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1. BASICS OF THE CATEGORY O

1.1. Refresher on semi-simple Lie algebras. In this course we will work with an alge-
braically closed ground field of characteristic 0, which may as well be assumed equal to C

Let g be a semi-simple Lie algebra. We will fix a Borel subalgebra b C g (also sometimes
denoted b*) and an opposite Borel subalgebra b~. The intersection b+ N b~ is a Cartan
subalgebra, denoted . We will denote by n, and n~ the unipotent radicals of b and b—,
respectively. We have n = [b, b], and

h~b/n.
(I.e., b is better to think of as a quotient of b, rather than a subalgebra.)

The eigenvalues of h acting on n are by definition the positive roots of g; this set will be
denoted by A*. We will denote by QF the sub-semigroup of h* equal to the positive span of
AT (ie., QT is the set of eigenvalues of h under the adjoint action on U(n)). For A\, u € h* we
shall say that A > pif A — u € Q. We denote by P the sub-semigroup of dominant integral
weights, i.e., those A that satisfy (\,&) € ZT for all « € AT,

For o € AT, we will denote by n, the corresponding eigen-space. If 0 # e, € n, and
0 # fo €n,, then

[eaa fa] €h
is proportionate to the coroot hg.

The half-sum of the positive roots, denoted p, is an element of h*, and the half-sum of positive
coroots will be denoted by p; the latter is en element of §.

Let U(g) be the universal enveloping algebra of g. As a vector space and a (n~,n)-bimodule,
it is isomorphic to

(1.1) Umnm™)@U(h) @ U(n).

Modules over U(g) as an associative algebra are the same as g-modules. We will denote this
category by g-mod.

1.2. Verma modules. Let )\ be a weight of g, i.e., an element of h*. We introduce the Verma
module M) € g-mod as follows. For any object M € g-mod,

Homg(My, M) = Hom(C*, M),

where C* is the 1-dimensional b-module, on which b acts through the character b — b A C.
By definition, we have:

Lemma 1.3. My ~U(g) @ C .
U(b)
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By construction, M) is generated over g by a vector, denoted vy, which is annihilated by n,
and on which h acts via the character .

Corollary 1.4. The vector vy freely generates My over n™.

(The latter means that the action of n~ on vy defines an isomorphism U(n~) — M).)

Proof. This follows from the decomposition U(g) ~ U(n~) ® U(b), similar to (1.1).

1.5. The action of h.

Proposition 1.6. The action of h on My is locally finite and semi-simple. The eigenvalues *
of b on My are of the form

A— X ng-a, ng €ZT.
acAt

Proof. We have
Myx=UUn"); v,
K3
where U(n™); is the i-th term of the PBW filtration on U(n~). Each U(n™); - vy is a finite-
dimensional subspace of My, and we claim that it is h-stable (this would prove the locally

finiteness assertion of the proposition).
Indeed, U(n~); is spanned by elements of the form

foq ""'fOéj? .]S%

where f, € n;. The action of an element h € b on (fo, - ... - fa;) - vx is given by
IS%SJ, (f(n Tt [h7fak] ""'faj) 'UA"’_(foq 'focj)'h<v>\) = (A_lg%gjak) ’ (foq : ""faj) “UX-

The above formula also computes the weights of h on M.
O

Corollary 1.7. The multiplicities of weights of b on My are finite.
Proof. Let pu be a weight of h on M), and let us write
A= p=3ng @, ng €ZT.
We claim that
%na < (A=, p).

Indeed, this follows from the fact that (a,p) > 1 (the equality being achieved for simple
roots).

Hence, the number of possibilities for n,’s to produce a given p is bounded.
O

In the sequel, for an element v € Q1 we will refer to the integer (v, p) as its length, and
denote it by |v|.

1f h acts locally finitely and semi-simply on a vector space, its eigenvalues are called weights. We will adopt
this terminology.
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1.8. The case of sl;. Let us see what Verma modules look like explicitly in the simplest case
of g = slo. The parameter A amounts to a complex number [ := (), &), where & is the unique
coroot of sls.

Then the weights of h on M), are of the form A —n - «, i.e., | — 2n; we will denote by v the
weight vector " - v;.

Proposition 1.9. The sly-module M, is irreducible unless | € Z+. In the latter case, it fits
into a short exact sequence

O0—=M_1_9— M —V, —0,

where V} is a finite-dimensional slo-module of highest weight .

Proof. Suppose M; contains a proper submodule, call it N. Then N is h-stable, and in particu-
lar, h-diagonalizable. Let I’ be the maximal weight of b appearing in N, i.e., I’ = [ — 2n, where
n is the minimal integer such that [ — 2n is a weight of N. We have I’ # [, since otherwise v
would belong to N, but we know that v; generates the entire M;.

Since e- vy is either 0, or has weight I’ 42, the maximality assumption on I’ forces the former
option. Thus, we obtain:
effup=_ X e fl-f ot ey = 1<§<n —2(i—1)-f" " Lhvyy = n(l—(n—=1))-f* Ly,

1<i<n

which implies that [ =n — 1.
The same computation shows that if [ = n — 1 for a positive integer n, then e - v;_o9, = 0,

i.e., the vector v;_o, € M; generates a module isomorphic to M;_o,.
O

1.10. Irreducible quotients of Verma modules. We return to the case of a general g.
Theorem 1.11. The Verma module My admits a unique irreducible quotient module.

We will denote the resulting irreducible quotient of My by L.

Proof. Let N C M, be a proper submodule. Since N is h-stable, it’s a direct sum of weight
spaces, i.e.,
N ~ @ Ny(p).
"

Note that since A appears with multilicity 1 in M), it is is not among the weights of N, for
otherwise N would contain vy, and hence the entire M.
Let M, be the union over all N as above. It is still a direct sum of weight spaces:

OM) ~ ?OMA(M%

and "M, (A\) = 0. Hence, "M, is still a proper submodule of My, and by construction, it is
maximal.
Therefore, Ly := My /M) does not contain proper submodules, and hence is irreducible.
O

Lemma 1.12. For X\ # X, the modules Ly and Ly are non-isomorphic.

Proof. Suppose the contrary. Then A must appear among the weights of Ly, and in particular,
among those of My. Le., N must be of the form A —QT. By the same logic, A € X —Q*, which
is a contradiction. d
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1.13. Definition of the Category O. We define the Category O to be the full subcategory
of g-mod, consisting of representations M, satisfying the following three properties:
e The action of n on M is locally finite. (I.e., for every v € M, the subspace U(n)-v C M
is finite-dimensional.)
e The action of h on M is locally finite and semi-simple.
o M is finitely generated as a g-module.

Lemma 1.14. Verma modules belong to the category O.

Proof. The only thing to check is that n acts locally finitely on M. Let U(g); be the i-th
term of the PBW filtration on M. It is enough to check that the finite-dimensional subspace
subspace U(g); - vx C M, if n-stable.

For u € U(g); and = € g we have:

- (u-vy) =[z,u] vy +u- (- o)),

where the second term is 0 if 2z € n. Hence, our assertion follows from the fact that [g, U(g):] C
U(g):- O

Lemma 1.15. If M € O and M is a g-submodule of M, then M' € O, and similarly for
quotient modules. The category O is Noetherian.

Proof. The algebra U(g) is Noetherian, i.e., a submodule of a f.g. module is f.g. This makes
the first assertion of the lemma evident.

If M € O and M; C M is an increasing chain of submodules, its union is f.g. as a g-module,
and hence the chain stabilizes.

The assertion about quotient modules is evident.
O

We shall shortly prove that the category O is in fact Artinian, i.e., every object has a finite
length.
By Lemma 1.12, the irreducible objects of O are exactly the modules Ly for A € h*.

1.16. Some properties of O.
Lemma 1.17. The action of n on every object of O is locally nilpotent.

Proof. Given M, we have to show that every vector v € M is contained in a finite-dimensional
subspace W, stable under n, and which admits an n-stable filtration, on whose subquotients
the action of n is trivial.

Take W = U(b) - v. This is a finite-dimensional b-module, by assumption. We claim that
any b-module admits a filtration with the required properties.

Indeed, by Lie’s theorem, W admits a filtration with 1-dimensional subquotients. Now the
assertion follows from the fact that every 1-dimensional b-module is acted on via b — b, since
n=[b,b].

We can also argue using Engel’s theorem rather than Lie’s theorem. We have to show that
every element of n acts nilpotently on W. Let us show that for any string of basis elements
€ays -+ €a,» Which is long enough and any v’ € W, the vector

/
€ay €, UV EW

is zero.

Assume that v' has weight A, and let n’ be the maximum of | — A| as p ranges over the
weights that appear in W that are bigger than A. Then, as in the proof of Corollary 1.7, we
obtain that any string as above of length n > n’ annihilates v'.

O
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We shall now prove the following useful technical assertion:

Proposition 1.18. FEvery object in the category O is a quotient of a finite successive extension
of Verma modules.

Proof. Let M be an object of O, and let W be a finite-dimensional vector space that generates
it. By assumption W’ := U(b) - W is still finite-dimensional.

Let us regard W' is a b-module, and consider the g-module

M:=U(g) @ W'
U(b)

As in the proof of Lemma 1.14, one easily shows that M’ belongs to O. We have an evident
surjection M’ — M.

We claim now that M’ is a successive extension of modules, each isomorphic to a Verma
module. For that, it is enough to show that W’ is a successive extension of 1-dimensional

b-modules. But this has been established in the course of the proof of the previous lemma.
O

Corollary 1.19. For M € O, let @M(u) be the decomposition into the weight saces. Then
"
each M(p) is finite-dimensional.

Proof. Proposition 1.18 reduces the assertion to the case M = M), and we are done by Corol-
lary 1.7.
O

Corollary 1.20. Ewvery object of O admits a non-zero map from some M.

Proof. Let M" — M be a surjection given by Proposition 1.18, and let M/ be the corresponding
filtration on M’. Let ¢ be the minimal index, such that the map M}, — M is non-zero. Hence,
we obtain a non-zero map M, /M,_; — M, and M, /M,_; is isomorphic to a Verma module, by
assumption.

O

2. CHEVALLEY AND HARISH-CHANDRA ISOMORPHISMS

2.1. The Chevalley isomorphism. Consider the space Fun(g) := Sym(g*) of polynomial
functions on g. The group G acts on this space by conjugation. We are interested in the space
of G-invariants, Fun(g)“. Since G is connected, this is the same as the space of invariants for
the Lie algebra.

Lemma 2.2.

(1) The restriction of any element a € Fun(g) to b C g comes by means of pull-back from a
polynomial function on h ~ b/n.

(2) The resulting functionon by is W -invariant.

Proof. Tt is convenient to identify g ~ g*. Under this identification b* ~ g/n ~ b~, and the
projection b — b corresponds to the embedding of algebras Sym(h) — Sym(b™).

Since Sym(b~) ~ Sym(h)®Sym(n~), the H-invariance of a implies that it belongs to Sym(h)
(for otherwise its weight will be a non-zero element of —QV).

Since h C b projects isomorphically onto b/n, the resulting homomorphism Fun(g)® —

Fun(h) can be also realized as restriction under b < g.
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Let N(H) be the normalizer of h in G. Since H is commutative, H C N(H), and we have
N(H)/H ~ W. The restriction maps

Fun(g)® — Fun(h)N ) ~ Fun(p)".

Let us denote the resulting map Fun(g)® — Fun(h)" by ¢.
Theorem 2.3. The map ¢ is an isomorphism.

Proof. Let us first show that the map in question is injective. Suppose the contrary: let a be
a G-invariant polynomial function on g that vanishes on §. Since every semi-simple element of
g can be conjugated into h, we obtain that a vanishes on all semi-simple elements. Since the
latter are Zariski dense in g, we obtain that a = 0.

The proof of surjectivity is based on considering trace functions, corresponding to finite-
dimensional representations of g. Namely, for A € P* and a natural number n consider the
function on g equal to

axp = Tr(z", V)‘),
where V* is the finite-dimensional representation with highest weight \. It is clear that Qxn
belongs to Fun(g)®.

In addition, for A € P* and n € Z* we can consider the function on b defined as

ban(x) = wgw Az)™.

Lemma 2.4. The functions by ,,(z) span Fun(h)" N Sym™(h*) as a vector space.

Proof. Since the category of finite-dimensional representations of W is semi-simple, it is enough
to see that the elements A" span the vector space Sym"™(h*). But this is a general assertion
from linear algebra:
n
Let vq,...,v, be a basis of a vector space V. Then the monomials of the form (E my - vi>
with m; € Z* span Sym" (V). O
The surjectivity assertion of the theorem follows by induction on |\| from the next statement:

Lemma 2.5. ay |y = ‘

1 / /
Tstabw ] bxn + A'E<:>\ ¢ - by n, where ¢ are scalars.

Proof. For x € b, we have:
axn(r) = %Ju(gc)",

where the sum is taken over the set of weights of V* with multiplicities. Recall that this set is
W -invariant.
All weights of V* are of the form w()\'), where w € W and ) < A, and X itself appears with
multiplicity 1.
O

O

Let us denote by h//W the variety Spec(Fun(h)"'). The map ¢ can be interpreted as a
map g — h//W. Let us see what this map amounts to in the case g = sl,,. In this case
h ~ ker(C" — C), and the algebra Fun(h)" is generated by n — 1 elementary symmetric
functions:

a; = x — Tr(A(z)), i=2,..,n.
The map sl,, — Spec(ag, ..., a,) assigns to a matrix x its characteristic polynomial.
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Later we will prove the following:

Theorem 2.6. Fun(h)"W is isomorphic to a polynomial algebra on r generators, where r =

dim(h).

2.7. A deviation: invariant functions on the group. Let Fun(G) denote the space of

polynomial functions on the group G. It is acted on by G on the left and on the right, and in

particular, by conjugation. Consider the space Fun(G)% of conjugation-invariant functions.
Proceeding as in the case of the Lie algebra, the restriction defines a map

Fun(G)¢ — Fun(G) — Fun(B),

and we show that its image in fact belongs to Fun(H), which maps to Fun(B) by means of the
pull-back under B — H.

The map Fun(G)¢ — Fun(H) can be also defined directly as the restriction under H <
B — G, which implies that the image of this map lies in Fun(H)" .

As in the case of g, we show the following:
Theorem 2.8. There above map Fun(G)¢ — Fun(H)"W is an isomorphism.

Proof. The injectivity statement follows as in the Lie algebra case. To prove the surjectivity
we will again use finite-dimensional representations:

Let Rep(G) be the category of finite-dimensional representations of G. Let K(Rep(G))
be its Grothendieck group. Since representations can be tensored, K (Rep(G)) has a natural
commutative ring string structure. By taking traces of elements of G on finite-dimensional
representations, we obtain a ring homomorphism

K(Rep(@)) ® C — Fun(G)®.

We claim that the composed map K (Rep(G)) ® C — Fun(H)"W is an isomorphism. Indeed,
Z

both algebras have bases, parametrized by elements of P': to each dominant integral weight
A we assign [V] € K(Rep(G)) this is [V?],

— w
B, = wgww(/\) € Fun(H)".

The same proof as in the case of Lie algebras shows that the image of [V*] in Fun(H)"W is

a linear combination of By (with the same non-zero coefficient) and By, with A’ < A, implying
the isomorphism statement.
In particular, we obtain that the map Fun(G)¢ — Fun(H)"W is surjective.
]

Note that K(Rep(G)) is isomorphic to a polynomial algebra on 7 variables. Indeed, it is
generated by Vi where w; are the fundamental weights:

(wi, &j) = d;

for the simple coroots ;.
To prove that these elements freely generate K (Rep(G)) one has to use the fact that

VA Vi~ VM o BVY, v < A+
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2.9. The Harish-Chandra homomorphism. Let Z(g) denote the center of the universal
enveloping algebra U(g).

Lemma 2.10. Z(g) = {u € U(g), |[z,u] =0, Vx € g}.
Let Z(g); be the intersection of Z(g) with the i-th term of the PBW filtration on U(g). For

each ¢ we have a short exact sequence of g-modules (under conjugation):
(2.1) 0— U(g)i-1 — U(g): — Sym’(g) — 0.

The functor of g-invariants is clearly left-exact. Hence, for each i we obtain an embedding

(2:2) Z(9)i/Z(8)i-1 — Symi(G)g-

However, since the category of finite-dimensional representations of g is semi-simple, the
short exact sequence (2.1) splits. In particular, the map of (2.2) is an isomorphism. This
implies that we have an isomorphism of algebras:

gr(Z(g)) ~ Sym(g)®.

Our present goal is to construct a homomorphism ¢ : Z(g) — U(h) ~ Sym(h). Consider the
g-module

Myniv :=U(g)/U(g) mn=U(g) ® C=U(g) @ U(h).
U(n) U(b)

The last interpretaion makes it clear that My, is naturally a (g, h)-bimodule; in particular,
we have an action on it of U(h) by endomorphisms of the g-module structure.
For \ € b*,
Muniv & (C)\ =~ MA~
U(b)

Note that we have a canonical embedding of U(h) into M., as a vector space, given by

U(h) =U(b) ® Uh) —U(g) @ U(b).
U(b) U(b)

In fact, as a (n™, h)-bimodule, M, is isomorphic to U(n™) ® U(h).

Lemma 2.11. For a € Z(g) its image in My, belongs to the image of U(h). The resulting
map Z(g) — U(h) is an algebra homomorphism.

Proof. The first assertion follows just as in Lemma 2.2 by looking at the adjoint action of b.
Let us denote the resulting map by ¢.

The map of Z(g) to Myniv, which we will denote by ¢, can be interpreted as the action on
the generating vector vyniy € Myniv, using the g-module structure. The map of U(h) to Myniv
equals the action on the same vector using the h-module structure. Le., for a € Z(g), we have:

@ - Vyniv =~ Vuniv * ¢(a)

For a1, a2 € Z(g) we have:

aj - (a2 . Uuni'u) =aj - (Uuniv . ¢(a2)) = (al . Uuniv) : ¢(a2) = (Uuniv : ¢(a1)) . qb(aZ)a

implying that the map ¢ respects products.
O

Corollary 2.12. An element a € Z(g) acts on any My as a multiplication by the scalar equal
to ¢(a)(N), where we view ¢(a) as an element of

U(h) ~ Sym(h) ~ Fun(h").
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2.13. The dotted action. We introduce a new action of W on h* as follows:
w-A=wA+p)—p.

(Of course, the automorphism of h* given by A — A — p intertwines this action with the usual
one.) This action induces a new W-action on Fun(h*) ~ Sym(h) ~ U(h).

Theorem 2.14. The map ¢ defines an isomorphism
Z(g) — Sym(h)"".

The rest of this section is devoted to the proof of this theorem. Let us first show that the
image of ¢ indeed lands in Sym(h)">". Let a be an element of Z(g). By Corollary 2.12, and
since W is generated by its simple reflections, it is sufficient to show that the action of any a
on My and Mg, ., is given by the same scalar.

Furthermore, instead of all \’s, it sufficient to consider a Zariski-dense subset, which we take
to be P*. In this case, our assertion follows from the next result:

Lemma 2.15. Let \ be any weight and o; a simple root, such that (\+ p,&;) € Z. Then the
Verma module M)y contains Ms,. as a submodule.

Proof. Set n = (A + p,&;) and note that s; - A = A —n - «;. The proof will be a straightforward
generalization of the analysis used in the proof of Proposition 1.9.

Consider the vector f*- vy € M. It is non-zero and it has weight A —n - a;. We claim that
it generates a Verma module with this highest weight. This amounts to checking that

Il'(ff'l/)\):().

Since n is generated as a Lie algebra by simple roots, it is enough to show that e; - f*-vy = 0.
If j # i, this is evident, since [f;,e;] = 0. If j = ¢, this is the same computation as we did in
the sly-case.

O

2.16. Passage to the associated graded. Thus, ¢ is indeed a homomorphism Z(g) —
U(h)™. Let us consider the PBW filtartions on both sides: Z(g) = U Z(g); and U(h)" =
U(h)}"”", where the latter is by definition the intersection of U (h)">" with U(h);. It is clear that
¢ is compatible with the filtartions, i.e., that it sends Z(g); to U(f))yv", thereby inducing a map

(2.3) gr(Z(g)) — gr(UH)"™)
We claim that the map of (2.3) essentially coincides with the Chevalley map ¢.;, and hence

is an isomorphism. Granting the last assertion, the proof of Theorem 2.14 follows from the next
statement:

Lemma 2.17. Let V1, V? be two (positively) filtered vector spaces, and V' — V2 a map,
compatible with filtrations. Assume that gr(V1') — gr(V?) is an isomorphism. Then the initial
map is an isomorphism.

Let us now analyze the map (2.3). As we have seen already, gr(Z(g)) is isomorphic to
Sym(g)®. Since W is a finite group (and hence its category of representations in char. 0 is
semi-simple), we have also the isomorphism gr(U(h)"") ~ Sym(h)". (Note that the W-action
induced on Sym(h) ~ gr(U(h)) is the usual, the undotted one.)

Finally, the resulting map Sym(g)?® — Sym(h) is described as follows. Taking an element
a € Sym(g)? we consider it modulo the ideal generated by n, and it turns out to be an element
in Sym(h) C Sym(g/n). But this coincides with the definition of ¢.;, once we identify g ~ g*.
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3. FURTHER PROPERTIES OF THE CATEGORY O
3.1. Decomposition of the Category O with respect to the center.

Proposition 3.2. The action of Z(g) on every object M € O factors though an ideal of finite
codimension.

Proof. By Proposition 1.18, the assertion reduces to the case when M = M) for some A\ € h*.
In the latter case, the action is given by the evaluation at the maximal ideal corresponding to

Z(g) =~ Sym(h)": < Sym(h) > C.

Corollary 3.3. Every object M of O splits as a direct sum

M~ & My,
Xx€Spec(Z(g))

where Z(g) acts on each My, via some power of the mazimal ideal corresponding to x. For a
morphism M — N, the components My, — N+ for x # X' are 0.

One can reformulate the above corollary by saying that category O splits into a direct sum of
blocks, denoted O, parametrized by points of Spec(Z(g)). By definition, O, is the subcategory
of O, consisting of modules, on which the center Z(g) acts by the generalized character .

Let us denote by h//W the algebraic variety Spec (Sym([))W“), which we identify with
Spec(Z(g)) by the Harish-Chandra isomorphism, and let w denote the natural map h — b//W.
Let us recall the following general assertion from algebraic geometry/Galois theory:

Lemma 3.4. Let T’ be a finite group acting on an affine scheme X := Spec(A). Denote by
X//T the scheme Spec(ALY). We have:

(1) The morphism X — X/ /T is finite.

(2) C-points of X//T are in bijection with T'-orbits on the set of C-points of X.

Hence, we obtain that points of h//W are in bijection with W-orbits on h under the dotted
action. lL.e.,

(3.1) w\) =w(p) e peW:- A\

Proposition 3.5. If L, is is isomorphic to a subquotient of My, then p = w - X for some
weW.

Proof. Being a quotient of M,,, the module L, belongs to Og(,. If it is also a subquotient of
My, then it also belongs to Oy (y). By (3.1) we arrive to the assertion of the corollary.
O

Finally, we are ready to prove the following:
Theorem 3.6. Every object of O has a finite length.

Proof. By Proposition 1.18, it is enough to show that the Verma module M, has a finite length
for every A. By Corollary 3.5 its only possible irreducible subquotients are of the form L.y for
w € W, in particular there is only a finite number of them.

Hence, it suffices to show that for each p the multiplicity [L,, M,] is a priori bounded. The
latter means by definition that whenever we have a filtration M) = UM;, then the number of

K2
indices ¢, for which L,, is isomorphic to a subquotient of M;/M;_1, is bounded.
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Indeed, since L, (p) ~ C, the above multiplicity cannot exceed dim(My(p)), and the latter
is finite by Corollary 1.7.
g

3.7. Dominance and anti-dominance.

Definition 3.8. We shall say that a weight A € §* is dominant if
(3.2) W) = A ¢ {Q — 0}

For any w e W.

We shall say that A is anti-dominant if —\ is dominant. Here is an explicit combinatorial
description of the dominace/anti-dominance condition:

Theorem 3.9. A weight X\ is dominant if and only if for all « € AT,
(3.3) (N a)y #—1,-2, ...

The proof relies on the combinatorics of the affine Weyl group, and will be omitted. (We
will not use this theorem explicitly.) Nonetheless, let us analyze some particular cases. First,
we claim that the condition stated in the theorem is necessary for dominance:

Indeed, if for some o € AT,

(M a)=neN,
then
Sa(A) =A+n-q,

contradicting the dominance assumption. Hence, the statement of the theorem is that it is
enough to check (3.2) only for the reflections in W.

Assume now that A is integral, i.e., (A, &) € Z for all roots a. Since every positive root is a
sum of simple roots with non-negative integral coefficients, it is enough to check (3.3) for the
simple roots, in which case it becomes equivalent to A being inside the dominant Weyl chamber.
Let us prove that in the latter case (3.2) holds:

Proof. Suppose that w(A\) = A+ v with v € Q*. Consider the W-invariant scalar product (-, -)
on h. We have:

AMA) = (wA),wN) = A+, A +v) =N + (v, v) + 2\ v).
However, (v,v) > 0, and (\,v) > 0, since

(@, )

(Ava) = <)‘7d> ’ 2

This is a contradiction.
O

Finally, to get a hint of what the argument proving Theorem 3.9 in the general case is,
assume that A is such that

(\a) ¢z

for any «. In this case we claim that w()\) — A ¢ @Q (here @ denotes the root lattice, i.e., the
integral span of simple roots).
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Proof. Since we are dealing with a linear algebra problem defined over Q, we can replace the
field C by R, i.e., we can assume that A is real.

Consider the affine Weyl group W, sy = W x @, which acts naturally on h*. This is a group
generated by reflections parametrized by pairs (o € AT, n € Z), where each such reflection acts
as follows:

)\l—>)\—a~(</\,d>—n).

The fixed loci of these reflections are affine hyperplanes in h*. The connected components of
the complement to their union in by are called open alcoves. Their closures are called alcoves.
The condition on A implies that it belongs to the interior of one of the alcoves. The claim

now follows from the fact that each alcove is a fundamental domain for W ¢y.
O

Proposition 3.10.

(1) Assume that X € b* is such that A+ p is dominant. Then the Verma module M) is projective
as an object of O.

(2) Assume that A € b* is such that A + p is anti-dominant. Then the Verma module My is
irreducible.

Proof. Assume first that A 4 p is anti-dominant. If M) wasn’t irreducible, it would contain at
least one irredicuble submodule, i.e., we have a map L, — V), for some p # A. Since L, and
M) must belong to the same O,, we obtain that p € W - A, or, equivalently, 1+ p = w(A + p)
for some w € W.

However, since p is among the weights of My, we obtain 4 € A — (QT — 0), and hence
(u+p) € (A+p) — (QF —0). This contradicts the assumption on A + p.

Assume now that A+ p is dominant, and let M — M), be a surjection. To show that it splits,
we need to find a vector v € M of weight )\, and which is annihilated by n*, and which maps
to vy under the above map.

First, we may assume that M is acted on by the same generalized central character as M},
i.e., that M € Og(y). Secondly, since the action of h on M is semi-simple, there always exists
some vector v of weight A mapping to vy. We claim that v is automatically annihilated by n™.

Indeed, let us look at the vector space U(n™) - v C M. By Lemma 1.17, this vector space
contains a vector, denote it w, annihilated by n™. The weight of this vector, call it p, belongs
to A+ (Q1 —0). We obtain that there exists a non-zero map M,, — M, and we claim that this
is a contradiction:

On the one hand, (u+ p) € (A +p) + (@ —0), and on the other hand (u+ p) € W(X + p),
contradicting the assumption on A + p.

O

3.11. Behavior of O, for various x. Consider first the case when x = w(—p). The Verma
module M_, is both irreducible and projective, and it is the only irreducible object in O,.
Hence, this category is equivalent to that of finite-dimensional vector spaces.

Let now A be such that (\,&) ¢ Z for any o € A*, and take x = @()). Since
(si- A a) = (A si(@)) — (i, @),
we obtain that the for all p € W - A,

(n, ) ¢ Z,
in particular, all these weights are distinct, and p + p are both dominant and anti-dominant.
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Hence, we have a collection of [W] distinct objects M, € Oy, p € W - A, all of which are
irreducible and projective. Hence, O, is still semi-simple and is equivalent to the direct sum of
|W| many copies of the category of finite-dimensional vector spaces.

Let us now consider another extreme (and the most interesting) case, when x = w(\), where
A is such that
(A a) € 220,
For example, A = 0 is such a weight.
The weight A + p is regular and belongs to the dominant Weyl chamber, i.e., all w - A are all
distinct. In particular, the irreducibles L,, u € W - X are pairwise non-isomorphic.

Proposition 3.12. Under the above circumstances the category O, is indecomposable, i.e., it
can’t be non-trivially represented as a direct sum of abelian subcategories.

Proof. Let € be an Artinian abelian category, which is equivalent to a direct sum C; & Cs.
Then the set Irr(C) of isomorphism classes of irreducible objects in € can be decomposed as
a union Irr(Cy) U Irr(Cz), since no irreducible can belong to both €; and Cz. Moreover, no
indecomposable object of € can contain elements of both Irr(C;) and Irr(Cq) in its Jordan-
Holder series.

Hence, the proposition follows from either point (1) or point (2) of the next lemma:

Lemma 3.13.
(1) The object My contains every other M,, as a submodule.

(2) Every M, contains My,.x as a submodule, where wq is the longest element in the Weyl
group.

Indeed, using point (1), the assertion follows from the fact that M) is indecomposable (be-
cause it has a unique irreducible quotient by Theorem 1.11), and that L, is a quotient of M,,.
Hence, if we had a decomposition O, = C; @ €, with Ly € Irr(C;), we would obtain that all
other L, also belong to Irr(Cy).

Using point (2) of the lemma, we obtain that if we had a decomposition O, = €; & Cs with
Ly,.x € Irr(€Cq), then L, € Irr(Cy) for all other p.

O

Proof. (of the lemma)
Let s;, - 84, 4 * - Siy - Siy be a reduced expression of some element w € W. Let us denote
by w”*, k =0, ...,n the elements

Sip, * Sig_y * e Sin * Siys
ie, w"” =wand v = 1.
We claim, by induction, that for each k, there exists an embedding
Mk — Myk—1.y.
Indeed, by Lemma 2.15, it is enough to show that
(W10 + i) = (W A+ p), ) = (A4 py (w71 7 (a3,)) €N,

Note for each k the string s;, - 8i, - ... - Si,_, - Si, is a reduced expression for (w*=1)~1. s, =
(w*)~1. In particular (w*~1)71(;,) € AT. Hence, our assertion follows from the assumption
on A+ p.

O

Let us now present a slightly different argument proving point (2) of the lemma:
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Proof. Let L, be an irreducible submodule of M,. This implies that there is a non-zero
map M,, — M,. But any map between Verma modules is an injection, since U(n~) has no
zero-divisors. Hence, M,, ~ L/, in particular, M, is irreducible. We claim that pu' + p is
anti-dominant, and, hence, must equal wg(\ + p), since the latter is the only anti-dominant
weight in the orbit.

Indeed, consider (i’ + p, &;) for all simple roots «;. All these numbers are non-zero integers,
and if one of them was positive, we would have that M, contains M., as a submodule, by

Lemma 2.15, contradicting the irreducibility.
O

3.14. Contragredient duality. Let g-mod? *° be the full subcategory of g-mod consisting
of objects, on which the action of f is semi-simple. If M is such a module we will denote by
@ M(p) its decomposition into weight spaces.

”w

Consider the full linear dual M* of M; it is naturally a g-module.

Lemma 3.15.

(1) For a g-module M and a Lie subalgebra b C g, the mazimal subspace of M, on which the
action of b is locally finite, is g-stable.

(2) For M € g-mod" %, the mazimal subspace of M* on which the action of & is locally finite

Proof. For point (1), if V. C M is a finite-dimensional h-stable subspace, then g -V is still
finite-dimensional and h-stable.
Point (2) is obvious.
O

Let 7 be the Cartan involution on g. This is the unique automorphism of g, which acts as
—1 on b, and maps b to b=. For M € g-mod”~**, we define another object MY € g-mod?~**
to be @M(u)* as a vector space, with the action of g (which is well-defined by the previous

"

lemma), twisted by 7.
Evidently, M — MV is a well-defined, contravariant and exact functor

g-mod”~** — g-mod" %%,
Theorem 3.16. If M belongs to O, then so does MV .

Before giving a proof, let us make the following observation. Let g—modh_ss’f 4 be the full
subcategory of g-mod”~**, defined by the condition that the weight spaces M(u) are finite-
dimensional. Evidently, this subcategory is preserved by M — MVY; in fact MY () =~ M(u)*;
moreover,

(3.4) (M) ~ M.

Therefore, the above functor is a contravariant self-equivalence of g-modhfss’f 4 Since O C
g-modhfss’f 4 Theorem 3.16 implies that the contragredient duality induces a contravariant
self-equivalence of O as well.

Proof. (of the theorem)
By Theorem 3.6, the assertion of the theorem follows from the next proposition:

Proposition 3.17. For any \ € b*, there exists an isomorphism LY ~ Ly.
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Proof. (of the proposition)

By (3.4), the g-module LY is irreducible. Hence, by Theorem 1.11, it suffices to construct
a non-trivial map My — LY. The latter amounts to finding a vector of weight X, which is
annihilated by nt.

Consider the functional My — C, given by the projection on the A-weight space. In fact, it
factors through

(35) M)\HM)\/Tli'M)\—)(C.
By the construction of Ly, the above functional also factors through
My — Ly — C.

By (3.5), the resulting functional on Ly is 0 on the subspace n~ - Ly C L.
When we view this functional as an element of L3, it belongs to Ly(A)*, and hence to LY (\).
Moreover, since
(M/n™ - M)" =~ (M),
from the definition of 7, we obtain that the resulting vector in LY is annihilated by n™.
O

3.18. Dual Verma modules. We shall now study the modules M} for A € h*. First, let us
characterize these modules functorially:

Lemma 3.19. For M € g-mod’~*$/%, 2 the space Hom (M, MY') is canonically isomorphic to
the space of functionals M- (\) — C.

In the above formula, the subscript n~ designates n~-coinvariants, i.e., the space M/n~ - M.

Proof. The space of all functionals M(\) — C is of course isomorphic to MY (\). The condition
that such a functional factors through M — M/n~ - M — C is equivalent to the fact that the
corresonding vector of MV is annihilated by nT. The latter space identifies by the definition of
Verma modules with Hom (M, MY).

Since contragredient duality is a self-equivalence of g-mo

Hom(M, M) ~ Hom(M,, M),

d" =574 we have:

implying the assertion of the lemma.

We shall now study how Verma modules interact with contragredient Verma modules.

Theorem 3.20.
(1) The module My’ has Ly as its unique irreducible submodule.
(2) Hom(Mx, MY) ~ C, such that 1 € C corresponds to the composition

M)\—»L)\;)M)\\/.

(3) For A # p,
Hom(My, M,]) = 0.

(4) Extl,(Mx, M) =0 for all \, p.

2A slightly more careful analysis shows that the assertion remains valid more generally for any M €
h—ss
g-mod .
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Proof. Point (1) follows from Proposition 3.17, combined with Theorem 1.11, since M — MV is
an equivalence. To calculate Hom(My, M l\f ) we will use Lemma 3.19. We obtain that the above
Hom equals the space of functionals on M), which are non-zero only on the weight component
My (p), and which are 0 on n™ - M.

However, since M), is free over n™,

My ~ (n~ - My) ®C*,
implying both (2) and (3).
To prove (4), let
(3.6) 0— M, —=N—M, -0
be a short exact sequence, and we need to show that it splits.

From Lemma 3.19, we have a canonical b~ -invariant functional M, /l/ — C#, and let N denote
its kernel. Consider also the short exact sequence of b~ -modules:

(3.7 0—CH—N/N — M, —0.

We claim that splitting (3.6) as g-modules is equivalent to splitting (3.7) as b~ -modules.
Indeed, this follows immediately from Lemma 3.19.

Since M), is free as a n~-module generated by vy, splitting (3.7) as b~ -modules amounts to
finding in N/N’ a vector of weight A. This is possible, since the action of h on N, and hence on
N’, is semi-simple.

O

We would now like to describe how dual Verma modules look as vector spaces with a nt-
action , parallel to the description of My as U(n™) as a n~-module.

Let NT be the algebraic group, corresponding to n™. The category of its algebraic repre-
sentations is (more or less by definition) equivalent to the subcategory of n™-mod, consisting
of locally nilpotent representations.

Let Fun(N™) be the space of regular functions on NT; this is an N T-representation under
the action of N on itself by left translations. For any other V € Rep(NT), we have:

(3.8) Hompy+(V,Fun(N*1)) =~ Homy et (V,C).
Proposition 3.21. For any X\, we have an isomorphism of nt-modules:
My ~Fun(NT).

Proof. The action of n™ on every object of O is locally nilpotent by Lemma 1.17, hence we can
regard it as an object of Rep(N1).

Consider the canonical map vy : My — C, and let
(3.9) My — Fun(N™)
be the map that corresponds to it by (3.8). We claim that the latter is an isomorphism.

First, we claim that it is injective. Suppose not, and let N be its kernel. Then N is the
collection of all vectors ¢» € MY, such that vy (U(n*) . w) = 0. This subspace is clearly b-

stable. It identifies with the set of functionals ¢ : M — C, which are non-zero on finitely many
weight subspaces, such that

1/)<U(n_) : m) —0.

However, since vy generates M) over n—, the latter space is zero.
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To prove that the map (3.9) is surjective we will count dimensions. Consider the adjoint
action of H on N*t. It is easy to see that (3.9) maps MY (u+ A) to Fun(N 1) (), so it is enough
to check that

dim(Fun(N)(p)) = dim(My (u + N)).
Note that the latter equals
dim(M(p + A)) = dim(U (n7)(p)) = dim(Sym(n~)(p))-
As an H-scheme, N7 is isomorphic to its Lie algebra n™ under the exponential map. Hence,
dim(Fun(N+) (1)) = dim(Fun(n*) (1)) = dim(Sym(n~) (1))
U

Working out the details of the proof of the following theorem (which will be proved by
another method later) is a good exercise:

Theorem 3.22. Extyy (M, M,)/) =0 for all \, pi.
Proof.

Step 1. Since O is a full subcategory of g-mod” **, which is stable under extensions, the
natural map
Exty(Mx, M) — Eat, (Mx, M)

g-modb—ss

is an embedding.

Step 2. We claim that for any M € g-mod” % and any i,
Exti (M, M) =~ (Hi(nt M)) ),

g-mod?—ss

where we are using the fact that the Lie algebra cohomology with respect to n™ of a module,
endowed with an action of b, carries an action of h; and if the initial action of h C b was
semi-simple, then so is the action on cohomology.

Step 3. The Lie algebra cohomology H*(n*, Fun(N')) vanishes for i > 0.
O

Remark As we shall see later, Extly (M), Ml) = 0 for all ¢ > 0, but the above proof doesn’t
give that, since the maps

Extly(Mx, M) — Euxt!

g-mod

h—ss (M)w Ml)

are not a priori embeddings for i > 3.

4. PROJECTIVE OBJECTS IN O

4.1. Construction of projectives. Recall that an object P of an abelian category C is called
projective if the functor € — Ab : M — Hom(P,M) is exact. We say that C has enough
projectives if every object of C admits a surjection from a projective one.

Theorem 4.2. The category O has enough projectives.

Proof. It is enough to show that each of the categories O, has enough projectives, so from now
on we will fix .

Consider the functor on O, that attaches to a module M the vector space M(u) for some
weight p. We claim that this functor is representable (by an object that we will denote P, , ).
We claim that this implies the theorem:
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Indeed, since the above functor is evidently exact, P, , is projective. For any object M € O,
we have a surjection of g-modules

OP,r © M) — M.
n

Since M, being an object of O, is finitely generated, in the above infinite direct sum one can
find a direct sum over finitely many indices, such that its map to M will still be surjective.

Let us now prove the representability assertion. (This will basically repeat the proof of
Proposition 3.10(1).) For an integer n, consider the quotient of U(g) be the left ideal, generated
by elements of the form = — u(z), z € b, and x1 - ... - T, z; € nT. Let us denote the resulting
module by M, ,,; for n = 1 we recove the Verma module M,,. As in the case of Verma modules,
we show that M, ,, belongs to O. For a given x, let M, ,, , be the corresponding direct summand
of My, n.

We claim that for fixed p and x and n large enough, the module M, ,, , will represent the
functor M — M(p) on O,.

Indeed, for any object M € O, the set Hom(M ,,, M) is isomorphic to the set of elements
of M(p), which are annihilated by any z1 - ... - 2,,, 2; € nT. We claim that for a fixed p and ¥,
any vector in M(u) has this property, provided that n is large enough.

Let A1, ..., Ak be the set of weights such that w()\;) = x. Let N a positive integer such that
for no index 4

N < </\Z - K ﬁ>v
where we regard the inequality as empty unless the RHS is an integer. We claim that any
n > N will do.

Indeed, suppose that v’ := x - ... -z, - v # 0 for some v € M(u). Then there exists a vector
v” € U(nT) - o', which is annihilated by n*. Let p’ (resp., ”’) denote the weight of v (resp.,
v"). We have p/ — i/ € Q% — 0, and

(W' =p'sp) > = p) = n.

However, by assumption, x4 must be one of the weights Ay, ..., A\g, which is a contradiction.
O

4.3. Standard filtrations. We shall say that an object of O admits a standard filtration if it
it admits a filtration whose subquotients are isomorphic to Verma modules. Later we shall give
an intrinsic characterization of objects that admit a standard filtration.

Theorem 4.4. FEvery projective object of O admits a standard filtration.

Proof. Let us recall the objects M, ,, introduced in the course of the proof of Theorem 4.2.
(Note that these modules are not in general projective.) However, every projective object of
O is a direct summand of a direct sum of some M, ,,. The assertion of the theorem follows,
therefore, from the next two assertions:

Lemma 4.5. Each M, , admits a standard filtration.

Lemma 4.6. A direct summand of an object admitting a standard filtration itself admits a
standard filtration.

O

Proof. (of Lemma 4.5)
Let U(n)*™ denote the augmentation ideal of U(n), i.e., n- U(n) = U(n) - n. We have:
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where I,, C U(b) is the left (in fact two-sided) ideal equal to
(U()")" - ker(U(h) — C),

where the map U(f) — C is the homomorphism corresponding to the character u. For each n
we have an inclusion I, C I,,_1, and the quotient is a b-module, on which n acts trivially, and
b acts as on Sym"(n) ® CH.

We have a sequence of surjections,

Mypn—> Myn1—» Myp_o—» ... M,

whose kernels, by the above, are isomorphic to direct sums of modules of the form M, ,,
veQr.
O

Proof. (of Lemma 4.6)

We shall first prove the following auxiliary assertion:

Let M be an object of O that admits a standard filtration. Let A be a mazimal weight with
respect to the order relation < on h* among the weights of M (Le., for no p with M(u) # 0
we have p — A € QT — 0.) Let v be a vector of weight A\. (The above condition implies that
nt .y = 0.) We claim that the resulting map M, — M is an embedding, and the quotient
M/M) also admits a standard filtration.

Indeed, let M; be the standard filtration, and let ¢ be the minimal index for which the image
of M) belongs to M;. Hence, the map My — M’ := M;/M;_; is non-trivial. However, M’
is isomorphic to some M,,. The condition on A implies that ;1 = A; in particular, the map
My — M’ is an isomorphism. Hence, we have a short exact sequence

0— M;—1 — M/Myx — M/M; — 0,
implying our assertion.

Returning to the situation of the lemma, let M = M! @ M? admit a standard filtration.
We shall argue by a decreasing induction on the length of M. Let A be the maximal among
the weights of M. With no restriction of generality, we can assume that M'(\) # 0, and let
M), — M! be the corresponding map.

Consider the composition My — M! — M, and let us apply the above assertion. We obtain
that My — M! is an injection and that M/M) ~ M! /M, & M? admits a standard filtration.
This completes the induction step.

O

Corollary 4.7. (of the proof) Let M — M,, be a surjection, where M is a module that admits
a standard filtration. Then the kernel of this map also admits a standard filtration.

Proof. Let A be the maximal among the weights of M, and let My C M be the corresponding
submodule. If A # pu, then the composed map My — M — M, is 0, by the maximality
assumption. Hence, we have a surjection M/My — M, and we argue by induction.

If X = p, we have ker(M — M,,) >~ M/M,, and we are done.

4.8. More on dual Verma modules.
Proposition 4.9. Ext'(My,M,)) =0 for all i > 0 and all A, .

Proof. We will argue by induction on ¢. By Theorem 3.20, the assertion holds for ¢ = 1. Let
us perform the induction step. By the long exact sequence, Extly (M, M, /) =0 for any M that
admits a standard filtration.
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Let P be a projective module that surjects on M,. By Corollary 4.7, the kernel M of this
surjection admits a standard filtration. We have a long exact sequence:

.. = Baty(M, M))) — Ext ™ (My, M) — Extm (P, M) — ...
However, Extly(M, M) = 0 by the induction hypothesis, and Exty (P, M) = 0, since P
is projective. Hence, Eactgrl(M)\7 M:{) =0.
g

Here is an intrinsic characterization of objects that admit a standard filtration:

Proposition 4.10. For an object M € O the following conditions are equivalent:

(1) M admits a standard filtration.

(2) Batly(M, M))) =0 for any p and i > 0.

(3) Exty(M, M))) =0 for any p.

Remark. Note that the proof given below uses only the following information from the previous
proposition: namely, that Ext'(My, M) =0 for i = 1,2

Proof. The previous proposition implies that (1) = (2). The fact that (2) implies (3) is a
tautology. Let us show that (3) implies (1). We will argue by induction on the length of M.

Let A be the maximal among the weights that appear in M. Then any vector of weight A is
annihilated by n*. Hence, we obtain a well-defined map

My @M(A\) — M,

which induces an isomorphism on the A-weight spaces. Let N7 and Ny be, respectively, the
kernel and cokernel of the above map.

Lemma 4.11. The module N also satisfies Exty (N, M))) =0 for any p.
Proof. We have the following long exact sequence:
.. = R'Homo (M, M,}) — R'Homo(My ® M(X),M))) —
R+ Home ((M,\ © M) — M), M,j) — R Homo (M, M) — ...
Consider this sequence for ¢ = 0. We claim that
Homo (M, M) — Homg(My © M(X), M,/)
is a surjection. Indeed, if p # A, then Hom(MA,Ml) = 0, and we are done. For p = X\ we
claim that the map
Homeo (M, M) — Home (My @ M(X\), M)
is an isomorphism. Indeed, the RHS is isomorphic to M(A)*. The LHS is isomorphic to
n- n-
(M(A)*) , by Lemma 3.19. But (M(A)*) — M(A)* is an isomorphism, by the maximality
assumption on .

Therefore, since Exty (M, M ) =0, from the above long exact sequence we obtain that
R'Home ((MA ® M(A) — M), M:) —0.

Consider now another long exact sequence:

.. — R'""?Homo (N1, M)}) — R'Homo(Na, M))) —

RiHome ((MA ® M) — M), Ml) — Ri™ Homo(N1, M) — R Homo(Na, M) — ...
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Applying it for i = 1 we obtain that Exty(Na, M) injects into R* Homg ((MA @M(A) —

M), Ml\f) = 0, implying the assertion of the lemma.
O

By the induction hypothesis, we obtain that Ny admits a standard filtration; in particular,
Ext?(Ny, Ml) = 0 for any p. To finish the proof of the proposition, it suffices to show that
Hom(Ny, M,/) = 0 for all p.

Consider the second long exact sequence appearing in the above lemma for ¢ = 1. Our
assertion follows from:

Ext*>(Ng, M)/) = 0 and R' Homg ((M)\ ®@M\) — MLM;’) =0

both of which have been established above.
O

4.12. Formal properties of O. One can formalize much of the above discussion as follows.
Let € be an Artinian category, whose set of irreducibles Irr(C) is endowed with a partial ordering
that we denote by <.

Suppose that for each \ € Irr(€) we are given two objects My, and M) and a diagram

M>\ —» L)\ — M)\\/,
where Ly denotes the corresponding irreducible. Moreover, we assume the following:
e (1) Ly is the unique irreducible quotient object (resp., sub-object) of M) (resp., MY).
e (2) The Jordan-Holder series ker(My — Ly) (resp., coker(Ly — M)')) consists of L,
with g < A in the above order relation.
* (3) Eat'(My,M,)/) =0 for i = 1,2 and all A,y € Trr(€).
Then the following assertions hold:

Proposition 4.13.
e (1) Ext'(My,L,) =0 and Ext'(L,, MyY) =0 fori >0 and pn < \.
o (2) Ext'(My, M) =0 fori>0 and all A, p.
e (3) An object M € C admits a standard (resp., co-standard) filtration if and only if
Ext' (M, M)}) =0 (resp., Ext'(M,,,M) =0) for all p.

Henceforth, we will continue to work with the usual category O, but all the assertions of
categorical nature will be valid in this more general framework.

4.14. BGG reciprocity. Let us fix x € h//W and consider the category O,. This is an
Artinian category with finitely many irreducibles and enough projectives.

Lemma 4.15. Any such category C is equivalent to that of finite-dimensional modules over a
finite-dimensional associative algebra.

Proof. Let L, a € A be the irreducibles of €. For each « let P, be a projective that maps
non-trivially to L,. Then P := ® P, is a projective generator of C, i.e., the functor € — Vect:
«

(4.1) M — Hom(P,M)

is exact and faithful. Note also that dim(Hom(M;,Mz)) < oo, by Artinianness. In particular,
the algebra End(P) is finite-dimensional.
Under the above circumstances, it is easy to see that the functor (4.1) defines an equivalence
between € and the category of finite-dimensional right modules over End(P).
O
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As in any Artinian category with enough projectives, every irreducible Ly admits a projec-
tive cover. lL.e., there exists an indecomposable projective object Py, which surjects onto L.
Moreover,

(4.2) Hom(Py,L,) =0 for p # .
Note that Py is defined up to (a non-unique !) isomorphism.

By Theorem 4.4, Py admits a filtration, whose subquotients are isomorphic to Verma mod-
ules. Let us denote by mult(M,,, Py) the number of occurences of M, as a subquotient in any
such filtration.

Theorem 4.16. (BGG reciprocity) mult(M,,, Py) = [Lx : M/].

The notation [Ly : M| means the multiplicity of the irreducible Ly in the Jordan-Hoélder
series of a module M. Before giving a proof, let us make several remarks.

Consider the Grothendieck group of the category O. On the one hand, this is a free abelian
group with a basis given by the classes of Ly. On the other hand, since

M) = [La]+ 2 (2]

we obtain that the elements [M,] also form a basis for K(0). The transition matrix between
these two bases, i.e., the matrix

(A ) = [ = M|

is called the Kazhdan-Lusztig matrix of the category.

In addition, since LY ~ Ly, we obtain that [M"] = [M] for any M. In particular, M has
the same Jordan-Holder series as M.

Finally, let us note that from Theorem 4.16 we obtain that

[Pl =[Ma] + 2 [My],

i.e., the elements [P)] also form a basis for K(O), numbered by the same set. Thus, Theorem 4.16
can be viewed as expressing a certain relation between the two transition matrices.

Proof. (of the theorem)
For A and p as in the theorem, consider the vector space

Hom(PMM;Y)-

We claim that its dimension equals both mult(M,,, Py) and [Ly : M,/]. This follows from the
next two lemmas:

Lemma 4.17. Let M be an object of O that admits a standard filtartion. Then mult(M,,, M) =
dim(Hom (M, M)/)).

Lemma 4.18. For any N € O,
dim(Hom(Py,N)) = [Lx : N].

The first lemma uses Proposition 4.9, and the second lemma follows from (4.2).
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4.19. Some examples. Note that [L, : M, /] can be non-zero only when p < p/ and w(y) =
x = w(p'). Let us consider the case when y = w(A) with A dominant integral.

Proposition 4.20. For any w € W,

[LwO-A,Mw-/\] =1 and [Lw,,\,MA] > 1.
Proof. Let us return to the proof of Lemma 3.13. The fact that there exist embeddings

Lg-n = Myy.n — My — M)y

implies that

[Lw(y)uMur)\} > 1 and [Lw-)\aM)\} > 1

It remains to show that My.»/My,.» does not contain M,,,.» as a subquotient. This follows

from an argument involving the notion of functional dimension:

We claim that to any finitely generated g-module M we can assign an integer, called its
functional dimension. Namely, we can choose a filtration on M by vector subspaces M;, i € Z=°,
such that g-M; € M,;+1, and such that gr(M), regarded as a module over gr(U(g)) ~ Sym(g),
is finitely generated. Such a filtration is called a ”good” filtration. We set dim(M) to be
dim(gr(M)) in the algebro-geometric sense, i.e., the dimension of its support.

Theorem 4.21. dim(M) is independent of the choice of a "good” filtration.

If M’ is a g-submodule of M and M; is a good filtration on M. Since the algebra Sym(g) is
Noetherian, M} := M’ N M; is a good filtration on M’. From this it follows that

dim(M) = max (dim(M’), dim(M /M’)) .

Take M = M, realized as U(g) ® C*. The PBW filtration on U(g) induces a filtration on
U(b)

M), such that gr(My) ~ Sym(g/b) ~ Sym(n~). Hence, dim(M,) = dim(n~) for any A.

To prove the assertion of the proposition it remains to show that dim(My/M’) < dim(n™)
for any proper submodule M’ C M.

Indeed, for any such M’ and the above choice of a ”good” filtration on M), the Sym(g)-
module gr(M,/M') is a proper quotient of Sym(g/b). But since Spec(Sym(g/b)) ~ n is irre-
ducible as an algebraic variety, any of its proper sub-schemes has a strictly smaller dimension.

O

Exercise. Deduce from the above argument that any Verma module M, contains a unique
irreducible submodule, which is itself isomorphic to a Verma module. (Do not confuse this fact
with the uniqueness of an irreducible quotient of a Verma module.)

This following result, which we shall neither prove nor use gives a necessary and sufficient
condition for [L,,, M,] to be non-zero.
Theorem 4.22. The following conditions are equivalent:
(1) My contains M,, as a submodule.
(2) My contains L,, as a subquotient.
(3) There exists a sequence of weights X = [1o, 1, -, fn—1, bn, = K, Such that w41 = sg, - p; for
some B € AT and (u;, ;) € 7Z20.

Exercise. Combine this theorem with Theorem 4.16 to show that the conditions stated in
Proposition 3.10 are in fact ”if and only if”.
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4.23. Translation functors. Let V' be a finite dimensional g-module. We can consider the
functor Ty : g-mod — g-mod given by

M—MV.

Evidently, this functor sends O to itself. This functor is exact, and its (both left and right)
adjoint is given by Ty, where V* is the dual representations. In particular, Ty sends projectives
to projectives and injectives to injectives.

Lemma 4.24. The module My ® V' admits a filtration, whose subquotients are isomorphic to
My, Moreover,

mult(Myq,, My ® V) = dim(V (p)).

Proof. We have:

M@V ~U(g) @ (VeoC?,
U(b)
where V is regarded as a b-module. (This is a general fact about the induction functor.)
There exists a b-stable filtration F;(V) on V with 1-dimensional quotients. The occurence of

CH as a subquotient of this filtration equals dim(V (1)). Hence, the induced filtration U(g) ®
U(b)

(F;(V) ®C*) on My ® V has the required properties.
O

Let x1, x2 be two points of h*//W. Consider the composition:

T 0y, 250 0% 0

X1,Vix2 X2

where 7,, and p,, denote the embedding of O,, into O and the projection onto O,,, respectively.
This functor is also exact, and its (left and right) adjoint is given by Ty, v+ ;-

Lemma 4.25. Let x; = w(\;), i =1,2. Then T, v,y, = 0 unless there exist wi,we € W and
w € b* with V(u) # 0, such that wy - Ay = wa - Ag + p.

Proof. We claim that unless the condition of the lemma is satisfied, then T}, vy, (M) = 0 for
any A, such that My € O,,. This follows from Lemma 4.24.
Hence, in this case Ty, vy, (Lx) = 0 for all irreducibles Ly € Oy, since Ty, v,y, is exact.
Again, by exactness, this implies that T}, v,,(M) = 0 for all M € O,,.
O

We shall now use the functors Ty to compare the categories O, for different x’s.

Let A be dominant and let u be a dominant integral weight. Set x; := w(A) and x2 =
w(A+ p). Let V# be the irreducible finite-dimensional g-module with highest weight .

Theorem 4.26. Under the above circumstances, the functors Ty, vu x, and Ty, (vuy« , define
mutually quasi-inverse equivalences

Oy, & 0Oy,.
Proof.

Lemma 4.27. Let F,G : C; < Gy be mutually adjoint exact functors between Artinian abelian
categories. Then F and G are mutually quasi-inverse equivalences if and only if they define
mutually inverse isomorphisms on the level of Grothendieck groups.
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Proof. Let G be the right adjoint of F, and consider the adjunction map
M — F(G(M)).
We want to show that this map is an isomorphism. First, we claim that it is injective. Indeed,

since G is conservative (i.e., sends no non-zero object to zero), it is enough to check that
G(M) — G(F(G(M))) is injective. But the composition

G(M) — G(F(G(M))) — G(M)

is the identity map by the adjunction property.
Since now [M] = [F(G(M))], we obtain that M — F(G(M)) is an isomorphism. The fact that
the second adjunction G(F(N)) — N is an isomorphism follows by the same argument.

O
Thus, to prove the proposition it is sufficient to show that for any w € W we have:
(4.3) (T1.vi o (Muwn)] = [Mu.(a)] and [Ty, (vinys ey (M- (3e) )] = [Muw-a]-
By Lemma 4.24, the first equality is equivalent to showing that
(4.4) w- A+ p =w (A +p)

with V#(u') # 0 implies w’ = w and p’ = w(u).
For i/ as above we have p — (w')~}(¢/) € QT. Hence, from (4.4) and the fact that A + p is
dominant we obtain that g/ = w'(u) and w’ - A =w - A.
But the fact that A is dominant implies that (A + p, &) # 0 for « € AT. Hence, w'- A = w- A
implies w’ = w.
The analysis of the second equality in (4.3) is similar.
0

We shall now consider the translation functor Ty, v,y, for x1 = @w(—p) and x2 = w(A) with
A being dominant integral. Set V = VA7,

Recall that Oy, contains a unique irreducible object, M_,, which is both projective and
injective. Let us denote Ty, v, (M_,) € Oy, by Ex. We obtain that =y is both injective and
projective. This is "the most interesting” object of Oz y).

Proposition 4.28. =, is indecomposable and is isomorphic to Py,.x.

Proof. First, we claim that =) contains P,,. as a direct summand. To see this, it is sufficient to
show that Hom(Zx, Luw,.») # 0. However, by the construction of the filtration on M_, ® yAte
in Lemma 4.24, this module admits M_, . (A +p) = Muw,-A as a quotient.

Hence, it remains to see that for all w € W.

mult(Mw.,\, E,\) e rnult(Mw.)\, Pw(y)\)-

By Theorem 4.16 and Proposition 4.20, it is sufficient to see that the LHS of the above equation
equals 1 for all w € W. However, the latter fact follows from Lemma 4.24.
O

Exercise. Show that w = wq is the only element of W for which the projective module P,,.»
is also injective.
5. BASICs OF D-MODULES

The best existing reference for D-modules is a course by J. Bernstein that can be downloaded
from www.math.uchicago.edu/~arinkin/langlands.
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5.1. Differential operators. Let X be a smooth affine algebraic variety over C (or any other
field of char. 0). We define the notion of differential operator on X inductively:

A linear map D : Ox — Oy is a differential operator of order k (k > 0) if its commutator with
the operation of multiplication by any function f € Oy, i.e., [D, f], is a differential operator of
order k — 1.

We will denote the vector space of differential operators of order k on X by D(X);. We have
the natural inclusions ©(X);_1 — D(X). The union LEI’D(X)k will be denoted by ©(X).

For example, the operator given by multiplication by a function is a differential operator of
order 0. For a vector field &, the operator f — £(f) is a differential operator of order 1. A
product of differential operators of orders ki and ks is a differential operator of order ki + ko;
hence ®(X) is a filtered C-algebra. For D; € ©(X)y,, ¢ = 1, 2, the commutator [Dy, Ds] belongs
t0 ®(X )k, +k,—1. Hence, gr(®(X)) is a commutative O x-algebra.

Proposition 5.2.

(1) The above map Ox — D(X)g is an isomorphism.

(2) The map Ox ® Tx — D(X)1 is also an isomorphism.

(3) (Here we need that X to be smooth.) The associated graded algebra gr(Dx) is isomorphic
to Symy, (T'x).

Proof. We construct the inverese map D (X)o — Ox by sending D — D(1) € Ox.

Given a differential operator D of order 1, we associate to it an element of Ox & Tx as
follows. The Ox-component equals D(1). The Tx-component is supposed to be a derivation
Ox — Ox and we set it to be

fr=1D, fl € D(X)o =~ Ox.

Thus, we have a map Tx — gr'(D(X)), which is easily seen to be O x-linear. This gives rise
to a map

Symg, (Tx) — gr(Dx).

We construct the inverse map gr'(D(X)) — Sym{ _(Tx) as follows. Given D € D(X);, the
commutator f +— [D, f] defines a C-linear map Ox — ©(X);_1. Moreover, the composed map

Ox = D(X);—1 — gr' 1 (D(X))

is easily seen to be a derivation.
Thus, we obtain a map

D(X)i — Homo, (21(X), &' (D(X))),
which is easily seen to factor through an O x-linear map

ar'(D(X)) — Homo, (2'(X) &'~ (D(X))) = Tx @ &' *(D(X)).

By induction on i we can assume that gri=}(D(X)) ~ Syrnio_x1 (Tx). Then the desired map
is the composition

gr'(D(X)) -~ Tx & Symy ! (Tx) — Symg , (Tx),

where the last arrow is given by multiplication.
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Proposition 5.3. As a ring, D(X) is generated by the elements f € Ox, £ € Tx, subject to
the following relations:

(5.1) fixfo=fi-fo, f¥E=[-& & x&—axbi=[,8], Exf—fxE=E(f),
where x (temporarily) denotes the multiplication in ©(X).

Proof. Let us write down more explicitly how the ring with the above generators and relations
looks like. Consider the Lie algebra, which is Ox @ T'x as a vector space, and the bracket,
denoted, [-, ‘|4 is defined by

[flafﬂ* =0, [gaf]* = g(f)v [51,52]* = [513’52]~

Consider its universal enveloping algebra A’ := U(Ox @ Tx), and let * denote its associative
product. Consider the quotient of A’ by the left (and automatically two-sided) ideal, generated
by the elements of the form

lar —log, fixfo—fi-fo, frE=f-&

(Here 14 denotes the unit of A’, and 1¢, the unit of Ox, considered as a subspace of A’.)
The quotient algebra by this ideal, denoted A, is the one appearing in the statement of the
proposition.

Evidently, we have a map A — ©(X), and we claim that it is an isomorphism. Consider
the filtartion on A, obtained by declaring that Ay equals the image of Ox, and A; equals the
image of Ox @ Tx. The relations (5.1) imply that gr(A) is commutative and that there exists
a surjection

Symg , (Tx) — gr(A).
The map A — D(X) is easily seen to be compatible with filtartions, and the composed map
Symg , (Tx) — gr(A) — gr(9(X))

is the map of (5.2), and hence is an isomorphism. Therefore, the map gr(A) — gr(D(X)) is an
isomorphism, implying that A ~ D(X)
U

Let fi,..., fn be an étale coordinate system on X, i.e., a collection of functions, whose
differentials span T (X) for every € X. Let 0; be the vector fields, defined by (0;, dz;) = (5;
Then, these vector fields commute among themselves, and

Dx ~0x ®(C[817...,8n],
as a left O x-module, and
©X =~ C[ala EES) an] & OX,

as a right O x-module.
For example, let X be the affine space A™ = Spec(Clz1,...,2,]). From Proposition 5.3 we
obtain that ©(A") is generated by the elements x1, ..., 2y, 01, ..., O, with the relations

w1, 23] = 0, [0:,0;), [0, 2;] = 5.

The latter algebra is also referred to as the Weyl algebra, and denoted W,,.
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5.4. Localization of differential operators. By construction, we have a homomorphism of
rings Ox — D(X); in fact, each term of the filtration ®(X); is a O x-bimodule.

Proposition 5.5. Let f be a non-nilpotent function on X, and let Xy be the corresponding

basic open subset. Then:
Ox; ® D(X); 2D(Xyp)i 2D(X); ® Ox,.
OX OX

Proof. We construct the maps
(5.2) Ox, ® D(X)i = D(Xy)i —D(X); ® Ox;
Ox Ox

inductively. Suppose that this has been done for indices j < 4. Since D(X}y); is an Ox,-
bimodule, to define the maps of (5.2) it is sufficient to construct a map of O x-bimodules

(5.3) D(X); — D(X})s.

Given a differential operator D € D(X); we need to be able to act by it on an element ¢’ =
Z € Oxr. We set

fn
D(g)=fT"-f"-D(g)=f"-D(f" g")— " [D, f"](g),
where both terms on the RHS are well-defined, since f*- ¢’ € Ox and [D, f"] € ©(X),;—1 (here
we are using the induction hypothesis).
It is easy to see that the resulting endomorphism of O, is a differential operator of order
i, which does not depend on the choice of n. Moreover, the map of (5.3), defined in this way,
respects the O x-bimodule structure.

To prove that the maps in (5.2) are isomorphisms, it is enough to show that
Ox; ® gr(®(X)) — gr(D(Xy))  gr(D(X)) @ Ox,
X X

are isomorphisms. But this is evident from Proposition 5.2.
O

Exercise. Show that the statement of the above proposition is valid without the assumption
that X be smooth.

Thus, if X is an arbitrary (not necessarily affine) smooth algebraic variety, we can define a
sheaf of algebras ©(X) by setting for an affine U C X,

NU, (X)) :=2(U).
It is quasi-coherent with respect to both (left and right) structures of sheaf of O x-modules on

D(X).

5.6. D-modules. To simplify the notation, we will assume that X is affine, but Proposition 5.5
guarantees that all the notions make sense for any smooth variety.

A left (resp., right) D-module M on X is by definition the same as a left (resp., right) module
over D(X). By Proposition 5.3, a left D-module can be thought of as an O x-module, endowed
with an action of the Lie algebra of vector fields, and such that for m € M, f € Ox, £ € Tk,

Fo(€m)=(F-&)-mand - (f-m)—f-(€-m)=€£(f)-m,
and similarly for right D-modules.
Let us consider some examples.
1) ©(X) is evidently both a left and a right D-module.
2) Ox is a left D-module under D - f = D(f).
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3) Consider %, where n = dim(X). We claim that this is naturally a right D-module. Namely,
we set

w-f=f wandw-&=—Lieg(w).

Exercise. Prove that this is indeed a right D-module!
More generally, for a left D-module M we can define a right D-module M" by M" := M ® Q%
Ox

and
(Mew)-f=me(f -w)and (MOw)-£=—(£-m)Qw —m® Lieg(w).

This defines an equivalence between the categories of left and right D-modules on X. Note
that this equivalence acts non-trivially on the forgetful functor to O x-modules.

4) Take X = A!, and define the D-module "e*” to be isomorphic to Ox ~ C[z] as an O x-
module, with the vector field J, acting by

Oy - Lo gar = 1oy

xr”

where 1».2» € "€*” is the element corresponding to 1 € Ox. (Recognize the differential equation,
satisfied by the exponential function.)

5) Take X = A!—0 and for A € C define the D-module ”2*” to be isomorphic to Ox ~ C[z,z~}]
with the vector field 9, acting by

am . Lva:)\n = A . a’}_l . 1711:)777

where 1.,x» € 2?7 is the element corresponding to 1 € Ox.

Exercise. Show that ”2*” is isomorphic to Ox as a D-module if and only if A € Z.

6) Take M to be the (huge) vector space of generalized functions on the C'*° manifold underlying
X. Define the left action of ®(X) by

f-o=f-0and £ 0= Lies(0).

Exercise. Work out the relation between the notion of solution of a system of linear differential
equations on X and that of D-modules. Hint: given a system of linear differential equations on
X construct a left D-module on X and study its Hom into the above M.

7) Let € X be a point. We define the right D-module 4, to be generated by a single element
1, € §, with the relations being

lx-fo(l‘)'lx, fEOX
Alternatively,

0 2 C, ® D(X),
Ox

where C,, is the sky-scraper coherent sheaf at z.

8) Let E be a locally free sheaf of finite rank (i.e., vector bundle) on X. Then a structure of
D-module on F amounts to that of integrable connection.
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5.7. Pull-back of D-modules. In what follows by a left (resp., right) D-module on a variety
X we shall mean a quasi-coherent sheaf of left (resp., right) ©(X)-modules. We will denote
the corresponding category by ©(X)-mod (resp., ®(X)"-mod). But let us remember that the
categories ®(X)-mod and ®(X)"-mod are equivalent by means of M — M @ Q%.

Let ¢ : Y — X be a map of algebraic varieties. We shall now construct a functor
¢ : ®(X)-mod — D(Y)-mod.

For M € ©(X)-mod we let ¢*(M) to be ¢*(M) as a Oy-module. We define the action of
vector fields on it by:
§-(fom)=£(f) @m+ f-de(§)(m),
where € — d(¢)(€) is the differential of ¢, thought of as a map Ty — Oy ® Ty, and d¢(&)(m)
Ox

in the above formula makes sense as an element of Oy ® M =: ¢*(M).
Ox

As in the case of quasi-coherent sheaves, the functor ¢* is only right exact and needs to be
derived, by replacing M by a complex of D (X )-modules, which are flat as O x-modules. Tt is
fairly easy to show that such resolution always exists.

Exercise. Construct a resolution as above by showing that any D-module admits a surjection
from a D-module of the form ®x ® F, where F is a quasi-coherent sheaf on X.
Ox

Consider now the case when Y is a closed subvariety of X. We shall now consider another
functor ¢' : ®(X)"-mod — D(Y)"-mod:

For M € ®(X)"-mod, we let ¢'(M) to be the same-named object in the quasi-coherent
category, i.e., as a quasi-coherent sheaf, ¢'(M) consists of sections that are annihilated by the
ideal Iy C Ox that cuts Y in X.

We define the action of Ty on ¢'(M) as follows. For a vector field & on Y choose a vector
field £ on X, which is tangent to Y, and whose restriction to Y equals &y. We set:

m-& =m-&e M.

The fact that the RHS does not depend on the choice of £ follows from the fact that m- Iy = 0.
Moreover, for f € Iy,
(m-&)-f=(m-f)-&+m-£(f) =0,
since £(f) € Iy. Hence, m - &y defined above is an element of ¢'(M).
The functor ¢' is left exact, and one can consider its right derived functor R¢'.
One can show the following:

Lemma 5.8. The functors ¢* and ¢' are related as follows: for M € ®(X)-mod there exists a
canonical isomorphism:

s
(Lo" D) [-K] = Ro' (W),
where k is the codimension of Y in X.
We shall now prove the following easy, but fundamental result, due to Kashiwara. Let
D(X)}-mod be the full subcategory of ©(X)", consisting of D-modules, which, as quasi-
coherent sheaves, are set-theoretically supported on Y.

(We recall that a quasi-coherent sheaf F is said to be set-theoretically supported on a sub-
scheme if every section of F is annihilated by some power of the ideal of this subscheme.)

Theorem 5.9. The functor ¢' defines an equivalence (X )} -mod — D(Y)".
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Before giving a proof we will describe explicitly the functor in the opposite direction ¢, :
D(Y)"-mod — D(X)"-mod. Consider the left D(Y)-module

¢"(D(X)) = Oy & D(X).

The right multiplication of ©(X) acts by endomorphisms of the left D-module structure. Hence,
¢*(D(X)) carries a commuting right ®(X)-action.
Therefore, given a right ®(Y)-module N, we can consider N ® ¢*(D(X)) as a right ©(X)-

2(Y)
module. This is our ¢, (N).

Proof. (of Kashiwara’s theorem)

Let us first show that the functors ¢' : ®(X)" — D(Y)" and ¢, : D(Y)"-mod — D(X)"-mod
are mutually adjoint.

For N € ©(X)} we have a natural map

(5.4) N=N@ (oy ® oX) -N & (oy ® @(X)) ~ 6, (N).

Moreover, its image is annihilated by Iy .

Therefore, given M € D(X)" and a map ¢,(N) — M we can restrict it to N under (5.4),
and the resulting map will have its image in ¢'(M). Moreover, it is easy to check that the
Oy-module map N — ¢'(M), thus obtained, respects the right ®(Y)-module structure.

Vice versa, given a map N — ¢'(M), and in particular an O y-module map N — M, consider
the map
N@9X)-M e D(X) >M,
OX OX

where the last arrow is given by the right action of ©(X) on M.
It is easy to see that the map

N @ (0y @ D(X)) =N @ D(X) M
Oy Ox Ox
thus obtained factors through

N @ (0y 8 9(X)) - M,
D(Y) Ox
and that the latter map is compatible with the right action of D(X).
It is straightforward to check that the maps
Homgv)(N,¢'(M)) S Homgx)(¢x(N), M),
constructed above are mutually inverse.

Next, let us show that the image of ¢,(N) lies in D(X)}-mod. In fact we claim that every
section of

N ® D(X)
Ox

is annihilated by some power of Iy under the action of O x by right multiplication on ® x. This
follows from the fact that for D € ®(X),,, the commutator map f — [D, f] sends I;+t* to I%.

Finally, let us show that the adjunction maps
¢+ (6'(M)) = M and N — ¢'(¢.(N))

are isomorphisms for N € ©(Y)"-mod and M € D(X)%-mod.
We will use the following general assertion:
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Lemma 5.10. Let G : C; — Co be a functor between two abelian categories, and let F be its
right adjoint. Assume that (1) F is conservative, (2) the adjunction morphism N — F(G(N)) is
an isomorphism and (3) G(F(M)) — M is surjective.

Then G and F are mutually quasi-inverse equivalences.

Proof. We have to show that for M € €y the map G(F(M)) — M is an injection. Let M’ be its
kernel. Being a right adjoint, F is left exact. Hence,

F(M') ~ ker(F(G(F(M))) — F(M)).

But since the composition
F(M) — F(G(F(M))) — F(M)
is the identity map and ? — F(G(?)) is an isomorphism, we obtain that the map F(G(F(M))) —
F(M) is an isomorphism. Hence, F(M’) = 0, and since F is conservative, this implies that M'=0.
O

Thus, we have to check that conditions (1)-(3) of the lemma hold in our situation. Note that
(1) is automatic by the definition of ®(X)},-mod.

The assertion is local and since both X and Y are smooth, we can assume that Iy is generated
by a regular sequence fi, ..., fn. By induction, we can assume that n = 1, ie., X =Y x Al,
with ¢ corresponding to 0 «— Al

For N € ©(Y)"-mod,

Dx(N) =~ N ® do,

where &y is as in Example 7 above. The map N — ¢'(¢,(N)) corresponds to the canonical map

C— 50.
We have:
3o ~ C[0]
with
ol -x=i-0 L
Hence, ¢'(8p) := ker(z : §p — dg) = C, as required. This proves that condition (1) of the above
lemma is satisfied.

Condition (2) of the lemma is equivalent to the fact that every M € ©(X)},-mod is generated
as a right D-module by its O x-submodule, consisting of sections that are annihilated by Iy .

For M as above introduce a filtration by O x-submodules by declaring that Fj (M) consists
of sections annihilated by Iﬂ’ﬁ“.

We will be working in the set-up of X =Y x A! as above. Then Fj,(M) is the kernel of z*+!
acting on M. We have Fy(M) = ¢'(M), the multiplication by = acts as Fy(M) — Fj,_1(M) and
the multiplication by 0 as Fj(M) — Fj41(M).

To prove the assertion is it is enough to show that 9,, defines a surjection gr¥ (M) — gr*+1(M).
We will show by induction on k that the vector field 20, acts as multiplication by & on gr¥(M).
Le., we need to show that for m € Fy (M)

(m-x-0y —k-m)-zF =0.
But the above expression equals
(m-2)-2-0p+m-z—k-m-z)- 2" 1=m 20, — (k—1)-m/) -z,

where m’ =m -2 € Fi_1(M) and the last expression vanishes by the induction hypothesis.
O



GEOMETRIC REPRESENTATION THEORY, FALL 2005 33

5.11. D-modules on singular varieties. Kashiwara’s theorem enables us to define the cat-
egory of D-modules on arbitrary (not necessarily smooth) schemes over C. Let S be such a
scheme.

First we shall assume that S is affine. Choose a closed embedding S — X, where X is a
non-singular variety, e.g., A™. Define the category D(S)"-mod to be ®(X)%-mod, i.e., the full
subcategory of (X )"-mod, consisting of objects that are set-theoretically supported on S.

We claim that this category is well-defined, i.e., that it is independent, up to a canonical
equivalence, of the choice of X. Indeed, let S < Y be another embedding into a smooth variety.
We can find a third variety Z that contains both X and Y as closed subvarieties, such that the
diagram

X — 7

[

S —— Y
commutes.
By Kashiwara’s theorem, we have the equivalences,

D(X)"-mod ~ D(Z)%-mod and D(Z)}-mod ~ D(Y)"-mod,
and by construction, they induces the equivalences
D(X)%-mod ~ D(Z)%s-mod =~ D(Y)§-mod.

Ie., we obtain a canonical equivalence (X )%-mod ~ ®(Y)5-mod. It is easy to see that this
equivalence does not depend, up to a canonical isomorphism, of the choice of Z.

If W is yet another smooth variety with S — W, the composition of the equivalences
D(X)s-mod ~ D(Y)%-mod and D(Y)5-mod ~ D(W)%-mod is isomorphic to D(X)%-mod =~
D(W)s-mod. Moreover, a natural compatibility relation concerning X,Y, W, U is satisfied.

This implies that ©(S)"-mod is well-defined as a category. Note, however, that the above
construction does not give us any natural functor from D(.5)"-mod to Og-mod.

Let now S be arbitrary, i.e., not necessarily affine. Then the category ©(S)"-mod is obtained
by gluing;:
Let S; be a cover of S by affines. For each S; we have a well-defined category ®(S;)"-mod,
and for each pair 7,7 we have exact functors
Res! ; : D(S;)"-mod — D(S; N S;)"-mod «— D(S;)" : Resg’j .

i
We define ©(5)"-mod to have as objects collections {M; € D(S;)"-mod}, endowed with
isomorphisms for each i, j: ‘
Qg gt Resz)j(Mi) ~ Resg,j (Mj),

such that for each triple of indices %, j, k the two isomorphisms

. i k
aj,k|SiﬂSjﬂSk O ,5|8;NS;NSk and Oévt,k|s,-ns,ﬂsk : Resi,j,k(Mi) - Resi,j,k(Mk)

coincide.
Morphisms in this category between {M;,a; ;} and {M], o] ;} are collections of maps ¢; :
M; — M}, such that the diagrams
Res! (M;) —_, Res’ (M)

2,9
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commute for all 7, j.
It is fairly easy to show that this category is well-defined, i.e., that it is canonically indepen-
dent of the choice of the affine cover S;.

From now on, unless specified otherwise, we will work with smooth varieties.

5.12. O-coherent D-modules. As another application of Kashiwara’s theorem, let us classify
D-modules on a (smooth) variety X, which are coherent as O x-modules.

Proposition 5.13. Any ©(X)-module, which is coherent as an Ox-module, is locally free.

Proof. Note that a coherent sheaf M on X is locally free if and only if this is true for M|x/,
for all smooth curves X’ mapping to X. But each M|x/ is a left D-module on X', so we have
reduced the assertion to the case when X is a curve.

Recall that a coherent sheaf on a curve is locally free if and only if it is torsion free. Assume
by contradiction that M” has torsion at some point 2 : € X. Then 2/(M") # 0, and by
adjunction we have a map

N (z!(MT)) — M.

We claim that is it injective. Indeed, if M; is its kernel, the we an exact sequence
0— (M) — o ( (& (MT))) A on.

But by Kashiwara’s theorem, the last arrow is an isomorphism, hence z!(Ml) = 0, hence,
My = 0, since it is set-theoretically supported at x.
Thus, M contains 1, (2'(M")) as a sub-module. But this is impossible, since 1, (N) ~ 5 dimN)
for any vector space N (i.e., a D-module on pt), and as we have seen, §, is not coherent.
O

o
5.14. Open embeddings. Let j : X — X be the embedding of an open subvariety, and
o
consider the inverse image functor j* : ®(X)-mod — D (X)-mod. By construction, this functor
amounts to usual restriction on the level of underlying O x-modules; in particular, it is exact.

Lemma 5.15. The functor j* admits a right adjoint.

o
Proof. For F € ®(X)-mod we define j.(F) to be the same-named object as a quasi-coherent
sheaf. The action of vector fields is defined in a straightforward way:
Given a vector field ¢ (defined on some affine open subvariety U C X)), we can restrict it to

o o
X and act by it on sections of F over U N X. The latter are, by definition, the same as sections
of j.(F) over U.

O

Note that the corresponding functors ©(X)"-mod = D (X)"-mod are also given by j., j* on
the level of Ox-modules. This is because j*(Q"(X)) ~ Q"(X).

o
Note that if the embedding X <— X is not affine, the functor j, is not exact. We will denote
by Rj, the correspondlng derived functor. Explicitly, it can be written down as follows Let

X be a covering of X by open affine subvarieties; in particular, the embedding of each X mto
X is affine. Let us denote by ;¥ the embedding of the k-fold intersection X“ N..N X
Then Rj.(M) can be represented by the complex

DM @ gl (M
i]*( |;Q) - Hz‘l,..qik]* ( |)°(11ﬂ mo(?k) -
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Assume now that )% = X — Y, where Y is a smooth closed subvariety of X.
Proposition 5.16. For every M € ©(X)"-mod we have an ezact triangle
1 (Ri' (M) — M — Rj.(5*(M)),
where 1 denotes the embedding of Y into X.

5.17. De Rham complex. Let M be a left D-module on X. We can functorially attach to it
a complex of sheaves on X, called the De Rham complex:

DRM) =M — QX)) @ M — Q*(X) @ M — ... » Q"(X) @ M.
Ox Ox Ox
The differential d is constructed as follows: given w* @ m € QF(X) ® M, we have a map
Ox
T(X) — M given by & — £ -m, i.e., a section m’ € Q(X) ® M, and the sought-for section of
Ox
QFFL(X) ® M equals
Ox
dw*) -m+ (=D)F - Am.
It is easy to see that this is well-defined, i.e., that f - w* @ m and w* ® f - m give the same

result. (Here we use the fact that £+ f-m — f-&-m =&(f)-m for £ € T(X).) The condition
that 61 'EQ -m — 52 . fl -m = [fl,fg] -m implies that 02 =0.

Note that the terms of the complex DR(M) are quasi-coherent as sheaves on X, but the
differential 9 is not O x-linear. In fact

o(f-m)=f-0(m)+df Am.

Lemma 5.18. A structure of left D-module on a quasi-coherent sheaf M is equivalent to that
of a differential on Q*(X) ® M, which satisfies d(w* - m) = d(w*) - m + (=1)* - w* - 2 (m).
Ox

Let M" = Q"(X) ® M be the right D-module corresponding to M. Let us interpret D R(M)
Ox
from this point of view. We obtain that DR(M") := DR(M)[n] identifies with the complex
oM @AY (T(X) = . > M @ T(X) - M,
OX OX

where the differential is defined as follows:

Am@E A NE) =S (1)1 (M- &) @ (G A A Ei A A Ek)+
P (D)™ m @ (6, EIAELA NG A A A NE).

The De Rham cohomology, denoted HY, (X, M), of a left D-module M on X is defined as the
hypercohomology of the complex DR(M)[n]. By Serre’s theorem that assures that H*(X,F) = 0
if X is affine, ¥ quasi-coherent and ¢ > 0, the De Rham cohomology can be computed explicitly
as follows.

Let X; be an open cover of X by affines. We can form a bi-complex, whose k, [-th term is

o OFX; n..nX;) ® M
’il O

LSRN X NeNXy,

Xilﬁ...ﬂXil -

Then H}, , (X, M)[—n] is the cohomology of the complex associated to this bi-complex.
Exercise. Let 1 : Y — X be a closed embedding and let M" be a right D-module on Y. Then
Hpp(Y, M) =~ Hpp(X, 2,(M")).
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Exercise. Let X be affine. Show that M” +— Hp, (X, M") is the left derived functor of

MM @ Ox M /M- T(X).
2(X)

5.19. Relative De Rham complex and direct image. Let ¢ : Y — X be a smooth mor-
phism. We are going to construct a functor ¢, : D(D(Y)"-mod) — D(®(X)"-mod), called the
direct image. If X = pt the direct image will be the same as De Rham cohomology.

Assume first that ¢ is affine. Consider ¢*(®(X)). This is a (D(Y),D(X))-bimodule. For
M" € D(Y)"-mod consider M" 6@ ¢*(D(X)) as right D(Y)-module, which has an additional

Y

right ©(X)-action. Then DR(M” @ ¢*(D(X))) is naturally a complex of D (X )-modules.
Oy

The above construction extends to a functor from the category of complexes of D-modules
on Y to that on X; morover, this functor is easily seen to send acyclic complexes to acyclic
ones; hence, it gives rise to a functor D(D(Y)"-mod) — D(D(X)"-mod). This is the sought-for
functor ¢, for affine morphisms.

When ¢ is not affine, we use the Chech complex as in the definition of Hp (X, 7).

Exercise. Show that for ¢ being the identity morphism X — X, there exists a canonical
quasi-isomorphism ¢, (M) — M.

Suppose now that ¢ : Y — X is an arbitrary morphism between smooth varietie. We can
always factor it as Y > Z 5 X, where ¢ is a closed embedding, and 7 is smooth. (E.g. take
Z = X x Y, with ¢ being the graph map.)

Define ¢, : D(®(Y)"-mod) — D(D(X)"-mod) to be the composition 7, o 2,. One shows
that this functor is, on the level of derived categories, canonically independent of the choice
of the factorization. (For that one uses a generalization of the exercise about the behavior of
H? (X, ?) under closed embeddings.)

One also shows that for two morphisms ¢ : Y — X and ¢ : Z — Y there exists a canonical

isomorphism (¢ o 1), >~ ¢, 0 y.

5.20. Summary of functors and adjunctions. For any map ¢ : ¥ — X we always have
the functor L¢* : D(D(X)-mod) — D(D(Y)-mod). The functor ¢' : D(D(X)"-mod) —
D(®(Y)"-mod) is defined by

¢! (M) = (L™ (M) [dim(Y) — dim (X)].
On the level of quasi-coherent sheaves, ¢' goes over to the same-named operation.

For ¢ being a closed embedding, this is consistent with the (derived version) of the definition
given earlier. If ¢ is smooth, we define also the functor ¢* : D(D(X)"-mod) — D(D(Y)"-mod)
by

¢* (M) = ¢'(M)[2 - (dim(X) — dim(Y))]-

For any map ¢ : Y — X we always have the functor ¢, : D(®(Y)"-mod) — D(D(X)"-mod).

If ¢ is a closed embedding, this is the same functor as was introduced earlier. For ¢ being an
open embedding, on the level of quasi-coherent sheaves, ¢, coincides with R¢,. If ¢ is proper
(in particular, a closed embedding), define ¢ as ¢,.

We have the adjunction
Homp(o(x)r-mod) (#1(M"),N")) = Homp(o(v)r-mod)(M", ¢'(N")),

which is valid whenever the LHS is defined, i.e., when ¢ is proper.
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We also have the adjunction
Homp®y)r-mod)(¢*(N"), M") =~ Hom p (o (x)r-mod) (N"; ¢x(M")),
valid when the LHS is defined, i.e., when ¢ is smooth.

6. LOCALIZATION THEORY
6.1. Groups acting on schemes. Let X be a scheme endowed with an action of an algebraic
group G:
Gx XX
Then we have a map a : g — I'(X,T'(X)), defined as follows:

Consider the first infinitesimal neighborhood G of 1 € G, i.e., GM) ~ Spec(C@®e-g* | € = 0).
The action map defines a morphism of schemes G x X — X, and since GV is nilpotent, for
every open affine U C G we have a map

OU — OU® (C@Gg*)
The projection Oy — Oy ®g* is a derivation, i.e., we obtain an element of Homg,, (2(U), Oy ®
g*), and, dualizing, a map g — T(U).
Recall that a quasi-coherent sheaf M on X is called equivariant if we are given an isomorphism
Pov : act™ (M) ~ pr (M),
where po and act are the projection and the actions maps G x X = X. The following axioms
must hold:

e (i) The restriction of ¢p to 1 x X C G x X is the identity map M — M.
o (ii) The diagram of maps of sheaves on G x G x X

(id xact)* o act*(M) X0, (i qaty o py(M) AL pr(v)

(mult x id)* o act*(M) LN (mult x id)* o p5(M) —=— pi(M)
must commute, where p3 is the projection G x G x X — X.
Exercise. Show that every map ¢4 as above, which satisfies condition (i) is automatically an
isomorphism. Show also that one can equivalently define equivariant sheaves using a map in
the opposite direction, i.e., p5(M) — act* (M), satisfying analogous two conditions, and that
such a map will also automatically be an isomorphism.

Equivariant sheaves form a category: morphisms between (M, dng,) and (Mo, ¢, ) are
maps of sheaves M; — Moy, such that the diagram

oY

act*(My) ——— p5(My)

! !

* ¢' *
act*(Ma) —25 p5(My)
comimutes.

A typical example of an equivariant sheaf is M = Ox.



38 GEOMETRIC REPRESENTATION THEORY, FALL 2005

Lemma 6.2. If M is a G-equivariant quasi-coherent sheaf on X, there exists a canonical map
of Lie algebras a' : g — End(M), such that for € € g, a local section m € T(U,M) and f € Oy
we have:

a () f-m = f-a* (&) -m+ (a(),df) - m.

Proof. Let us restrict the isomorphism ¢5 to G x X. For every open affine U we obtain a
map

D(U,M) = T(GD x X, act*(M)|garrx) S TUM) @ (Ca e g°) — D(U,M) @ g*.
The dual map g ® I'(U, M) — I'(U, M) is the sought-for action a.

Let us consider the example of X = G acting on itself by, say, left translations.

Proposition 6.3. The category of G-equivariant quasi-coherent sheaves on G is equivalent to
that of vector spaces.

Proof. The functors in both directions are defined as follows. For a vector space V' we consider
the sheaf M := V ® Ox, with the equivariant structure induced by that of O¢.
The functor in the opposite directions is given by M — Mj.
O

Let M be a G-equivariant sheaf on X. We say that a global section m € T'(X,M) is G-
invariant if its image under

T(X, M) — I(G x X, act*(M)) 2 T(G, 0¢) ® T(X, M)
equals 1 ® m.

Exercise. Show that for X = G the functor M — M, is isomorphic to the functor that
associates to M the vector space of its G-invariant sections.

6.4. Differential operators as an equivaraint sheaf. Before we discuss the equivariant
structure on the sheaf of differential operators, we need to make the following digression.

Let X be a scheme, and let M be a sheaf of O x-bimodules on it, quasi-coherent, with respect
to one of the structures. Assume also that the following holds:

For every local section m € M there exists an integer k, such that ady, -...-ady, (m) =0 for any
k-tuple of local sections of O, where adg(m) == f-m—m- f.

Lemma 6.5.

(1) Under the above circumstances, there exists a quasi-coherent sheafJV[ on X X X, supported
set-theoretically on the diagonal Ax C X x X, such that M ~ pl*(ﬁ[) and M ~ pg*(3\~/[). In
particular, M is quasi-coherent with respect to the other Ox-module structure too.

(2) For another algebraic variety Y we have a canonical isomorphism

P12+ (P5 3(M)) =~ p3 (M),
where p; ; denotes the projection on the ¢ and j factors of Y x X x X.

Proof. The assertion immediately reduces to the affine situation, where X = Spec(A) and M
corresponds to an A-bimodule.
We have to prove the following: if f is a non-nilpotent element of A, then

AroM~(Ar® A M.
r® (Ar® f)AgA
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We have an evident map from the LHS to the RHS. To prove that it is an isomorphism, we
can assume that as an A ® A-module, M is annihilated by I*, where I = ker(A ® A — A).
Then the assertion becomes obvious, since the open subsets

Spec(A X A/Ik)f(g,l,l@f and SpeC(A ® A/Ik)f®1

of Spec(A ® A/I*) coincide, since the underlying topological spaces of both of them are equal
to Spec’®(Ay) C Spec’®(A) ~ Spec'?(A® A/I*).
O

We will use this lemma for M being the sheaf of differential operators D (X). Note that the
assertion of the lemma implies, in particular, Proposition 5.5.

Proposition 6.6. The sheaf ©(X), as a quasi-coherent sheaf on X x X, is naturally G-
equivariant.

Note that by point (2) of the above lemma, we also obtain that ® (X)) acquires a G-equivariant
structure, when viewed as a quasi-coherent sheaf in each of the two structures.

Proof. Let Ux be an affine open subset of X and let V' denote its preimage in Ug x X, under
the map act, where Ug is some affine open subset of G. Let us denote by V' the open subset

V x VCGxX xX. We need to specify a map
Uc

¢ : T(Ux,D(X)) = T(V,p35(D(X))),
which has the required commutation properties with respect to multiplication by elements of
Ovuy -

Lemma 6.7. Let Y be an affine algebraic variety, and V' be an open subset of Y x X. Let
V =V XV be the corresponding open subset of Y x X x X. Then F(V,pﬁg(@(X))) is
v .

isomorphic to the set of Oy -linear differential operators on V.

Thus, to each D € ®(U) we need to assign an Og-linear differential operator ¢(D) on V.
Note that the map
exch:Gx X — GxX:(g,2)— (9,97 2)

defines an isomorphism V' — Ug X Ux. Given a function f € T'(V, Ogxx ), we set
¢(D) := exch™ ' (D(exch(f))),

where exch(f) is a function on exch(V) ~ Ug x Ux, and hence D(exch(f)) makes sense.
U

Thus, in particular, we obtain an action of g on the sheaf D(X).
Lemma 6.8. For £ € g and D a local section of D(X),
a*(€)- D =a(§)- D - D-a(§).
6.9. Differential operators on the group G. Let us consider the group G as acting on itself
by left and right translations. In particular, we obtain Lie algebra homomorphisms
a9 —T(G,D(G)) —g:ar,

whose images evidently commute. In addition, the image of a; is G-invariant under the right
equivariant structure, and the image of a, is G-invariant under the left-equivariant structure.
Thus, we obtain the maps

(6.1) a;: 0c®U(g) = D(G) — 0gU(g) : a.
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Note that a, is expressible in terms of a; as follows:

ar(u) = (idog ®ar)(A(u')),

where A is the map
U(g) — Oc @ U(g),
and u — u’ is the anti-involution on U(g) induced by & — —& on g.
corresponding to the adjoint action of G on U(g).

Proposition 6.10. The maps a; and a, are isomorphisms.
Proof. Let us treat the case of a;. As this map is compatible with filtrations, it is sufficient to
check that

Oc @ er(U(g)) — er(U(g))
is an isomorphism. We have

O¢ ® Sym(g) - O¢ ® gr(U(g)) — Symy, (T(X)),

where the composed map is evidently an isomorphism. This implies that both above arrows
are isomorphisms, i.e., the assertion of the proposition, and, as a bonus, the PBW theorem.
O

Corollary 6.11. We have canonical isomorphisms:
Ulg) = D(G): = lim (9¢/m*)",
k
where m C Og is the maximal ideal, corresponding to 1 € G.
Proof. The first isomorphism follows immediately from Proposition 6.3. The second isomor-
phism is valid for any smooth algebraic variety X:
0 = Cp ® D(X) ~1lim (Ox /mF)*.
O e
* k
O

ijmark. Note that the last corollary gives a nice interpretation of the formal group-law on
Og =~ lim Og/m*. Indeed, by Corollary 6.11, Og identifies with the full linear dual of U(g)*.

k
The latter is naturally a commutative topological Hopf algebra, since U(g) is a commutative
Hopf algebra.

In this terms the exponential map, which is an algebra isomorphism 62; a 6; is given by
the symmetrization map

n_ &
Sym(g) - U(g) : €" = 3.
Let us discuss some other corollaries of Proposition 6.10.

Corollary 6.12. The subset a;(U(g)) C I'(G,D(G)) (resp., a;(U(g)) C I'(G,D(G))) coincides
with the set of G-invariant differential operators under the right (resp., left) action.

Corollary 6.13. The images of Z(g) C U(g) under a; and a, coincide. The corresponding
maps are intertwined by the involution of Z(g), induced by the anti-involution & — —& of U(g).

Finally, let us see how the actions a? and af look in terms of (6.1):
Lemma 6.14. For{ € g, u € U(g) and f a local section of T'(G, Og),

af(€) - (f @u) = (@(),df) ®u+ f @ [a(€),u].
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6.15. Let X be a smooth algebraic variety, and let G be a group acting on it. We have a
homomorphism of Lie algebras a : g — I'(X, T'(X)), and hence a homomorphism of associative
algebras a : U(g) — I'(X,D(X)).
Hence, if F is a left D-module on X, its space of global sections is naturally a g-module.
Thus, we obtain a functor:
I':9(X)-mod — g-mod.
We shall now construct a left adjoint of this functor, called ”the localization functor”.
For M € g-mod, set
Loc(M) :=D(X) ® M,
U(e)
where U(g) is the constant sheaf of algebras in the Zariski topology of X with fiber U(g) and
M is the corresponding sheaf of modules over it.

Lemma 6.16. For M € g-mod and F € ©(X)-mod we have a canonical isomorphism
Homg(x)-mod(Loc(M),F) ~ Homg_rmea(M, T'(X, F)).

6.17. The flag variety. We shall now specialize to the case when G is a semi-simple affine
algebraic group, and X is its flag variety, i.e., X = G/B, where B C G is the Borel subgroup.
Our goal is to prove the following theorem:

Theorem 6.18.

(1) The homomorphism Z(g) — I'(G/B,D(G/B)) factors through the character xq, correspond-
ing to the trivial g-module.

(2) The resulting homomorphism U(g)y, — I'(G/B,D(G/B)) is an isomorphism.

(3) The functor of sections T' : ®(G/B)-mod — U(g)y,-mod is exact and faithful.

(4) The functor T and its adjoint Loc : U(g)y,-mod — D(G/B)-mod are mutually quasi-inverse
equivalences of categories.

Our goal from now on will be to prove this theorem.

6.19. Proof of (4) modulo (2) and (3). We will do this in the following general context: let
B be a sheaf of associative algebras over a scheme X equipped with a homomorphism Ox — B,
and such that B is quasi-coherent as a left O x-module. Denote A :=T'(X, B).

Let B — mod be the category of sheaves of B-modules, which are quasi-coherent as Ox-
modules. We have a natural functor:

I':B-mod — A-mod : F — I'(X,F),

and its left adjoint
Loc: M — B 62 M,

where A is the constant sheaf of algebras in the Zariski topology with fiber A, and M is the
corresponding sheaf of modules over it.

Assume that the functor I' is exact and faithful. We claim that in this case I' and Loc are
mutually quasi-inverse equivalences of categories.

Let us first show that the adjunction morphism Id 4.moq — I' 0 Loc is an isomorphism. Note
that this map is an isomorphism when evaluated on the A-module equal to A itself: Loc(A) ~ B,
and the above adjunction morphism is the identity map A — A :=T'(X, B).

Hence, the above adjunction morphism is an isomorphism for every free A-module. Let us
show that the exactness assumption on I' implies that M — I'(X, Loc(M)) is an isomorphism
for any M € A-mod.
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Indeed, for M as above, let
P1 — P() —- M —0

be an exact sequence with Py and P; free. We have a commutative diagram:

P P M — 0

l l l

I'(X,Loc(P)) —— T'(X,Loc(PR)) —— T'(X,Loc(M)) —— 0.

We claim that the bottom row is exact. This is so because the functor Loc is tautologically
right exact, and the functor I' is exact by assumption. Since for i = 0,1 the vertical maps
P, — T'(X,Loc(F;)) are known to be isomorphisms, then so is the map M — I'(X, Loc(M)).

Finally, let us show that the adjunction map Loc(I'(X,F)) — F is an isomorphism for any
F € B-mod. Since I' was is faithful and exact, it is enough to show that this morphism becomes
an isomorphism after applying the functor I". However, the composition

(X, %) — I'(X, Loc(I(X, 3"))) ~ I(X,T)

is the identity map, and the first map is an isomorphism, by what we have shown above. Hence,
the second map is an isomorphism too.

6.20. Fibers of localization. Let us first describe the fibers of D-modules Loc(M) for any
X, which is a homegeneous space. For z € X, let g, be its stabilizer in g, i.e., the kernel of the
map g — I'(X, T(X)) — T, (X).

Proposition 6.21. For M € g-mod, we have a canonical isomorphism
(Loc(M)) =~ (M)g, .

Proof. By definition,

Loc(M)) ~C, ® D(X) ® M.
(Loc(h), = €. © DX) ©

Note that the tensor product C, ® D(X) is the right D-module ¢,. So, the statement of the
proposition is equivalent to the fo%gwing:
There exists a canonical isomorphism of g-modules:
(6.2) Ulg) ® C—-T(X,6,).
U(az)
Recall that d, has a canonical generator 1,. It is annihilated by all vector fields that stabilize

2. This gives a map in one direction (=) in (6.2).
Moreover, both sides of (6.2) are naturally filtered with

er(U(g) U%/ : C) ~ Sym(g/g.) and gr(d,) ~ Sym(T,(X)).

The map constructed above is compatible with filtrations, and it is easy to see that on the
associated graded level it gives rise to the map

Sym(g/g.) — Sym(T: (X)),

which is an isomorphism, since g maps surjectively onto T, (X).

Let us see how the above proposition implies point (1) of Theorem 6.18:
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Proof. Tt is enough to show that for any u € ker(o) the image of u in the fiber of ®(G/B) at
any point = € G/B is zero.

Note that the above image equals the result of the action of w on the generator of 1, € J,
as a right D-module. Hence, by the previous proposition, it can be thought of as the image of

the generator of U(g) ® C under the action of w.
U(gz)
However, U(g) ® C ~ My for the choice of the Borel subalgebra, corresponding to x. The
U(ga
assertion follows now from the fact (Harish-Chandra’s map) that Z(g) acts on My by the same

character as on C.
O

Exercise. Let d!, be the left D-module corresponding to &, under the equivalence ®(X)-mod ~
D(X)"-mod. Show that I'(G/B, d.) is (non-canonically) isomorphic to the module M_s,, where
the latter is again the Verma module with highest weight —2p for the Borel subalgebra, corre-
sponding to x.

6.22. Point (2) of Theorem 6.18. The proof of the second point of the LocalizationTheorem
involves some serious (but fun) discussion of certain aspects of algebraic geometry related to g.

The map in question is evidently compatible with filtartions. Let us analyze its behavior at
the associated graded level.

Lemma 6.23. For any smooth (but not necessarily affine) algebraic variety X there is a natural
embedding

gr(D(X, (X)) = T (X, Symg,, (T(X))) ~ T(T"(X), Or+(x))-

Proof. The asserion follows from the fact that the functor of global sections is left-exact. Indeed,
the short exact sequence

0= D(X);_1 — D(X); — Symly (T(X)) — 0
gives rise to an exact sequence

0— D(X,D(X);1) - T(X,D(X);) — IT'(X,Symp  (T(X))).

Recall that gr(Z(g)) ~ Sym(g)“, and let Sym(g)$ be the kernel of the homomorphism

G

Sym(g)” < Sym(g) — C.

Consider the map
(6.3) Sym(g) — I'(X, Symg  (T(X))),
obtained from a : g — I'(X, T(X)).

Theorem 6.24. (Kostant)
The map (6.3) for X = G/B annihilates Sym(g)§ and the resulting map

Sym(g)/ Sym(g) - Sym(g)§ — I'(G/B,Symy,, , (T(G/B)))
18 an tsomorphism.

Let us show how this theorem implies point (2) of Theorem 6.18:
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Proof. 1t is enough to show that the map gr(U(g)y,) — gr(I'(G/B,D(G/B))) is an isomor-
phism. We have an evident surjection Sym(g)/Sym(g) - Sym(g)§ — gr(U(g)y,) and let us
consider the composition

(6.4) Sym(g)/ Sym(g) - Sym(g)§ — gr(U(g)y,) — gr(I(G/B,D(G/B)))—
(6.5) F(G/B, SymOG/B(T(G/B))).
By Theorem 6.24, the composite map is an isomorphism. Hence, so are all three arrows

appearing in (6.4).
O

7. SOME ALGEBRAIC GEOMETRY RELATED TO g

7.1. More on Chevalley’s map. Our goal in this section is to prove Kostant’s result, The-
orem 6.24. First, we will need to revisit Chevalley’s map g — b//W.

Proposition 7.2.
(1) The variety b/ /W is smooth.
(2) The map w : h — b//W 1is flat.

Proof. Both facts are proven in Bourbaki in a greater generality: they hold for any finite group,
generated by reflections, acting on a vector space. Note that point (2) follows immediately from
point (1), since any finite map between regular schemes of the same dimension is flat.

To show (1) let us note that the natural G,,-action on h by homotheties descends to h//W,
making it a cone with the vertex being the point w(0) € h//W. Hence, it is enough to show
that the completed local ring Oy //w, (o) is regular.

Since the map w is finite, we have an isomorphism:

~ ~ W

On//w.w(0) = (Op,0)
Let us consider also the completed local ring of the point w(1) € H//W := Spec((Ox)"V); we
have: R R w

O/ /we) = (On1)

However, the exponential map defines an isomorphism 0) H1 ™ 6570, which is functorial, and,
hence, W-invariant. Hence,

Oy//w,m©) = Or//wim()-
But in Sect. 2.7 we saw that when H corresponds to simply-connected G, the algebra O% is

isomorphic to a polynomial algebra. In particular, it is regular.
O

Corollary 7.3. The map ¢o : g — b//W is flat.

Proof. We need to show that Sym(g) is free as a module over Sym(g)® ~ Sym(h)". (Note that
in the case of non-negatively graded modules over a positively graded commutative algebra, the
notions of freeness and flatness are equivalent.)

Let us choose a Borel subalgebra b C g. We claim that Sym(g) is free as a module over
Sym(n) % Sym(g)¥. For that it is enough to show that Sym(g/n) is free as a Sym(h)"-module.

However, Sym(g/n) is evidently free over Sym(b/n) ~ Sym(h), and the latter is flat (and, hence,
free) over Sym(h)" by Proposition 7.2.
g

Corollary 7.4. U(g) is flat as a module over Z(g).
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7.5. Grothendieck’s alteration. Let us identify g with g* by means of a non-degenerate
G-invariant form. Note that in this case T*(G/B) can be interpreted as a fibration over the
flag variety X = G/B, whose fiber at « € X, corresponding to a Borel subalgebra b C g, is its
unipotent radical n. Let us denote this variety by N. It is endowed with the natural forgetful
map p: N — g.

We will consider a bigger algebraic variety, denoted g, which is also fibered over X = G/B,
and whose fiber over x € X is the corresponding Borel subalgebra b. We have a natural smooth
map

q:9—b,
and N is the preimage of 0 under this map. We will denote by p the forgetful map g — g. We
can think of g as a closed subvariety in X x g, with the map p being the projection on the
second factor. In particular, this map is proper.

Lemma 7.6. The square:

’g# b

i ol
g~ /W

is commutative (but not Cartesian).

The lemma follows from the following picture:
Let greg,ss C @ be the locus of regular semi-simple elements, and let greq ss be its preimage

o o
in g. Let also h C h be the complement to all the roots hyperplanes, and let h//W be the
corresponding open subset in h//W. It is easy to see that we have a Cartesian square:
o

~ q
Greg,ss ’ h

dl =
Bregas —22 b/ /W,

Moreover, the vertical arrows are étale Galois covers with the group W.

Let N denote the scheme-theoretic preimage of @(0) € h//W under the map ¢.;. From the
diagram in the lemma we obtain that the map p : N — g factors through N. The resulting map
on the level of functions

Fun(N) — Fun(N)

is the one appearing in Theorem 6.24.

7.7. The regular locus. Let g,., C g be the locus of regular elements (we remind that an
element ¢ € g is called regular if its centralizer in g is r-dimensional, where r = dim(h)). Let
Greg denote the preimage of greq in g.

Proposition 7.8. The diagram

areg L) h

di =]
e
Greg —— b//W.
18 Cartesian.



46 GEOMETRIC REPRESENTATION THEORY, FALL 2005

Proof. Since the map greq — greg X b is proper, to prove that it is an isomorphism, it is
h/ /W

enough to show that the tangent spaces to the fibers vanish.
Thus, let (x,&) be a point in g, where x corresponds to a Borel subalgebra b and & is an
element in b. A tangent vector to its fiber over g,., X b can be represented by an element
T b/ /W

1 € g, defined modulo b, such that [n,£] € n. We claim that if £ is regular, then 7 necessarily
belongs to b.

Indeed, regular elements in b can be described as follows. Choose a Cartan subalgebra fh C b.
Let J C I be a subset of vertices of the Dynkin diagram, and let g; C g be the corresponding
Levi subalgebra.

Then every regular element is conjugate to one of the form h + n, where h € § is such that
a;(h) =0 for j € J, and (h) # 0 for all other roots, and n is a regular nilpotent element in
gy Nb. This reduces the assertion to the case when J = I, i.e., to the case of a regular nilpotent
element.

Every regular nilpotent E element in b is conjugate to one of the form EI E;, where E; are

the Chevalley generators of n. Let us complete it to an sly-triple |, H, F', where H € § is such
that (a;, H) =1 for every i € I, and F = X ¢; - F;, where ¢; are uniquely determined non-zero
1€

scalars.
Then the sub-spaces n~, h and n are the sub-spaces of g, corresponding to negative, zero and
positive eigenvalues of H, respectively. This makes it clear that [E,n] € n=n € b.
O

Corollary 7.9. The map @cl : Greg — 0//W is smooth.

Proof. This follows from the fact that the map q : greq — b is smooth, and the morphism w is
flat. O

7.10. First proof of Kostant’s theorem. First, from Corollary 7.3 and Theorem 7.2, we
obtain that the scheme N is a complete intersection, and hence Cohen-Macauley.

Secondly, from Corollary 7.9 we obtain that the intersection Nyeq := N N greq is smooth.
Hence, N is reduced. We claim that N is normal. Knowing that it is Cohen-Macaulay, we
have to check that it is regular in codimension 1. Assuming that, Theorem 6.24 follows from
Zariski’s Main Theorem, since the morphism N — N is birational.

To show that N is regular in codimension it is sufficient to show that

codim(N — Ny.¢4) > 2.
This follows from the next result:
Theorem 7.11. N consists of finitely many G-orbits.

Assuming this theorem, the above inequality follows from the fact that co-adjoint orbits (i.e.,
orbits of G on g*) are symplectic with respect to the natural Poisson structure on g, and hence
are even-dimensional.

7.12. Another proof of Theorem 6.24 is based on the following;:
Theorem 7.13.

(1) There exists a canonical isomorphism

p(0g) =05 @ Oy
Op//w

(2) The higher direct images R'p.(Og) vanish.
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Proof. (of point (1))
Consider the scheme g’ := Spec(Fun(g) ®  Fun(h)). Since all the varieties involved
Fun(h//W)
are smooth, and the morphisms flat, this scheme is a complete intersection, and hence Cohen-

Macaulay. Moreover, g’ is smooth in codimension 1, by Corollary 7.9, hence it is normal.
Since the map gy — gy, 15 an isomorphism, by Zariski’s Main Theorem,

(p x )1 (03) ~ Og,

implying the first point of the theorem.
O

7.14. Proof of point (2) of Theorem 7.13. Consider the full direct image Rp.(Oz) as an
object in the derived category of coherent sheaves on g. From the G,,-action and Nakayama’s
lemma we conclude that it is sufficient to show that

L
(7.1) Rp.(05) & Co

is acyclic in the cohomological degrees > 0, where Cy denotes the sky-scraper at 0 € g.

Note that the full assertion of Theorem 7.13 should imply that the object (7.1) is acyclic also
in negative cohomological degrees, and its 0-th cohomology is |WW|-dimensional. We will see all
these facts explicitly.

We will calculate (7.1) using the base change theorem. Let us view Oz as a coherent sheaf
on X X g, and let us consider the following general set-up:

Let m: Y7 — Y5 be a projective and flat map, and let F be a quasi-coherent sheaf on Y. Let
f Yy — Y3 be a map of algebraic varieties, and let f’: Y] — Y be its base change. We will
denote by 7’ the resulting morphism Y{ — Y3.

Theorem 7.15. Under the above circumstances, we have a canonical isomorphism in the de-
rived category ofquasi-coherent sheaves on Yy :

R (Lf"™(F)) = Lf*(Rm.()).

We will apply this theorem for Y1 = X x g, Yo = g, Y5 = {0} and F = O3. Note that Y/
is isomorphic to X. Thus, in order to calculate (7.1), we need first to calculate the derived
pull-back of Oz under the closed embedding X ~ X x 0 — X X g.

However, from the Koszul complex, we obtain that the —i-th cohomology of the resulting
complex on X is isomorphic to Q¢(X). Hence, (7.1) is an extension of complexes

RT(X, Q4(X)[1].
However, H*(X, /(X)) = 0 for i # j for X being the flag variety, and we are done.
7.16. Second proof of Kostant’s theorem. We have show that the map
On — p+(05)
is an isomorphism. We will show, moreover, that the higher direct images Rip*((ﬂﬂ) vanish.

Let us consider the following version of the base change set-up. Let m : Y1 — Y5 be a
projective (but not flat morphism), and let F be a quasi-coherent sheaf on Y. Let Y5 — Z be
a flat morphism, such that F is Z-flat. Let f : Z’ — Z be a map, and let

7r’:Y1’—>Y2’,f1:Y1’—>Y1 ande:Y2'—>Y2

be the corresponding base changed maps.
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Theorem 7.15 implies that under the above circumstances we have:
(7.2) Rr_ (f1(F)) = Lf; (Rm.(9)).

Let us apply this to Y7 =g, Yo =g, Z = h and Z’ = {0}. We have Y{ ~ N and Yy ~ N.
From (7.2) and Theorem 7.13, we obtain that

L L
Rp.(05) ~ O g% Co ~ Oy Of?/w C ~ Oy,

which is what we had to show.
7.17. Orbits of G on N. We have the following :
Proposition 7.18. For any G-orbit O on g,

dim(0 N b) > % dim(O).

Proof. We regard O as a Poisson variety, acted on by N. Then O N b identifies with the
preimage of 0 € n* under the moment map. Since the group N is unipotent, this preimage is
always anisotropic (which can be shown by induction). This implies the dimension estimate,
since O is in fact symplectic.

O

Let us show how this proposition implies Theorem 7.11. Consider the variety St := N x N.
N

Lemma 7.19. dim(St) = 2dim(G/B).

Proof. By Bruhat’s decomposition, St is the union of locally closed subvarieties St,,, numbered
by elements of the Weyl group, where each St,, classifies triples (z,z’, ), where (z,2') € X x X
is a pair of Borel subalgebras in relative position w, and £ is an element of n, Nng.

The dimension of such St,, is manifestly 2dim(G/B). O

For a G-orbit O € N consider its preimage O in N. Its dimension equals dim(G/B) +
dim(O N b). Hence,

dim(O X 0) = 2(dim(G/B) + dim(0 N b)) — dim(O) > 2dim(G/B),

by Proposition 7.18
Hence, O x O is a union of irreducible components of St. (As a by-product we see that
o)

the inequality in Proposition 7.18 is in fact an equality.) Since St has finitely many irreducible
components, we obtain that N consists of finitely many G-orbits.

8. PROOF OF THE LOCALIZATION THEOREM

8.1. Equivariant D-modules. Let X be a scheme and Y be the total space of a principal
bundle over X with respect to some algebraic group B. We would like to express D-modules on
X in terms of D-modules on Y, endowed with a certain equivariance structure. (The discussion
will be local with respect to X, so with no restriction of generality we can assume that it is
affine.) In practice, we will take X = G/B and Y = G.

Let first Y be any variety endowed with an action of B. We say that a D-module F is weakly
B-equivariant, if F is equipped with a B-equivariant structure as a quasi-coherent sheaf, and
the action map

@(Y) RIF—-F
Oy
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respects the equivariant structures. Weakly equivariant D-modules naturally form a category,
where morphisms F; — F5 are by definition D-module morphisms, which are compatible with
B-equivariant structures as quasi-coherent sheaves.

Recall that for any B-equivariant quasi-coherent sheaf there exists a map a* : b — Endc (7).
In addition, the action of vector fields a(§), £ € b defines another action of b on J.

Set a’(€) = a*(€) — a(€).

Lemma 8.2. The assignment & — a’(€) is a homomorphism of Lie algebras b — Endgyy(F).

We say that J is a strongly equivariant ® (Y )-module if a” is identically equal to 0. Strongly
B-equivariant D-modules form a full subcategory in the category of weakly equivariant D-
modules; we shall denote it by ©(Y)-mod?.

Example 1. Take F = ©(Y). As was discussed before, it has a natural equivariance struc-
ture as a quasi-coherent sheaf, compatible with the algebra structure. Hence, it is a weakly
equivariant D-module.

Recall that for D € ®(Y),

A (§)(D) = a(§) D — D a(§).
Hence, a’(¢)(D) = —D - a(£).
Example 2. Take § = Oy. Then a(¢) = a(¢), by definition. Hence, Oy is strongly B-
equivariant.

8.3. D-modules on principal bundles. Let us return to the situation, when Y is a B-
principal bundle over X. Let 7 denote the projection ¥ — X.

Proposition-Construction 8.4. The pull-back functor F' — 7*(F') defines an equivalence
between the category of D-modules on X and that of strongly B-equivariant D-modules on Y .

The rest of this subsection is devoted to the proof of this theorem. First, let us note that if F’
is any quasi-coherent sheaf on X, then 7*(F’) is naturally B-equivariant. Indeed, the diagram

BxX %, x

szr WJ/
X —IT-Y
commutes, hence we have a natural isomorphism
act*(7*(F)) ~ p3 (7 (F),
which is clearly associative.
We claim now that if ' is a D-module, the above equivariant structure on 7*(3") is com-

patible with the ®(Y)-action, i.e., that 7*(F’) is indeed a weakly equivariant D-module.
This amounts to checking the commutativity of the diagarm

act”(D(Y) & m(F)) —— p3(D(Y) & ()

! !

act™ (7*(37)) — (@ (F).

The question is local, hence we can assume that Y is isomorphic to the direct product X x B.
In this case w(F ) =~ F K Op, with the natural D-module and B-equivariant structures. Hence,
the situation reduces to Example 2 above. This also shows that the weak equivariant structure
on *(F') is in fact strong.
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Let us show now that the functor that we have just constructed (X )-mod — ®(Y)-mod”
is fully-faithful. The question is local with respect to X, and it suffices to see that

Homg x) (3, 33) =~ Homp(x)(F7, F3) @ Homg(p)-mear (05, Op),
which is evident.

Finally, let us show that 7* is an equivalence. Since D-modules can be glued locally, we can
once again assume that Y = X x B. Let F be a weakly B-equivariant D-module on Y.

By Proposition 6.3, F is isomorphic, as a quasi-coherent sheaf to, 7 X Op, where F' is some
O-module on X. In fact, 3’ can be recovered as I'(Y, F)5.

Since D(X) C D(X) ® D(B) belongs to the subspace of B-invariants, we obtain that its
action preserves ¥ C ¥ X Op ~ F. Hence, ¥ is naturally a D-module on X.

Thus, it remains to analyze the action of ©(B) on Op. It suffices to calculate the action of
the vector fields a;(€) for & € b. We claim that there exists a character A : b — C, such that
for f € Op,

a(§) - f = Lieq,)(f) = AE) - f,
and that this character is zero if and only if ¥ is strongly B-equivariant.
Indeed, A is reconstructed as

a’ b — Endy(p)(0p) ~C.

Thus, the proof of Proposition-Construction 8.4 is complete. Let us, however, give a more
explicit interpretation of the functor in the opposite direction: (Y )-mod? — D(X)-mod. As
was explained above, on the level of O-modules, it is given by F +— FB. Let us describe the
action of the algebra D (X) on F5.

Consider the D-module on Y equal to D(Y ), := D(Y)/D(Y)-a(b). The weak B-equivariance
structure on D(Y) gives rise to one on D(Y),. However, by construction, the map a is zero
for D(Y)p; hence it is strongly B-equivariant.

Lemma 8.5.
(1) D(Y)p is canonically isomorphic, as an object of D(Y)-mod®, to 7*(D(X)).
(2) We have natural isomorphisms:
o B
D(X)? = Endg (y).moan (D(Y)s) = (D(Y)/D(Y) - a(b)) .

Proof. The isomorphism 7*(D(X)) ~ D(Y)/D(Y) - T(Y/X) holds for any smooth morphism,
where T'(Y/X) C T(Y) denotes the subsheaf of vertical vector fields. This implies point (1),
since T(Y/X) is generated over Oy by vector fields of the form a(§), € € b.
Point (2) of the lemma is a corollary of point (1) in view of Proposition-Construction 8.4.
U

The description of D(X) as (D(Y)/D(Y) - a(b))B makes explicit its action on F +— FE for
a strongly equivariant ©(Y")-module F.

8.6. Proof of the exactness statement in Theorem 6.18(3).
In view of Proposition-Construction 8.4, the functor

I':9(X)-mod — Vect

can be written down as a composition

8.1 D(X)-mod L D(G)-mod? 2= vect.
(8.1) (X) (G)
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Recall that for any D-module F on G, the space I'(G, F) is naturally a g-bimodule. Let us
regard it as a g-module via the map a, : g — D(G).

By Proposition-Construction 8.4, for ¥ € ©(X)-mod, the action of g on I'(G, 7*(F")) is such
that the action of b comes from an action of the algebraic group B.

Let us denote by O the category of g-modules that can be represented as unions of modules
from category O. Thus, we obtain that the composition (8.1) can be written as

D(X)-mod L D(G)-mod” L0 Ve,

where the first two functors are exact. However, the functor M — M® on O is by definition the
same as

M — Hom(My,M).
However, by Proposition 3.10, the object My is projective in O, and, hence, in O. Le., the
- b—inv .
functor O — Vect is also exact.

8.7. A proof of faithfulness via Lie algebra cohomology. Given a D-module & on X we
are going to look at the cohomology

H*(n,T(X,5))
for some choice of the Borel subalgebra b.

Recall that the N (or B)-orbits on X are in a canonical bijection with W; for w € W let

X &% X denote the embedding of the corresponding locally closed subvariety into X.
Recall also that if M is a b-representation, then the cohomology groups H’(n, M) are acted
on by b.

Lemma 8.8.

(1) For a D-module F on X,, there exists a canonical isomorphism
H (0, 105 (F)) ~ HIEW (X, F).
(2) The h-action on the LHS is given by the character —w(p) — p.

Let us prove the faithfilness part of Theorem 6.18(3), assuming this lemma. We have to
show that if F € ©(X)-mod is non-zero, then RI'(X,¥F) ~T'(X,F) # 0.

It is easy to see that for any quasi-coherent sheaf F there exists a point x (with values,
perhaps, in an extension of the ground field), such that the derived fiber L (&) is non-zero.

Let b = b, for the above point 2. We will show that H®*(n,T'(X,J)) # 0.

Consider the Cousin complex corresponding to the stratification X = U X,,.
w

We obtain that RT'(X, ), as an object of the derived category of b-modules, is filtered by
objects of the form RT (X, 1,4 (Re},(F))). Hence, there exists a spectral sequence, converging
to H*(n,I'(X,F)) # 0, and whose second term is

®  H (n,10.(Ri,(F))) .
L(w)=j

Moreover, the terms of this spectral sequence are acted on by b, and the differential respects
the h-action. However the characters of b, corresponding to different values of w, are distinct,
by Lemma 8.8(2).

Hence, the differential is zero and we obtain a direct sum decomposition

Hi(n,T(X,F)) & Hyp ™ (Xw, Rily ().
w

w
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However, the term corresponding to w = 1 is isomorphic to Rs\,(F), and by assumption, it
is non-zero.

9. TwWISTED D-MODULES

9.1. Let us return to the set-up of Proposition 8.4. Let us fix a character A : b — C. We shall
now define another sheaf of rings on X, called A-twisted differential operators, and denoted
D(X)N.

Namely, consider the left D-module D(Y)p on Y equal to the quotient of D(Y') be the left
ideal generated by sections of the form £ — A(£), £ € b. This D-module is naturally weakly
G-equivariant and the map a’ is given by the character —\. Let us denote the category of
weakly B-equivariant D-modules on Y, for which the map a” is given by this character by
D(Y)-mod?*.

Set

’D(X)A = E”ds(y)-mod5=* (Q(Y)E\)Op-
The ring ®(X)* is naturally a O x-bimodule. It can also rewritten as (’D(Y)Q)B.

Lemma 9.2.
(1) For every choice of a trivialization of Y as a B-bundle over X, there exists an isomorphism
D(X)N = D(X).
(2) When a trivialization is changed by a function ¢ : X — B, the resulting automorphism of
D(X) is induced by
fe0x—fiveT(X)—v+Ado(v)) eT(X)DO(X).
A

Proof. For point (1) it suffices to note to analyze the D-module on B equal to D(B)p :=
D(B)/D(B) - (£ — A(£)). As an O-module is it isomorphic to Op, but the action of the vector
fields a;(§) is given by
[ Lieg, ) — A&) - [

Evidently, endomorphisms of such a D-module, commuting with the B-equivariant structure,
are given by scalars.

If we change the trivialization by ¢ : X — B, the corresponding automorphism of D(X) ®
D(B); is given by

v = v+do(v) = v+ Ado(v)).

Generalizing Proposition-Construction 8.4 we have:
Proposition-Construction 9.3. There exists a canonical equivalence of categories
D(Y)-mod®* ~ D(X)*-mod.
Proof. We define the functor ®(Y)-mod?* — D(X)*-mod as follows:

For ¥ € D(Y)-mod?* we set the corresponding object ' € ©(X)*-mod to be FZ as an
O-module. This can be rewritten as

I{OWLCD(Y)-mOdB’A (@(Y)f)a\a 9:)7
which makes the action of ®(X)*-mod on it manifest.

To show that this functor is an equivalence, we can work locally. In this case the assertion
becomes is equivalent to the fact that

Ve—V®0p
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is an equivalence between the category of vector spaces and ©(B)-mod”.

Note that the inverse functor on the level of O-modules is again given by F — 7*(J7).
O

9.4. The case of an ”integral” twisting. Assume now that the Lie algebra character A
is such that it comes from a character of the group B — G,,. Note that in this case we can
construct a line bundle £* on X, by setting

D(ULY) ={f € 01y | F(b-y) = ABTY) - f(y)}-

Proposition 9.5. The Ox-module L* has a natural structure of ®(X)*-module. The functor
F'— F @ L defines an equivalence D(X)-mod — D(X)*-mod.

Ox
Proof. Let F be a B-equivariant quasi-coherent sheaf on Y. We can modify the equivariant
structure on it by multiplying the isomorphism

act™(F) ~ p5(F)
by the function A along the B-factor. lL.e., for a section m of F we have:

Ghew(€)(m) = 051y (E)(m) = A(€) - .

If F was a weakly B-equivariant D-module, then it will be still weakly equivariant in this
new structure. If, however, ¥ was an object of ’D(Y)—modB with the old equivariant structure,
it will be an object of ®(Y)-mod“* with the new one.

Applying this to F = Oy, we obtain an object of 5D(Y)—modG’A7 and using Proposition-
Construction 9.3, we produce an object of ®(X)*. Its underlying O-module is by construction
LA

The second statement of the proposition follows from the relationship between @(Y)—modB
and D(Y)-mod“*, mentioned above.

O

Note that if in the above set-up we choose a trivialization Y = X x B, thereby trivializing
the line bundle £, and identifying the rings D (X) ~ ®(X)?*, the equivalence

D(X)-mod — D(X)*-mod

becomes the identity functor.

Let us now give a slightly different interpretation of the ring ®(X)*. In fact, we claim

that ©(X)» can be naturally identified with the ring of differential operators Dif f(L*, L)
that act on the line bundle L*, i.e., the space of C-linear maps D : L* — L*, such that
[[...[[D, f1], f2], -], fx] = 0 for any k-tuple of functions fi, ..., fi for a sufficiently large k.

Indeed, by construction ®(X)* does act on £}, and to show that its image in Endc (L)
indeed belongs to Dif f(£*,L*) and is isomorphic to this ring, it is enough to work locally, in
which case we reduce to the situation when £ is trivial.

9.6. The case of the flag variety. Let us now specify to the case when Y = G with B acting
on the right, and X = G/B. Given a character A : h — C, which we can regard as a character
of b, we obtain the sheaf of rings ®(X)* on the flag variety.

Proposition-Construction 9.7.

(1) There exists a natural map
a g — T(X,D(X)M).
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(2) The map
a)\

Z(g) = U(s) = (X, D(X)")

factors through the character
T ) A

Z(g) ~ Z(g) — Sym(h) = C,
where T is the involution of Z(g), induced by the anti-involution & — —& of U(g).
Proof. By construction, (local) sections of D(X)* identify with B-invariant endomorphisms of
the left D-module

D(G)y =D(G)/D(G) - (ar(§) = A(&)), E € b

on G.

However, since the images of the homomorphisms a; and a, from g to ©(G) commute,
the operation of right multiplication by a;(n),eta € g on ©(X) descends to a well-defined
endomorphism of @(G)g\. Moreover, these endomorphisms are B-invariant with respect to the
B-equivariant structure on D(G)q, since the vector fields a;(£) are B-invariant under the action
of B on G by right multilication.

This proves point (1) of the proposition. To prove point (2) we need to calculate the endo-
morphism of D(G); induced by elements a;(u), u € Z(g).

Recall that we have an identification D(G) ~ Og ® U(g), under which U(g) — O¢ ® U(g)
corresponds to the homomorphism a,.. Then
D(G)p ~ Og @ My,

as modules over U(g) via a,, where the action of U(g) on the first factor is trivial.
Hence, the second assertion of the proposition follows from Corollary 6.13.

From the above proposition, we obtain a functor
I': ®(X)*mod — U(g),-mod,
where x € Spec(Z(g)) equals w(7(A)).
The following generalizes Theorem 6.18:
Theorem 9.8.
(1) The map
a} 1 U(g)y-mod — T'(X,D(X)*)
18 an tsomorphism.
(2) If X is such that A\ + p is dominant, the the functor T : D(X)*-mod — Vect is evact.
(3) If X itself is dominant, then the functor T is, in addition, faithful.
(4) Under the assumption of 3), the functor T, viewed as D(X)*-mod — U(g)y-mod is an

equivalence.

Let us analyze which parts of this theorem we know already:

Point (1) follows from Kostant’s theorem by passing to the associated graded level, as in the
non-twisted case.

The fact that (1) and (3) imply (4) follows in the same way as in the case A = 0.

Point (2) can be proved in the same way as the exactness assertion in the non-twisted case,
using the fact that the Verma module M) is projective in the category O, if A 4 p is dominant.
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Finally, point (3) can be proved by the same Lie algebra cohomology technique: the assumtion
that X is dominant will be used for the fact that all the weights —w(p + \) — p, w € W are
distinct.

We shall give, however, an alternative proof of both (2) and (3) using the translation principle.

9.9. Let the weight A be integral, and consider the corresponding line bundle L.

Proposition-Construction 9.10.
(1) The line bundle L has a natural structure of G-equivariant coherent sheaf on X = G/B.

(2) The af-action of g on L, corresponding to this equivariant structure, equals the action
corresponding to al)‘ g — BD(X)’\.
(3) For any p € b*, the functor of tensor product F' +— F' ®@ L* defines an equivalence

Ox
D(X)*-mod — D (X))t -mod.
(4) Under the above functor for mi € F' and mg € L* we have:

a; () (m1 ® ma) = af' (€)(m1) ® ma +my ® a*(€)(ma).

Proof. Recall that L was obtained from the structure sheaf O on G by modifying its equi-
variant structure with respect to B acting on G by right multiplication. This structure is
compatible with the natural G-equivariant structure on Qg corresponding to the action of G
on itself by left-multiplication. Hence, the latter descends to L.
All points of the proposition follows essentially from the constructions.
O

Assume now that X\ is dominant. Let V~%0(\) be the irreducible finite-dimensional rep-
resentation of G with highest weight —wg(\). Consider the coherent sheaf on X equal to
V—woN) & 9 x.

We define the G-equivariant coherent sheaf V;(w‘)()‘) on X to be V"N @ Oy with the equi-

variant structure twisted by the G-action on V=% e we change the evident isomorphism

act* (V70N @ Ox) ~ ps (V20N @ 0 y),
by multiplying it by the map
A wod) - wo(X) ® O¢,
corresponding to the action of G on V~%0(A),
Forv® f € v)—(wo(k) we have:

*(§) = £(v) ® f + v @ Liea(g) (f)-
Proposition 9.11.

(1) There exists a natural G-equivariant morphism

V™ - e,
(2) The G-equivariant coherent sheaf V-woN) admits a filtartion, whose subquotients are iso-
morphic to L', each appearing the number of times equal to dim(V =M (=X, and the map
of (1) above being the projection on the last quotient.
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Proof. Defining a map \7;{“’00\) LA

(9.1) Vowo) (X, LN,

compatible with the G-actions.
By definition,

is equivalent to giving a map

D(X,L%) = {f € Fun(G) | f(g-b) = A(b) - f(9)-}
Let ¢ : V=20 — C=* be the lowest weight covector. The map in (9.1) is given by

v folg) = (g™ - v).

This proves point (1) of the proposition. To prove point (2) let us recall that G-equivariant
quasi-coherent on G/B are in bijection with B-modules:

For a B-module W we attach a G-equivariant quasi-coherent sheaf Wx by setting for an
open U C X T'(U, Wx) to be the set of W-valued functions on 7~1(U) such that

flg-b)=0b""-f(g) e W.
Taking the B-module to be C™* we obtain the line bundle £* on X.

Taking the B-module to be Res$ (V") we claim that we obtain V;"O()‘). Indeed, to
any f as above we attach a W-valued function f/ on U by f'(9) =g f(9)-

The assertion of the proposition follows now from the fact that there exists a B-stable
filtration on V'~ with 1-dimensional subquotients. Each such subquotient is isomorphic to
C* as a B-representation, and it appears as many times as is the multiplicity of X’ in V' —%0(}),

O

9.12. Proof of the localization theorem. Let A be as in Theorem 9.8, and let p be a
dominant integral weight. Let F be an object of D(X)*.
We have a map of quasi-coherent sheaves

(9.2) Fo Vvl L F g Lr
Ox OX
and by adjunction a map
(9.3) F-F @ LH @ (Vwolm)yx,
Ox Ox

These maps are compatible with the g-actions, where on JF it is given by al)‘, and on V~wo(w)
(V=wolm))* and L* by af.

Now comes the crucial step in the proof of the localization theorem:

Proposition 9.13.
(1) If p+ p is dominant, then the map (9.3) admits a C-linear splitting.
(2) If p+ p is dominant and regular, then the map (9.2) admits a C-linear splitting.

Let us first show how points (1) and (2) of this proposition imply points (2) and (3), respec-
tively, of Theorem 9.8.
Proof. (of point (2))

Let o be a non-zero class in H*(X,J). Then there exists a coherent subsheaf M C F and a
class ap; € HY (X, M), such that « is its image.

Since for every regular dominant p the line bundle L# is ample, by Serre’s theorem we can
choose 1 so that H (X, M® L*) = 0. Since (V-20))* ~ 9y @ (V-0 (#))* as a coherent sheaf.

HY (X, M@ LF @ (Vwol)*) = 0.
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Consider the commutative diagram of quasi-coherent sheaves:
M —— M L@ (V- wolm))

l |

F —— FQLI @ (Vwolm)x,

By the above, the image of ay in H* (X, M@LH® (V-0 )*) = 0 is zero. Hence, the image of
ain H{(X, F@LH@ (V-0 ()*) is zero. But this is a contradiction, since by Proposition 9.13(1),
the lower horizontal arrow in the above diagram is a split embedding, and hence induces an
injection on cohomology.

O

Proof. (of point (3))
Note that
X, ¥® V—wo(u)) ~T(X,5) ® —wo(w)
for any dominant integral . Hence, it is enough to show that the latter is non-zero for some
u. However, by Proposition 9.13(2) the map

D(X,F @V wW) 5 (X, F o LH)

is a split surjection. Therefore, we are done by Serre’s theorem: we can always find p large
enough so that the RHS of the above equation be non-zero.
O

9.14. Proof of Proposition 9.13. For point (1) consider the filtration on

FHF @ LM ® (vfwo(u))*’
Ox  Ox
given by the filtration on V=%°(#) of Proposition 9.11. The subquotients of this filtration are
isomorphic to F @ LA~ for i/ being a weight of (V=wo())* ~ Vi,

The action of Z(g) C U(g) on each such subquotient is given by the character equal to
T(w(A + p — 1)), where @ denotes the projection h* — Spec(Z(g)), corresponding to the
Harish-Chandra isomorphism.

To prove the assertion of the proposition it suffices to show that for p' # p,

wA+p— ) #=(N),
provided that A+p is dominant. But we have seen that in the course if the proof of Theorem 4.26.

Similarly, to prove point (2), it suffices to show that for A + p is dominant and regular, and
p#E W
wA+ ') # oA+ p).
This we have also seen in the proof of Theorem 4.26.

9.15. Asone application of the localization theorem, let us establish the following generalization
of Theorem 4.26.

Let x; = w(\;), i = 1,2 be two characters of Z(g), such that both A; and As are dominant.
Assume also that Ay — A; = p is dominant and integral.

Let g-modg; be the full subcategory of g-mod, consisting of modules on which Z(g) acts by
the generalized character ;.

Consider the functor T}, : g-mods; — g-modg; that sends M to the maximal submodule of
M ® V#, which belongs to g-modsg;.

Theorem 9.16. The functors T}, is an equivalence.
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Proof. First, we will establish a partial result. Namely, let g-mod,, C g-modg; be the full
subcategory consisting of modules, on which Z(g) acts by the character ;.
Let us show first that the functor

T, : g-mod,, — g-mod,,
is an equivalence. Namely, we claim that the following diagram of functors

Dx L x)n

(94 ‘| ‘|

gmod,, —“— gmod,,
commutes.
This follows from the proof of the localization theorem discussed above.

Moreover, we obtain that 7, (M) is canonically a direct summand in M ® V#. This implies
that 7),(M) is a direct summand of M ® V*# for any M € g-mody; .

In particular, the functor 7}, is exact on g-mody;. Its (both left and right) adjoint, denoted
Ty, is given by sending M’ € -mody; to the direct summand of M’ ® (V#)*, which belongs to
g-modg;. This functor is also exact.

To prove that T}, and T}; are mutually quasi-inverse equivalences of categories, we have to
show that the adjunction morphisms

Id—>T“oT; andT;oTu—Jd

are isomorphisms.

By exactness, it is enough to do so for objects of g-mod,, and g-mod,,, respectively, in
which case the assertion follows from the equivalence of these categories, that has been already
established.

O

As a corollary let us deduce the following:

Theorem 9.17 (BBW). For \ dominant, H (X, L) =0 fori > 0 and T'(X,L?*) is isomorphic
to V—woN),
Proof. The vanishing of higher cohomologies follows from point (2) if Theorem 9.8. The state-

ment about T'(X, L?*) follows using (9.4) from the case A = 0.
O

10. IDENTIFICATION OF (DUAL) VERMA MODULES

10.1. Let A be such that A + p is dominant. Let x € Spec(Z(g)) be @ ().
We consider the category O} C g-mod, to be the full subcategory, consisting of finitely
generated modules, on which the action of n is locally nilpotent.
Much of the discussion about O, applies to O;. In particular, the modules M.\, M),
L.» belong to O, and the results from Sect. 4.12 hold.

Lemma 10.2. The action of b on any object of O is locally finite.

Our goal is to describe this subcategory, and the above modules in terms of the localization
theorem. To simplify the discussion we will assume A = 0 and thus deal with usual (i.e.,
non-twisted) D-modules. However, everything goes through in the twisted case just as well.

Proposition 10.3. For an object I € D(X)-mod, the g-module T'(X,J) belongs to O’ if and
only if F is finitely generated and strongly N -equivariant.
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10.4. Proof of Proposition 10.3. First, from the equivalence of categories Theorem 6.18,
we obtain formally that F is finitely generated as a D-module if and only if T'(X, F) is finitely
generated as an object of g-mod,,.

(We remind that an object F of an abelian category is called finitely generated if and only the
functor Hom(F,?) commutes with direct sums. For the category of modules over an algebra,
this is equivalent for the usual finite-generation condition.)

Let now F € ©(X)-mod be strongly N-equivariant. The equivariant structure on F as a
quasi-coherent sheaf defines an action of the algebraic group N on I'(X, ). The assumption
that a” = 0 implies that the resulting action of the Lie algebra n coincides with that obtained
by restriction from the g-action on I'(X, F).

Instead of proving the implication in the opposite direction, we will show that if M € g-mod
is such that the action of n on it is locally nilpotent (which is equivalent to this action coming
from an action of N), then Loc(M) € ®(X)-mod is strongly N-equivariant.

Recall that Loc(M) = D(X) U<§(§>) M, and it is the quotient of the ”"naive” tensor product

g

D(X) ® M, both being left D-modules on X.
We endow the latter with a structure of weakly IN-equivariant D-modules, by twisting the
natural weak N-equivariant structure on D (X) by the given algebraic action of N on M.

We claim that this weak equivariant structure descends to the quotient Loc(M), where it
becomes strong. Since the group in questions are connected, it suffices to see that for £ € n, a
local sections D of ®(X), and u € U(g), m € M,

at(€) (D ca(u) ® m) — db(¢) (D ® a(u) - m) € Loc(M)
and
a(€)- (Dom) = a¥()(D@m) € Loc(d).
For the second identity we have:
(&) (Dem) =a(€)-Dem-D-a¢)@m+Deg-m,
which equals a(€) - D @ m in Loc(M).
The first identity follows from the fact that
a#(€)(D-alu) @m) = a(€) - D-a(u) @ m — D-a(w) - a(§) ©m+ D - a(u) 9 -m =
a(€)-D-a(u) ®m—D-a(¢) -a(w) ®m — D - a(fu,&)) @ m + D - a(w) 8 € - m,
which in Loc(M) is the same as
al§) - Du-m—D-a(§)®u-m—D®a([u,&]) m+DRu-&-m=
D) @u-m+ D& (u-m) =€) (Dou-m).
10.5. For an element w € W let N -w =: X,, “% X denote the embedding of the corresponding
Schubert cell. Consider the D-module (2,)«(Ox,, )-

Theorem 10.6.
DX, (0)s (0x,)) = MY,y



60 GEOMETRIC REPRESENTATION THEORY, FALL 2005

The proof of the theorem will proceed by induction with respect to the £(w). Namely, we
assume that for all w’ with £(w’) < £(w), have already shown that

F(X, ()2 (O, )) ~ MY,

where ¢/ = —w'(p) — p. (Let us note that £(w) equals the number of positive roots that are
turned negative by w, which is the same as (p — w(p), p).)

To carry out the induction step we will use the following observation:
Lemma 10.7. Let Ml be on object of Oy,, such that [Ml] = [M,/] and
Hom(LH/,]\’Z;/) =0
for u' = —w'(p) — p with L(w') < £(w). Then Ml ~ M.

Proof. Tt will be more convenient to dualize and prove the corresponding statement for Verma
modules. . .

By the assumption on [M,,], the weight x is maximal among the weights of M,,. Hence, there

is a map
M, — M, 10
which we claim is an isomorphism. -

Indeed, if it was not surjective, we would have a non-zero map from M,, to some irreducible
L. By the assumption on []TJ/“], this irreducible appears also in the Jordan-Hoélder series of
M,,. Hence, p/ < p, which implies that £(w’) < ¢(w) for w’ such that p/ = —w’(p) —p. However,
this contradicts the assumption in the lemma, concerning Hom(LH/,MlY).

The injectivity of the map in question follows from its surjectivity and the fact that the
lengths of the two modules coincide.

O
We claim that the assumptions of the above lemma are satisfied for
MY =T (X, (1)+(0x.,)).
Indeed, by the induction hypothesis, the D-module on X, corresponding to L_(,)—, is a

submodule of (1,/)4(0x,,) with £(w') < £(w). In particular, it is supported on the closure of
X in X, which is contained in

",

U
Lw')<l(w')
In particular, this closure does not intersect X,,. By adjunction

Hom(%F,1,)+(0x,)) =0
for any F supported on the closure of X,,.

Hence, to complete the induction step we need to show that

[T (X. )+ (0x,,,) )] = (D],
This will be done by computing the formal characters of both sides:

Recall that A denotes the weight lattice of H, so that the group algebra C[A] identifies with
Fun(H). Let C[A] denote the completion of C[A], where we allow infinite sums % ¢,, - e*
An is such that (A,, p) — —oo.

n_where
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—

We claim that there exists a well-defined ”formal character” map ch : K(O,,) — C[A].
Namely, to M € O,, we assign the formal sum

¥ di \) - et

= im(M(N)) - e?,

where M(A) denotes the corresponding generalized eigenspace of b.
Lemma 10.8. The map ch is injective.

Proof. Since [M,], p € W-p form a basis for K(0,,), it suffices to see that the elements ch(M,)

are linearly independent in C[A].
Assume that

—

Y, - ch(M,) =0 e C[A]
Let 1 the maximal element (w.r. to <) in the above set with ¢, # 0.

But then the coeflicient next to e# in the above sum equals c,,, which is a contradiction.
O

Thus, it remains to prove the following:

Proposition 10.9.
o (T(X, (1):(0x,)) ) =3 dim(U(n)) - A=),

Proof. By construction, (z,)+(Ox, ) is strongly B-equivariant in a natural way. Thus, we have
to determine the weights of T' C B acting on (1,)«(Ox,, ) as a quasi-coherent sheaf.

Recall that as a O-module, (1,,)«(Ox, ) is equipped with a canonical filtration, such that the
associated graded is isomorphic to

Symo,, (NXw/X) 2 AGK, (NXW/X),
Xaw

where Nx _,x denotes the normal bundle to X,, in X.
We can identify X,, with the affine space n/n N Ad, (n), and the normal bundle with the
constant vector bundle with fiber n=/n~ N Ad,,(n), with the natural action of H. Hence, as an

H-module, gr ((zw)* (Ox, )) is isomorphic to

Sym((n/n N Ad, (n))*) ® Sym (n— /0~ 0 Ad,, (n)) ® Atop (n— /0~ 0 Ad,, (n)).
Since n* ~ n~, we obtain (n/nN Ad,(n))* =~ n~ N Ad,(n), hence, the tensor product of
symmetric algebras appearing above is isomorphic simply to Sym(n™).
Finally, the character of H on AP (n_ /n~NAdy,(n) ) equals the sum of negative roots which

remain negative after applying w, which is the same as —w(p) — p.
O



