Categorification of sl; and braid groups
Raphaél Rouquier

ABSTRACT. We describe categorifications of slo and braid groups. In a first
part, we give a survey of the case of sly (joint work with Joseph Chuang
[ChRou]) and explain how it leads to the construction of derived equiva-
lences. The second part points out the existence of “higher symmetries” in the
examples of braid group actions on triangulated categories.
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1.1. It is classical that various actions of Weyl groups or Lie algebras on vec-
tor spaces come from functors acting on abelian or triangulated categories of al-
gebraic or geometric origin, whose Grothendieck group is that space. We want
to explain that the natural transformations between these functors should satisfy
certain “nice” algebraic relations, leading to a better control of the triangulated
categories acted on. Namely, we believe there is a “canonical” categorification of a
number of classical algebras or groups, in particular Kac-Moody algebras, Coxeter

1
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groups, braid groups (a monoidal category given by generators and relations). We
describe here the case of the Lie algebra sly and braid groups.

The idea of categorifications has been advocated by I. Frenkel (cf e.g. [CrFr])
and has already found deep applications in low dimensional topology in the work
of Khovanov [Khov].

1.2. In a joint work with Joseph Chuang, we explain the setting for sly, which
leads to a construction of some equivalences of derived categories of representations.
Let us explain more precisely one of the main applications of sly-categorifications:
let p be a prime number and F,, an algebraic closure of F,. The following result
is a simplified version of a theorem asserting that the derived category of a block
of a symmetric group depends only on the defect group, up to equivalence (as
conjectured by Broué).

THEOREM 1.1. Let A and A’ be two non-simple blocks of symmetric groups
over Fp,. Then, D°(A) ~ D"(B) if and only if A and B have same number of
simple modules.

Similar results hold for (cyclotomic) Hecke algebras, g-Schur algebras and group
algebras of GL,(F,). The methods apply also to category O for gl,(C) and to
rational representations of GL,,(F,).

The main idea is the following: we construct sls-categorifications on the rele-
vant categories. The adjoint action of the Weyl group of sly will give the derived
equivalences.

An sly-categorification on an abelian category consists of the data of endo-
functors E, F' and natural transformations of functors X, T satisfying certain as-
sumptions. In the examples of sly-categorifications described, X takes different
incarnations (Jucys-Murphy elements for Hecke algebras, Casimir for gl(V'), new
for GL,,(F,)).

We expect a generalization of the theory to general Kac-Moody algebras. In
that setting, one should obtain an action of the corresponding braid group. Note
that this type of braid group action seems more general than the one considered in
Part 2 of this paper. These categorifications should give an interpretation of the
canonical bases and we also hope that vertex operators can be categorified.

1.3. Actions of braid groups on triangulated categories are quite widespread.
They arise for instance in representation theory, for constructible sheaves on flag
varieties and for coherent sheaves on Calabi-Yau varieties (cf [RouZi] and [SeiTho]
for early occurrences). In Part 2, we suggest that not only the self-equivalences
are important, but that the morphisms between them possess some interesting
structure.

Let W be a Coxeter group and C a triangulated category. We consider gradually
stronger actions of W or its braid group By :

(i) W acting on Ky(C)
(ii) a morphism from By to the group of isomorphism classes of invertible
functors of C

(iii) an action of By on C.

We construct a strict monoidal category By categorifying (conjecturally) By,
and we propose an even stronger form of action :

(iv) a morphism of monoidal categories By — Hom/(C,C)
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Section §8 is devoted to a construction of a self-equivalence of a triangulated
category, generalizing various constructions in representation theory and algebraic
geometry. This should be viewed as a categorification of an action of Z/2.

In section §9, we construct a monoidal category categorifying (a quotient of)
the braid group. It is a full subcategory of a homotopy category of complexes of
bimodules over a polynomial algebra. The setting here is that of Soergel’s bimod-
ules.

Section §10 is devoted to the category O of a semi-simple complex Lie algebra.
There are classical functors that induce an action of type (i). We show how to use
the constructions of §9, via results of Soergel, to get a genuine action of the braid
group and even the stronger type (iv).

The case of flag varieties is considered in §11. There again, there is a classical
action up to isomorphism of the braid group on the derived category of constructible
sheaves (type (ii)). Using a result of Deligne and checking some compatibilities for
general kernel transforms (Appendix in §12), one gets a genuine action of the braid
group (type (iii)). Now, using the link with modules over the cohomology ring, we
get another proof of this and even the stronger (iv).

In a work in preparation we study homological vanishings and relation with the
cohomology of Deligne-Lusztig varieties. We also expect that finding presentations
by generators and relations will lead to a new proof of Beilinson-Bernstein’s equiv-
alence between category @ and perverse sheaves on the flag variety (or rather of
Soergel’s version of the equivalence) and a new proof of Andersen-Jantzen-Soergel’s
proof of Lusztig’s conjecture comparing representations in the quantum case and
in characteristic p.

1.4. Part 1 is based on a series of lectures given at the Workshop ICRA XI,
Queretaro, in August 2004. A few talks have been given in 1998-2000 on the main
results of Part 2 (Freiburg, Paris, Yale, Luminy) and I apologize for the delay in
putting them on paper.

I would like to thank I. Frenkel, M. Kashiwara, M. Khovanov, and W. Soergel
for useful discussions, and the referee for pointing out a mistake in §8.1.1.

Part 1. sly-categorifications

This chapter surveys the main constructions and results of [ChRoul].

2. sly-categorifications

2.1. We put

e=(8 (1)>7f:<(1) 8),andh:[e,f]:((1) _01>

so that sl3(C) = Ce @ Cf @ Ch.

Fix k an algebraically closed field. Let A be a k-linear abelian category such
that all objects have finite composition series (the theory has a counterpart for
triangulated categories).

DEFINITION 2.1. A weak sla-categorification on A is the data of (E,F) an
adjoint pair of exact functors A — A such that
e the actions of [E] and [F] on V = C ® Ko(A) give a locally finite repre-
sentation of sly
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e given S € A simple, then [S] is a weight vector
e the functor F is isomorphic to a left adjoint of E.

The weight space decomposition V = @, Vi (where Vi = ker(h — \)) gives
a decomposition A = @, A\ where Ay = {M € A | [M] € V) }.

EXAMPLE 2.2. The 3-dimensional irreducible representation

k-mod C
Resulnd 1( )2
ET|F k[d]/d?-mod C el lf
Ind N Res 2 ( ) 1
k-mod C
EXAMPLE 2.3. Same representation

k[d]/d*-mod C

Ind“Res 2< )1
ET|F k-mod C el lf

)

k[d]/d*-mod C

The first example will lead to a genuine categorification, while the second one
won’t.

2.2,

DEFINITION 2.4. An sly-categorification on A is a weak categorification together
with the data of X € End(E), T € End(E?), ¢ € k* anda € k (witha # 0 ifq# 1)
such that

. EEE
EN

FEFE EFEFE 18 commutative

T% lm

EEFE EEE

EFEFE
« (T+1)(T—g)=0
oXE) ifq#1
XE-T ifqg=1
e X — a is locally nilpotent.

e To(EX)oT =

REMARK 2.5. As soon as V' contains a copy of a simple sla-module of dimension
3 or more, then a and ¢ are determined by X and T'.
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Let us now state our two main Theorems.
THEOREM 2.6. There is an equivalence © : D*(A) = DY(A) with [0] = s =

(_01 (1)) It restricts to equivalences DP(Ay) = Db(A_)).

They come from equivalences K°(A) = K°(A), restricting to K®(Ay) = Kb(A_)).
Here, K°(A) denotes the homotopy category of bounded complexes of objects
of A.

THEOREM 2.7. Let A\ > 0. We have isomorphisms
A—1

o+ Y (FXi)yon : BEFy, ®1ldP 5 FE,
§=0
A—1 ‘
o+ co(XIF) : EFa, = FE4, ®1d$*
=0

where o is the composition

EF "5 pEpr ETE pEEF FES FE.

EXAMPLE 2.8. We consider the case of Example 2.2. Put ¢ = 1 and a = 0.
Let X be the multiplication by d on Res : Ay — Az and multiplication by —d on
Ind: A_5 — Ap. Let T € Endy(k[d]/d?) be the automorphism swapping 1 and d.
This is an sly-categorification.

3. Affine Hecke algebras
3.1. For g # 1, let H,(q) be the affine Hecke algebra of type A,y

with generators T1,...,Th_1, Xlil, ... ,Xffl and relations
(T, — )Ty +1) =0
T.T; =T;T; if |i — j] > 1
T T = Ty Ty
XiX; =X;X,;
XT; =T;X;ifi —j#0,1
T; X1 = qXiq1-
Note that Hf = k(T1,...,T,_1) is the Hecke algebra of &, and that H, =
EXE, . X e H.
For ¢ = 1, define H,(1) as the degenerate affine Hecke algebra of type /L,,_l,
with generators T1,...,Th—1,X1,...,X,. The relations are the same as above,

except the last relation which is replaced by X;117; = T3 X; + 1.
We have H, (1) = k[X1,..., X, ® kG,,.

3.2. An important feature is that the (degenerate) affine Hecke algebras arise
naturally from an sly-categorification:

PROPOSITION 3.1. The correspondence
T, — E" " ITEY X, — B X ET
defines a morphism of algebras H,, — End(E™).
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This will eventually enable us to control sly-categorifications. All H,,-modules
considered will be locally nilpotent for (X7 — a),..., (X, —a). As a consequence,
their restriction to H; will be free (this would fail for the affine Hecke algebra at

=1).
! Vg/e define two one-dimensional representations of H;:
e 1is given by T; — q
e sgn is given by T; — —1.

Given T € {1,sgn}, put ¢! = Y owes, ¢ (T)T, € Z(HS) and E™7) =

E™.c].

PROPOSITION 3.2. We have E™ ~ n!- E(m7),

We have obtained two different (though isomorphic) categorifications of the
divided powers.

4. Categorifications on blocks of G,,

4.1. Assume p = char(k) > 0. We view kS, as a quotient of H, (1) via the
morphism of algebras given by T; — (i, + 1), X7 +— 0.
Let a € Fp. Given M a k&,-module, we denote by F,, (M) the generalized a-
eigenspace of X,,. This is a £&,,_;-module. We have a decomposition ReSZGL1 =

@aek Fy n. There is a corresponding decomposition IndZSZﬁl = @aek Eq n, where

Eq,p is left and right adjoint to Fy, ,. Weput E, = @, Fan and Fo = @,,~1 Fan-
Given a € F,, the functors E, and F, give a weak sly-categorification on

A=8,,-,kS,-mod.

We denote by X the endomorphism of E, given on E, , by right multiplication

by X,,. We denote by T' the endomorphism of E? given on E,,,F,,—1 by right

multiplication by (n — 1,n). This gives an sls-categorification on A (here, ¢ = 1).

4.2. Let us recall the action of the affine Lie algebra ;[p and some of its prop-
erties [LLT.

THEOREM 4.1 (Lascoux-Leclerc-Thibon). -The functors Eq and Fy, for a € F),
gwe rise to an action of sl, on @, -, Ko(kS,-mod).

-The decomposition of Ko(kG,-mod) in blocks coincides with its decomposition in
weight spaces.
-Two blocks of symmetric groups have the same p-weight if and only if they are in

the same orbit under the adjoint action of the affine Weyl group.

THEOREM 4.2. Let A and B be two blocks of symmetric groups over k. The
following are equivalent:
(1) A and B have the same p-weights
(2) A and B have isomorphic defect groups
(3) D*(A) ~ D*(B).
If we exclude the case where p =2 and A or B is a matriz algebra, we get an
equivalence with
(4) A and B have the same number of simple modules.
HINTS OF PROOF. Theorem 4.1 reduces the proof to the case of an elementary

reflection s,. Now, we have an sls-categorification and we get a derived equivalence
by Theorem 2.6. (]
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We can now deduce that Broué’s abelian defect conjecture [Br] holds for sym-
metric groups.

COROLLARY 4.3 (Broué’s conjecture). Let A be a block of a symmetric group

over k. Assume the defect groups of A are abelian, i.e., the p-weight w is < p.
Then, A is derived equivalent to k[(Z/p x Z/(p — 1))" X &,)].

HiNTs OF PROOF. We know [ChKe] that given w, there is a block B of a
symmetric group with p-weight w that is Morita equivalent to the principal block
C of k[(6,)" x &,]. Since the principal block of k[&,] is derived equivalent to
k[Z/pxZ/(p—1)] [Ril], we deduce [Mar] that C is derived equivalent to k[(Z/p
Z/(p—1))" x &y]. Now, A is derived equivalent to B by Theorem 4.2. O

5. Minimal categorifications

5.1. Let m, be the ideal of polynomials generated by X; —a,...,X,, —a and
let H, = H,/((m,)®"). Given 0 < i <n, let H,, be the image of H; in H,,.
The algebra H; ,, is isomorphic to a matrix algebra over H*(Gr(i,n), k), where
Gr(i,n) is the Grassmannian variety of i-dimensional subspaces of C™.
The algebra H;, is symmetric and we have left and right adjoint functors
_ Ind _
H; p-mod ——————= H;; ,-mod
Res
We get as in the symmetric group case an sly-categorification on A(n) =
Do<i<n H; ,-mod. We obtain the irreducible representation of dimension n + 1
of sl on Ko(A(n)). We will see below that A(n) gives a “minimal” categorification
of that representation.

5.2. Let U be a simple object of A with F'U = 0. Take n maximal such that
E™(U) # 0 (and put h(U) = n). Let B; = H;,,. The morphism H; — End(E‘U)
induces an isomorphism B; — End(E'U).

There are commutative diagrams of functors

Ei+1U®Bi+1 _
Bi+1—m0d A (eaSY)
Bi+1®8; —T E
B;-mod - A
E U®Bi —
gitl U8, —
B;+1-mod A (key)
Bit1®B;, —l F
B;-mod ; A
E’LU®Bi —

THEOREM 5.1. The diagrams above give rise to a canonical morphism of sla-
categorifications Ry : A(n) — A.

Let I, be the set of isomorphism classes of simple objects U of A such that
FU =0 and h(U) = n (“lowest weight simples”).
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COROLLARY 5.2. We have a canonical morphism of sls-categorifications
Z Ry : @ An) — A
n,UEI, n,U€EL,

It induces an isomorphism

D, ver, Q® Ko(A(n)-proj) —== Q ® Ko(A)

@mUe]n Q ® KO(A(n))

HINTS OF PROOF OF THEOREM 2.7. To test isomorphism, it is enough to eval-
uate at E*U for all U simple with FFU = 0. By Theorem 5.1, we deduce it is enough
to consider the case A(n), where we do explicit calculations. O

6. Homotopy and derived equivalences

6.1. We have
s= (5 o) =ew-Neme)expl-).

Let v € V_. Then, s(v) =3 %e)‘”fr(v).
There is no exact functor A — A giving rise to the action of s on Ko(A) :
we need to use complexes. We define ©) a complex of exact functors A_y — A,

following Rickard [Ri2].

oy v = [ (B EOD) it
A 0 otherwise

The differential is defined by the commutative diagram:

Bt pn)——s prrpr = pAtr-1pppr—1
da-" E)\+7'71€F7'71

v
E(sgn,)\+r—1)F(1,r—1)(—>. EAr=1pr—1

sgn 1
Note that d'~"d=" = 0. Indeed, c;*"c} = 0, hence E?F? & % prp? 22,
vanishes.

THEOREM 6.1. The functor ©, induces equivalences K°(A_)) = Kb(A,) and
Db(A_y) 5 DP(Ay). The functor © = @, O gives equivalences K’(A) = K°(A)
and D*(A) = Db(A). We have (0] = s.

HINTS OF PROOF. Consider a left adjoint ©Y. To show that p : ©Y0, — Id
is an isomorphism in the derived category, it is enough to do so after evaluation
at E'U for U simple with FU = 0. We reduce the problem to the case A(n) by
Theorem 5.1, and this case is handled by Lemma 6.2 below.

To get the homotopy equivalence, note that given M € A_», thereis N € A
containing M as a direct summand, there is an sly-categorification on End(N)-mod
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and a morphism of sls-categorifications End(N)-mod — A. The derived equivalence
for End 4 (M )-mod gives a homotopy isomorphism p(M). O

LEMMA 6.2. Let n > 0 and A = A(n) be the minimal categorification. Fizx

A>0andletl = ”T*)‘ The homology of the complex of functors ©y is concentrated

in degree —l and H='Oy : A_\ 5 Ay is an equivalence.

6.2. There is a filtration of V, 0 = V{—1} C V{0} C --- where V{i} is the
sum of simple submodules of dimension < i+1 (recall that V is locally finite for sls,
hence V' = {J,~, V{i}). Correspondingly, A{i} = {M € A | [M] e V{i}}. These
are sub-sl,-categorifications.

Thus, © restricts to D(A{i}) = D'(A{i}). Passing to quotients, we get a
commutative diagram

Afi} o/ A{i — 1} 3\ D*(A{i} )/ DYy, 1y (Ali} )
~ ~ | Oxl(i=X)/2]

Afita/A{i — 13— D"(A{i}2) /Dby (A{i}a)
0O, is a “perverse Morita equivalence”.

7. Representations of gl,,(C)

Let V= C" and g = gl(V). Let M be a g-module : we have an action map
g® M — M giving by adjunction a map Xpr : V® M — V ® M. This gives
an endomorphism X of the functor V' ® —. Denote by T the endomorphism of
V ® V ® — coming from the swap automorphism of V ® V.

Consider now the functor V ® — : O — O, where O is the BGG category of g-
modules that are diagonalizable for the action of the diagonal matrices and locally
finite for the action of the upper triangular matrices.

Fix a € C and let E be the generalized a-eigenspace of X on V ® —. Similarly,
considering V* ® —, we get a functor F' left and right adjoint to E. Together with
the actions of X and T, this gives an sls-categorification on O.

There is a similar construction for finite dimensional representations of GL,,(F}).
We deduce that blocks with the same fln,l stabilizer are derived equivalent (a con-
jecture of Rickard).

Part 2. Categorification of braid groups

8. Self-equivalences

We describe a categorification of the notion of reflection with respect to a
subspace. The ambient space is Ky of a triangulated category, the subspace is
another triangulated category and the embeddings and projections are given by
functors. We actually allow an automorphism of the “subspace” category, which
allows to categorify the g-analog of a reflection.

We present here how a functor from a given triangulated category gives rise
to a self-equivalence of that category, when the functor satisfies some conditions.
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Then, we give three special “classical” cases. The first one concerns constructible
sheaves on a P!-fibration (it occurs typically with flag varieties, cf §11). The second
one deals with the case where the target category is the derived category of vector
spaces, where we recover the theory of spherical objects and twist functors (it
arises as counterparts of Dehn twists via mirror symmetry). The last application
essentially concerns derived categories of finite dimensional algebras (it occurs in
particular within rational representation theory, cf §10).

All functors between additive (resp. triangulated) categories are assumed to
be additive (resp. triangulated).

Given an additive category C, we denote by K(C) the homotopy category of
complexes of objects of C.

Given an algebra A over a field k, we denote by A-mod the category of finitely
generated left A-modules. We put A°" = A ®; A°PP, where A°PP is the opposite
algebra.

Given a graded algebra A, we denote by A-modgr the category of finitely gen-
erated graded A-modules.

8.1. A general construction.

8.1.1. This section can probably be skipped in a first reading.

We will be working here with algebraic triangulated categories (following Keller),
a simple setting that provides functorial cones.

Let £ be a Frobenius category (an exact category with enough projective
and injective objects and where injective and projective objects coincide). Let
Comp,.(€-proj) be the category of acyclic complexes of projective objects of £.
Let Frob be the 2-category of Frobenius categories, with 1-arrows the exact func-
tors that send projectives to projectives and 2-arrows the natural transformations
of functors.

The construction £ +— Comp,.,.(€-proj) is an endo-2-functor of Frob. The
2-functor from & to the 2-category of triangulated categories that sends £ to its
stable category £ factors through the previous functor.

The important point is that the category Compacyc(é’—pro j) has functorial cones.
Given F,G : Comp,.(E-proj) — Comp,..(E'-proj) and ¢ : F' — G, then we have
a well defined cone C(¢) of ¢ and we have morphisms G — C(¢) and C(¢) — F[1]
such that F' — G — C(¢) — F[1] gives a distinguished triangle of functors from &€
to &'.

Note that if ¢g : Fy — Gp is a morphism of functors (exact, preserving pro-
jectives) between &£ and &', then we get via Comp,.,.(—) a morphism of functors
¢ F — G, with F,G : Comp,..(E-proj) — Comp,,.(E'-proj) the functors in-
duced by Fpy, Gg.

The category of functors (exact, preserving projectives) Comp,.,.(E-proj) —
Compacyc(f," -proj) is a Frobenius category. Let C be its stable category. We define
the category AlgTr(€, ') to be the localization of C with respect to the morphisms
¢ such that ¢(X) is an isomorphism for all X in £, where ¢ is the induced morphism
at the level of stable categories. So, the objects of AlgTr (&, E’) are the exact functors
Comp,.,..(E-proj) — Comp,.,.(£'-proj) and Hompigmy(g ey (F, G) is the image of
Hom(F,G) in Homp,,g 1) (F,QG).
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This defines the 2-category of algebraic triangulated categories AlgTr, with
objects the Frobenius categories £. We have a 2-functor from AlgTr to the 2-
category of triangulated categories obtained by sending & to &.

8.1.2. Let C and D be two algebraic triangulated categories, F' : C — D, G :
D — C be two functors and ® be a self-equivalence of C. Let there be given also
two adjoint pairs (F,G) and (G, F®). We have four morphisms (units and counits
of the adjunctions)

n:lp - F®G, ¢:GF® —1¢
n :1l¢ = GF, & :FG— 1p.

Let T be the cocone of ¢’ and YT’ be the cone of ) : there are distinguished triangles

of functors T — FG = 1p ~ and 1p -5 FOG — Y/ ~.
Assume

(1) e ar 22l o1l

/ —1

is a distinguished triangle (i.e., there is an exact sequence 0 — 1¢ 2, GqF 2,
®~! — 0 in the additive category of functors).

PROPOSITION 8.1. The functors T and Y’ are inverse self-equivalences of D.

PROOF. Let v be the map F®G — Y’ in the triangle above, i.e., we have the
distinguished triangle 1p —— F®G - Y’ ~». We have a commutative diagram
with horizontal and vertical distinguished triangles

?

FG
id T
FeG
FGn
FG FGFOG FGY' ~—
Fn'@GT
FoG

The octahedral axiom shows that (FGv) o (Fn/®G) : F®G = FGY' is an isomor-
phism.
We have a commutative diagram

Fn'®G FGvy ,
FOG —— FGFOG —— FGY

K ls'F@G lE'T'
id

FOG ————> T’

The distinguished triangle YY' — FGY’ LR gives a distinguished triangle
TY — F®G L Y’ ~, hence TY' ~ 1p.

The case of Y'Y is similar — note that the triangle (1) shows that GF ~
idp ®@®~1, hence ® commutes with GF. O
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REMARK 8.2. One sees easily that nF + F®n' : F ® F& = F®GF and
Gn+n'®G : G & ®G = GF®G are isomorphisms. One can show that the re-
quirement that nFG + Fon'G : FG & F®G — FOGFG and FGn + Fn/oG :
FG® FO®G — FGF®G are isomorphisms, instead of the stronger requirement that
(1) is a distinguished triangle, is enough to get Proposition 8.1.

8.1.3. Let us recall a version of Barr-Beck’s Theorem ([Mac, §VI.7, exercice
7], [De2, §4.1]).

Let C be a category. A comonad is the data of a functor H : C — C, of
c:H — H? and ¢ : H — id such that (cH) oc= (Hc)oc and (¢H)oc = (He)oc.
Note that ¢ is determined by c.

A coaction of (H,c,€) on an object M of C is the data of p : M — H(M) such
that e(M)op=1idy and cop = F(p)op. The category (H, ¢, e)-comod has objects
the pairs (M, p) and a morphism (M, p) — (M’,p’) is a morphism f : M — M’
such that p'f = H(f)p.

Let A and B be two abelian (resp. algebraic triangulated categories), T : A — B
an exact functor (resp. a triangulated functor). Assume T has a right adjoint U.
Put H = TU, denote by € : H — idg and 7 : id4 — UT the counit and unit of
adjunctions and let ¢ = TnU : H — H>.

We have a functor T : A — (H, ¢, )-comod given by M +— (T'M,Tn(M)).

The following Theorem is an easy application of Barr-Beck’s general result to
abelian and triangulated categories.

THEOREM 8.3. IfT is faithful, then T : A= (H,c,e)-comod is an equivalence.

We deduce from this Theorem that the category C, together with the functors
F, G and the adjunctions, is determined by D, © = FG and ¢ = Fn'G : © — 02,
We view this as a categorical version of the “fixed points” construction.

REMARK 8.4. Let V = Ko(D),U = Ko(C), f=[F]: U - Vandg=[G]: V —
U. Assume [®] = idy. Then, gf =2idy and ¢y = —[Y]:x — . — fg(z) : V -V
is an involution. One recovers U (up to unique isomorphism) from ¢ acting on V'
as V¥,

8.2. Applications.

8.2.1. We consider schemes of finite type type over an algebraic closure of a
finite field F, (the case of complex algebraic varieties is similar). Let 7 : X — Y
be a smooth projective morphism already defined over F,. Assume the geometric
fibers are projective lines.

Let A be a field of coefficients (=an extension of Qy for ¢ f ¢ a prime number).
Put C = D*(Y) and D = D’(X) (bounded derived categories of constructible
sheaves of A-vector spaces). Take F = 7*, G = Rm, and ® =7(1)[2]. We have
a canonical isomorphism (projection formula) ? ® Rm.Ax — Rm.m*. Via this
isomorphism, 1’ becomes id ®n/'(Ay) and & becomes id ®¢, where t : Rm.Ax —
Ay (—1)[—2] is the trace map (an isomorphism on H?).

So, the triangle (1) is obtained from the triangle

Ay M) R?T*AX i> Ay(—l)[—2] ~
by applying ?®. This is indeed a distinguished triangle, for it is so at geometric
fibers.
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Let £ be a relative ample sheaf for m and ¢ € H?(X,A(1)) be its first Chern
class. The hard Lefschetz Theorem states that the composition

Ay M Rﬂ'*AX L> R?T*Ax(].)[Q] m) Ay

is an isomorphism. It follows that the connecting map in the triangle above is zero.

Thus, we are in the setting of §8.1.2 and we get a self-equivalence of D?(X).

This can be also constructed as a kernel transform. Let a, 3 : X Xy X — X be
the first and second projections. Let i : AX — X Xy X be the closed immersion
of the diagonal and j : Z — X Xy X be the open immersion of the complement of
AX. Denote by € : 1pb(xx, x) — @i and 1] : Rjij* — 1pe(x«, x) the adjunction
morphisms. One checks easily that there is a commutative diagram where the rows
are distinguished triangles

T

W*Rﬂ'* ]-'D >

RO Rjj*« mRﬁ*a mRﬁ*z*z o~

where the middle vertical map is the base change isomorphism.

Denote by p,q: Z — X the first and second projections. Then, T ~ Rpi¢g* and
T ~ Rp.q.

8.2.2. Assume we are in the setting of §8.1.2 with C = D®(k-mod) where k is
a field and the categories and functors involved are k-linear. There is an integer n
such that ® =?[n]. Let E = F(k). Then, F ~ E®;? and G ~ RHom(E,?). The
morphism e comes from ¢t : Hom(E, E[n]) — k.

The morphism ¢ is the counit of an adjoint pair (G, F'®) if and only if we have
dimy, @, Hom(E, M|i]) < oo for all M € D and

Hom(E, M) x Hom(M, E[n]) — k, (f,9) — t(gf)
is a perfect pairing for all M € D.
The triangle (1) is distinguished if and only if 0 — k-id — €, Hom(E, E[i]) 5
k — 0 is an exact sequence.
In other words, F is an n-spherical object and Y, T/ are the corresponding twist

functors of Seidel and Thomas [SeiTho, §2b]. So, the framework above corresponds
exactly to the twist functor theory when C ~ D(k-mod).

REMARK 8.5. The case C = D®(k%-mod) also leads to interesting examples.

REMARK 8.6. It would be interesting to see if the construction of §8.1.2 can
be used to construct automorphisms of derived categories of Calabi-Yau varieties
corresponding, via Kontsevich’s homological mirror symmetry conjecture, to graded
symplectic automorphisms on the mirror associated to Lagrangian submanifolds
more complicated than spheres.

8.2.3. Let us consider here two abelian categories A and B and F:A— B,
G : B — Aand ® a self-equivalence of A. We assume we have two adjoint pairs
(F,G) and (G, F®). So, we have four morphisms (units and counits of the two
adjunctions)
77:15—>1:—‘<AI'>C~1', E:GFD — 14
ﬁ/:lA—>C~v'I:—', g FG - 1g.
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Let T be the complex 0 — FG =, 1z — 0 and Y’ the complex 0 — 1g —&
F®G — 0 (with FG and F®G in degree 0). We put € = K(A) and D = K(B) and
we denote by F', G, etc... the extensions of F, G, etc... to C and D.

Assume B is artinian and noetherian (every object is a finite extension of simple
objects). If we have the equality [GF] = [id] + [®~!] as endomorphisms of Ko (.A)
(or more generally, if [FOGFG] = [FGF®G] = [FG) + [F®G] in End(Ky(B))),
then, the conclusion of Proposition 8.1 remains valid.

Let us justify this, following ideas of Rickard [Ri3, §3]. There is an adjoint pair
(Y, ), hence there is a map v : id — TY’ that doesn’t vanish on a non-zero object
of B. One shows that TY’ is homotopy equivalent to a complex of functors with
only one non-zero term, R, in degree 0 and R is an exact functor. The assumption
on classes shows that [R] = [id]. So, R sends a simple object to itself, for a simple
object is characterized amongst objects of B by its class in Ko(B). In particular,
u :id — R is an isomorphism on simple objects. So, u is an isomorphism.

9. The 2-braid group

9.1. Coxeter group action.

9.1.1. Let (W, S) be a Coxeter system (with S finite) and V' = @, g kes be
the reflection representation of W over a field k. We assume the representation is
faithful (this is always the case if the characteristic is 0). Given s,t € S, we denote
by mg: the order of st. We assume that 2mg; is invertible in k, for all s,t € S
such that mg, is finite. We denote by {as}ses the dual basis of {es}ses (so that
ker(s —id) = ker a; for s € S). Let By be the braid group of W. This is the group
generated by S = {s}scs with relations

sts--- ~ tst---
N—— S——

ms¢ terms ms terms

for any s,t € S such that mg < oo

Let A = k[V] be the algebra of polynomial functions on V. All A-modules
considered in this section are graded.

We will sometimes identify an object M of K°(A®"-modgr) with the corre-
sponding endofunctor M ®4 — of K®(A-modgr). In particular, we will sometimes
omit the symbols ® 4 when taking tensor products of bimodules for the sake of
clarity.

9.1.2. The action of W on V induces an action on A, hence on A-modgr and
on D’(A-modgr) : the element w € W acts by A, ®4 — where A,, is the (A, A)-
bimodule equal to A as a left A-module, with right action of a € A given by
right multiplication by w(a). We have an isomorphism of (A, A)-bimodules, id ®1 :
Aw = k[AL], where A, = {(w(v),v)}pey CV x V.

We have a canonical isomorphism A, ® 4 Aw — Awe given by multiplication.
Let © = (z1,...,%,) and y = (y1,...,Yn) be sequences of elements of S such
that 1+ %m = y1---yn = w. We denote by cpy : Ay, -+ As,, = Ay, Ay,
the isomorphism obtained by composing the multiplication map A, - -+ A, — Ay
with the inverse of the multiplication map Ay, --- A, = A,.

9.2. Braid group action. Let us now construct a non-obvious lift of the
action of W on D®(A-modgr) to an action of By on K°(A-modgr).
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9.2.1. For s € S, we define the complex of (A4, A)-bimodules

F,=F,=0—>A®4: A5 A0

where A is in degree 1 and ¢/, is the multiplication.
Since A = A® ® A’ay, the morphism of A°®-modules

As > A®4s A(l), a— a® as — aas ® 1
induces an isomorphism
fs: Ay = Fy(1) in D(A°"-modgr).

9.2.2. For w € W, let A<y, = Uy Aw and D, = k[A<,]. Note that
D,=A®s Afor sc S. -

Given w’ < w, we have a canonical quotient map D,, — D, given by restriction
of functions. We have

Hom (D, Dur) k-can ifw <w
O oy, Dy’ ) = .
0 otherwise

9.2.3. In the next lemma, 0 — L — M — 0 denotes a complex with L in degree

LEMMA 9.1. Assume W is a finite dihedral group, i.e., dimV =2, S = {s,t}
and mg < 00. Let x € W such that tx > x. Then,
(i) Ds(0 — Dy <% Dy — 0) ~ (0 — Dy(—1) "% Dy(—=1) — 0) @ (0 —

can

Dyt — Dy — 0).
(ii) FyDy ~ (0 — Dy 5 D, — 0) @ (0 — Dy(—1) — 0 — 0).

PROOF. Let us recall some constructions and results of Soergel [Soe4, Lemma
4.5, Proposition 4.6 and their proofs]. Since 2mg; is invertible, then given u,u’ two
distinct reflections of W, we have ker(u + id) # ker(u’ + id).

Let r be the reflection of W such that ro < x and rz £ tx. Then, A, + A,
is a hyperplane of V' x V and let 8 € V* x V* be a linear form with kernel this
hyperplane. Let M (resp. N) be the (A®* ® A)-submodule of D;, generated by the
image of the elements 3 (resp 1) of A® A. Then, Dy, = M ® N, M ~ Dg(us’l)(—l)
and N ~ DV a5 (A% ® A)-modules.

stx
Let M’ (resp. N’) be the (A* ® A)-submodule of D, generated by as® 1 (resp.
1). Then, Dy = M’ & N', M’ ~ D&V (=1) and N’ = D as (4° ® A)-modules.
Denote by p: D, — M’ the projection.
Let us show now that 8 ¢ (V*)® x V*. Equivalently, we need to show that
(Az + Arg) N (kag x 0) = 0. This amounts to proving that im(id —r) # kas. But
this holds, since r # s.

Let us now come to our problem. Since § ¢ (V*)* x V* it follows that the
image of B in (A® A)/(A® ® A) is a generator as (A° ® A)-module. Consequently,
the restriction of pf : Dy, — M’ to M is surjective, hence it is an isomorphism (we
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denote by f : Dy, — D, the canonical map).

~

Mm M/

x

N

A—=ARA/A*® A

/

SBA

Finally, the multiplication map A ® s Dg(,s’l) = D, is an isomorphism for any
can

y € W with sy < y. We have shown that the complex A® 4: (0 — Dy, — D, — 0)
is isomorphic to the direct sum of the complex 0 — D, (—1) H, Dy;(—1) — 0 and

a complex D =0 — Dy, LN D, — 0. Note that ¢ = r - can for some r € k and we
need to prove that 7 # 0. The complex 0 — Dy, — D, — 0 has zero homology

in degree 1, hence the same is true for D. It follows that r #£ 0.

Let us now prove the second assertion. The multiplication map A® s Dg(us’l) —
D, is an isomorphism. Since D, = DYV @ M’ and M! ~ D,(@S’l)(—l)7 we obtain
the second part of the Lemma. O

PROPOSITION 9.2. Take s #t € S with mg < 0co. We have braid relations

FsFyFg -~ I FGEy - -
—_——— ——

mst terms mse terms
in KY(A® A).

PROOF. We have a decomposition V' = V; @ V, under the action of (s, t), with
Vi = V{st . For the (A, A)-bimodules involved in the Proposition, the right and left
actions of k[V1] are identical. So, we get the Proposition for V from the Proposition
for Vo by applying the functor k[V}*] ® —. It follows we can assume dimV = 2.
So, we assume W is finite dihedral with S = {s,¢}. We put sy = s and s_ =t.

Let m = mg and consider ¢ < m and ¢ € {+,—}. Let 0§ = scs_cs.--- (¢
terms) and D = Dye. We put D° = D, . Consider the simplicial scheme over
VxV:

A= A§s+ H Agsf = ASS+S— HASS—S+ =33 Agaf—l H ASUf_Sl - ASU?

where the maps are the inclusions.
We now define Ff as the complex of (A4, A)-bimodules coming from the struc-
tural complex of sheaves of this simplicial scheme :

0 ¢

0— Df — Df_l@Di_fl
where the sign denotes the multiple of the canonical map considered (we put D5 in
degree 0). We have H"(Fy) = 0 for r > 0, since A__+ NA_ - = A<ot1 U A<U:1

+ )
_

D ,&D;5, — - — D@D Dy — 0
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and we have an exact sequence

()

0— KA+ UA_, | L k[A_ Jaka,, | T

k[AQﬁr N A<a;] — 0.
The complex Fy is isomorphic to F,_. We will now show by induction on ¢ that
F,_ F;° is homotopy equivalent to Fi,; for e = 4. This will prove the Proposition,
since Ft ~ F .
Let us consider the complex C = Fy_F; °. This is the total complex of the
double complex

D*D; ¢ ——=D*D;_; ® DeD; ¢ ——= D°D; ,® D*D; %) —> -+ — DD,

| | |

D= D;_y®D; 5 Di_5® D; % D,

(2

By Lemma 9.1, the complex 0 — D*D;-¢ =% D=D:_, — 0 is isomorphic to the

direct sum of 0 — DZ_;(—1) i, Di_((-1) - 0and of 0 — D, =% DE_ | — 0.
Also, the complex 0 — D*Ds =% D5 — 0 is isomorphic to the direct sum of

0— D; i, Dt — 0 and of 0 — Di(—1) — 0 — 0. Tt follows that C is homotopy
equivalent to a complex

C/=0—>Df+1—>Df€9D;€—>---—>D1—>O,

where the maps remain to be determined. Since Fs_ has non zero homology only in
degree 0 and that homology is free as a right A-module, it follows that the homology
of C' vanishes in degrees > 0.

To conclude, we have to show that a complex X with the same terms as F;
and with zero homology in degrees > 0 is actually isomorphic to F;. We have

(%) (ai—l bi—l)
cq Cci— d;_
X=0—D~%D @D 5 ~——""2.D ,&D 5 —

-~ Dprep 2 p o
where the coefficients are in k& and the maps are corresponding multiples of the
canonical maps.

Take r < ¢ minimal such that there is an entry of (‘CL: Z:) that vanishes.
Assume for example ¢, = 0. Then, a,_1a, = 0, hence a, = 0. We have b,c,+1 =
drcry1 = bpdpyr = dpdpy1 = 0. If b, = d, = 0, then X is the sum of the
subcomplex with zero terms in degrees < ¢ — r and the subcomplex with zero
terms in degrees > i — r. Otherwise, ¢,41 = dy+1 = 0, hence X splits as the
direct sum of the subcomplex --- — D7, @& D, 7, — D; — 0 and the subcomplex
0— D¢ —D¢ @D, % —---. Now, a morphism D¢ — D:_; @ D, %, is never
injective, for the support of the left term is strictly larger than the support of the
right term. Consequently, the complex X has non-zero homology in degree i — r,
which is a contradiction. We have proven that none of the coefficients a,, b, ¢, d;
can be zero.

Let Z be the closed subvariety of the affine space of coefficients a,., b, ¢, d,- that

define a complex (i.e., (“T Z:) (“'”*1 b’”“) = 0) and let Z° be its open subset

cr [ dry1
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corresponding to non-zero coefficients. We have an isomorphism Z° = (G,,)% 7!,
h: (ar, by, crydy)r — (ar, ¢ )r. The action of (G,,)?" on the terms of the complex
induce an action on Z. The corresponding action on Z° ~ (G,,)%~! has a unique
orbit. It follows that X is isomorphic to F; . O

9.2.4. Let us define the complex of A°"-modules
For=0— A" A4 A1) — 0
where A is in degree —1 and 75(a) = acs @ 1 + a ® .

LEMMA 9.3. The complexes Fg and Fy—1 are inverse to each other in the
monoidal category K°(A®-modgr).

PROOF. Let C = K’(A%-modgr) and D = K®(A-modgr). Let F = A®a.:7?,
G = A®47 and ® =?(1). The morphisms of (A%, A%)-bimodules

es: A(l) > A*1—0and as;—1 and 7, : A° = A 1—1
together with 7, and &) previously defined give rise to adjoint pairs (F,G) and

(G, Fo).
We have a split exact sequence of (A%, A®)-bimodules

0—>A577—5>A5—S>AS—>0,
hence we deduce the Lemma from Proposition 8.1. O

By Proposition 9.2 and Lemma 9.3, we have already obtained an action “up to
isomorphism” of By on K°(A) :

PRrROPOSITION 9.4. The map s — Fy extends to a morphism from Bw to the
group of isomorphism classes of invertible objects of K®(A®®-modgr).

9.3. Rigidification. The key point here is that the rigidification of the braid
relations at the homotopy category level is equivalent to the one at the derived
category level, where the problem is trivial, since we have a genuine action of W.

9.3.1. Consider the morphism of A°"-modules A ® 4= A — A, that sends 1 ® 1
to 1. It induces a quasi-isomorphism Fy-1(—1) = A,. We denote its inverse (a
morphism in D?(A®"-modgr)) by fs-1.

Now, let v € By and v = t1---t,, = u1---u, be two decompositions in
elements of S US™!. By Proposition 9.4, the invertible objects Fy, --- Fy,, and
F,, ---F,, of K’ A®"-modgr) are isomorphic, hence

Homp(Fy, -+ Fy, , By, -+ Fy,) =~ Endg(A4) = k,

lm )

where 0 € {K®(A®®-modgr), D’(A®*-modgr)}. It follows that the canonical mor-
phism

HomKI’(Ae“—modgr) (Ftl U th,7 Ful T Fun) -
- Home(Ae“—modgr) (Ft1 T th ) Ful e Fun)

is an isomorphism.
So, we have a unique isomorphism

Veu € Home(Ae“—modgr) (Ftl to th ) Fu1 T Fun)
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such that the induced element in Hom ps(gen_modgr) (Fey =+ Ft,ps Fuy -+ + Flu,, ) coOTTE-
sponds to

Clty,nistm),(Utyenytin) * Ag - Ay, = Ay, - Ay,
moand fu, - fu,.

We now define G,, as the limit of the functors Fy, - - - F, , where t = (t1,...,tm)
runs over the decompositions of v in SUS™!, with the transitive system of isomor-
phisms 7y 4.

There are unique isomorphisms my v @ GGy 5 Gy for v,v' € By and
my : G1 = A in K®(A°"-modgr) that are compatible with the isomorphisms ¢; .,
in D®(A°"-modgr). So, we get the following result :

via the quasi-isomorphisms f;, - - fi

THEOREM 9.5. The family (Gy, My, m1) defines an action of Bw on the
triangulated category K°(A-modgr).

This means we have a monoidal functor from

e the strict monoidal category with set of objects Byy, with only arrows the
identity maps and with tensor product given by multiplication
e to the strict monoidal category of endofunctors of K?(A-modgr).

REMARK 9.6. Using tensor products on the right, one obtains a right action of
Bw on K®(A-modgr). This action commutes trivially with the left action of By,
so, we have an action of By x BjF® on K°(A-modgr).

9.3.2. We denote by By the full subcategory of K®(A°"-modgr) with objects
the G, for v € Byy. The product G, X G,» = G, provides By, with the structure
of a strict monoidal category. Define G} as G,-1.

We have obtained our “categorification” of the braid group :

THEOREM 9.7. The category Bw is a strict rigid monoidal category. Its “de-
categorification” is a quotient of By .

CONJECTURE 9.8. The decategorification of By is equal to By .

REMARK 9.9. One can show that the conjecture is true in type A,, as a con-
sequence of [KhovSei, Corollary 1.2].

9.3.3. Let C = A/(A-AY) be the coinvariant algebra. Then, we get by restric-
tion of functors an action of By on K°’(C-modgr) and on K°(C-mod). We get as
well monoidal functors from By to the category of self-equivalences of K°(C-modgr)
or K*(C-mod). Note that we get also right actions, and this gives a monoidal
functor from By x Bjp¥ to the category of self-equivalences of K b(C-modgr) or
K*(C-mod).

REMARK 9.10. Let C be the smallest full subcategory of (A® A)-modgr contain-
ing the objects A ® 4= A and closed under finite direct sums, direct summands and
tensor products. This is a monoidal subcategory of (A ® A)-modgr which is a cat-
egorification of the Hecke algebra of W, according to Soergel [Soe2]. The quotient
C of C by the smallest additive tensor ideal subcategory containing the A ® 4.y A,
where s,t € S and mg; # 2, 00, is a categorification of the Temperley-Lieb quotient
of the Hecke algebra.

When W has type A,, an action of C on an algebraic triangulated category is
the same as the datum of an A,-configuration of spherical objects [SeiTho, §2.c].
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10. Principal block of a semi-simple complex Lie algebra

10.1. Review of category O.

10.1.1. Let g = LieG, h C b a Cartan and a Borel subalgebra. Let O be
the Bernstein-Gelfand-Gelfand category of finitely generated g-modules which are
diagonalizable for h and locally finite for b. Denote by Z the center of the enveloping
algebra U of g. Let P C h* be the weight lattice, @ C h* be the root lattice, R
(resp. R™) be the set of roots (resp. positive roots) and II the set of simple roots.

10.1.2. We have a decomposition O = @, Oy, where Oy is the subcategory
of modules with central character 8. Let D be a duality on O that fixes simple
modules (up to isomorphism).

Let A(x) = U ®y(p) Cy be the Verma module associated to x € b*. It has a
unique simple quotient L(x). We denote a projective cover of L(x) by P(x). We
put V(x) = DA(x). .

Consider the dot action of W on h*, w- A = w(A+ p) — p (we denote by W the
group W acting via the dot action on h*), where p is the half-sum of the positive
roots.

Given A € b*, let £(\) be the character by which Z acts on L(X) and my be
its kernel, an element of Specm Z, the maximal spectrum of Z. The morphism
h* — Specm Z, A — my induces an isomorphism b*/W % Specm Z, i.e., an
isomorphism of algebras h : Z = AW where A = C[h*]. The simple objects in Oy
are those L(\) with £(\) = 0.

10.1.3. Consider B the set of intersections of orbits of W and of Q on h*. For
d € B, we denote by Oqg (or by O,, for a u € d) the thick subcategory of O generated
by the L(A) for A € d. Then, O = @,z Oq is the decomposition of O into blocks.

Let A € h*/P and A\ € A. We have a root system Ry = {a € R|(\, oY) € Z}
with set of simple roots Ty C R*, Weyl group Wa = {w € W]w(\) — X € Q} and
set of simple reflections Sy (they depend only on A). Note that Ry = R if and only
if A = P. We define

AT ={Ne A|(A+p,a¥) >0 for all @ € I}

AT ={A e A|(A+p,a¥) >0 for all a € T1,}.

Then, A is a fundamental domain for the action of W, on A. The module L())
is finite dimensional if and only if A € PT+.

10.1.4. We define a translation functor between Oy and Oy when d,d € B are
in the same P-orbit. Take A € h*/P and A\,u € AT. Let v be the only element
in W(p—X) N ATT. Then, we define 74" : Oy — Oy, M +— pr, (M ® L(v)) where
pry : O — O, is the projection functor. Since —wov € AT+ and L(v)* ~ L(—wov),
it follows that the functors T} and Tlf‘ are left and right adjoint to each other.

Let d € B containing 0. The corresponding block Oy = Oy is the principal
block of O@. Note that d = W - 0 is a regular W-orbit and we put L(w) = L(w - 0),
etc...

For s € S, we fix u € PT with stabilizer {1,s} in W. We put T° = T}' and
Ts = T/? and O, =T,7° : Oy — Op.

10.1.5. Let Fy = F be the complex of functors on Oy given by 0 — O Lo,
id — 0 where €/, is the counit of adjunction (id is in degree 1).

Let Foor = 0 — id = O, — 0, where 7s is the unit of the other adjunc-
tion. Then, Rickard [Ri3, Proposition 2.2] proved that Fy and Fy-: are inverse
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self-equivalences of K®(Op) (this follows from §8.2.3 by the classical character cal-
culation [T°T] = 2[id]).

It is easy and classical that the F, induce an action of W on Ky(Op) (the
reflection s € S acts as [Fy]). This realizes the regular representation of W. A
permutation basis for this action is provided by {[A(w)]}wew -

It seems difficult to check directly that the F satisfy the braid relations. Using

the equivalence between Oy and perverse sheaves on the flag variety, this can be
deduced from §11.

10.2. Link with bimodules.

10.2.1. We start by recalling results of Soergel [Soel, Soe2, Soe3] relating
the category O to modules over the coinvariant algebra.

Let A € b*/P. We denote by Cpy = A/(A - AKV") the coinvariant algebra of
(Wa,Sa) and pp : A — Cj the canonical surjection. Let A € AT. We denote by
ty : A — A the translation by A, given by f — (2 — f(z + \)) We have Soergel’s
Endomorphismensatz [Soel, Endomorphismensatz 7] :

THEOREM 10.1. The image of the composite morphism Z AW 4 Dy
ALY Oy is O and the canonical morphism Z — End(P(wo - \)) factors through
this morphism Z — C\'*. The induced morphism oy : Cy > = End(P(wp - \)) is
an isomorphism.

Let us now recall Soergel’s Struktursatz [Soel, Struktursatz 9] :

THEOREM 10.2. The functor Hom(P(wp - A), —) : Ox-proj — CXV*—mod is fully
faithful.

Let v € A be regular (i.e., with trivial stabilizer in Wjy).
There is an isomorphism ¢ : T{' P(wp - A) = P(wy - ). Any such isomorphism
¢ induces a commutative diagram [Soel, Bemerkung p.431]

inclusion
> Ca

U)\l l”ﬂ,
0

T
End(P(wo - ) 2 End(P(wo - 1))
This gives us an isomorphism, via the adjunction (7Y, T/f‘) :

Resgi,‘,X Hom(P(wo - p),?) = Hom(T{ P(wo - A), ?) = Hom(P(wp - A), T/i‘(“?))
between functors O, — CXV*—mod. So, we have a commutative diagram, with fully
faithful horizontal functors

Hom (P (wo-p),?
O,-proj (Plwor10):?) C-mod

Tll\ l lRes

Hom (P (wp-\),?
O\-proj (Plwo).?) CXV*—mod
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10.2.2. From the last commutative diagram, we deduce

PRrROPOSITION 10.3. There is a commutative diagram with fully faithful hori-

zontal arrows
Hom(P(wq),—)

Kb(Op-proj) K*(C-mod)
Hom(P(wo),—
K*(Op-proj) (Plwo),7) K*(C-mod)

So, we deduce from Theorem 9.5 the following : given v € By and v =
t1--tm = U1 - - - U, two decompositions in elements of SUS™!, there is an isomor-
phism Fy, -+ Fy, = F,, -+ F,, between functors on D*(Oy) coming by restriction
from the isomorphism between functors on K°(A-modgr). These form a transitive
system of isomorphisms, i.e.

THEOREM 10.4. The functors F, induce an action of By on D*(Oy).
More precisely,

THEOREM 10.5. There is a monoidal functor from By to the category of self-
equivalences of D*(Oy) sending G to Fj.

REMARK 10.6. One has a similar statement for the deformed category O.

Note that we deduce from §9.3.3 that there is also a right action of By on
D®(Oyp). We leave it to the reader to check that this corresponds to the actions using
Zuckerman functors [MazStr], or equivalently, Arkhipov functors [KhomMaz].

In the graded setting (mixed perverse sheaves for example), note that the left
and right actions of By, should be swapped by the self-Koszul duality equivalence,
cf [BerFreKhov] (and [BeiGi, Conjecture 5.18] for an analog in the equivariant
case).

Various constructions have been given of weak actions of braid groups on
D*(0y), cf [AnStr, Ar, KhomMaz, MazStr, Str|.

11. Flag varieties

11.1. Classical results. Let G be a semi-simple complex algebraic group
with Weyl group W.

Let W = {w}yew. The braid group By of W is isomorphic to the group
with set of generators W and relations ww’ = w” when ww’ = w” and I(w") =
I(w) + 1(w).

Let B be the flag variety of G. We decompose

BxB= ][] O(w)
weWw
into orbits for the diagonal G-action. Consider the first and second projections

O(w)
7N
B B
Then, we have a functor

Fw = R(pw)i(qw)* : D*(B) — D*(B)
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where D®(B) is the derived category of bounded complexes of constructible sheaves
of C-vector spaces over B.
First and last projections induce an isomorphism

O(w) xg O(w'") = O(ww') when l(ww') = l(w) + I(w').
This induces an isomorphism (cf §12.2)
Ywa' : FawFw = Faw when [(ww') = l(w) + [(w").

For s € S, then Fj is obtained as in §8.2.1 for the canonical morphism 7 : B —
Ps, where Py is the variety of parabolic subgroups of type s. So, Fg is invertible,
with inverse Fy-1 = R(ps)«(gs)'. It follows that Fy, is invertible for w € W, with
inverse Fy -1 = R(pw)«(qw)', hence we get a morphism from By to the group of
isomorphism classes of invertible functors on D?(B).

11.2. Genuine braid group action. We have a commutative diagram

F:c')’y,Zl/ l')/xy.z

F, EJZ — Fryz
Yx,yz

for z,y,z € W such that I(z) + I(y) + I(z) = [(xyz), by Theorem 12.2.

Let b € By and b = t;---t,, = uj---u, with u; € WU W~L1. Applying
braid relations and the corresponding isomorphisms 7y, we get various isomorphisms
Fy, ---F, = F, ---F, . By Deligne [De3], they are all equal. Let us denote by
Vt.,w. their common value.

We now define

n

F,= lim F, ---F
(tlv"'vtn)

where (t1,- - ,t,) runs over the set of sequences of elements of WU W ~! such that
b=t1---t, and where we are using the transitive system of isomorphisms ~; ..
We have now the following result

THEOREM 11.1. The assignment b — Fy, defines an action of By on DP(B).

REMARK 11.2. Deligne [De3] defines a variety O, with two morphisms pp, g :
Op — B for any b € B#,'V. Then, the action of b on D*(B) is given by pyq; .

11.3. Link with bimodules. The results in this section are based on [Soel,
BeiGiSoe].

11.3.1. Fix a Borel subgroup B of G. We consider the setting of §9 with k = C
and V* the complexified character group of B. In this section, we will consider the
algebra A with double grading, i.e., V* is in degree 2.

Let C = H*(B,C) be the Borel isomorphism (send a character of B to the
Chern class of the corresponding line bundle) and denote by [ its inverse.

Let I be a subset of S, W; the subgroup of W generated by I, W be the set
of minimal right coset representatives of W/W; and P; the parabolic subgroup of
G of type I containing B. Put P; = G/P;. Denote by n; : B — P the canonical
morphism. The map 7} : @, Hom(Cp,,Cp,[i]) — @, Hom(Cp, Cgli]) induces,
via 3, an isomorphism B; : @, Hom(Cp,, Cp,[i]) = C"7.
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11.3.2. Consider the full subcategory D% (Pr) of D¥(Pr) of complexes whose co-
homology sheaves are smooth along B-orbits. Given w € W7, let £,, be the perverse
sheaf corresponding to the intersection cohomology complex of BwP;/Pr. Let L1 =
Dpew: Lw- The dg-algebra REnd (L) is formal and let Ry = @, Hom(Ly, L;[i]).
We have an equivalence £;®7 from the category Rj-dgperf of perfect differential
graded Rr-modules to D% (Pr).

The functor @, Hom(Cp,,?[i]) : DL(P;) — C™I-modgr restricts to a fully
faithful functor on the full subcategory containing the L;[i]. So, we get a fully
faithful functor Rr-dgperf — K (C"7-dgmod), hence a fully faithful functor Hy :
D%(Pr) — K(CWi-dgmod), where we denote by K(C"7-dgmod) the homotopy
category of differential graded C"7-modules.

As in §10.2, we get a commutative diagram

Db (B) —2— K(C-dgmod)

Rﬂ'“l lRes

Dg(Pr) =g~ K(C"-dgmod)

and we deduce

PRrOPOSITION 11.3. Let s € S. There is a commutative diagram with fully
faithful horizontal arrows

Db (B) —> K (C-dgmod)

D% (B) = K (C-dgmod)
In particular, we get a monoidal functor from By to the category of self-
equivalences of D% (B).

REMARK 11.4. We believe the monoidal functor above is the restriction of a
functor with values in D®(B).

12. Appendix : associativity of kernel transforms

12.1. Classical isomorphisms.
12.1.1. We consider here

e schemes of finite type over a field of characteristic p > 0 and the derived
category of constructible sheaves of A-modules, where A is a torsion ring
with torsion prime to p or A is a Qg-algebra, for [ prime to p

or

e locally compact topological spaces of finite soft c-dimension and the de-

rived category of constructible sheaves of C-vector spaces.

We will quote results pertaining to either of the two settings above, depending
on the convenience of references. The maps involved will be concatenations of
canonical isomorphisms.

We denote a derived functor with the same notation as the original functor :
we write ® for @Y, f for Rfi, etc...
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12.1.2. Let f: Y — X and g : Z — Y be two morphisms. There are canonical
isomorphisms [KaScha, 2.6.6 and 2.3.9]

(fg)h = figr and (fg)" = g*f*.

These isomorphisms satisfy a cocycle property (cf [Del, Théoreme 5.1.8] for
the case (—)) :

LEMMA 12.1. Consider X3 — X» — X1 — Xo. Then, the following
diagrams are commutative

R p———— T W ——> (uv)
l | L
(vw)*u* —— (vw)* w(vw)y ——= (uvw),

We will take the liberty to identify the functors v*u* and (uv)* through the
canonical isomorphism.

There are canonical isomorphisms [KaScha, 2.6.18]
fr=1@=2) 5 (ff~1)@(f—2) and (-1®—2)® -3 > —1® (—2® —3)

We identify the bifunctors f*(—; ® —2) and (f*—1) ® (f*—2) through the
canonical isomorphism. Given A; € D?(X), i € {1,2,3}, we identify (A; ® A2)® A3
with 4; ® (A2 ® A3) and we denote this object by A; ® Ay ® As.

Let

S ——5

be a cartesian square. Then, there is the canonical base change isomorphism
[KaScha, 2.6.20] :

ghEflg"

We have a canonical isomorphism [KaScha, 2.6.19]
—1® (fim2) = fi(f" =1 @—2).

12.2. Kernel transforms.
12.2.1. Let us define a 2-category K.

e The 0-arrows are the varieties.

o l-arrows : Hom(X,Y) is the family of (K,U) where U is a variety over
Y x X and K € D*(U).

e 2-arrows : Hom((K,U), (K',U")) is the set of (¢, f) where f: U = U’ is
an isomorphism of (Y x X)-varieties and ¢ : K = f*K’.
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We define the composition of 1-arrows. Consider the following diagram where
the square is cartesian

(2) VXyU

PN
P WY

Let K € D*(U) and L € D*(V). We put LK K = 3*L ® a*K. The composition
(L, V)(K,U) is defined to be (LR K,V xy U).

Let us consider now the diagram with all squares cartesian

WXZVXyU

W xzV V xy U
T A

and take M € D?(W). We have

(MRL)REK = b*(5*M®7*L)®(aa) K = (5b)*M®a* (3" Loa*K) = MR(LRK).

y
A
x
/\

This provides the associativity isomorphisms for L. With our conventions, we will
write M X L X K for the objects in the isomorphism above. It is straightforward
to check that I is indeed a 2-category.

12.2.2. We put @5 = @827 = p, (K @ pi—) : D*(X) — Db(Y).

Let cr,x : PPk 5 ®;ri be defined as the composition

Pay(L @ p3p2y (K @ p1—)) — pay(L @ fra” (K @ p1—))
— pa (B L®a" (K ®pj—))
= (PaPh((B°L © " K) @ " pi—)
= (PaP)((B°L © oK) @ (pra)"—).
Let (¢, f) € Homk ((K,U), (K',U’)). We have a commutative diagram

2 1
p U/ p
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and we define ®(¢, f) as the composition
pa(K @pi—) S ph il f*K' @ f*py =) = phy(K' @ py*—).
THEOREM 12.2. ® is a 2-functor from K to the 2-category of triangulated cat-
egories.
We have ey k0 (v, 1Pk ) = ek © (Pacr i), i-e., the following diagram
commautes :
PP — Py Pr

| |

Oy Prmx — PywmImK

12.2.3. The next two Lemmas deal with composition of base change isomor-
phisms.
For the first Lemma, see [Del, Lemme 5.2.5] :

LEMMA 12.3. Let

X, f2 X, fi b%

{0

S2 g5 58

be a diagram with all squares cartesian. Then, the following diagram commutes

(9192)" Iy hay(f1f2)"

l |

9291 ———gohn fi ——haif3 f7

The second Lemma is [Del, Lemme 5.2.4] :

LEMMA 12.4. Let
X5 2= X,

|

g1
X{ —— X1

d lh

S>3

be a diagram with all squares cartesian. Let A € DY(S'). Then, the following
diagram commutes

A g (frfoh— ——=A® (fifs)gs— —— (fifa((f1f2)"A® g5—)

| |

A®g*fiifa— fifa(f5" fiTA® g5—)

| |

A fLi91 for— ——= fI,(FTA@ gt far-) ——= [L(FITA® f595-)
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LEMMA 12.5. Let f : Y — X and A, B € D*(X) and C € D*(Y). Then, the
following diagram commutes

A®B® fiC —— fi(f"(A® B)® ()

| |

A fi(f*"BeC) —= H(f*A® f*B& ()

PROOF. The corresponding statement for fi replaced by f. is easy, the key

point is that the composition f* LN A fef* A f* is the identity of f*, where n
and ¢ are the unit and counit of the adjoint pair (f*, fi). The Lemma follows easily
from this (in the algebraic case, we have only to check in addition the trivial case
where f is an open immersion thanks to the transitivity of Lemma 12.4, whereas
in the topological case we use the embedding fiC' C f.C for C injective). (]

LEMMA 12.6. Let

S/T>S

be a cartesian square. Let A € DY(S) and B € D*(X). Then, the following diagram
commutes

JARG B ——=g*A® flg"B——f{(f"g* A0 ¢"B) — f{(¢" [*A® ¢ B)

| |

g*(A® fiB) g f(f*A® B) —— fl¢" (f*A® B)

PROOF. As in the previous Lemma, one reduces to proving the analog of the
Lemma with 7, replaced by ?7,. This follows then from the easily checked commu-
tativity of the two diagrams

g fe——f"flg" gl* — g*fl*f*
g fe—=4g" fif g ——flg" [~

where we have used the units and counits of the adjoint pairs (f*, f.) and (f'*, f1).
O
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PrOOF OF THE THEOREM. We will show the commutativity of the following
diagram

(I)Ps ,P5 (I);szﬁ pra

LXK
s, , Cs* M,LRK
D@ Dx PRI PIRL > Dy

@ﬁ%}fﬂW@vapl

where ( is the composition
pe1(M @ p3(pa)(*L ® oK @ (o)™ —)) —
— per (M @ pspa (B L ®a"K ® (p1a)*—))
—per (M @6y Bi(B"L®a"K® (p1a)"—))
— P60t ("M @7 Bi( L ®a"K ® (pra)"—))
= (psd) ("M @ 7" Bi(B"L® " K @ (pra)”—))

and £ the composition

(P60)1(6"M @ v*L & (p37y)"p21 (K ® pi—)) —
— (Ped)r (6" M @ v L ®@ v*p3p2, (K ® pi—))
— (p6d)1 ("M @ v*(L ® p3pa) (K ® p1—)))
— (ped)1 ("M @ (L @ fia™ (K @ p1— )))
= (pe0): (6" M @ v*(L & Bi(a"K @ a”pi—)))
= (ped) ("M @Y (L @ fi(a"K ® (pla) =)
— (ped) ("M @y (B L@ K @ (pra)*—))

Let uw and v be the compositions
u: pey (M @ p5pa—) — pei(M @87 —) — pe6i1(6"M @ v*—) — (ped)1(6"M @ ~v*—)
and
v: L@pzpe(K@pi—) = L& Ba’(KQpi—) = (B Lo (K@pi—)) —
— B(F LK ® (pra)—).
Then, one has trivially

C(@mer, i) = u(L @ pipa (K @ pi—)) o pei(M @ pspayv) = (e, Pk ).

The equality ¢y xix = ¢+, LK ¢ follows from Lemma 12.4 applied to g = ps,
g1=792=a, fi=p4, fo=0, fi =0, f5=band A= M and from Lemma 12.1
applied to u = pg, v =9 and w = b.

The equality cymr, k = ¢5+ v, Lrk € follows from Lemma 12.3 applied to f1 = a,
fo=a, g1 =p3, g2 =7, h =p2, h1 = 6 and he = b, from Lemma 12.5 applied to
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f=bA=0"M, B=~*L and C = (aa)*(K ® p;—) and from Lemma 12.6 applied

tof:ﬁ,g:’y,f’:b,g':a,AzLandea*(K@pT—). 0
References

[AnStr] H.H. Andersen and C. Stroppel, Twisting functors on O, Representation Theory
7 (2003), 681-699.

[Ar] S. Arkhipov, Algebraic construction of contragradient quasi-Verma modules in
positive characteristic, in “Representation theory of algebraic groups and quantum
groups”, 27-68, Math. Soc. Japan, 2004.

[BeiBer] A. Beilinson and J. Bernstein, Localisation de g-modules, C. R. Acad. Sci. Paris
Sér. T Math. 292 (1981), 15-18.

[BeiBezMi] A. Beilinson, R. Bezrukavnikov and I. Mirkovic, Tilting exercices, Moscow Math.
J. 4 (2004), 547-557.

[BeiGi] A. Beilinson and V. Ginzburg, Wall-crossing functors and D-modules, Represent.
Theory 3 (1999), 1-31.

[BeiGiSoe] A. Beilinson, V. Ginzburg and W. Soergel, Koszl duality patterns in representation
theory, J. Amer. Math. Soc. 9 (1996) 473-527.

[BerFreKhov] J. Bernstein, I. Frenkel and M. Khovanov, A categorification of the Temperley-
Lieb algebra and Schur quotients of U(sl2) via projective and Zuckerman functors,
Sel. math. 5 (1999), 199-241.

[Br] M. Broué, Isométries parfaites, types de blocs, catégories dérivées, Astérisque
181-182 (1990), 61-92.

[ChKe] J. Chuang and R. Kessar, Symmetric groups, wreath products, Morita equiva-
lences, and Broué’s abelian defect group conjecture, Bull. London Math. Soc. 34
(2002), 174-184.

[ChRou] J. Chuang and R. Rouquier, Derived equivalences for symmetric groups and sla-
categorification, preprint math.RT /0407205, to appear in Annals of Math.

[CrFY] L. Crane and I.B. Frenkel, Four-dimensional topological quantum field theory,
Hopf categories, and the canonical bases, J. Math. Phys. 35 (1994), 5136-5154.

[Del] P. Deligne, Cohomologie a supports propres, exposé XVII, in “SGA4 Théorie des
topos et cohomologie étale des schémas”, Springer Lecture Notes in Math. 305,
1973.

[De2] P. Deligne, Catégories tannakiennes, in The Grothendieck Festschrift, Vol. II,
111-195, Birkh&user 1990.

[De3] P. Deligne, Action du groupe des tresses sur une catégorie, Inv. Math. 128 (1997),
159-175.

[KaScha] M. Kashiwara and P. Schapira, Sheaves on manifolds, Springer Verlag, 1990.

[KhomMaz] O. Khomenko and V. Mazorchuk, On Arkhipov’s and Enright’s functors, Math.
Z. 249 (2005), 357-386.

[Khov] M. Khovanov, A categorification of the Jones polynomial, Duke Math. J. 101
(2000), 359-426.

[KhovSei] M. Khovanov and P. Seidel, Quivers, Floer cohomology, and braid group actions,
J. Amer. Math. Soc. 15 (2002), 203-271.

[LLT] A. Lascoux, B. Leclerc and J.-Y. Thibon, Hecke algebras at roots of unity and
crystal bases of quantum affine algebras, Comm. Math. Phys. 181 (1996), no. 1,
205-263.

[Mac] MacLane “Categories for the working mathematician”, Graduate Texts in Math-
ematics, Vol. 5. Springer-Verlag, 1971.

[Mar] A. Marcus, On equivalences between blocks of group algebras: reduction to simple
components, J. of Alg. 184 (1996), 372-396.

[MazStr] V. Mazorchuk and C. Stroppel, Translation and shuffling of projectively pre-
sentable modules and a categorification of a parabolic Hecke module, Trans. Amer.
Math. Soc. 357 (2005), 2939-2973.

[Ri1] J. Rickard, Derived categories and stable equivalence, J. of Pure and Appl. Alg.
61 (1989), 303-317.

[Ri2] J. Rickard, talk at MSRI, Berkeley, 6 November 1990.



CATEGORIFICATION OF sl; AND BRAID GROUPS 31

[Ri3] J. Rickard, Translation functors and equivalences of derived categories for blocks
of algebraic groups, in “Finite dimensional algebras and related topics”, Kluwer,
255-264, 1994.

[RouZi] R. Rouquier and A. Zimmermann, Picard groups for derived categories, J. London
Math. Soc. 87 (2003), 197-225.

[SeiTho] P. Seidel and R. Thomas, Braid group actions on derived categories of coherent
sheaves, Duke Math. J. 108 (2001), 37-108.

[Soel] W. Soergel, Kategorie O, perverse Garben und Moduln tiber den Koinvarienten
zur Weylgruppe, J. Amer. Math. Soc. 3 (1990), 421-445.

[Soe2] W. Soergel, The combinatorics of Harish-Chandra bimodules, J. reine angew.
Math. 429 (1992), 49-74.

[Soe3] W. Soergel, Combinatorics of Harish-Chandra modules, in “Representation theo-
ries and algebraic geometry”, 401-412, Kluwer, 1998.

[Soed] W. Soergel, Kazhdan-Lusztig-Polynome und unzerlegbare Bimoduln tber Poly-
nomringen, preprint, March 2004.

[Str] C. Stroppel, Categorification of the Temperley-Lieb algebra, Tangles and cobor-

disms via projective functors, Duke Math. J. 126 (2005), 547-596.

RAPHAEL ROUQUIER, INSTITUT DE MATHEMATIQUES DE JUSSIEU (CNRS), UFR DE MATHEMATIQUES,
UNIVERSITE DENIS DIDEROT, 2, PLACE JUSSIEU, 75005 PARIS, FRANCE
E-mail address: rouquier@math.jussieu.fr



