na"" ! + ax™.

Given a polynomial f € k[z], applying the product rule to %( f(x)exp(ax)) shows that this A,-
module is isomorphic to the A,-module k[z] - exp(ax), consisting of polynomials multiplied by
exp(ax).

viii) Similar to above, we may take A;/A;(x — a), and here, 9 will act as multiplication and z will act
by 2 9(9) = — 459(9) + ag(d), where g(8) € A1/A,(8 — a).

ix) We may also consider the A;-module A;/A;(0% — a?), where a € k = C. We may write any element

of this module as a linear combination of elements of the form x™d?, where n € N and i € {0,1}.
The action of & will be the usual multiplication, and we deduce the action of d from the relations

Oz = nz" " 4 20,
Az™d = nax" 10 + a’z".

Comparing this action to the actions of J on 2" cosh(ax) and on z" sinh(az), we see that this A;-
module is isomorphic to C[z] - Span{cosh(ax),sinh(azx)}, consisting of polynomials multiplied by
linear combinations of cosh(ax) and sinh(ax). Since cosh(az) & sinh(az) = e¥%*, this A;-module is
isomorphic to C[z] - Span{e®, e~ *}.

x) More generally, A;/A;(0™ — a™) ~ Clz] - Span{e%”“jm};ﬁ;ol is an A;-module.

xi) We may further generalize (vii), (viii), (ix) and (x) as follows. Given a (linear) differential operator
L, we may form the A;-module A;/A;L. Denote by V the vector space of solutions f to the ordi-
nary differential equation £f = 0. Then A;/A;L ~ k[z] - V, the module consisting of polynomials
multiplied by elements of V.

xii) Various examples may be made by generalizing the previous five examples, for instance considering
Ap-modules for n > 2, we may take A, /A, (01 —a,02,03,...,0,),0r Ap/An(x1—a1,22—ag, ..., Tn—
a,), where the a; € k. We may also consider, for instance, k[z1, 2 *]-V, where V is as in the previous
example.
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One common fact the reader might notice about all of the above examples is that they are all infinite
dimensional (as a vector space over k). In fact, we have the following proposition.

Proposition 4.2.2. The only finite dimensional A,-module is {0}.

Proof. Since we can always restrict the scalars to an algebra isomorphic to A;, it suffices to just prove
it in the case of A1 = k[x,d]. If M is a nonzero finite dimensional A;-module, then we can write M =
klv1, ..., v,] for some finite basis (v1,...,v,) of M. We have [0, x]m = m, for all m € M. Additionally,
for each i € {1,...,r}, we can write
X -v; = injvj,
J

0- v; = Zdijvj’
J

where the z;; and d;; are some elements of k. Note that the (z;;) and (d;;) form matrices which we
denote A and B respectively. Then we have

v; = [0, x]v;

= (0x — z0)v;
= Zﬂfij Zdjlvl - Zdij Zl'jlvl
P 7 P 7
=Y (widi — dijzjo)v
U

In particular, this implies that Zj (@ijdj; —dijry;) = 1. But Zj zi;d;; = tr(AB) and Zj dijdj; = tr(BA),
implying tr(AB) — tr(BA) = 1, which is a contradiction. Therefore, M = {0}. O

4.3 Sheaves of Rings of Differential Operators

The notions in the previous section can be made to work in a global context, using sheaves. Throughout
this section, let X be a smooth (i.e. nonsingular) variety over C, with Ox its structure sheaf (i.e. the
sheaf whose sections on any open U C X form the ring of regular functions on U). We may define an
O x-differential algebra (or simply D-algebra) as follows.

Definition 4.3.1. Given a smooth variety X, an Ox-differential algebra (or D-algebra) o/ on X is a
sheaf of (associative) algebras on X along with an sheaf morphism i : &x — & such that for every open
UcC X, @(U) is a differential Ox(U)-algebra (Definition 4.1.8).

We shall look at some examples to make more concrete this fairly abstract definition. Just as in
the local case, where we considered the subalgebra of Endy (k[x1, ..., z,] generated by k[x1,...,x,] and
01, .. .,0,, we may, in a similar fashion, construct a sheaf of rings (or algebras) of differential operators.
First, however, we shall require some definitions.

Definition 4.3.2. Define the tangent sheaf ©x on X to be the sheaf Der(0x) whose sections on any
open U C X are derivations of Ox (U).

Definition 4.3.3. Let Endi(Cx) denote the sheaf of k-linear endomorphisms of Ox, that is, for any
open set U C X, Endy(Ox)(U) = Endi(Ox(U)). The sheaf of differential operators on X, denoted by
PDx, is the subsheaf (of algebras) of Endy(0x) whose sections on any open U C X are those generated
by Ox(U) and ©x (U).

Now it is straightforward to see that this adheres to the definition of a D-algebra, as for any Zariski
open subset U C X, Px(U) consists of endomorphisms generated by €'x(U) and derivations of Ox (U),
and we have already seen that these form the differential Ox (U)-algebra Diff (0x (U)).

Since X is nonsingular at every point, for any p € X, the local ring Ox , is regular of dimension
n = dim X, and hence there exist elements z,...,z, € Ox , which generate the maximal ideal m, <
Oxp. If U is an affine (i.e. isomorphic to an affine variety) open neighborhood of p, then it has a local
coordinate system [Sch19] (lecture 9) {z;,0;}, for 1 <i < n, and we can explicitly write

Ix(U) = P ox (U)o,

aeNn

where a = (a1, ...,a,) and 0% = O - - - 99». We see how this nicely lines up with the rings of differential
operators in the previous section. When U is affine, it is clear from the previous section that we can
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define a filtration akin to that in Example 4.1.9 (iii) i.e. filtering by the degree in the 9;. Using this
definition, we may define a filtration on an arbitrary open subset U by considering the maximal degree
on the restriction to any affine open subset of U. More precisely, we have the following:

Definition 4.3.4. The order filtration Fy on Px(U) is defined by

F,(U)={Pe2x(U)|Py € F;(V), for all V C U open and affine},

where Py denotes the restriction of P to V.

We may do similarly with the filtrations from Example 4.1.9 (ii) and (iv), however these are not

necessary for our discussion. We saw that in the local case, if F, is the order filtration on the Weyl
algebra, then F; consists of all those elements P for which [P, f] € F;_;, for every f € Ox. The
definition of the order filtration on Zx makes it clear that such a characterization holds in the global
case. We remark that now that we have an explicit filtration on Zx, we may consider the sheaf of
associated graded algebras, which we shall simply refer to as the associated graded algebra. This is a
sheaf of commutative algebras, and on open affine U C X, it will be isomorphic to the commutative
algebra Ox (U)[¢1, ..., &) =~ Sym(©x (U)). The differential algebra Px defined above actually fits into
the definition of a twisted differential operator.
Definition 4.3.5. An algebra of twisted differential operators (TDO) on a variety X is a sheaf of algebras
2, equipped with a morphism ¢ : Ox — 2 such that there is a filtration D, on 2 with «(0x) = Dy,
and there are isomorphisms of sheaves Sym(D;/Dg) —» gr(2) and o : D1/Dy — Ox, the latter defined
by a(0)(f) = 0u(f) — (f)0, for § € Dy and f € Ox.

Comparing to our definition for a differential algebra, a TDO has the additional features that Ox
may be identified with Dy, and D /Dy is isomorphic to ©x. We have seen here that the tangent sheaf
finds use in the above discussion. The cotangent sheaf will also be a useful sheaf to consider.
Definition 4.3.6. Let X be an algebraic variety, 6 : X — X x X the embedding into the diagonal of
X x X, and J be the ideal sheaf defined by

TJV) =A{f € Oxxx (V)| f(VN(X)) = {0}},

for any open set V in X x X. Then the cotangent sheaf of X is Q% = 6=1(J/J?), where §~! is the sheaf
theoretic inverse image functor. (See Section 4.6)

Note that the idea behind such a definition is that it puts into a global point of view the idea of the
cotangent space at a point. Recall that for x € X, we have the ideal my , consisting of regular functions
vanishing at x, and then the cotangent space at = is mx ,/m% . Since X is nonsingular, the cotangent
sheaf is locally free [Sch19] (lecture 9). Naturally then, we may take wedge products of the elements in
QL giving sections on any open set U C X as elements of the wedge product of elements in Q% (U).
Definition 4.3.7. If dim X = n, the canonical sheaf is wx := \" Q.

Since X is smooth, on any affine open subset U C X, there exist local coordinates {z;,9;}, such
that elements of Q& will be of the form fidxy + -+ + fpdx,, where the f; € Ox(U), so we see that
QL = @:L:l Ox(U)dx;. Tt is clear then that in this case, the canonical sheaf restricted to U is wx =
Oxdx = Ox(dxy A+ Ndxy,).

Example 4.3.8. In the case that X = P!, the complex projective line, we shall look at the sheaf of
regular functions, the tangent sheaf, and the cotangent sheaf (which in this case is the same as the
canonical sheaf). Let Uy = X\ {(0: 1)} ={(1:2)|2€C},and Upo = X \ {(1: 0)} = {(w : 1) |w € C},
and let V = Uy NUy. It is clear that these form an affine open cover of P', and that Uy ~ C! ~ U, as
varieties. Hence,

@X(UQ) ~ Qk(Ug) ~ ﬁx(Uo) = (C[Z],

and
Ox (Uso) ~ Q% (Us) =~ Ox (Uso) = Clw],

where it should be noted that w = z~!. Since Uy and U, are affine, the sections over any open subset
of either Uy or Uy can be deduced. Now in order to be a sheaf, the cocycle condition must be satisfied,
i.e. in the case of P! this means that if f € Ox(X), then

Uo X r_ Uso X
resy’ oresy, f = res;™ oresy;_ f,

where resg is the restriction morphism, where B C A. Importantly, a global section of &x can be

fully described by a section over Uy and a section over Uy, such that they “glue together”, i.e. their
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restrictions to V are equal. Since V ~ C\ {0}, it can be readily verified that &x (V) = C|z, 27}, so the
restriction morphisms from Uy to V' and from U, to V are simply inclusions. Hence, if go(z) € €x (Up)
and g (w) = g1(27 1) € Ox(Us) together describe a global section of Ox, then go(z) = g1(271). Since
go(z) and g1 (w) are both polynomials, it follows that they must be constants, and hence Ox(X) = C.
Next, we shall consider the global sections of © x. Any element of © x (Up) can be expressed as f(z)0,,
where f(z) is a polynomial in z, and any element of © x (U ) can be similarly expressed as g(w)0d,,, where
w = 2z~ 1. Now on the intersection V = Uy N U, one can see that
d dz d ,d

w=to~dwd: - " &

= —229,,

and with this, elements in © x (V') can be written as h(z,271)d,. Suppose now that f(2)9, € ©x(Up) and
g(w)0y, € Ox(Us) together describe a global section of ©x. As previously, the restriction morphisms
are simply inclusion, so we have

f(2)0: = g(w)d,, = —g(z7")2%0.,

and therefore f(z) = —g(271)2% Then f(z) and g(w) must both be polynomials of degree at most 2, and
it is easy to confirm that for any choice of a degree at most 2 polynomial f(z), there is a unique g(w) of
degree at most 2 such that f(z) = g(27!)z2. Therefore, the global sections of ©x are isomorphic to the
polynomials in z of degree at most 2. The sheaf of differential operators can then be deduced as the sheaf
of rings generated by ©x and Ox. Now for the sheaf QY the elements of Q% (Up) may be written as
f(2)dz and the elements of Q% (Us,) can be written as g(w)dw, where w = z~!. Again, the restrictions
to V are going to be inclusions, and we observe that dw = d(z71) = —272dz. This implies then that Q%
has no global sections. We will speak more on this sheaf when we discuss twisted differential operators.

4.4 Modules over sheaves of differential operators

Similar to the previous section, here we look to globalize the notions of modules over rings of differential
operators.

Definition 4.4.1. Let o/ be an Ox-differential algebra on the variety X. An .&7-module M is a quasi-
coherent sheaf such that for any open set U C X, M(U) is an & (U)-module. Moreover, we say that M
is a coherent sheaf if every M (U) is finitely generated over & (U).

If o7 is any Ox-differential algebra on the variety X, then any ./-module naturally has the structure
of an Ox-module by restriction of the action. We have the following lemma providing a way to obtain
of -modules from O'x-modules.

Lemma 4.4.2. [HTTO08] Let M be a left Ox-module and Px the Ox-differential algebra generated by
Ox and ©x. The module structure on M may be extended to a left Px-module structure by providing a
vector space morphism A : ©x — Endc(M); 0 — Ay, such that for any f € Ox, and 0,¢p € Ox,

CI,) Afg = ng,'

b) Dgf =0(f) + fAe;

¢) A = [Do, Ayl

Proof. The Leibniz rule for elements § € Ox, and f € Ox shows that 6(f) = 0f — f0. Since Px is
generated by Ox and ©Ox, the result follows. O

Definition 4.4.3. We call a morphism A satisfying the conditions in Lemma 4.4.2 a flat connection. If
A satisfies only the conditions (a) and (b), but non necessarily (c), then we call it a connection.

An analogous result holds for right modules.

Lemma 4.4.4. [HTTO08] Let M be a right Ox-module and sdx the Ox-differential algebra generated by
Ox and Ox. The module structure on M may be extended to a right Px-module structure by providing
a vector space morphism A" : ©x — Endc(M); 6 — A}, such that for any f € Ox, and 6, € Ox,

a) Ay = Ayf;

b) Apf =0(f) + fA;

¢) Ny = 185, AL,

Hence, these lemmas allow us to view a Zx-module as a quasi-coherent x-module with a flat
connection. One should expect a correspondence between left and right Zx-modules. Indeed, we shall
show that this is obtained via the canonical sheaf wy. Since Q% may be regarded as an Ox-linear map
from Ox to Ox, we may view wx as an O x-multilinear map from @?:1 Ox to Ox, i.e. for p € wx, and

31



01,...,0, € Ox, we have p(b,...,0,) € Ox. If § € Ox is some other element, then we have an action
on p via the so-called Lie derivative, £ie(6). This action is defined by

(Cie(©)p) (01, 00) 1= 0(p(01. - 00)) = D plOhr.... 0.0, ... 0).

Observe that if f € Ox, then we have the following:
(Lie(f0)(p)) (01 ... 0n) = fO(p(01,...,0n Zp O1,...,[f0,0:],....6n)

= f0(p)(01,-..,0n)) _pr(917~-',[evei]a“wen) +Zei(f)P(91>~--,9,---,9n)
= f((Lie(0)(p))(01,...,0n)) +O0(f)p(01,...,04),

where the last equality comes from the fact that given kK € N, f € O, and a k-form 7, then

k1
29 (01, 0i1,0i41,...,0k)

defines a k + 1 from, and the only n 4+ 1-form on a space of dimension n is zero.
Furthermore, we have the equalities,

(Lie(0)(f9))(01, -, 0n) = O(f (01, .., 00) = > fp(Or,...[0,0i],...,0n)
i=1

=0(f)(p(01,...,00)) + fO(p(b1,...,0,)) — pr(el, . 10.63),...,0,)
=0(f)(p(01,-...00)) + F((Lie()()) (1. - ...,0,)),

and if 6’ is another element of Oy, then

([€ie(0), Lie(6)](p)) (61, ..., bn) = (Lie(0)Lie(0")(p))(01, - -, 0n) — (Lie(6) Lie(0)(p)) (b1, .. ., bn)

= 0((Lie(8")(p)) (61 ﬁisw 10,63, ....6,)
—0'(Lie(0)(p))(61,...,0n +§i£w 110,61, .,6,)
=1
= (00'(p))(01,....0,) — (0'0(p))(01,....0)
—E:p&“. [0'[0,0:]] +§:pmwu 0'.0]],...,0,)
= ([6,0(p))(04,...,0n }: (01,...,][0,0'),6i],....,60)
= (Lie([0,0)(p))(01, - .-, 00).

Hence, it is clear that the action of ©x on wyx via the Lie derivative gives wx a right Zx-module
structure by Lemma 4.4.4. This right Zx-module structure is seen more easily in the affine case, where
we have local coordinates {z;,0;} and for a differential operator P(z,0) = fo(x)0, the right action
of P(x,0) on wy is given by the left operation on p = g(z)dx, by the formal adjoint, i.e.

pP(z,0) = (9(z)dz)P(x,0) = (P'(z,0)g(x))dz,

where P' — 3 (=9)*fa(x). It can be readily verified that the partial differential operators P and S,
satisfy the equation (PS)* = S*P!, and that the right Zx-action via the formal adjoint coincides with
the right action via the Lie derivative.
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Proposition 4.4.5. [HTT08] Let M and N be left Dx-modules and M’ and N’ be right Px-modules.
Note that since Ox is commutative, all of these modules naturally have the structure of left and right
O'x -modules. Then,

i) M ®¢, N is aleft D, module via - (m@n)=0m@n+m on;

it) M' ®¢, N is a right Dx-module via (m’ @ n)-0 =m0 @n —m’ @ On;
i11) Home, (M, N) is a left Dx-module via (0 - )(m) = 0(p(m)) — (6(m));

iv) Homeg, (M',N') is a left Zx-module via (6 - 10)(m) = (m)0) — p(m)b;

v) Home, (M, N') is a right Dx-module via (¢ - 6)(m) = p(m)0 — (6m),
where in all of the above, 8 € Ox, m € M, n € N, M' € M’, and ¢ is a morphism from M (or M') to
N (or N’).

The proof of this proposition is just a matter of verifying that the proposed modules satisfy the

conditions of the relevant one of the above two lemmas. Now with this proposition, along with the right
P x-module structure on wx given above, we have a functor

wx Qox — (4.2)
from the category of left Zx-modules to the category of right Zx-modules. Similarly, we have a functor
Homey (wx, —) (4.3)

from the category of right Zx-modules to the category of left Zx-modules. Note that we also have a
functor
Homey (—,wx),

and this still takes us from the category of right Zx-modules to the category of left Zx-modules.
Definition 4.4.6. We call the functors (6) and (7) side-changing functors
The side changing functors provide an equivalence of categories between left and right Zx-modules.

If X is affine, then wxy =~ Ox, and so for any left Zx-module, M, the elements of the right Zx-

module wx ®g, M may simply be viewed as elements of M with the right action of P € Zx being left

action by the adjoint P!. Similarly, for any right Zx-module, N, the elements of the left Zx-module

Homey (wx, N) may be viewed as the elements in N with left action of P € Px given by right action

of the adjoint P?.

Example 4.4.7. i) Let X = C". Naturally, here one can obtain Zx-modules in a similar way to
modules over the Weyl algebra. Let .# be a constant ideal sheaf of &x. Then Ox /.7 is a Px-
module, with the natural action of Zx. The sections of this sheaf are regular functions modulo the
ideal.

ii) Let X = C™\ {0}. Here, the space X is not affine, however it is quasi-affine, so we must consider
its sections on an open affine cover, say {U; = X \ V(x;)|1 < i < n}, where V(x;) denotes the
vanishing of the ideal generated by the polynomial z;. Each of these U; is isomorphic to an affine
variety in C"~1. A 9x(U;)-module can be constructed on each of the U; in the same way as in the
above example, and then in order to give a Zx-module, they must coincide on the intersections of
the Uz

iii) Let X = P!. The sheaves Ox and Q% = wx, which we found in the previous section, naturally have
the structure of a right Zx-module. Ox also has the structure of a left Zx-module.

4.5 Twisted D-modules on P!

Let us return to the sheaves of Ox-modules, ©x and Q% for X = P!. The structure for the global
sections of these sheaves came from the relations between the 0, = d% and 0, = %, and between the dz
and dw, where w = z~!. We saw that the sections over the subsets Uy, U, and V were isomorphic to the
regular functions over those subsets. Recall that we could write elements of O x (Up) as f(z)0,, elements
of Ox(Us) as g(w)dy, and elements of O x (V) as h(z,271)d,, where f,g and h are polynomials. The
restriction morphism from Uy to V' is then just f(2)90, — f(2)0., however the restriction morphism from
Uso to Vis g(w)dy, — —22g(271)0.. It is clear to see then that the sheaf © x is isomorphic to the (twisted)
sheaf Op1(2) of Opi-modules, which is defined by Op1(2)(Uy) =~ Opr(Up) and Op:1(2)(Us) =~ Op1(Us),
with the restriction morphisms resgo : f(z) = f(z), and resg“’ : g(w) = 2%g(z71). These restriction
morphisms make clear that the global sections of Op:(2) may be regarded as polynomials of degree at
most 2. In a similar way, we can see that Q% is isomorphic to the sheaf @pi(—2), which is defined
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similarly, except that the restriction morphisms are res? : f(z) = f(z), and res\> : g(w) — 2~ 2g(z71).

This construction generalizes to any n € Z.
Definition 4.5.1. For any n € Z, the twisted &pi-module Op1(n) is defined as the sheaf such that
Op1 (n)(Up) =~ Op (Up) and Op1(n)(Uso) = Op1(Us), and the restriction morphisms are rest® : f(z)
f(2), and res= : g(w) = 2"g(z71).

If n > 0, then the global sections of Opi(n) are polynomials of degree at most n, and if n < 0,

then the sheaf has no nonzero global sections. Now the Op1(n) are @pi-modules, however they are not
Ppr-modules, since e.g. for 9, € Zp1(Uy), and 1 € Op1(n)(Uy), we have 9,1 = 0, but

resy (Op) resy; (1) = —2%9.2",
which is not equal to 0 = resy; (0) unless n = 0. We would like to put some differential structure on
the modules Op1(n), i.e. we want to define a TDO 2, on X so that Op:(n) has the structure of a Z,-
module. This amounts to finding a &x-module 7 which is isomorphic to ©x such that the conditions
in lemma 2.1 are satisfied. The idea is that we need to come up with some kind of gluing morphisms of
the operators 9, and 9,, such that

resy, (0.)z™ = res) (0,) resy, (2™) = resy, (9.2™) = resy; (mz""") = mz""1,

and

m—-n

resy, (O )w = res);, (Ow) resgo (w™) = resg0 (Opw™) resy, (mw

Then this implies that
1resgO (0,) = 0.,

and
resg1 (Ow) = W "Opw™ = 0y + nw ! = =229, + nz.

We define 2,41 to be the TDO over X generated by 0, and 0,, with the above restriction morphisms. By
construction, it is clear that Opi(n) is a Z,,11-module. We call the modules Op1 (n) twisted D-modules
over P!. We remark that TDO’s and twisted D-modules may be constructed over P™ for any m > 1 in
a similar manner.

4.6 Inverse Image and Direct Image

Given a morphism X — Y, there is a notion of a direct image functor which allows us to push forward
sheaves on X to sheaves on Y. Similarly, there is an inverse image functor which allows us to pull back
sheaves on Y to sheaves on X. With some work, we can define these notions in the setting of D-modules,
and this gives a rather nice formalism which gives one a way to construct D-modules in a natural way,
and furthermore to relate these various D-modules. We would really prefer to work in the setting of
derived categories for these definitions, but in the interest of simplicity, we will avoid this point of view,
and just describe these functors in the abelian categories of D-modules.

Definition 4.6.1. Let f : X — Y be a morphism of topological spaces and let F' be a sheaf on Y. The
sheaf-theoretic inverse image (or pullback) f~'F is the sheaf on X defined as the sheafification of the

presheaf f~1F, defined by f~F(U) = limy ;i) F(V), for all open sets U € X, and where limy - )
denotes the direct limit over all the open sets in Y containing f(U).

It follows from this definition that at the level of stalks we have f~1F, = Fy(s), for all z € X. Now
let f: X — Y be a morphism of smooth algebraic varieties. If X and Y are affine, then morphisms are
regular maps and so we see that this morphism induces a morphism of the structure sheafs, 0y — Ox
via g — g o f. This morphism gives Ox the structure of a left (or right) &y -module.

In the more general case of quasi-projective varieties, however, we cannot be guaranteed such a
morphism of the structure sheafs, and as such, there is no clear way to give an @y -module structure on
Ox . However, from the definition of the inverse image functor, it is evident that we can obtain an f ! Oy -
module structure on . Indeed, at the level of stalks, we have that for z € X, (f~10y), = (OY) f(z),
so for an affine covering {U;} of X, we see that on any U;, Ox(U;) can be given the structure of an
f~ 10y (U;)-module since a sheaf on a quasi-affine variety can be fully recovered from its stalks. Gluing
conditions can be checked to verify that indeed, &x has a f~!&y-module structure.
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In general, if we are given a Py-module M, then upon taking the sheaf-theoretic pullback, we are
not guaranteed a Zx-module structure. In order to obtain a D-module structure, we define the inverse
image functor f* from the category of left Zy-modules to the category of left Zx-modules by

"M := Ox Qr-10y f_l(M)

The Zx-module structure is obtained by extending the natural &'x-module via the action of §# € © x the
vector fields (or derivations) on X given by

0(v®s)=0()@s+v(s), ©EOx,se f 1M,

where 6 is obtained from the canonical @x-linear homomorphism, © y — f Oy.
Definition 4.6.2. Applying this inverse image functor to %y, we obtain the (Zx, f~! %y )-bimodule

Dx sy = [ Dy,

which we call the transfer bimodule.
With this, one can check that

*=9x5y @19, f7H(-).

If X and Y are affine, then we may identify f~!0y with 0y and furthermore, for any Zy-module M,
we may identify f~!M with M. In this case we may simply write

"M =0x ®6, M =PDx_y Qg f_l(M)'

Given local coordinates, {z;, 0z, }1<i<m and {y;, 0y, }1<i<n for open affine subsets U C X and V C Y
respectively, the left Zx-module structure can be fully described as follows: by multiplication on the
first factor by polynomials, and for ¢ € Ox, s € M,

O, (V@ 8) = 0p, (V) ® 5+ 1 @0y, (),

where 0y, is identified with zero if i > n.

Definition 4.6.3. Let f: X — Y be a morphism of topological spaces and let F' be a sheaf on X. The
sheaf-theoretic direct image (or pushforward) f.F is the sheaf on Y defined by f.F(U) = F(f~*(U)),
for every U C Y open.

We remark that the sheaf theoretic direct pushforward has a more straightforward definition - not
requiring limits nor sheafification - since f~1(U) is open for any open U C Y by virtue of the continuity
of f, while the same cannot be said for f(V'), for V' C X open. Unfortunately, to define the D-module
direct image functor is a rather difficult task compared to the D-module inverse image functor. To define
the D-module direct image functor, we require side-changing functors (Definition 4.4.6) to go from left
D-modules to right D-modules, and from right D-modules to left D-modules. We may apply these
side changing operations to both sides of the (Zx, f~! %y )-bimodule Zx_.y to obtain an (f~'1 %y, Px)-
bimodule

Dyex =wx Qoyx Dxoy @f-16y [ Wy,
where wi’ ! is the sheaf inverse of wy, and we may identify the functor —®g, wy' with Hom e, (—, wy ).
We shall define the D-module direct image functor f, as that which sends a Zx-module M to

JeM = f*(gYeX Ry M),

excusing the abuse of notation; the f, on the right hand side denotes the sheaf-theoretic pushforward.
Note that in general, when looking globally, we require the sheaf-theoretic direct image f. to give the
Py-module structure, since as mentioned above, in general we can only guarantee an f~!%y-module
structure on Yy x.

Restricting to case where X and Y are affine, then we may identify f~'%y with %y, and then we
can simply write f.M = Py x ®9, M. In fact, by recognizing how the side-changing operations work
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in the affine case, we may further simplify this to
iM =M ®g9y Ix 5y = M ®g, Ox Qp, Dy,

where the left Zy-action is given by right multiplication on the last factor by the formal adjoint.

Computing the direct image simplifies in the case of a closed embedding of an affine space X = k™
into another affine space Y = k™, with n > m. Let ¢+ : X — Y be an embedding. We have coordinates
{@s, 0, }1<i<m and {y;, 0y, }1<i<n for X and Y respectively, and we may identify the coordinates of the
image of X with the first m coordinates of Y. Noting that any term of a differential operator in %y
can be written uniquely in the form g(y)((‘){/’f...8;:)(8;:?11...8;’:), with g(y) € Oy, we see that as a
Py -module,

Dy ~ Oy Q¢ (C[ﬁyl, . 8ym] Xc C[é)ym+1, . 8yn],

where the action of %y is clear (just think about the usual action on %y followed by the necessary
rearrangement of factors within each term). Now the transfer bimodule is then given by

Dxy = Ox Qoy Dy
~ Ox Koy Oy Q¢ C[ayl,...,3ym] Kc C[aym+1, ey 3%}
= Ox ®c C[0y,,...,0y,,] ®c C[0y,, .1+ - Oy,,]
~ Dx @c ClOy,i1s - Oy,
= Dx[0ypirssOy,)

This gives a (Z2x, Py )-bimodule. As mentioned above, since X and Y are affine, we may easily construct
from this a (Yy, Zx)-bimodule via multiplication by the formal adjoint. Perhaps a more natural way to
think about this is as the bimodule

9Y<—X ~ C[ﬁymH, . 8%] Kc Dx.

Here, the right Zx action is given by the usual right multiplication on the second factor, and the left
9y action is given as follows. For m + 1 < i < n, 9; acts as left multiplication on the first factor. For
1 < i <'m, 9; acts as left multiplication on the second factor. For P € Oy, use the commutation relations
to bring P to the right hand side of the first factor, and then allow the resulting polynomial to act on
the left of Zx; explicitly, if F' € C[9,,.,,,...,0y,], then PF = " F;P;, for some F; € C[0,,.,,,...,0y,]
and P; € Oy. Then the P; have a left action on Zx as given above.

Now given a Zx-module M, the direct image of M may now be expressed as
LM = C[aym+17 ey ayn] Rc Dx Rz M = (C[aymﬂ, ...78%] ®c M,

where the left 2y action is given as follows: left multiplication on the first factor by 9,, if ¢ > m, and
P e 0y[0y,,..., 0y, ] acts on the left of the second factor M.

Another standard example for pushforwards and pullbacks is in the case where f : X — Y is an open
affine embedding. In this case, the pullback is obtained by simply extending the Zy-module to have the
structure of a Zx-module which is clear from the definition f*M = Ox ®;-14, f~'M, noting that Y is
affine and X is open in Y. Along similar lines of reasoning, the pushforward along the open embedding
is the restriction of the Zx-module structure to %y,

The inverse image and direct image functors provide one way to pull back and push forward D-
modules. There are additionally two other functors, which we can define in terms of these pushforward
and pullback functors involving a certain duality functor. This is a situation where it is really more
sensible to be dealing with the bounded derived category of coherent D-modules, so in our avoidance of
such concepts but the necessity to have the following definitions, these concepts may appear unmotivated.
We refer the reader to [HTTO8] (ch. 1-3) for a more detailed discussion. Given a coherent Zx module
M, we may consider a projective resolution of M, and apply the Homg, (—, Zx) functor to the resulting
complex. For a general coherent Zx-module, none of the nth cohomology modules for n < 2dim X
need vanish, and so we fail to obtain a canonical duality functor from coherent Zx-modules to coherent
Px-modules. We can, however, restrict ourselves to certain kinds of Zx-modules - called holonomic
Px-modules - for which we are able to canonically define a duality functor. Typically, a holonomic
P x-module is defined in terms of its characteristic variety, however we shall define it here as follows.

Definition 4.6.4. A holonomic Yx-module M is a coherent Zx-module for which Ext%X (M, 2x) #0
only if n = dim X.
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This affords us the following.
Definition 4.6.5. The duality functor is the functor defined by Dy := Emt‘gzﬂx(—,@x) from the
category of holonomic left (resp. right) Zx-modules to the category of holonomic right (resp. left)
P x-modules.

Returning to the setting of a continuous map f : X — Y, we can define two more functors f' and f,
on holonomic Zx-modules and holonomic Zy-modules as

fi:=Dy f.Dx,

and
! *
f' = Dxf ]Dy.

Commonly, we refer to f. as the x-pushforward (star pushforward), fi as the !-pushforward (shriek
pushforward), f* as the x-pullback (star pullback), and f' as the -pullback (shriek pullback).

4.7 Monodromic D-modules on the flag variety

We use this section to very briefly discuss this concept of monodromic D-modules, which we will ulti-
mately use to obtain our Lie algebra representations. We recall the following general definition.
Definition 4.7.1. Let G be a group which acts on spaces X and Y, and let f : X — Y. We say that f
is a G-equivariant map if g - f(z) = f(g - ), for any g € G and z € X.

Now let G be an algebraic group with corresponding Lie algebra g, and H a maximal torus with
corresponding Lie algebra h. Also, let B C G be a Borel subgroup, N C G and maximal unipotent
subgroup as usual, and let X = G/B be the flag variety and X = G/N be the base affine space, which
we may regard as an H-torsor 7 : X — X. We recall that H acts on X from the right, which induces a
left action of H on the differential operators 9}?' We also remark that the H-invariants of 7, .@;( form
an algebra 2 of differential operators on X.

Definition 4.7.2. A monodromic D-module on X is a Zg-module M with an action of H such that

h-(6m) = (h-0)(h-m).

Remark 4.7.3. Though it is defined as a monodromic D-module on X, since the module M is a Dg-
module, we will often refer to it as a monodromic 95 -module, or a monodromic D-module on X.
In [BB93] (2.5), it is shown that the category of monodromic D-modules on X is equivalent to the

category of Z-modules.

The action of H Zg-module M induces an action of hj on M, which we denote by al :h — End(M).
We also have the action a8, : h — End(M) where every h € h acts as 0 acts. Then M is monodromic if
and only if af, — af, acts by a constant on M, and we call this o, — o, the monodromy.
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CHAPTER 5

Beilinson-Bernstein localization on the flag variety G/B

5.1 The Borel-Weil theorem

We would be remiss to not mention the Borel-Weil theorem and its generalization the Borel-Weil-Bott
theorem, as these theorems provide the initial ideas of how studying the geometric structure of the flag
variety can yield results in the representation theory of an algebraic group. Throughout this section,
G is a simply-connected, semisimple, complex algebraic group, we fix a Borel subgroup B C G with a
maximal torus H C B, unipotent radical N C B, and associated is the Weyl group W. By a character
of H, we mean an element of Homg,,,c(H,C*). Each character of H corresponds to an integral weight
of h, and so we identify the characters of H with elements in the weight lattice of . We say that a
character x is dominant if a¥(y) > 0 for any positive root o € ®*. Any character of H uniquely
determines a 1-dimensional B-module where the unipotent radical N acts trivially. Conversely, since
any B-module on which N acts non-trivially has dimension strictly greater than 1, each 1-dimensional
B-module uniquely determines a character of H. Hence, there is a one-to-one correspondence between
1-dimensional B-modules and characters of H.
Definition 5.1.1. Let X be a topological space equipped with a continuous G-action, and let 7 : V' — X
be a vector bundle. For x € X, denote by V,, the fiber of V at . We say that V is G-equivariant if there
is a continuous G-action on V' so that for any g € G, we have g -V, = V., and the map g-: V; — Vg5,
is a linear isomorphism.

We can extend this definition to arbitrary sheaves as follows:
Definition 5.1.2. Let X be a topological space equipped with a continuous G-action, and F be a
quasi-coherent sheaf on X. Let m : G x G — G be the multiplication map, a : G x X — X the map
defined by the action of G, and let py : G x X — X and po3 : G X G X X — G x X be the projection
maps onto respectively the last coordinate and the last two coordinates. We say that F is G-equivariant
if there exists an isomorphism ® : a*F — p*F such that

(p53®) o ((1 x a)*®) = (m x 1)*P.

Proposition 5.1.3. G-equivariant vector bundles on X := G/B are in one-to-one correspondence with
B-modules.

Proof (sketch). If V is a B-module, then the fiber product! G x gV is the resulting G-equivariant vector
bundle. On the other hand, given a G-equivariant vector bundle 7 : E — X, the corresponding B-module
is the fiber E.p, where e € G is the identity. The remainder of the proof is just a matter of showing that
(G xpV)ep =~V as B-modules and that G xpg E.p ~ E such that the diagram

GXBEeB i F

~

G/B

commutes. O

The vector bundles corresponding to 1-dimensional B-modules are just line bundles. Since 1-dimensional
B-modules correspond to characters of H, we have the following corollary.
Corollary 5.1.4. G-equivariant line bundles on X = G/B are in one-to-one correspondence with char-
acters of H.

1Here, one can explicitly construct this as the quotient of the trivial bundle G x V' — G by the B-action given by
b-(g,v) = (gb~1,b-v) for g € G, b€ B, and v € V. In particular, the quotient identifies elements (gb,v) with (g,b - v).
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Given a character A € Homg,,/c(H,C*), the corresponding G-equivariant line bundle on X = G/B
is m: G xp C_\ — X, which we shall denote more commonly by .Z(A).
Example 5.1.5. If G = SLy(C), then X ~ P!, and since H ~ C*, we can identify the characters of
H C G with integers. The G-equivariant line bundle £ () corresponding to A then is precisely the
twisted line bundle &'()\).
Theorem 5.1.6 (Borel-Weil). Let B C G be a Borel subgroup and H C B a maximal torus. If X is a
dominant character of H, then H°(G/B, £ (\)) =~ V(A)*, where V. (\)* is the dual of the G-module V ()\)
of highest weight A.

Proof (sketch). We give a sketch of the proof given in [Kum12] (p. 7-8). Fixing a dominant character A
of H, we pull back Z(\) along G — G/B to give a line bundle ,,?()\) We see this in the commutative
diagram

GxC_y —> GxpC_y

g iy
G—G/B

Some staring will convince oneself that a section o of .,2/’”\()\) has the form o(g) := (g, f(g)), where
g € G, and f : G — C_,. Hence we may identify HO(G,DZ/”\()\)) with C[G] ® C_,, since a global
section of .,?(/\) will be determined entirely by map f : G — C_,. Now there is a natural B-action
on C[G] given by (b- f)(g) = f(gb), and so B acts on C[G] ® C_, with the diagonal action given by

b-(fov) = (b-f)@(b-v) = (b- f)@A(b) "tv. We can then identify the B-module H°(G, £ ()\)) = C[G]®C_,
with C[G], where the action of B is given by

(b~ )(g) = A0) f(gb).

On the other hand, a section ¢ of Z(\) has the form o(gB) = [g, f(g)], where [g, f(g)] denotes the
equivalence class of the pair (g, f(g)) under the equivalence relation defined by (gb, f(g)) ~ (g,b-(f(g)))
forany be B, g € G, f: G — C_,. Such a section ¢ is well defined provided that for any b € B,

l9. f(9)] = lgb. f(gb)] = lg,b- (f(gb))] = lg, A(b) " F(gb)].
This is true precisely when f : G — C_, satisfies f(g) = A(b) "1 f(gb). But then H°(G/B,Z()\)) are the

—

B-invariants of HY(G, Z(\)).
The final part of the proof is to show that [H(G, £ (\))]® ~ V(\)*, which we omit. O

By looking at global sections, the Borel-Weil theorem provides an analogy between line bundles
on the flag variety corresponding to a character A and the dual of the G-module of highest weight A,
provided M is dominant. If the character A is not dominant, then there are no global sections of Z(\),
ie. H'(G/B,£(\)) = 0. The theorem was extended by Rauol Bott to account for characters which do
not lie in the dominant Weyl chamber, and the key is to look at the higher cohomology groups. We
recall that the Weyl group acts on h* via the dot-action

w-A=wA+p)—p,

where p is the Weyl vector (the half sum of positive roots) in h*. Recall that we identify any character
of H with an integral weight in h*, and any integral weight can be written as w - A, where w € W and
A is a dominant integral weight. Since w € W, we can write it as a product of n simple reflections
W = Sa, Sas---Sa, - The length ¢(w) of w is the minimal n required to write w as such a product.
Theorem 5.1.7 (Borel-Weil-Bott). If A is a dominant weight of H and w € W, then

H')(G/B, Z(w- ) ~ V(N

and HY(G/B, L (w - X)) =0 if i # {(w).

We shall not prove this theorem, and instead refer the reader to [Kum12].
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5.2 Twisted differential operators on the flag variety

While one may first be enticed to study G-modules explicitly, just as how it is unavoidable to consider
the Lie algebra g in the study of G, it is also the case that one finds a good deal of richness of G-
module theory in the somewhat simpler study of g-modules. In their 1981 paper [BB81], Beilinson
and Bernstein generalize the theorem of Borel-Weil by showing an equivalence of categories between
g-modules of dominant, regular, infinitesimal character A\, and of a certain type of twisted D-modules on
the flag variety G/B. More precisely, we recall that for the sheaf of differential operators on an arbitrary
variety X its sections on an open subset U C X are Zx(U) = Up>02%(U), where 2%(U) = 0x(U),
and for n > 1,

2%(U) = {0 € End(0x(U))| [0, f] € 2% *(U), for all f € Ox(U)}.

Given a line bundle .Z on X, we obtain a sheaf of twisted differential operators whose sections on the
open set U C X are Do (U) := Up>02%(U), where again, 2% = 0%, but instead we have for n > 1,

PL(U) := {0 € End(ZL(U))|[0, f] € 2% 1 (U), for all f € Ox(U)}.

To see that this is indeed a TDO on X, it is immediately clear that there is an embedding ¢ : Ox — P
and a filtration 2% on Z¢ such that (Ox) = 2%, since we have defined 2% = Ox. The isomorphisms
24/2% = ©x and Sym(2L,/9%) = gr(Z) are clear since .Z is a line bundle. When X = G/B,
any line bundle . corresponds uniquely to an integral weight A € h*, and so in this case we shall denote
by 2, the TDO of differential endomorphisms of the line bundle corresponding to the weight A — p,
where p denotes the Weyl vector (the half sum of positive roots). This p-shift occurs due to the action
of the Weyl group being given by the dot-action w - A = w(A + p) — p.

Example 5.2.1. Let G = SLy(C), and X = G/B. This example is detailed in [Rom20] (p. 4-5). We fix
an integral weight A € h*, and noting that h* may be identified with C, we can view )\ to be an integer.
Furthermore, under this identification, the only positive root is 2, so p = 1. To describe the sheaf Z,, it
shall suffice to describe the gluing of 2, on an open affine cover, since 2, is quasi-coherent. As usual,
let Uy = X\ (0:1), and Uy, = X \ (1 :0). Since both Uy and U, are isomorphic to C, it is easy to
compute 2, (Up) and P (Us); they are both isomorphic to the usual rings of differential operators on
the polynomial ring C[¢]. The twist in &) arises in how we glue together the rings on these two open
sets. Recall that the sheaf €&(\ — 1) has sections

(A —1)(Uo) = Clz],
O\~ 1)(Us) = Clul,
where we identify w = 27!, and so on the intersection,
O\ —1)(UyNUy) = Clz,27 Y.
The global sections may be regarded as
OA=1)(X) ={f(2) € Clz]| deg f < A -1},

and then we have the commutative diagram

G\ — 1)(X) G\ — 1)Uy N Use)

\/

(A —1)(Uo)
OA—1)(Usx)

where the top two arrows are just the natural inclusions, the arrow (A —1)(X) — O(A —1)(Ux) is
given by 1+ 2721 = w*~1 and the arrow O(\ — 1)(Us) — O(X —1)(Ug N Us) is given by 1+ 2271,
Now the differential endomorphisms on &(A — 1)(Up), (A — 1)(Us) and O(X — 1)(Uy N Uy ) are the
obvious ones, so we just need to find the differential endomorphisms on the global sections. The key
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point is that the differential endomorphisms commute with the arrows in the above diagram, so a global
section of 2, will correspond to differential endomorphisms on (A — 1)(Up) and (A — 1)(Us) which
coincide on their restriction to &(A — 1)(Uy N Uy ). In other words, we may consider a global section
of 2 to be a pair (0,6"), where 0 € Z,(Uy), ¢ € P,\(Ux), and if f corresponds to a global section in
O(X —1), then

Of = 2271 0/ (21 ). (5.1)

Since 2, is a TDO, to describe the global sections of %, it suffices to find the pair (0,6’), in the case
that 8 = 0,. Since f is a polynomial, by linearity of 9,, we may replace f by 2™ in (5.1). Hence, we have

mzm Tl = 9,2™ =20,

and a quick computation reveals that 8’ = 9, + ’\;1.

Next, we want to find a morphism from ¢(g) to I'(X, Z»). There is a natural G-action on I'(X, €(\))
given by (g- f)(¢'B) = f(g~'gB), for g,g’' € G, f € T(X, O(X — 1)). Differentiating this action gives an
action of the Lie algebra g on I'(X, &'(\ — 1)); explicitly, for A € g, g € G, and f € T(X,0(X — 1)),

(A-NeB) = | flexp(An)gB).
t=0

Now if p is another element of I'(X, &(A — 1)), then we have

([Apl-f)yB)=A-p-f—p-A-[f)gB)

= | plexp(At)'gB) f(exp(At) ' gB) ~ p(gB)% f(exp(At)”'gB)
t=0 t=0

= 21 plewangm) - foB)
t=0

where the last line is just an application of the product rule. Hence, [4,p] - f € T'(X,0(A — 1)), and
so it follows that any A € g corresponds to a derivation on &(\ — 1). Thus, we have a Lie algebra
morphism g — Der I'(X, &(\ — 1)), which extends naturally to the desired algebra morphism from U(g)
to I'(X, Zy). It is clear then that any I'(X, Z))-module has the structure of a U(g)-module via the
morphism U(g) — T'(X, Z)).

Now, let x» : Z(g) — C be the (infinitesimal) central character associated to the weight A. The
following theorem due to Konstant is needed to give the desired equivalence of categories in the Beilinson-
Bernstein localization theorem.

Theorem 5.2.2. The morphism U(g) — T'(X, D)) is surjective with kernel U(g) - ker x». Moreover, it
sends z € Z(g) to xx(z) -id.

The point of this theorem is that if M is a I'(X, Z))-module, and we give it the structure of a U(g)-
module as described above, then the center Z(g) will act on M via the infinitesimal character, and so
M has the structure of a U(g)-module of infinitesimal character x,. If we let J denote the maximal
ideal corresponding to A € h*, and Iy = 717\ the pullback along 7 : h* — b*/W, then 1)y is the
maximal ideal in Z(g) of polynomials which vanish at any element in the Weyl group orbit of A. Next, let
Upn) == U(g)/1|\U(g). Tt is clear that the above theorem can now be restated to say that Uy — T'(X, Zy)
is an isomorphism. We can therefore view 7 as a sheafified version of U|,|, and by either localizing or
taking global sections, we can go back and forth between the two.

Example 5.2.3. Returning to our G = SLy example, to describe the morphism U(g) — T'(X, Z»),
it suffices to find the elements of I'(X, Z)) corresponding to the generators E,F, H € g. Recall that

g= (Z (bi> € SLy(C), acts on the elements (x : y) € P! by

g-(z:y) = (ax + by : cx + dy).
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In particular, it acts on z = (1: z) € Up by

c+dz

a+bz’
and on w = (w: 1) € Uy by
aw +b
cw+d
There are naturally induced SLy(C)-actions on &'(A — 1)(Up) and (A — 1)(Us) given by

g w=

(9-0)(z) =plg™"-2)=p (dcjbiz> :

and

(9-9)(w)=q(g™"-w)=q (dw_b) :

—Ccw + a

where p € O(\ — 1)(Up), and ¢ € O(A — 1)(Ux). In order to obtain a well-defined action on the global
sections I'(X, (A — 1)), we need to twist these actions in the following way. If p € &(A — 1)(Up) and
q € O(X—1)(Us) correspond to the same global section, then p(z) = 2*~1¢(27!), and so we want our
action to satisfy (g-p)(z) = 22~ (g- q)(#~1). The equation

A-1
a1, [(—etaz\ o [ —ctaz d—bz
(d—b) p<dbz)_(d b2) (dbz) q(chaz

-1 _
=22 Y=z 4 a)* g <dz b > .

—cz7l4a

implies that taking

(09)e) = (a0 (S,
and

—cw + a

(9-q)(w) = (—cw+a)*"q (dw—b)

will give a well-defined action on the global sections I'(X, &'()\)), as desired. Now we can see that if
p € O(X\)(Up) has degree < A — 1, then it describes a global sections, and E, F and H act on p by:

B =5 (5 1) e
t=0
- % t:0<1 —t (1 —th)

=27/ (2) = (A = 1)zp(2),

d 1 0
(F-p)(z) = — -p(2)
it <t 1)
d
=% tzop(—t +2)
- _p/(2)7
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and

d et 0
(H-p)(z) = Z¢) - p(z)
dt o (0 e )
d —At 2t
== tzoe Mp(e?z)

=22p'(2) + (A = 1)p(2).
Thus, the morphism from U(g) to Z, is the one sending
E s 220, — (A — 1)z,

F— -0,

and
H— 220, — (A—1).

Now looking from the point of view of differential operators on the base affine space, we recall that
X = SLy(C)/N =~ C?\ {0}, so the global differential operators of X are precisely Z(X) = Cl[ty, ta, d1, 9a),
with the usual commutativity relations. The H-action on Y can be written explicitly as h-t; = ht;, and
h-0; = %ai, for h € H,i = 1,2, and where we identify H with C*. The algebra of H-invariant differential
operators is then the one generated by 101, t202, t102 and t20;. We see that this is just the same as the
algebra U, which is generated by E = —t30,, F' = —t102, H = —t101 + 202 and T = t101 + t20,. Here
T generates the center of U, so selecting a twist A amounts to choosing some A € h* = C such that T
acts by A.

5.3 Y-affine varieties and the Beilinson-Bernstein localization theorem

The last component to understand the localization theorem is the notion of a Z-affine variety. Somewhat
analogously to how an affine variety is one whose structure sheaf has many global sections, a Z-affine
variety is one whose sheaf of differential operators has many global sections. More precisely,
Definition 5.3.1. A variety X is called Z-affine if every Zx-module M is generated by its global
sections, and H(X, M) =0 for i > 0.

In particular, if X is Z-affine, then the category of Zx-modules is equivalent to the category of
2(X) =T'(X, Zx)-modules. The mutually inverse functors which provide this equivalence of categories
are the global sections functor I' and the localization functor A = Zx ®¢(x) — We can generalize this
definition to any sheaf of twisted differential operators.

Definition 5.3.2. Let & be a TDO on a variety X. We say that X is < -affine if every &/-module M
is generated by its global sections, and H*(X, M) = 0 for i > 0.

Then the desired equivalence of categories follows from the following theorem.
Theorem 5.3.3 (Beilinson-Bernstein). Let A € h* be dominant and regular. The flag variety G/B is
Dx-affine.
Corollary 5.3.4. Let A € b* be dominant and reqular. The category of Ujx-modules is equivalent to
the category of Px-modules. The mutually quasi-inverse functors giving this equivalence are the global
sections functor and the localization functor.
Corollary 5.3.5. The global sections functor I' is exact.

These statements and their proofs are the subject of [BB81].
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CHAPTER 6

Representations of a semisimple Lie algebra from global sections of
D-modules

In this section, we construct modules over a semisimple Lie algebra by taking global sections of some
interesting D-modules in the base affine space SLo(C)/N. Throughout, we fix the notation G an algebraic
group with semisimple Lie algebra g, let X = G/B be the flag variety and X = G/N the base affine
space.

6.1 Differential operators on G/N

Since the base affine space G/N is quasi-affine, the following proposition found in [Gro61] (p. 94) will
be rather useful.

Proposition 6.1.1. A quasi-compact scheme X is quasi-affine if and only if every quasi-coherent O -
module is generated by its global sections.

Many of the sheaves we are working with are quasi-coherent, and so this proposition allows us to
describe them purely by describing their global sections. For example, when G = SLy(C), we identify
X = SLy(C)/N with C2\ {0} as usual, and the structure sheaf is the one generated by its global sections
C[t1, t2]. In particular, the sets V4 = X \ V(¢1) and Vo = X \ V() form an open affine cover of X, and
the structure sheaf has sections

05 (Vi) = Clt1,t7 ', ta),

0% (‘/2) = (C[th ta, t2_1]>

and
O5(VinVa) =Clty,t7 ' o, 851,

Given any global section f(t1,t3), it is clear that

VinVy Vi _ VinVy Vo
resy, 7 res [ =resy, res 2 f.

Using Proposition 6.1.1, the sheaf of differential operators Z; on X can easily be found to be the
quasi-coherent sheaf whose global sections are the differential operators on C[t1,ts], viz. I'(Zg5) =
Clt1,ta, 01, 0a], where it is understood that 9;t; — t;0; = 1, for i = 1, 2.

We now proceed to give a description of the H-invariant differential operators on the base affine space
G/N, following [BGG].

Let G be an algebraic group with corresponding Lie algebra g, let B C G be a Borel subgroup and
N = [B, B] C G the corresponding maximal unipotent subgroup with corresponding Lie algebras of b
and b respectively. Also let H C B be the maximal torus subgroup of B whose Lie algebra is h. Now G
has a natural left (respectively right) action on itself by left (resp. right) multiplication. These actions
each induce a left action on the regular functions on G, and to distinguish between these two actions,
we shall denote the one arising from the left action on G' by L, and the one arising from the right action
on G by R,. Explicitly, these actions are given by

Lef(g") = flg7'9)

and
Ryf(g") = f(d'9),

where g, ¢/ € G and f € O(G), where O(G) is the algebra of (global) differential operators on G. In other
words, L : g+— Ly and R : g — R, define representations of G. By differentiating these representations,
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we obtain actions of the Lie algebra g on G as follows

Laf(g) = % 7Of(exp(tA)7lg),
d
Raflo) = 7| Slaesn(t),

where A € g, g € G, f € 0(G), and as with the group action, we denote the action arising from L by L4
and the action arising from R by R4. It is immediate from the Leibniz rule that these g-actions define
derivations on € (G). We can naturally extend these g-actions to U(g)-actions, which correspond with
differential operators on G. Also, since left multiplication commutes with right multiplication, for any
9,9' € G, (resp. A, A" € U(g),) Ly and Ry (resp. L and R4/) commute.

Now base affine space X = G/N consists of cosets gV, where g € G. We see that the L-action of U(g)
on 0(G) defines an action of U(g) on @(X), for which we shall use the same notation. The R-action
of U(g) is not well-defined on @(X), however since H normalizes N, restricting this action to 2/(h) does
give a well-defined action on ¢(X). As above, the U (g)-action L and the U (h)-action R define differential
operators on X , and again, the differential operators associated to this U(h)-action commute with the
differential operators associated to this U(g)-action. It is also clear that U(h) commutes with itself, so
U(h) is in the center of the algebra generated by the action L of U(g) and the action R of U (h). Obtaining
differential operators from the algebra U(g) ® z(4) U(h) in this way leads us towards the general approach
in which we can study Mod, (i) by looking at certain types of D-modules on X = G/N.

Now let X = G/B be the flag variety. Since H ~ B/N, we have that 7 : X — X is an H-torsor.
As such, H acts naturally on X via right multiplication, and this action is compatible with 7 in the
sense that for any h € H, and any = € X, we have 7(x - h) = 7(x). This H-action naturally induces an
action of H on O3 described above, and then there is a natural action on %, the algebra of differential

operators on X so that whenever 6 € 9%, h € H and f € O, we have

(Rn0)(Rnf) = Rn(0(f)). (6.1)

We can check that this indeed defines a left action, since if h, ' € H,

(RnRp0)(f) = Ra((Rp0)(Rp-1 f))
= Rp(Rp (0(Rp—1 Ry-1 f)))
= Rpn (0(R(nnry-1 f))
= (Rpn - 0)(f)-

Then considering the H-invariant differential operators on X , we see that they are those satisfying

0(Rnf) = Ra(0(f))- (6.2)

Now since the differential operators obtained above from the U(g)-action L and the U(h)-action R all
commute with those corresponding to this U (h)-action, it can be seen that they satisfy (6.2). We may
consider on X, the sheaf W*_@;{, and this contains a subsheaf 2 := [w*@X]H C w*@}? of H-invariant
differential operators, and the above discussion shows that we have an injective morphism U — I‘(@)
In fact, this morphism is an isomorphism [BG97] (p. 7).

Example 6.1.2. Let G = SLy(C), so that g = sl3(C), take B to be the group of upper triangular
matrices, and N to be the subgroup of B with 1’s along the main diagonal. We have seen that there is
an isomorphism of varieties G/N ~ C?\ {0} via the map

(.’1?1 :) N — ((El,.’bg),

€2

and so we shall make this identification between X and C2 \ {0}. Hence, regular functions on X are just
polynomials in 2y and 2. We can then describe the actions of sl3(C) and h via L and R as follows. Here,
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we shall simply denote L4 by A-, for A € sl5(C), and for the generator H € b, we write T for Ry. Let
f € O0(X). For the action of E, we compute explicitly,

B-flanm) = 5| fe(B) (@)

ot t:of ((0 1 ) <x2 *))
a t
=7 t:Of(ld — tx9,22)

= —2201 - f(21,22),

and via similar routine checks, we have
F f(x1,m2) = =210z - f(w1, 22),

and
H - f(xy,22) = (—2101 + 2202) - f(x1,22).

Additionally, we have

S

T = | () ()

_d zry x) (e 0
St t—of(<m2 *) (0 e_t>)
d

fletzy, etxs)

ot
= (101 + x202) - f(x1,22).

Next, we look to describe the sheaves 7,75 and Jon X = G/B ~ P!. Tt suffices to describe them on
the open affine patches Uy := P\ {(0,1)} and Us := P\ {(1,0)} and to give the gluing conditions. We
let Vi = 771U, = C2\ V(z1) and Vo = 771Uy = C%\ V(22) where V(f(x1,22)) denotes the vanishing of
the polynomial f(x1,x2). It is clear then that

71—>s<-@X(Uv1) = QX(Vl) = C[Ihxl_lﬂz%alaaﬂa

ﬂ-*‘@X(UQ) = ‘@X(Vé) = C[xlvx%m;laabaﬂa

and since 1, Zx (P') = 2x(C?\ {0}) = C[x1, 22,01, 2], the gluing conditions are the obvious ones. Now
using (6.1), we can conclude that the H-action on 7, %x can be described by

Rix; = tay,
and
R0; =t710;,

for 7 = 1,2, and where ¢t € H can be regarded as an element of C* under the identification of the groups
H ~ C*. We then obtain a clear description of 2, as 2(U;) is generated by the differential operators
l‘;ll‘g, and z;0;, 4,5 = 1,2, and @(Ug) is generated by xlxgl and the z;0;. The global sections at then
those generated by the z;0;. Noting that

E = —xgal,
F = 7(21({92,
H+T =2x50-,

and
H-T= —2.17181,

we may instead describe the global sections of 9 as those elements generated by the differential operators
E,F,H and T, i.e. precisely those differential operators arising from elements in U(g) ® U(h). We can
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see that & acts on the structure sheaf of P!, since the natural projection map  : C2 \ {0} — P! defined
by (x1,22) = (21 : 22) allows us to view z = (1: 2) € Uy C P! as 22, and similarly, w = (w : 1) as L.

Then E, F, H, and T act on a monomial z" by
E.z" =nz"t = 229,27,
F.2"=-nz""t=-0,2",
H-2"=2nz" =220,2",

and
T -2"=0.

One can similarly find the actions on the monomial w", and this describes the action of Z on Gp1 = & (0).
In particular, we remark that since T' - 2™ = 0, the center of U(g) ® U(h), and hence the center of U(g)
acts by 0. In fact, this description shows that the é—moglules on which T acts by 0 are precisely the
D-modules on P! (with no twist). If we instead consider Z-modules on which T" acts by a fixed positive
integer ), then we would get D-modules twisted by A on P!. To see this, we actually observe a rather nice
way to view the twisted sheaves &'()). Note that if T" acts on a submodule M C 02\ 10y by a constant
integer A, then any f € M is made up of monomials of the form x7"2% such that m+mn = A. We consider
the “twisted” projection 7 : C?\ {0} — P* which is defined on V; = C?\ V(z1) by

A 17)\)
b

(z1,29) = (2} s 29) = (1: 27 20) = (1: 2]
and on Vo = C?\ V(z2) by
(z1,29) = (z1 1 23) = (w125 1 1) = (wad™ : 1),

where z = xflxg and w = xlxgl. In particular, on Uy, we can view

Zn _ Lo
n—(A—1)
Ty
and in Uy,
n
wn _ Ty
n—(A—1)
Lo

We can then compute
E-2"=(n—\—-1)2""T = (220, — (A — 1)2)2",

F.zt=—nz""1=-9,2",
H-2"=(2n—(A—1))2" = (220. — (A —1))2",

and
T-2"=(n—(n—X)z" =",

and we can compute the actions similarly for w. Observe that the actions of E, F and H are identical
to those we computed for the TDO 2, in Section 5.2. Thus, we see explicitly in the case of sl(C), that
selecting a particular monodromy - i.e. a particular constant by which T' should act - is the same as
selecting the twist of differential operators, which is the same as selecting the infinitesimal character of
the U(g)-module. This idea holds in the more general setting, and its utility should become evident in
the next example, where twisted sheaves of differential operators over the flag variety will be much more
cumbersome to work with.

Example 6.1.3. Let G = SL3(C), so that g = s[3(C), let B be the Borel subgroup consisting of upper
triangular matrices, N C B the maximal unipotent subgroup, H ~ B/N the Cartan subgroup. Let
X=a /N be the base affine space. We have an open embedding of X into an affine subvariety Y c C6
defined by mapping the coset

11 Ti12 T13

o1 Loz a3 | N — (21,22, 23, c¢1,C2,C3),
r31 T32 T33
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where x1 = x11, 2 = T91, T3 = 231, and ¢1, ¢ and c3

are the minors

_|T21 T22
1 = )
r31  T32
T11  T12
Co = — )
31 X32
Ti1r Ti12
C3 — .
r21 T22
The obvious fact that
T11 Ti1 T12
det | 201 X971 o2 | =0
T31 T31 T32

implies that Y C V(z1¢1 + @2ce + x3¢3), and since X is a 5-dimensional variety, we in fact have Y =

V(x1¢1 4+ waco + x3¢3). Linear independence conditions of the columns of cosets in X allows us to obtain
an explicit isomorphism

X ~ Y\ (V(z1,32,23) UV(cy,ca,c3)).
The regular functions on X are then precisely the regular functions on Y, which are elements of

Clz1, z2, 23, c1, €2, €3]
(xlcl “+ Toco + 1’303) )

Differential operators on Y (and hence X ) are then those on C® which stabilize the ideal (z1c¢1 + z2co +
x3c3). Since Y is a smooth variety, the ring of differential operators on Y is generated by the derivations
on Y - which are the derivations on C°® which preserve the ideal (z1c; + xaca + x3c3). Some quick
derivative computations and staring will then convince oneself that the ring of differential operators on
Y is generated by all those of the form
iEiarj - Cjacia Ciarj

- Cjazia Iiacj - xjacﬂ

33‘18351 + J)Q&IZ + $38I3, 01801 + 62802 + 03603.

By the above discussion, the differential operators arising from the left ¢ (g)-action and from the right
U(h)-action can be seen to be differential operators on X , and moreover these are all the H-invariant
ones. We shall compute these differential operators in the sequel. For 1 < 4,5 < 3, let E;; be the 3 x 3
matrix with a 1 in the (¢, j) position and 0’s everywhere else. Let H; = E11 — E9g and Hy = Ea3 — Fss.
A basis for sl3(C) is given by Hy, Hs, and the E;;, with i # j, The subalgebra n = £ie(V) (respectively
n~) has a basis given by the E;; with ¢ < j (respectively ¢ > j), and h has a basis given by H; and Hs.
We can find the differential operator associated to e.g. E1o via the explicit computation

Eia - f(w1, 22,73, c1,¢2,¢3) = % f(eXP(Eu)_l (w1, 2,23, c1,C2,¢3))
t=0
d 1 —t 0 T11 12 T13
- % f 0 1 0 T21 I22 T3 N
t=0 0 0 1 r31 I32 33
d r11 —txor x12 —troy  x13 — trog
=7 f To1 T22 Z23 N
t=0 31 T30 T33
d
= t—of(xl — tx9, 2,23, C1,C2 + tci, C3)

= (—x20,, + €10c,) - f(x1, 22,23, C1,C2,C3).

In fact, via a similar computation, we can find that for ¢ # j,

Eij - f(z1,22,73,¢1,¢2,¢3) = (—2;0z, + ¢iO;) - f(21, 22,73, ¢1,C2,¢3).
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We can also find the corresponding differential operator for H; as

d

Hl : f($1,$2,$3701702,03) = %

d

dt|,

t=0

t=0

t=0

flexp(Hy) ™" - (1, 29, 3, ¢1, ¢2, ¢3))

et 0 0 11 12 13

f 0 e 0] -|xan @ | N
0 0 1 31 I32 I33
e7tryy etwyn e tmg

f etl‘gl etl‘gg €t$23 N
T31 T32 33

f(eitxl, eth; 3, etcla eit627 03)

== (*xlaxl + anmg + Clacl - 62862) : f(x17x27x3701’02703)7

and similarly, we can find

Hy - f(x1,29,23,¢1,C2,¢3) = (—220z, + €305, + €20c, — €30c,) - f(21, 22,23, ¢1, €2, ¢3).

Finally, we can compute the differential operators corresponding to the right h-action. We shall denote
by T; the differential operator corresponding to the right action of H. We have as follows:

and

Tl : f($1,$2,$37C1762703) =

T2 . f(x1,.r2,$3701702, C3) =

4
dt

d

dt

dt

4
dt

f((x1, 22,23, c1,c2,c3) - exp(H))
t=0
T11 I12 X13 et 0 0
Fl oz @2 23| N-[O et 0
t=0 31 T32 33 0 0 1
T11 I12 X13 et 0 0
f X1 Toz T23 0 e 0N
t=0 31 T32 T33 0 0 1
¢ —t
€11 € "Ti2 T13
¢ —¢
f €Ty € ‘Tap T3 | N
=0 elxgr e twzy ws3
t t t
f(€ Xy, e T2,€ T3,C1,C2, 63)
=0

(xlaxl +I26:c2 + 1'36_7;3) : f($17l’2,l'3,C1,C2,C3)7

dt
d

T dt

f((xh Z2,T3,C1,C2, C3) ' eXp(Hg))
t=0
11 X12 13 1 0 0
f T21 X922 T23 N - 0 6t 0
=0 T3l T3z T33 0 0 et
11 X122 T13 1 0 0
f T21 X922 T23 . 0 €t 0 N
=0 T3l T3z T33 0 0 e
t t
i1 €T12 € "X13
t t
f T21 €'Too € "T23 N
=0 x31 €'rzy e twag
t t t
f(w1,22,73,€"c1,€'ca, €"c3)
t=0

= (€10, + €20c, + 30c,) - f(x1, 22,3, €1, €2, C3).

The H-invariance of these operators can be seen since they all commute with 77 and 75. A regular central
character of an slz-module M then amounts to a fixed pair of complex numbers (x(71), x(72)) which
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form a regular weight, and so that for any v € M, we have T} - v = x(T1)v, and Ty - v = x(T2)v. Then
rather than dealing with twisted D-modules on the flag variety, we can simply consider D-modules on X
such that T7 and T, act by fixed constants.

Example 6.1.4. The more general case of G = SL,,(C) is quite similar to the case of SL3(C), although
the notation cannot be made to be so nice. We recall the structure of the base affine space as an
affine variety is given in Section 2.6. It seems straightforward albeit tedious to compute the differential
operators corresponding to the left G-action, if we just follow a similar procedure as in the case of sl3(C).
It is not be too difficult, however, to describe explicitly the differential operators corresponding to the
right H-action. For 1 <7 <n —1, let H; = Ey — E(;41)3i4+1), where E;; denotes the matrix with 1 in
the (i, 7)-position and 0’s elsewhere. In C?"~2, we denote coordinates by 245, where the corresponding
minoris i x ¢, 1 <i<m—1,and 1 <j < <7;> Then the differential operator corresponding to 7T; is

> " 25044,
J

where the sum is taken over all 1 < j < (n)
i

6.2 Finite Dimensional Representations

The following proposition will allow us to characterize the finite dimensional g-modules.

Proposition 6.2.1. Let g be a semisimple Lie algebra with Cartan subalgebra by. Any finite dimensional
irreducible g-module V' is a highest weight module of dominant integral weight.

Proof. We can use the weight space decomposition of g to see that there exists a nonzero vector v € V'
and a weight A € h* for which ntv = 0 and h - v = A(h)v for all h € b, so v is the maximal weight
vector in V' (of weight A). Since V is irreducible, it is generated by v, so V' is a highest weight module
of weight A. All that’s left to show is that A is dominant and integral; in fact, if A is not both dominant
and integral, then the irreducible highest weight module L(A) is not finite dimensional. If this result
holds for sly(C), then we can show that it will also hold in the general case, as we have the root space
decomposition

aedt

Given any a € ®* we can then find an sly-triple (T4, Yo, ha), Where Ty, € g, Yo € §—o and hy, € h. We
denote the Lie algebra generated by ., yo and h, by 2(a). Then a g-module V is finite dimensional
if and only if it is finite dimensional as an sly(a)-module for every a € ®*. Since sly(a) ~ s5l3(C), all
that remains to see is that a choice of weight A € h* is precisely a choice of constants A(h,) € C, and
moreover A is dominant and integral if and only if every A(h,) € N. But this just follows immediately
from the definition of a dominant and integral weight. This completes the proof modulo the result for
5l5(C) which we shall now show. Let v € L(\) be a vector of highest weight A. For any n > 0, we have

E-F"™' v =[E,F]-F"-v+F-FE-F"-v
=H-F"-v+F-E-F"-v
=A=-2n)F" - v+F -E-F"-v

n
=F"" E-o4+ Y F"(A=20)F v
1=0

:zn:()\—Qi)F"-v
=0
1)
= ((n+1))\—22>F -V
:(n—|—1)(/\—n)F"~v.

By induction on n, we see that if A € N, then F™ - v # 0 for all n € N, in which case L(A) is infinite
dimensional. O

50



With this proposition under our belt, along with the discussion of differential operators in the base
affine space, we have the following result.
Theorem 6.2.2. The finite dimensional irreducible g-modules exactly correspond to the monodromic
global sections of the P-module Og on which b* acts by a dominant integral character.

We will not prove this theorem in its full generality, but we shall look at some concrete examples
which will give some intuition for why it holds, at least in the case of g = s[,(C).
Example 6.2.3. First, if g = sl5(C), we have seen that the global sections of the structure sheaf are
I'(0g) = Clz1,22], and the global sections of the ring of differential operators on X are ['(2%) =
Clx1, 2,01, 02]. We wish to show that the global sections of 05, viewed as a Zg-module, give us all
the irreducible finite dimensional modules. We can identify the H-invariant operators of I'(Zg) with
Zj, where F = —.73261, F = —1‘182, H = —210; + 33282, and T = x10; + x205. Since the elergents of
I'(0%) = Clxy, x| are linear combinations of monomials in 21 and x3, it suffices to check the U action
on an arbitrary monomial x5, m,n > 0. We can compute

E-afxl = —ma tah (6.3)
F ool = —na" et (6.4)
H . a7z = (n — m)z"zy, (6.5)
T 27zl = (n+ m)zah. (6.6)

We observe that m + n is invariant under the action of . For A > 0, the submodule L(\) generated by
x} is then the finite dimensional irreducible submodule of T'(€'x) with infinitesimal character \. Indeed,
by applying F enough times to 3 and multiplying by some constant, we can obtain any monomial z7* 2%
where m +n = A, m,n € N. On the other hand, given any such monomial, applying E enough times
and multiplying by some constant gives z3. We can see that T acts by A, so L(]\) is irreducible with
infinitesimal character A, and since m,n > 0, it is clear that its dimension is finite. This module can be
described by the picture below, where the blue arrows denote the action of F, the green arrows denote
the action of F' and the red arrows denote the action of H. Accompanied with the arrows is the constant
by which they multiply each element of the subspace they act on.
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Example 6.2.4. Next we look at the case where g = sl3. We found that the global sections of the
structure sheaf of X are
C[l’l, Z2,x3,C1,C2, 63}

(z101 + 2202 + T3C3)

I'(O%) =

and the H-invariant differential operators on &'y are the Ejj;, @ # j, Hy, Hy and T1,T3, as in Example
6.1.3. Hence, the elements of I'(0' ) are linear combinations of monomials of the form 2§ 23> 23 ¢} c5?c5?,
where a1, as, as, b, ba, b3 € N, modulo the ideal (x1¢; + x2c2 + x3¢3). Moreover, since Ty acts by 210, +
290z, + 305, and Ty acts by c10;, + c20., + €30.,, all the H-invariant differential operators acting on
the above monomial preserve the values of both a; + a2 + a3 and by + by + b3. Now choosing a weight
A € b* amounts to choosing constants A(T1) and A(T%) so that the T; act by A(7;). Additionally, X is
dominant and integral (therefore corresponds to a finite dimensional irreducible sl3-module) if and only
if M(T1), A(T2) € N. Assuming A € h* is dominant and integral, the finite dimensional module of highest
weight A can be seen to be the one consisting of monomials 29" 52 x53° 5" 2 ¢, where ay +ag+az = A(T})
and by + ba + bs = A(T»). By considering the action of the E;; with ¢ < j, we can see that a vector of

imal weight is 22V 2T
maximal weig 3 1

In the more general case of g = sl,(C), the notation becomes more cumbersome to deal with, but
essentially the same ideas used in the sl3(C) example will show that the structure sheaf on X will give
all the irreducible finite dimensional sl,, (C)-modules.

6.3 Verma modules and dual Verma modules

We can most easily obtain the picture by considering those modules of integral weight. In this case, we
consider the structure sheaf on the open B-orbit of X and push it forward via either the shriek or the
star push-forward functor and this will give the Verma modules and the dual Verma modules of integral
weight. More precisely, let U be the open B-orbit of X inside X. Since X is quasi-affine, so too is U,
and so we may utilize Proposition 6.1.1 when talking of quasi-coherent sheaves on U. Naturally, we have
the open embedding j : U — X. The structure sheaf Oy is naturally a Zy-module, and we may take
the D-module pushforwards j.0y and ji0y to obtain our Zg-modules.

Theorem 6.3.1. The Verma (respectively dual Verma) modules of integral weight exactly correspond to
the H-monodromic global sections of the P-module j10¢ (respectively j.Os) on which b* acts by an
integral character.

Of particular note in this theorem is the duality between the !-pushforward and the x-pushforward
which is exhibited when taking global sections. This duality is discussed in [BB93], in particular in
section 3.6.

Example 6.3.2 ((Dual) Verma modules of integral weight for sly(C)). If g = sly, then the B-orbits of
X = C2\ {0} are the sets
£={(x1,0)|zy € C*}

and
U= {($17$2), |1‘1 S (C, To € (C*}

The structure sheaf on U has global sections I'(0) = Clzy, z2, 25 '], and the sheaf of differential opera-
tors has global sections I'(Zy) = Clz1, 2z, 25", 81, da), with usual commutativity relations. We wish to
compute the D-module pushforwards j, and j of Oy along j : U — X. Since J is an open_embedding,
J«O is easily seen to just be the restriction of the D-module structure of 0y to Z5. The U-submodule
of T'(j.Oy) on which T acts by the integer A consists of linear combinations of monomials of the form
2™z}, where m+n = A, m € N and n € Z. The U-module structure is given by the equations (6.3)-(6.6),
and it is straightforward to see that this is the dual Verma module M (\)*. The below diagram shows the
U(g)-structure of j,. Oy, and we can see quite clearly how the dual Verma modules are obtained. Again,
the blue arrows denote the F-action, the green arrows denote the F-action, and the red arrows denote
the H-action.
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The explicit computation of the shriek pushforward is a little more involved; recall that ji = D ¢ j.Dy,
where D denotes the duality functor. Since we are computing the pushforward of the structure sheaf,
Dy just sends the left Zy-module Oy to Oy as a right Zy-module, and as above, j, simply restricts
the module structure to Zx. We just need to find what D = Ext?*(—, Z5) does when operating on the
right Z-module 0y We may take the free (hence projective) resolution of j.Dy Oy ~ Py /(01, 02) Pu

O%j*DUﬁU@.@)}&@g@@X&@xﬁoy

where the maps are defined by

el oyt

dyp : (91,92) — 01601 — 1‘28202,

and
di:1— ($282761).

We can see that the image of dy is the kernel of ¢, the image of d; is the kernel of dy, d; is injective,
and ¢ is surjective, so indeed this is a (projective) resolution. Applying the Hom(—, Z5) functor to the
complex

0%@5&&@;}@@;}&@)}&0

gives a complex

where d} sends a morphism f to a morphism fod;, for ¢ = 0, 1, 2. Either by noting that &y is holonomic
or by explicit computation, it can be seen that the only nonzero cohomology from this complex is
ker d3/imd}. Since Hom(Z, P5) ~ D5 via the morphism Hom(Z5, Z5) > f — f(1), it is clear that
ker d; = P, and so it suffices to compute im dj. Suppose f € Hom(Z & P, P ), and let 6, = f(1,0)
and 0z = f(0,1). Then dj f(1) = 012202 + 020;. It follows that the image of df is the left ideal generated
by 0 and z29>. Hence, we have

D%

300 = Ext*(j.Dy, T5) = s X
X b

Global sections of this module consist of linear combinations of monomials of the form z7*z%, and 705

where m,n > 0. The action of U on z7z} € T'(j10y), where n > 1 is given by equations (6.3)-(6.6), and
the action of U on z7"0y € I'(j1i0y) where n > 0 is given by

E 270y =m(n— a1y, (6.7)
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F 2oy = —g "o+t (6.8)
H - 270} = —(m + n)z* 0%, (6.9)

T 27'0y = (m —n)x*0y. (6.10)

Now let A € Z. We can see that for A > 0, the submodule generated by z3 has elements being linear
combinations of z7"a% where m +n = ), and 2°0} where m — [ = X\, m,n,l € N. Also, for A < 0, the
submodule generated by 05 * has elements being linear combinations of 20y, where m —n = A. In
either case, we denote this submodule by M()), and see that T acts by A on M(A), and in fact, M(X)
is precisely the Verma module of highest weight A\. We can describe these Verma modules, again, using
a picture in the same format as with the dual Verma modules.

'’ Q-3
Before proceeding with the next example, we should remark that if A € h* is not dominant and
integral, then the Verma module M () is irreducible and coincides with the dual Verma module M (\)*.
This statement is actually equivalent to Theorem 6.2.2, since Verma modules have a unique maximal
submodule and unique irreducible quotient, and the finite dimensional irreducible modules are precisely
obtained as quotients of Verma modules.

Example 6.3.3 ((Dual) Verma modules of non-integral weight for sl3(C)). We saw in the previous
example that all the Verma (resp. dual Verma) modules with integral weight A are obtained from the
shriek (resp. star) pushforward of the structure sheaf on U C X, the open B-orbit. By considering
D-modules which are isomorphic to Oy as Opy-modules, but with differing Yy-module structure, we
shall obtain the Verma and dual Verma modules of arbitrary highest weight.

Fix p € C\Z C C = b*, and let Oy (n) denote the the Py module which is generated by the symbol
xb, and is isomorphic to Oy as an Op-module. In other words, the global sections of 0y (u) are linear
combinations of monomials of the form xﬁ”x?“ ,mée N, n € Z, and the Zyy-module structure is the one
you’d expect, i.e.

m n+p m—1_n+p
O1-aV'xy M =ma Txy

and

m, ntp m n—14+p
0o -2y ™ = (n+ p)aad .

In the same fashion as the previous example, we can take the star pushforward j.Oy (u), which is just
the restriction of the Zy-module structure to Zx. In this case, the U-module structure on the global
sections I'(Oy () is given by

E-alalbel = —matah Tk,
m, n Ko m+1_n—1_.u
Feafzyey = —(n+p)ay" zy ah,

mom o H__ m,n, Mt
H-zl'zyay = (n—m+ p)ay* ey ay,
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T zl'ziah = (m+n+ p)zlabzh.
Now as usual, we choose a constant A, where A = [ + pu, | € Z, and consider the submodule of j,. Oy (1)
consisting of all the elements on which T acts by A. Then this submodule consists of all the linear
combinations of monomials of the form z*z%z%, where m € N, n € Z, and m + n + u = A\. The above
equations also show that this submodule is M()), the Verma (hence dual Verma) module of highest
weight .

It is curious to note that if we had allowed g in the previous example to be an integer, then we would
not get all the Verma modules of integral weight from the star pushforward, and we needed to take the
shriek pushforward, but we saw that if u is not an integer, then the star pushforward gives us everything.
This leads us to wonder what we get if we take the shriek pushforward of Oy () when p ¢ Z. In this
case we may regard j.Dy Oy (u) as the right 2 g-module

Du

3Dy Oy (p) = — .
00 (1) (01,00 — pay ") Pu

We again have a free resolution of Zx-modules
. € do dy da
O(—]*DU@)U(—.@)}(—.@g@@)}%-@xHoa

however here the maps are given by
e:l—1,
d() : (01, 92) — 8101 — (82I2 — u)ﬁg,
d1 1l (62.’E2 — ,u,@l),

so in the complex

0— Hom (%, 75) %, Hom(Z5 ® D%, P%) a, Hom(P5, D) %, 0,

the image of df is P (01, Qa2 — p). Hence,

7%
D (01, 022 — 1)’

J10y =

but this is just isomorphic to the Zg-module Oy (A) via the isomorphism 1+ zh.
Example 6.3.4 ((Dual) Verma modules of integral weight for sl3(C)). Here we want to take the open
B-orbit U on X = G/N, where G = SL3(C). To find what this is explicitly, we consider the product

B1 o1 o T11 Ti2 T13 Biz11 + a1xo1 + T3y .
0 B2 a3 Tl a2 T3 | = Bax21 + 3T31 Bowos + a3z ... |,
0 0 pBs T3l T3z T33 Bax31 B3x32
* . o . . _ |T21 T22
where the a; € C and the ; € C* with 88583 = 1. The point is that as long as z3; and ¢; = . -
31 T32

are nonzero, then any matrix of the form

51 Q] Qa2
0 B2 a3
0 0 83

will map 23 and ¢; to nonzero elements, and moreover given any two tuples (21,22, 23,1, Ca, C3), (T, xh, x5, ¢}, ch,cs) €
X, with 21,29, ca,c3, 2], 25, ch, s € C and x3,c1, 25, ¢} € C*, there exists a matrix of the above form
which sends (x1, z2, 3,1, co, c3) to (), xh, x5, ¢}, b, c4). This shows that the open B-orbit of X is

U= {(xla x2,T3,C1,C2, 03) S X |f£3, Cc1 # 0}
The structure sheaf of U can be seen to then be

Clzy, zo, x5, 254, c1, 7Y, eo, 03 _ _
ﬁU = [ . : 3 1 : ] l’C[$17$2,l‘3,$31,01,011,02 .
(x1c1 + @202 + T3C3)
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Since j : U — X is an open embedding, the star pushforward is the restriction of the module structure
to Y%. The description of the differential operators on X corresponding to the generators of U in
Example 6.1.3 shows that a weight A € h* is described by a pair (A(71), A(T%)) of complex numbers,
and that the actions of T} and Ty on a monomial z{'3225% b c52¢%* are multiplication by (a1 + a2 + as)
and by (b1 + b2 + b3) respectively. One can check by applying the appropriate combination of Ej;’s
that the H-monodromic submodule of j.&y where T7 and T act by A(71) and A(T%) respectively is

isomorphic to the dual Verma module M (X)*. This pretty much boils down to noting that we saw that
AM(T1) M(T)2)

the module generated by x5 "¢} is finite dimensional, and the quotient of the submodule generated
by xi‘(Tl)Hzg 101_10§(T2)+1 by this finite dimensional submodule is isomorphic to an irreducible Verma

module. To explicitly compute the !-pushforward in the sl3 case seems like a more challenging task,
especially since the global sections of the differential operators on X are not as nice as in the sl
example. Instead, we appeal to the intuitive sense that after taking H-monodromic global sections
of the !-pushforward, they should be dual in the category O to the H-monodromic global sections of
the x-pushforward, and this appears sensible enough when noting that j; = Dj,D and that the global
sections functor on the flag variety is exact.

The previous example lays out the general idea that can be applied in the case of sl,,(C). We have seen
how we can describe the structure of the base affine space in this case, and the open B-orbit U will be
the one consisting of cosets of n X n matrices whose representatives’ r X r minors made up of the leftmost
r columns and bottom-most r rows are all nonzero. The structure sheaf of U is then straightforward
to compute, and the x-pushforward to X is just the restriction of the D-module structure to 25, and
just considering how the E;; will act on monomials in 0y should reveal that the x-pushforward gives
the dual Verma modules of integral weight, and then the !-pushforward will give the Verma modules of
integral weight.

6.4 Principal series representations

In the previous section, we pushed forward D-modules on the open B-orbit of G/N. Some of the motiva-
tion for considering B-orbits arises from the particularly nice decomposition of G in general, called the
Bruhat decomposition
G= || BwB= || NuwB,
weW wew

which gives rise to a decomposition of the flag variety

G/B= | | NwB/B.
weWw

The B-orbits on G/N can then be viewed as the inverse image of N-orbits on the flag variety G/B. The
purpose of this view is motivated by the idea of certain nice orbits on the flag variety called admissible
orbits [BB93] (section 3.4). We shall not discuss admissible orbits in any detail, as they require some
rather sophisticated machinery, however it is worthwhile to mention that if K C G is a subgroup, and
Q is a K-orbit, then if Q is an admissible orbit, the embeddings @ — X and 771(Q) < X are affine,
and we say that the K-action on (X, X ) is admissible if there are finitely many K-orbits on X and they
are all admissible.

The action of the maximal unipotent subgroup N C G is an example of an admissible action. Another
example of an admissible action is the action of a maximal compact subgroup K C G. We look at this
situation in the case that G = SLy(C).

In this case, any maximal compact subgroup of SLy(C) is conjugate to the subgroup K of matrices

of the form
153 0
0 g7

where 3 € C*. It can be readily seen that the K-orbits of G/B = P! are {0}, {00}, and V =P\ {0, c0}.
Taking the inverse image of these orbits along 7 : X — X we get

7 1(0) = {(21,0) |71 € C*},

71 (00) = {(0,z2) | 25 € C*},

and
71'71(‘/) = {(.%171'2) |£L’1,£C2 e C*}
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The structure sheaf on 7= (V) is Clzy,z7 ", 22,25 '], and since j : 7= (V) — X is an open embedding,
the x-pushforward will be the restriction of the module structure to Z5. The equations (6.3) - (6.6) give
the U-action on an arbitrary monomial z7"z% , where here m,n € Z. As in the previous section, we consider
the submodule consisting of linear combinations of monomials of the form z7*z5 where m +n = A, and
this module can be seen to be the module associated to the principal series representation of SLa(R)
corresponding to the parameter .

We can also take the !-pushforward of &;-1(y) along the embedding j. We have the free (therefore
projective) resolution

0= juDri() Onr(v) & T < D5 @ D € T <20,
where
el xf1x517
do : (01,02) — 210101 — 220205,

and
d1 1= ($282,1’1(91).

Hence, the image of d : Hom(Z5 © 95, Z5) — Hom(Z5, P5) ~ D5 is the left ideal P (2101, x2,0s),
and so

7%
D (@101, w202)

This module actually turns out to be isomorphic to j.« @ -1(y). The picture below, in a similar nature to
the previous examples, can be seen to describe the U (g)-structure of this module.

O (vy =
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CHAPTER 7

Jantzen filtrations

7.1 The Jantzen filtration on Verma modules

A very nice (and more general) account of Jantzen filtrations is given in [IK11], which is the reference
we follow for the most part. The goal here is to define a filtration of a Verma module satisfying certain
nice properties, which finds use in describing the multiplicities of irreducibles occurring in a given Verma
module. It is not much more difficult to define, more generally, a filtration for any k-vector space which
has these nice properties when applied to Verma modules, and so we shall do so. To do this, we need to
work in a deformed setting (which we shall make more precise soon enough), however for the moment,
we shall mention some facts in the undeformed setting. Let vy € M(A) be a maximal vector, and
vy € M(X)Y be the element which maps vy to 1 and maps any vector not in the same weight space as
vy to 0. Recall 7 is the anti-involution fixing h and sending z,, € g, t0 Yo € g_o for each a € A. We can
check that v} is a maximal vector in M ()Y as for any v € M (\), and any z € n,

(- v})(v) = vx(7(2) - v) =0,

since 7(x) € n~, and so 7(x) - v cannot be in the same weight space as the maximal vector vy. There is
a canonical homomorphism ¢ : M(A) — M (M) defined by sending the generator

Uy > VY.

The image of the map ¢ is the unique simple submodule L(\) of M(\)V. Indeed, let 7 be the projection
defined by the composition
T U(g) > M(N) = N(N);

we shall show that 7=*(N()\))v} = 0 and thence the claim will follow. For any o € A where (24, Yo ha)
is the corresponding sl,-triple, we first have

(o - v3)(v) = 03 (Yo - v) = 0,

since for any v € M (), the weight of y, - v is lower than the weight of v. We also have the equality

(Ya - v3)(v) = v} (70 - v),

for any v € M(X). Now if v € N(A), the unique maximal submodule of M (), then for any x € U(g),
we have v} (z -v) = 0, and so (z - v})(v) = vi(7(x) - v) = 0. On the other hand, if v € N(X), we have
v+ N(A) € M(A)/N(N\) ~ L(X), and then there exists some x € U(g) for which 7(x) - v = vy, and so
(z-v3)(v) = 1. Suppose that this z € 77! (N())). Then vy = 7(x) - v, and so N(A) 2 z-vy =z - 7(2) - v,
contradicting that v ¢ N(A), since z - 7(z) - v lies in the same weight space as v. It follows that if
xr € m1(N(N)), then z - v} = 0.

Definition 7.1.1. There is a symmetric bilinear form (—,—) on M()\), called the Shapovalov form,
defined by

(v, w) = p(v)(w).
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Bilinearity of this form is clear. Symmetry can be seen by writing v = z - vy and w = 2’ - vy, for
x,x’ € U(g), and then

p(v)(w) = @(a - va) (@)

= vy (7(z) - 2" vy)
=v}(7(z) -7 vy)
= p(w)(v),

where the second-last line follows from the fact that v} vanishes everywhere except for the 1-dimensional
weight space of vy and 7 fixes h. The Shapovalov form is also contravariant in the sense that for any
x €g, (x-v,w) = (v,7(x) - w), which immediately follows from the definition of the g-module structure
on M(X)Y. Since the Verma module M(}) is a highest weight module generated by the element vy,
any contravariant bilinear form on M ()) is uniquely determined by the value of (vy,vy). As such, the
Shapovalov form is the unique contravariant bilinear form on M (\) such that (vy,vy) = 1.

Now given a field k, the Jantzen filtration for a k-vector space can be defined as follows: choose a
PID R and a prime element ¢ € R so that the quotient ring R/¢tR coincides with the field k. We have
the canonical map ¢ : R — k which allows us to view k as a rlght (or left) R-module. Then we can
turn any left R-module M into a k-vector space via M =k Qg M. Additionally, if f : M — Nisa
morphism of R-modules, then idy Qf : k@r M = kg N defines a morphism of k-algebras. It is easy to
see that this describes a functor Fy, induced by ¢, from the category of left R-modules to the category
of k-vector spaces. .

Now let M be a k-vector space. We can lift M to a free R-module M with a non-degenerate symmetric
bilinear form (—, _>171 — R, so that FyM = M. One can check that for vi,vy € M, where vi = Fyw,

and vg = Fywy for wy, wy € M, we can define a symmetric bilinear form on M by

<’01, ’UQ>M = d)<U)1, w2>1\7

With this setup, we can construct the following filtration on the k-vector space M :
Definition 7.1.2. For n € N, put

M(n) == {w e M| (w,w') € t"R, for every v’ € M}.
Let ¢y, M(n) — M be the inclusion, so
Fytn = idy, @ty - k @r M(n) = k @ M.
Now let M (n) := im Fyt,. The Jantzen filtration of M is defined to be the decreasing filtration
M=M0)D>M(1)DM(2)D

We now follow this definition to construct the Jantzen filtration on the Verma module M(\) =
U(g) @u(p) Cx. Here, we have k = C, and we shall put R = C[t], for some indeterminate ¢ which will be
the prime element seen in the definition of the Jantzen filtration, i.e. ¢ : C[t] — C will be the quotient
by ¢t map. Before going further, it might be nice to note that we have a new Lie algebra g; := g ®c C[¢t],
with Borel subalgebra b; = b ®c C[t] and Cartan subalgebra bh; = h ®¢ C[t].

Definition 7.1.3. A deformed Verma module (over the Lie algebra g) is the module

M+ pt) := U(:) Du(o,) Cltlatpts

where p is the Weyl vector and C[t]x4 ¢ is the bi-module looking like C[t] as a C-vector space and where
= )

We see then that the functor Fj, acting on the deformed Verma module will be that which sets ¢t = 0.
All that’s left is to see that M (A + pt) has a non-degenerate symmetric bilinear form. In fact, Jantzen,
in 1979 proved that M (A + pt) has a unique symmetric contravariant bilinear form (valued in C[¢]), and
using this fact, along with the discussion above, allows us to construct a Jantzen filtration for any Verma
module.

the b;-action factors through b; — by ——
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The fact that the contravariant bilinear form on M (A + pt) is unique, along with the fact that there
is a canonical map from a Verma module to a dual Verma module suggests that if we can define a
deformed version of a dual Verma module, then the canonical map from the deformed Verma module
to the deformed dual Verma module will correspond to the desired contravariant form on M (A + pt).
Indeed, the anti-involution 7 on U(g) can be naturally extended to an anti-involution of U(g;), and so
we can consider the U(g;)-module M (X + pt)* under the action

(@(t) - f(1)(v(t) = f(O)(T(2(t)) - v(t)),

where z(t) € g¢, v(t) € M\ + pt), f(t) € M(X\+ pt)*, and where we write them all as functions of ¢
to emphasize that they are all elements of deformed objects. We can decompose M (A + pt) into weight
spaces

MM\ +pt)= P MO+ p)aw),
a(t)eb;
and after checking that (M (X + pt)a))* = (M (X + pt)*)a), we arrive at the following:
Definition 7.1.4. The deformed dual Verma module with maximal weight A + pt is the g,-module

M+ pt)Y = @ M+ pt)o)-
a(t)eby

Now with this, the canonical morphism M (A + pt) — M (X + pt)¥ will induce the desired C[t]-

valued symmetric contravariant bilinear form on M (A + pt) which is used to obtain the Jantzen filtration
on M(X). Before proceeding to a theorem due to Jantzen which provides some nice properties of this
filtration, we need the following definition.
Definition 7.1.5. Let M be a g-module in category O, and A the additive group of integral weights of
the root system associated to g. We make A into a multiplicative group by associating to every A € A
the symbol e(A) so that e(A)e(u) = e(A + p), where p is another element of A. The formal character of
M is then the element in group ring ZA

chM = Z dim Mye(A),
AEA

where M) denotes the h-eigenspace associated to the weight .
We also recall that to each simple root o € A, we have in the Weyl group the simple reflection
associated to that root, which is denoted by s,.

Theorem 7.1.6. Let A € b* and M (\) denote the Verma module of highest weight A and N(X) C M ()
the unique maximal submodule. The Jantzen filtration

M(\) = M(X)(0) > M) (1) > MOA)(2) > ...

on M(X) satisfies the following:

a) M(X)(i) = 0 for large enough i;

b) M(A)(1) = N(N);

¢) Every nonzero quotient M(X)(i)/M(X)(i + 1) has a unique non-degenerate contravariant form; and
d) The Jantzen character sum formula

> ch M) (i) = Y chM(sq-A)
i>0 a>0,
S A<
is satisfied.

Remark 7.1.7. In the process of obtaining the Jantzen filtration of a Verma module, at some point we
set t to 0. This suggests that we don’t actually need to adjoin C[t] to the gain the deformity, rather we
could just adjoin C[t]/t™ for sufficiently large n, and we shall call such modules finitely deformed (dual)
Verma modules. Indeed, this is the setting in which we will find ourselves when dealing in the geometric
Jantzen filtration.
Remark 7.1.8. This section has mostly been about the Jantzen filtration on Verma modules, though
we did give a general definition for the Jantzen filtration on any k-vector space. It follows that there is
a similarly defined Jantzen filtration on dual Verma modules, which we shall not explicitly write about
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here, but we will see it arise naturally in the geometric context, and it will look pretty much like what
one would expect when comparing it to the Jantzen filtration of a Verma module.

7.2  The monodromy filtration of an arbitrary object in an abelian category
Before going to the geometric construction of the Jantzen filtration, we shall need some preliminaries,
and these will hopefully elude the reader to a deeper and possibly more general idea of the Jantzen
filtration. The main proposition we need is due to Deligne.
Proposition 7.2.1. Let s be a nilpotent endomorphism of an object V in an abelian category A. Then
there exists a unique finite filtration pe on V such that sp; C pi—o and for k € N, s* induces an
isomorphism gry ~ gr', = where grt' = p; /pi—1.

Existence is proved in [Del80] using induction, and uniqueness can be proved in a similar manner.
In fact, by just following the steps of this proof, we can get an explicit description of the monodromy
filtration in terms of the image and kernel of powers of the nilpotent endomorphism s. Let

SV = ker s*t1 if p>0
PP lo if p<oO

be the kernel filtration of V, and

&,V = ims’.C if ¢>0
V if ¢<0

be the image filtration of V. The monodromy filtration pe of V' is then given by

=Y FV NSV,

p—q=r

for each r € Z. There are two related filtrations Ji, and J.e introduced in [BB93], which carry the name
of Jantzen filtrations. These are defined as

J; =kersN&_;

and 3t
; +1im s
Jui = ——
ims
and it can be seen that J, is the restriction of ue to ker s and J,o is the restriction of pe to cokers.

7.3 The monodromy and Jantzen filtrations in the geometric setting

We wish to view the filtrations defined in the previous section in a geometric setting - in particular to
D-modules on the base affine space. We follow closely [BB93], and for more details one should refer to
the construction of nearby cycles as in e.g. [Bei87].

In general, given a smooth variety Y and a regular function f : ¥ — A!, we consider the open
embedding j : U := f~*(A*\ {0}) = Y. Given n € N, let 1™ be the Dp1\{0y-module which is isomorphic
to O\ 10} ®Cls]/s™ as an O\ fo3-module, but is generated by the symbol 2%, which gives it the P41\ 0}-
module structure defined by x0x° = sx®. As well as being a %1\ [o}-module, I (") also has the obvious
structure of a C[s]/s™-module, and hence we may view it as a P41\ {0} ®Cl[s]/s"-module. It can be readily
seen that I(")/S" = I for n > 1. We can pull back this Dp1\ foy-module I™ along f (restricted to
U) to obtain a Zy-module f*I1(%).

Now given any Z-module My, we can consider a deformed version which is fSM((]") = 1) ®ey
My, which has the structure of a 2y ® C[s]/s"-module. We note that fSM[(Jl) = My. We can take
the s-pushforward along the open embedding j : U < Y to obtain the 2y ® C[s]/s™-module j*fsM,(]n)
and assuming My is holonomic, we can take the !-pushforward to obtain another 2y ® C[s]/s"-module
j;fsM[(Jn). Since fSM[(Jl) = My, we remark that jgfsM[(Jl) = jiMy and j*fsM[(]l) = j.My. For any a € N,
we may compose the multiplication by s* map with the canonical morphism jgfle(]") — j*fsM[(]") to
obtain a morphism s%(n) : j;fle(]n) — j*fsMI(Jn) which coincides with the multiplication by s® on the
open set U. We shall take for granted that there exists a large enough N € N, such that for every n > N,
coker s%(n) = coker s*(n —1). With this fact, we may define a functor 7§ from the category of holonomic
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Py-modules to the category of holonomic Zy-modules, sending My to coker s*(N). Here, we are most
interested in the case where a = 1, which is called the maximal extension functor Z; = 77}.

We have the following exact sequences of holonomic Zy-modules (for details see [Bei87])
0— j;fSM((Ja) — w;“’MU =7 My — 0

and
0— Ty My — w;“’MU — j*fSM,(Ja) —0.

Moreover, multiplication by s® defines a map from 7r;‘c+bMU — ’/T?—H)MU with image isomorphic to W?MU.
When a =1, and b = 0, we can be a little more specific, and see that we have exact sequences

0= jiMy — EMy — ©9y My — 0, (7.1)
and
0 — myMy — EMy — j. My — 0. (7.2)

Moreover, ker(s : =y My — ZyMy) = jiMy and coker(s : =y My — ZyMy) = j.My. Now since s is a
nilpotent endomorphism of Z; My, we can take the monodromy filtration pe of Z¢ My, and we obtain
the so-called Jantzen filtrations Ji, and J.. by restricting to the kernel and cokernel of =y M, which are
respectively 51My and j,. My.

Now, using Theorem 6.3.1, if we take Y = Z¢ to be the base affine space, U C Z¢ to be the open
B-orbit, f: (x1,22) — x2, and My = Oy to be the structure sheaf on U, then these geometric Jantzen
filtrations yield filtrations on j0y and on j,0y. When we take H-monodromic global sections of these
filtrations, we claim that we obtain the Jantzen filtrations of Verma modules and dual Verma modules
as in Definition 7.1.2, and in the sequel we shall sketch the main ideas behind why this is for the Jantzen
filtration of Verma modules.

The first part is to see that the global sections of j,f*0y and j. f*0y give finitely deformed Verma
modules and dual Verma modules respectively. What is essentially going on is that we are adjoining
this C[s]/s™ to the Zg-module j,0y, and so when we take global sections, we still have adjoined this
C[s]/s™, and upon selecting a monodromy, this C[s]/s™ still remains, and so it follows from Remark 7.1.7
that these give the finitely deformed Verma and dual Verma modules. An interesting thing to not here is
that these finitely deformed Verma and dual Verma modules are examples of g-modules with generalized
infinitesimal character. In particular, the quotients jgfsﬁl(]")/sjgfsﬁl(]") and j*fsﬁén)/sj*fsﬁl(]") are
respectively the (undeformed) Verma and dual Verma modules.

Now we have the canonical morphism j f* ﬁ}(Jn) = f? ﬁé,"), and restricting to H-monodromic global
sections, yields the canonical map from finitely deformed Verma modules to finitely deformed dual Verma
modules. Recognizing that =70y is the quotient of j, f* ﬁ,(J") by the image of s'(n) for sufficiently large
n, the injection ji0y — Z¢ Oy from the short exact sequence in (7.1) can be seen to be the restriction to

n)

§10y of the canonical morphism j f* ﬁ[(J = Juf® ﬁ[(]n) composed with the quotient by the image of s!(n).
Now we have an obvious filtration on j, f* ﬁ,(Jn) by powers of s, and this induces a filtration on Z;0y,
which upon pulling back along 710y — 20y yields a filtration of ji0y. Looking on the H-monodromic
global sections, what we described lines up with the description of the Jantzen filtration for Verma
modules in Section 6.1.

On the other hand, the geometric description of the Jantzen filtration on j 0y is the restriction of
the monodromy filtration to the kernel of s. But this filtration Jj, is precisely the intersection of ker s
with a shifted and flipped version of the image filtration of Z; 0. So in fact, we see that this geometric
Jantzen filtration matches the filtration we described above, and hence we have a geometric description
for the Jantzen filtration of a Verma module.

7.4 A computation of the Jantzen filtration for Verma modules via geometric methods
in the case of g = sly(C).

Here we concretely illustrate the above sketch for the geometric Jantzen filtration in our typical example,

where g = sl3(C). Here, we take Y = C? \ {0} the base affine space, and let f : Y — C defined by

f i (z1,22) = 2. Now put U = f~1(C*), which is the open B-orbit of Y, so that we have the open
embedding j : U < Y. For n > 0, let I(™ be the left free rank 1 0¢- ® C[s]/s"-module generated by the
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symbol 2°*, with the Z¢c--module structure satisfying the relation 0, - z° = sz~! - 2°. For a holonomic

Py-module My, define
fMg = 110 @0, My,

Taking My = Oy, we have fsﬁ = f*I™ @4, Oy = f*I). The global sections of this are elements
of Claxy, x2, x5 ] ® Cls]/s™.

Here, for an arbitrary variety X, we shall write @/x := Zx ® C[s]/s"™, and remark that we may view
e ﬁ}(]ﬂ) as an &;-module, and its pushforward to Y will be an &% -module. Since j is an open embedding,
the pushforward j, f* ﬁl(]") is just the restriction of the module structure of f* ﬁ[(]n) to % . Alternatively,

we may regard this as the left &%y -module
oy
,Qf/U<81, 1’282 — S>

Now j f* ﬁ[(Jn) = Dy j.Dy f* ﬁ[(]n), where Dy and Dy denote the dualizing functors (on Y and U respec-
tively). We know that applying the dualizing functor on U gives the right «7;-module

oy
<817 82 a32 8>£7U ’

Dy f*oy” =

and applying j. restricts the module structure to % . Then, to compute Dyj*DUfsﬁ((Jn), we find a
projective resolution, e.g.

7%

£ d d d
& Sy - by Oy — dy 0
<61,82 *I2_18>,527U Y Y Y Y

0«

where
. —1
e:l—=mxy-,

do : (91,92) —> 8191 — (1‘282 — 8)92,
di:1— (.’E282 — 8,81).

Applying the Hom(—, oy )-functor to the complex 0 + o o oy B Ay & oAy & 0 and computing
the cohomology gives
oy

. rS (n)_
MU = s — 8

We remark that every global section of j f*&y; (n) may be written as a linear combinations of elements

either in the form s*z!{2D, or s*2! 5" where O <s<n,l>0,m>0. We shall denote the generator of

Qo) by @
Recall that U = U(g) ®z(g) C[h*] is the extended universal enveloping algebra, and for g = sl5(C),
we identify the generators of U with derivations

FE = —1‘281, F = —1‘182, H=—x101 + 56‘282, T = 2101 + 2205.

We can look at the Z/-module structure of the global sections of j, fsﬁ[(Jn). These are elements of
Clzy, x2, x5 x5 and has U-action given by

mo.s _ k l 1 m+1 s
E - st alay = st el e,

k_I+1_m—1_s
F-sfalalay = (s —m)shal ™o —as,

H-s*atalay = (s — 1 +m)stal el a3,

T-statalay = (s + 1+ m)stzlalas.

We can also consider the Y{-module structure of global sections of jif* 0y ™) If m > 1, then the action on

skazlal'as is the same as above, and the action on s*2! 9iz§ is given by

Zhomay = (m—1—1—s)skzl1or—"1as,
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k.’L'l aanb _ _Sk:xll+1am+1 ;
2105 x5 = (s — 1 — m)s*z105"x3,
2L o as = (s + 1 — m)stzl oy s,

If m = 0, then the actions of H and T are the same as above and we have

E-stalay = —1skal s,

kol s kol+lg s
F.s"zixy = —s 2] Oqxs.

We remark here that in both cases - j*fsﬁgl) and j;fsﬁ[(]") - selecting a monodromy amounts to
choosing an integer A so that [+m = A, and so T acts by s+ A. In this case, T'— A acts nilpotently, so the
H-monodromic global sections with monodromy A form a module of generalized infinitesimal character

A
The canomcal morphism j f*0y; N J«f20y (n)

sends 05 — 5 szz, and more generally,

is that which just sends x§ — x5. In particular, this

2 oyay v s(s —1)(s —2)... (s —m+ Dalazy ™y, and (7.3)

The key point is that on the global sections (or e.g. the sections on Y \ V(z1)), any time we find a x5 ™
term where m > 0 in the image of the canonical map, it is always accompanied by a factor of s. Thus,
the global sections of the image of the canonical map may be viewed as elements from

(Cla1, x2) @ Cls]/s")5 + (Clar, 23 '] ® Cls]/s")sa3,

that is, all the elements in j, f*° ﬁ((]") except for linear combinations of elements of the form x!z; "3,

with m > 0, [ > 1. Although we only really need to work with the global sections here, it is worthwhile
to look explicitly on the affine open subset Y \ V(z3) = U to verify that s%(n) indeed coincides with
multiplication by s® when restricted to U. The sections on U are respectively

HfOT(U) = (Clay, w9, 5, 85) @ C[s] /5™,
and
j-f 05 (U) = (Cley, 23,05 "] @ Cls)/s" a3,
so it is clear that the canonical map is surjective when we restrict to U.

The morphism s%(n) : jf* ﬁ(n — J Oy 0™ is defined by composing the multiplication map on

anfe ﬁ((]n) by s® with the canonical map j f* ﬁ’é m o, isf* ﬁ’[(] ). The image of this morphism has global
sections

(Clr1, 2] ® C[s]/s")s" a3 + (Clay, a3 ' ® Cls]/s™)s" a3,

and on U we can check that s*(n) coincides with multiplication by s*. Provided n > a, the cokernel of
s%(n) is the same for all n > a, and so

7$(Ov) = cokers®(n), n>a
is well defined and has global sections

(Clz1, 22,25 '] ® C[s]/s™)x5 _ (Clz1, 2,75 '] ® C[s]/5™)3
I'(im s*(n)) (Clx1, 2] @ Cls]/s)s225 + (Clx1, x5 '] ® C[s]/s™)sat1as
= (C[Ihx%x;l] ®C[S]/Sa+l)x§
Clxy, za]soxs

(7.5)

In particular, the elements of coker s%(n) are linear combinations of elements of the form s*2*z} x5, where

m,k €N, € Z, and for m > 0 we identify s®z} 25*z§ with 0 and for m < 0 we identify sz}

rixytas with
0. The action of Py is the natural one, but with the exception that xq - s%@7'x; 'z§ = 0. Since s%(n)
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restricted to U coincides with multiplication by s*, the sections of W?(ﬁU) on U are simply those where
s is identified with 0, i.e.
74 (Ov)(U) = (Clarr, w2, 25 1] © C[s] /5 )3

Perhaps it is interesting to view the action of the extended enveloping algebra U= U(g) ®z(g) C[b*] on
F(ﬂ'?(ﬁ(])). For k,m € N, | € Z, we have

k,m,l .s k, m—1 l+1
E-stx oy = —ms ] x5,
Fsfamabay = —(1+ s)sPam ol s,

H-s*aabay = (1 — m+ s)saTabas,

T - staaba = (14+m+ s)shalabas.

One should note that if we have either the case that k =a,l <0 or k =a — 1,1 > 0, then the actions
look like

k..m_.l k m+1 -1
F.stxTwoxs = —ls"a]" xy a5,
H k.m_ .l (l ) l

.S 3;‘1 $2$2 —m)s 'Tl $2x2,

k,m, I k,m I
T - szl xgxs = (I +m)s e xqzs.

Additionally, if k = a and [ = —1, then
E sty ey = 0.
It can be seen that the Casimir operator 2 := H? +2EF 4 2FF acts by

Q-stamabey =[(14+m+1)2—142s(1+m+ 1)+ s%]s*zabas

Following our characterizations of ji f* ﬁ[(]") and T} Oy, the morphisms in the short exact sequence
0 jif o - 7rf+bﬁU — 740y — 0

are respectively 2° — sP2® and the quotient map killing 5y b if m >0 and ry's b+1if m < 0. Similarly,
the morphisms in the short exact sequence

0—>7rfﬁ’U—>7r YOy = G f* ﬁ’(“ -0

are respectively z5 — s%x5 and the quotient map killing s®.

Looking specifically at the maximal extensions functor Z; := 7T]1c, the global sections of the image
of the map given by multiplication by s is isomorphic to (C[scl,xgl]xgl, with xq - x;l = 0. Hence,
the global sections of the cokernel of this map are simply elements in Clzy,z2, 25 '] = T'(j.Oy). The
global sections of the kernel of the map given by multiplication by s are precisely those elements in
the image of the injection j f* ﬁl(}) — w}ﬁy defined by z35 — 5. Indeed, an explicit description of this
map is given by equations (7.3) and (7.4) so the image of this map consists of C-linear combinations
of elements in Clz, 5)zy and Clzy, x5 ]sz; o5, On the other hand, in 7Oy, elements in Clz1, za]sz3
and Clzy, x5 )s%xy ‘a3 are identified with 0, so kers consists on C-linear combinations of elements in
Clz1, 29)zy and Clxy,xy ')szy x5, Hence, we have shown that the global sections of kers in =0
coincide with the global sections of the map 7 fsﬁ[(]l ) WfﬁU Since this map is injective, we may
identify jgfsﬁ[(}) with its image under this map, and since j0y = jif*0, U), it follows that 50y is
the kernel of the morphism s : E¢0y — Z¢0y. The picture below, with a similar formatting to those

diagrams in the previous chapter, shows what the monodromic global sections of Z¢ 0y with monodromy
« look like.
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a+4 (" a+3 0 a+2 0 a+1 @ a—1 a—2 1
~— A ~— A ~— A
. 4/Nta+3t73 pat2p=2 toﬁrlf—l/\ 1o ~ o1y =22 /_\ . T o
3 1 2 ) ‘1 2 1 1 2 1 1 ‘1 2 9 1 2 ) o 2
4 4 4) 4
—a 2—« 14—« «

a+3 a+2

P P
Cle——— st e sty - steleyt
—(a+6) —(a+4) —(a+2)

The morphism s on Z;0y is such that s22 1Oy = 0, so following the construction given by Deligne
in [Del80] (1.6.1), the monodromy filtration pe on Z;0y is given by

0Cims C jgﬁU C E:fﬁU7

. . . . Es0 s . . _
since j10y = kers, and ims C kers, and ims ~ L2 with isomorphism given by 35521 = Ty .

Restricting to ker s = 510y gives the Jantzen filtration Jyia,

0 Cims C kers,

and restricting to coker s = j, Oy gives the Jantzen filtration J¢.e

er s
0 C —— C cokers.
im s

To finish, we shall give explicit descriptions of the global sections of each of these submodules, and the
U-action on each of them. First, the global sections of Z; 0y are precisely the sections of 7% as described
above for the case where a = 1. We may view the global sections of Z¢0y as elements from

(Clz1, 2,25 '] @ Cs] /%)
Clzy, z2]szs '

The U-action has already been described above.

The global sections of kers = ji0y = Jyo can be viewed as elements of the C-vector space
Clay, xg,xgl], with the action of Zy being the usual one except that xo - x;l =0,and 0y -1 = )\xgl.
The U-module structure is given as follows. For, m € N and n € Z,

m_n __ m—1_n-+1
E.-2Txy = —ma" z57, n# -1,

m,,—1 __
E-x"zy" =0,

F.olal = —natlal™t n#0,
F.2" = —xﬁon;l,

H -2z} = (n —m)z]zh,
T z7'xy = (m+n)zay.
Also, the Casimir operator acts by

Q-2"zd = ((n4+m+1)? — D)azlab.

The global sections of im s = Jy_; can simply be seen as elements of Clzy, x;l]xgl. The U-action is the

same as that described for Jyio. Now for any o € N, we consider the U/-submodules of J]?‘!O C Jpp and
Jfo C Jpi—1 which are annihilated by T' — a. First note that JJ%‘!O is generated by the single element ¢§
and J;?‘,fl is generated by the single element :E?"Hx
may take a quotient, and we see that this quotient

—1 «a : a
5 - Moreover, prl is a submodule of Jf!0> SO we

JF10

«
fl-1

is finite dimensional.
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Next, the global sections of coker s = j, Oy = Jy,1 can be seen to just be elements from Clz1, z, x;l],

with the usual Zy-action (in particular, as opposed to the previous situation, here we have 93 -1 = 0

and g - x5 L= 1), and the global sections of 11‘%85 = Jy.o are elements from Clxy, z2]. We have already

seen this situation before; the U-action on both of these modules is

E-xlah = —ma] ol
F ool = —na" o=t

H . z'z8 = (n — m)z"zy,
T-zi'zy = (m+n)r"zy,

for suitable n and m, and the Casimir operator acts as
Q-alwy = ((n4+m+1)* = D).

Again, here we may fix @ € N and consider the submodules JJ‘}*I C Jfe1 and JJ?‘*O C Jf«0 which are

annihilated by T'— a. Once again, J%,0 1s a submodule of 7.1- Note that J%,, is generated by the single
element z3, and J%,, is generated by the single element m‘f‘“t; 1 We also remark that I 18 finite
dimensional.

68



Bibliography

[BB81]
[BBY3)|
[Bei87]

[BGY7]
[BGG]

[Bou75]
[Del80]

[Gro61]

[Har77]
[HTTO8]
[Hud07]
[Hum72]
[Hum?75]
TK11]

[Jac89]
[Kum12]

[Mil13]

[Riel7]

[Rom20]
[Sch19]
[Ser66]

[TY05]

Alexander Beilinson and Joseph Bernstein. Localisation de g-modules. 1981.

Alexander Beilinson and Joseph Bernstein. “A proof of Jantzen conjectures”. In: 1993.

A. A. Beilinson. “How to glue perverse sheaves”. In: K-Theory, Arithmetic and Geometry:
Seminar, Moscow University, 1984—1986. Ed. by Yuri I. Manin. Berlin, Heidelberg: Springer
Berlin Heidelberg, 1987, pp. 42-51. 1SBN: 978-3-540-48016-7. DOI: 10.1007/BFb0078366. URL:
https://doi.org/10.1007/BFb0078366.

Alexander Beilinson and Victor Ginzburg. Wall-Crossing functors and D-modules. 1997. DOT:
10.48550/ARXIV.ALG-GEOM/9709022. URL: https://arxiv.org/abs/alg-geom/9709022.
Joseph Bernstein, Israel Moiseevich Gelfand, and Sergei Gelfand. Differential operators on the
base affine space and a study of g-modules.

Nicolas Bourbaki. Lie Groups and Lie Algebras. Chapters 7-9. Springer Berlin, Heidelberg,
1975. 1SBN: 978-3-540-68851-8.

Pierre Deligne. “La conjecture de Weil : II”. fr. In: Publications Mathématiques de UIHES 52
(1980), pp. 137-252. URL: http://www.numdam.org/item/PMIHES_1980__52__137_0/.
Alexander Grothendieck. Eléments de géométrie algébrique: I1 Etude globale élémentaire de
quelques classes de morphismes. 1961. URL: http://www.numdam.org/item/PMIHES_1961_
_8__5_0/.

Robin Hartshorne. Algebraic Geometry. Vol. 52. Graduate Texts in Mathematics. Springer,
1977. URL: http://www.worldcat.org/oclc/2798099.

Ryoshi Hotta, Kiyoshi Takeuchi, and Toshiyuki Tanisaki. D-Modules, Perverse Sheaves, and
Representation Theory. Progress in Mathematics. Birkhauser, 2008. 1SBN: 978-0-8176-4363-8.
Drew Hudec. The Grassmannian as a Projective Variety. 2007. URL: https://math.uchicago.
edu/~may/VIGRE/VIGRE2007 /REUPapers/FINALFULL/Hudec.pdf.

James Humphreys. Introduction to Lie Algebras and Representation Theory. Graduate Texts
in Mathematics. Springer, 1972. 1SBN: 978-0-387-90053-7.

James Humphreys. Linear Algebraic Groups. Graduate Texts in Mathematics. Springer, 1975.
ISBN: 978-1-4684-9445-7.

Kenji Iohara and Yoshiyuki Koga. Representation Theory of the Virasoro Algebra. Springer
Monographs in Mathematics. Springer London, 2011. 1SBN: 978-0-85729-159-2.

Nathan Jacobson. Basic Algebra II. W. H. Freeman and Company, 1989. 1SBN: 9780486471877.
Shrawan Kumar. Borel-Weil-Bott Theorem and Geometry of Schubert Varieties. 2012. URL:
https://kumar.math.unc.edu/notes/kumar_notes_03.pdf.

James S. Milne. Lie Algebras, Algebraic Groups, and Lie Groups. 2013. URL: https://wuw.
jmilne.org/math/CourseNotes/LAG.pdf.

E. Riehl. Category Theory in Context. Aurora: Dover Modern Math Originals. Dover Pub-
lications, 2017. 1SBN: 9780486820804. URL: https://books . google . com. au/books ?id=
6BOMDgAAQBAJ.

Anna Romanov. Four erxamples of Beilinson-Bernstein localization. 2020. DOI: 10 . 48550/
ARXIV.2002.01540. URL: https://arxiv.org/abs/2002.01540.

Christian Schnell. Topics in Algebraic Geometry - Algebraic D-modules. 2019. URL: https:
//www.math.stonybrook.edu/~cschnell/mat615/.

Jean-Pierre Serre. Complex Semisimple Lie Algebras. Springer Berlin, Heidelberg, 1966. I1SBN:
978-3-642-63222-8. DOI: 10.1007/978-3-642-56884-8.

Patrice Tauvel and Rupert Yu. Lie Algebras and Algebraic Groups. Monographs in Mathe-
matics. Springer, 2005. 1SBN: 978-3-540-24170-6.

69



