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19. KZ FUNCTOR I: DOUBLE CENTRALIZER PROPERTY

The notation W, S, ¢, o, o) has the same meaning as in the previous lecture. We have the
category O = O.. Sometimes we will write O.(h) to indicate that it is h that acts locally
nilpotently (we can also consider the analogous category O.(h*)).

A KZ functor introduced in [GGOR] is one of the most powerful tools to study the category
O.. It is an exact functor O, — H.(W)-mod, where H.(W) is the Hecke algebra of the
complex reflection group W corresponding to the parameter ¢. This functor induces an
equivalence of O./O" and H.(W)-mod, where Q%" is the Serre subcategory of O, consisting
of all objects M in O, that are torsion for S(h*) (i.e., any element of M is annihilated by
some element of S(h*)). Finally, this functor has a very nice property, it is fully faithful on
projective objects (sometimes this is also called the double centralizer property).

19.1. Localization functor. The first ingredient to construct the KZ functor is the local-
ization functor . Consider the element 6 € S(h*),6 := [[,cq . This is a W-semiinvariant
element. Recall, Exercise 13.3, that the localization H.[6~!] makes sense and is isomor-
phic (via the Dunkl operator homomorphism) to D(Hf9)#W  where h% is the principal
open subset defined by 0 (coinciding with the locus, where the W-action is free). So we
have the localization functor 7 : H.-mod — D(hE)H#W, M — D(HRNH#W @y, M. As a
C[hf*9)-module, m(M) = C[h"9] @cpy; M. So, clearly, 7 is an exact functor.

Recall that any object M € O is finitely generated over C[h]. So Loc(M) = 0 if and
only if M is annihilated by some power of ¢, i.e., is supported (as a coherent sheaf on b)
outside h79. We claim that these are all torsion modules in O. Let us prove this. Our first
observation is that D(h79)#W-module (M) is finitely generated over C[hT9].

Proposition 19.1. Let X be a smooth variety and let M be a coherent sheaf that is also
a Dx-module (here Dx stands for the sheaf of differential operators on X ). Then M is a
vector bundle.

Proof. 1t is enough to prove that the restriction of M to a formal neighborhood of any
point in X is free. Consider the corresponding algebra of differential operators D :=
D(C|[x1,...,z,]]) (as a vector space, D is C[[x1,...,z,]][01,. .., 0y] with obvious commuta-
tion relations). We claim that any D-module M that is finitely generated over C[[z1, ..., ;)]
is isomorphic to the sum of several copies of C[[zy, ..., z,]]. The module M is complete and
separated in the (z1,...,z,)-adic topology. We claim that any such module (not necessarily
finitely generated) is the sum of several copies of C[[z1, ..., x,]].

The operator p; := Z;io (_j—l,yxf ag' is well-defined. It is straight-forward to check that

the operators p; pairwise commute. Also d;p; = 3 7% (}1!)1 (jal='o) + 2] = 0. Let M?
denote the image of p; ... p,. The vectors in M? are annihilated by all 9; and they generate M
modulo (z1,...,z,) (because each p; is the identity modulo (x1,...,7,)). So M? generates

M as a C[[xy, ..., x,]]-module. Let us check that the natural map C[[z, ..., x,])]®@ M2 — M
1
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is an isomorphism. Let f = )" 2%m, be in the kernel, here we write 2 for 27" ... z2. We
remark that the homomorphism Cl[[xz1,...,z,]] ® M? — M is that of D-modules. So the
kernel is also a D-module. In particular, z;0;f also lies in the kernel. But x;0;2%m, =
a;xmg. Also the kernel is closed in the (z1,...,z,)-adic topology. Since with any element
>, Tmy, it also contains ) a;x*m,, we see that the kernel is spanned by the monomials
%M. Applying 0 to x%m,,, we see that m,, lies in the kernel. But our map is tautologically

injective on M?. So the kernel is zero. U

In particular, if the module M € O is torsion, then m(M) is torsion and hence is 0. So
any torsion module in O is annihilated by 6™ for m > 0.

Problem 19.1. Let My, My be Dx-modules that are coherent sheaves. Show that
dim Homp, (M, Ms) < oc.

19.2. Double centralizer property. The main result about 7 for today is the double
centralizer property: the claim that 7 is fully faithful on projectives.

Theorem 19.2. The functor 7 is fully faithful on projective objects, i.e., if P, Py are pro-
jective in O, then the natural homomorphism Homp, (Py, Po) — Hom paeoyuw (7(P1), T(P2))
18 an isomorphism.

Presently, we are in position to prove the injectivity. The surjectivity is more subtle and
will be proved after some preparation.

Recall that any projective projective in O is A-filtered, i.e., admits a filtration whose
successive quotients are Verma modules A(FE). The injectivity follows from the next lemma.

Lemma 19.3. Let M, N € O and suppose that N is A-filtered. Then the natural homomor-
phism Home (M, N) — Hom p(yresypw (m(M), m(N)) is injective.

Proof. Any A(FE) is free over S(h*) and hence so is any A-filtered object. Being free, N is
torsion-free. The equality 7(¢) = 0 for ¢ € Homp (M, N) is equivalent to 7(im ¢) = 0. But
d is a nonzero divisor on N. O

19.3. Naive duality. We want some conditions on M that will insure that Home (M, N) —
Hom pyregy g (m(M), m(IN)) is surjective. This condition is kind of dual to that of Lemma
19.3. This indicates that we need to establish some kind of duality on the categories O. Such
construction is well-known for the BGG category O and is obtained in a similar fashion in
the Cherednik case.

For a parameter ¢ : S — C define ¢V : S — C via ¢'(s) = ¢(s7') (so that if W is a
real reflection group, then ¢¥ = ¢). Obviously, (¢V)Y = ¢. We will write O(h*) for the
category defined similarly to O but for h* instead of h. Our goal is to define an involutive
contravariant equivalence oY : O. — O.v (h*).

We start by establishing an algebra isomorphism o : H, — HZ”. On the generators, it is
given by o(z) = z,0(y) = —y,o(w) = w™!. Tt is straightforward to see that [o(z),o(y)] =
—o([x,y]) and so o does lift to an algebra homomorphism. Also it is clear that o2 = 1.

Now let us define the functor V. Pick M € O. It admits a decomposition M = @, M,
into generalized eigenspaces for h. Then M* = Hom(M, C) has a natural structure of a right
H-module. Consider the restricted dual M) = @, My C M*. It is stable with respect to
h, W, h* and so is an H-submodule. We can view M™ as a left H,v-module using . This
is the module that we are going to denote by M. Let us check that this module belongs
to O(h*). First of all, we need to check the action of h* on M) is locally nilpotent. Since
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h*M,—1 C M,, it follows from M h* C M;_,. Using the claim that the h-eigen-values on
M are bounded from below (i.e., for any eigenvalue a, the number a — m is no longer an
eigenvalue for m > 0), we see that h* acts locally nilpotently on M. The claim that M"Y is
finitely generated follows from the next exercise, because one can check that the subspaces
M* C MV are the generalized eigenspaces for h.

Exercise 19.2. Let M be an H.-module with locally nilpotent action of . Show that M is
finitely generated iff the action of h on M 1is locally finite and all generalized eigen-subspaces
are finite dimensional.

It is follows from 0% = 1 (and the fact that taking the restricted dual is involutive) that
(MY)Y = M.

One application of the duality is to define so called costandard objects using it. Namely,
we set V. (F) := A~ (E*)Y. This definition and the construction of duality imply that
Home (M, V(FE)) = Homy (M/hM, E). It follows that V(E) has simple socle equal to L(E).

Problem 19.3. Show that Ext'(A(E),V(E')) =C if E=E',i =0, and 0 else. Moreover,
show that if Ext'(A(E), M) = 0 for all E, then M is V-filtered, i.e., admits a filtration with
successive quotients V(E').

Now let us study a relationship between the subcategory O™ (of all modules in O that
are torsion over S(h*)) and the duality e".

Lemma 19.4. If M € O, then MY € O(h*)%.

Proof. Asin the previous lecture, we may assume that all eigenvalues of h on M are congruent
modulo Z, in which case we can turn M into a graded module. Since grading is bounded from
below, we can shift it and assume that M is positively graded, M = P,., M ¢ Then MV is
naturally negatively graded, MY = @, ,(M")" with (M")" = (M~*)*. The condition that
M is S(h)-torsion is equivalent to lim;_, ;o ¢! 7" dim M; = 0, where n = dim h. The condition
that M"Y is S(h*)-torsion is equivalent to lim; , ' " dim(MV)? = 0. Since dim(M")? =
dim M %, we are done. O

Lemma 19.5. Let M be V-filtered. Then Homep (M, N) — Hompgreo)gw (7(M), 7(N)).
Proof. By the construction,
Hom pyresy g (m(M), M') = Homy, (M, M)
and so what we need to show is that
Homp, (M, N) — Hom pyreq)pw (m(M), 7(N)) = Homp, (M, n(N))

is surjective. This will follow if we check that Homp, (M, 7(N)/N) = 0. For any vector
v € m(N) there is m > 0 such that 6™v € N. So m(N)/N is torsion. By Lemma 19.4, any
V-filtered object has no torsion quotients. So Homp, (M, 7 (N)/N) = 0. O

An object in O is called tilting if it is both A- and V-filtered (the filtrations are different,
in general).

Corollary 19.6. If M, N are tilting, then Home (M, N) = Hompgrea)gw (7(M), 7(N)).
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19.4. Homological/Ringel duality. Generally, projectives are not tilting. Indeed, any
simple module occurs in the head of some projective, while only torsion-free simple can
occur in the head of a tilting. Projectives and tiltings are again kind of dual (but not via
the naive duality, it sends tiltings to tiltings, and projectives to injectives). To make this
statement precise we note that, according to Problem 19.3, a A-filtered object M is tilting
iff Ext'(A(E), M) =0 for all E.

Problem 19.4. A A-filtered object M is projective iff Ext*(M, A(E)) = 0 for all E.

So what we need is an exact contravariant duality between the categories of A-filtered
objects (these are ezxact categories, in particular, the notions of an exact sequence and so of
Ext! make sense), maybe with different parameters, that is compatible with the localization
functors. We note that such duality cannot be exact on the whole category O, (then it
would map projectives to injectives, not to tiltings). Such duality exists for all highest
weight categories and is known as a Ringel duality. In our particular case, this duality is a
standard homological duality that makes sense for all rings.

Namely, let A be an associative algebra with unit. Then we have the functor Hom (e, A)
from the category of left A-modules to the category of right A-modules. This functor behaves
well on free or, more generally, projective A-modules (in particular, it is involutive) has no
other good properties (for example, it often sends a module to 0). To remedy this, one
considers the derived functor RHom(e, A) from the category of finitely generated left A-
modules to the derived category of right A-modules. By definition, this functor maps an
A-module M to the complex Homy(Fy, A) — Homy(Fy, A) — ..., where ... — F| — Fj
is a free resolution of M and the A°P-action on the complex is given by the action of A
on A from the right. In particular, if A has finite homological dimension, then the functor
induces a contravariant equivalence D : D°(A) — DP(A°P), where D’(A) stands for the
bounded (=of complexes of finite length) derived category of the category of left A-modules.
We remark that D? = id.

The algebra H. has finite homological dimension, by Problem 9.6. We can view right
H.modules as left H.-modules and so we get a contravariant equivalence D : D°(H,) —
D'(H,) with D? = 1. By the construction, D commutes with the localization and so
Don,=m~oD.

Let us compute D(A.(E)).

Lemma 19.7. We have H'(D(A.E))) = 0 if i # n and H"(D(AJ(F))) = Ax(E') for
certain E'.

Proof. Of course, H'(D(A.(E))) = Ext}y (Ac(E), H.). We have A.(E) = H, @s@zw (E).
Since H. ®g(p)4w @ is an exact functor, and its right adjoint functor (the restriction from
H, to S(h)#W) is also exact, we see that Ext}; (A.(E), H.) = Extfg(h)#w(E,Hc). By the
triangular decomposition (written in the opposite order), H. is a free left S(h)#W-module.
So Extisyuw (B, He) = Extisy y (E, S(0)#W) @g(p)sw He. Since a S(h)#W-linear map is
the same as a W-equivariant and S(h)-linear map, we see that

Ethg(h)#W(E> S(h)#W) = Ethg(h)(Ev S(h)#w)w = (Hom(E, CW)® EXtiS(r])(Ca S([J)))W

The S(h)-module Extis(h)(C, S(h)) is 0if i # n and is A" b* if i = n. To see this one uses
the Koszul resolution of the S(h)-module C. We conclude that Exty (A.(E), H:) = 0 for
i # n and Extly (A(E), H.) = E" ®g(p)ew He, where E” = [Hom(E,CW) ® A" §*]" is an
irreducible right W-module. So we have H'(D(A.(E))) = 0if i # n and H"(D(A.(F))) =



LECTURES ON SYMPLECTIC REFLECTION ALGEBRAS 5

A (E") for an irreducible left W-module E’ (equal to A" h* ® E*, but we will not need
this). O

From now on, we replace D with D[n], so that D(A.(F)) is concentrated in the homological
degree 0. Since an abelian category is a full subcategory of its derived category (of all
complexes with cohomology only in degree 0), we conclude that we have a contravariant
equivalence D : 02 — OX (the superscript A stands for the category of A-filtered objects)
that maps standards to standards. By problems 1 and 2, this equivalence has to map tiltings
to projectives and vice versa.

Now we are in position to finish the proof of Theorem 19.2.

Proof of Theorem 19.2. Let Pp, P be projectives in O.. Then, since moDpg, = Dpyres)pw ©
7, we have the following commutative diagram

HOHI@C(Pl, Pg) g HOIHOCV (D(P2>7 D(Pl))

HomD(hReg)#W(ﬂ'(Pl), W(Pg)) HomD(hReg)#W(’ﬂ' D(PQ), T D(Pl))

The horizontal arrows in this diagram are induced by D, which is an equivalence of derived
categories, and so are isomorphisms. The right vertical arrow is an isomorphism by Corollary
19.6. So the left vertical arrow is an isomorphism. ([l

19.5. Quotient property. We claim that the functor 7 admits a right adjoint 7* that maps
a finitely generated D(H7°9)#W-module N to the sum of all its submodules lying in O. The
natural isomorphism Hompy, (M, 7*(N)) = Hompg, (7(M), N) = Hompgres)gw (7(M), N) is
clear, the only thing we need to check is that 7*(V) is finitely generated. By Problem
19.1, dim Hom pyreqy g (m(M), N) < oo. Applying this to the projective P(E), we see that
dim Homp (P(E),7*(N)) < co. So 7*(N) has finite length and hence is in O.

Since w(M)/M is torsion, we see that 7* w(M)/M is torsion and so 7 7*7w(M) = 7n(M).
So for N € im7 we have n7*(N) = N. It follows that im7 is isomorphic to the quotient
category O/O™" and w is the quotient functor (the quotient functor is one satisfying a
universality property for all functors that kills a given Serre subcategory). We will describe
the image of 7 in the following lecture.

Since O is equivalent to the category of finite dimensional representations of some finite
dimensional algebra, say A, the functor 7 can be described as follows. Let e be an idempotent
in A corresponding to the projective that covers the torsion-free simples. Then im 7 is the
category of modules over eAe and the functor 7 is M + eM.

The following problem shows that 7 is fully faithful on injectives and has left adjoint.

Problem 19.5. (1) Show that the double centralizer property is equivalent to Ext* (M, P) =
0 for any projective P and M € O,
(2) Use the naive duality to show that 7 is fully faithful on injectives.
(3) Show that m has left adjoint © and that w o 7' is the identity on the image of .
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