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Introduction

0.1. Representation theory of reductive algebraic groups. Represen-
tation theory of (connected) reductive algebraic groups over general algebraically
closed field is a classical subject, whose study began in the 1950’s with work of
Chevalley which provided (among other things) a classification of simple represen-
tations. Namely, consider an algebraically closed field k and a connected reductive
algebraic group G over k, in which we choose a Borel subgroup B and a maximal
torus T C B, and denote by Rep(G) the category of finite-dimensional algebraic
G-modules. For each A in the character lattice X of T, or equivalently of B, we
have a G-module N()\) in Rep(G), obtained by induction from the 1-dimensional
B-module associated with A, and whose character is given by Weyl’s character for-
mula. This module vanishes unless A lies in the cone X* C X of dominant weights,
and in the latter case it contains a unique simple submodule L(A) € N(A). With
this notation, Chevalley’s classification states that the assignment A — L(A) in-
duces a bijection between Xt and the set of isomorphism classes of simple objects
in Rep(G).

In case k has characteristic 0, the embedding L(A) C N(\) is an equality;
one might therefore consider the problem of understanding simple representations
solved, and move to finer questions. In case char(k) = p > 0 however, these
embeddings are often strict. The next question one might try to solve is therefore
to describe the character of L(\), or at least its dimension. It turns out that, as of
now, this question is still not understood in a reasonable way.

0.2. The linkage principle and the affine Weyl group. This question
is usually attacked from a different angle. Namely, instead of parametrizing the
simple objects by X, one uses a different parametrization which takes into account
the structure of the category Rep(G). As first suggested by Verma, and then
proved in increasing levels of generality by Humphreys, Jantzen, Carter—Lusztig
(for G = GL,(k)) and finally Andersen, this category decomposes into “blocks”
parametrized by the orbits (for a “dilated” and “shifted” action) of the affine Weyl
group Weg of (G, T) (i.e. the semi-direct product of the Weyl group of (G, T)
with the corresponding root lattice) on X. A fundamental domain for this action
is provided by the intersection of X with the “fundamental alcove,” and the simple
objects in the block attached to a given orbit are naturally parametrized by a
certain subset of W, which is characterized in terms of the natural Coxeter group
structure on Wyg. In this block one might try to express the simple objects in terms
of induced modules which, since these induced module have a known character, is
a way to express the characters of simple modules. Moreover, in view of several
previous examples in Representation Theory (in particular, the Kazhdan—Lusztig
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6 CHAPTER 0. INTRODUCTION

conjecture for complex semisimple Lie algebras), it seems natural to expect that
this expression might be written in terms of Kazhdan—-Lusztig polynomials for W,g.

Another observation to take into account is that connected reductive algebraic
groups come in families over all fields, these families being parametrized by “com-
binatorial” data called root data. The affine Weyl group is described only in terms
of this root datum, but the action on weights considered above depends the char-
acteristic p of k. Examples in small rank seem to suggest that, with the prime
number p so incorporated in the parametrization of simple objects, the character
formulas for simple objects (expressed as above in terms of the affine Weyl group)
might be independent of p, at least if this characteristic is not too small, e.g. larger
than the Coxeter number of G.

0.3. Lusztig’s character formula. This point of view emerged in work of
Jantzen and Andersen in the 1970’s, and culminated in the formulation of Lusztig’s
conjectural character formula for simple modules in 1980, which indeed is inde-
pendent of the characteristic p. This formula drove a large part of the research
on this subject in the following years, and was finally proved in the mid-1990’s
by the combination of deep works of Kazhdan—Lusztig, Kashiwara—Tanisaki and
Andersen—Jantzen—Soergel (following a strategy outlined by Lusztig and involving
the study of a similar problem for quantum groups at a root of unity). But this
proof was obtained “only” under the assumption that the characteristic of the base
field is large, i.e. larger than a nonexplicit bound depending on the root datum
of the group. Later work by Fiebig allowed to give an explicit lower bound for
how large the characteristic should be, which was however much bigger than the
expected bound (namely, the Coxeter number).

0.4. Williamson’s counterexamples and formulas involving the p-ca-
nonical basis. The next step in this story came as a surprise for many experts. In
2013, Williamson announced a proof that, in the case of the group GL,, (for which
the Coxeter number is n), Lusztig’s formula cannot be true under any assumption of
the form p > P(n) where P is a fixed polynomial. In other words, Lusztig’s formula
is only an asymptotic answer to the question of computing simple characters for a
reductive algebraic group, but a general answer has to be more subtle.

The goal of these notes is to explain the construction of these counterexamples,
and present an alternative approach to the study of the representation theory of
reductive algebraic groups over algebraically closed fields of positive characteristic,
in particular to the problem of character computation, that has emerged in the
following years, and to which we have contributed. This approach was proposed
as part of a joint work with Geordie Williamson in | ], and was implemented
in the following years involving joint work with various collaborators, in particular
Geordie Williamson and Pramod Achar.

The basic idea at the heart of this approach is that the combinatorics that
should be used to express these character formulas is not the Kazhdan—Lusztig
combinatorics of W,g as predicted by Lusztig, but rather its “p-canonical” version
that was introduced in joint work of Williamson with Juteau and Mautner on
parity complexes on the one hand, and with Elias on a presentation of categories of
Soergel bimodules by generators and relations on the other hand. (The equivalence
between the two approaches was morally clear, and was proved explicitly in | 1)
This combinatorics gives rise to “p-Kazhdan—Lusztig polynomials” which do depend



on the characteristic p, but stabilize in large characteristic to ordinary Kazhdan—
Lusztig polynomials, explaining Lusztig’s character formulas in these cases.

A first hint at this idea can be found (retrospectively) in work of Soergel [S5],
where the author studied an analogue of the Bernstein—Gelfand—Gelfand category
O of a complex semisimple Lie algebra, defined as a subquotient of a regular block
of Rep(G), whose simple objects have highest weight “around the Steinberg weight”
(p—1)p. Soergel showed that the combinatorics of this category is encoded in certain
complexes on the flag variety of the corresponding complex reductive group, which
were later identified as the parity complexes on this flag variety.

0.5. Tilting characters. To make this idea concrete one should switch per-
spective a bit; instead of giving an explicit character formula for simple modules as
proposed by Lusztig, one needs instead to look for a character formula for another
family of modules, namely the indecomposable tilting modules, from which the
characters of simples can be obtained in theory. (The observation that characters
of tilting modules determine characters of simple modules is due to Andersen.) Ex-
plicitly, in [ ] we proposed a conjectural character formula for indecomposable
tilting modules in regular blocks (i.e. blocks corresponding to free orbits of W)
in terms of (antispherical) p-Kazhdan—Lusztig polynomials under the assumption
that p is larger than the Coxeter number, and a more general formula (which we
initially thought might be more hazardous) for all blocks, in all characteristics. The
proposed formula for regular block was a modification of an earlier conjectural for-
mula due to Andersen, which was expressed in terms of ordinary Kazhdan—Lusztig
polynomials.

It turned out that our guesses were correct, and these formulas now have several
independent proofs. The first one was obtained for regular blocks in joint work with
Achar, Makisumi and Williamson [ ]; this case was later reproved using
different approaches by Ciappara [Ci] and in joint work with Bezrukavnikov | ].
Finally the general formula was obtained in joint work with Williamson | ].

0.6. What this book might be good for. Our hope in writing this book
is that it can serve as a guide for the reader interested in these topics to go from
the classical approach on this subject on which Lusztig’s formula is based, which is
summarized in a marvelous way in Jantzen’s classical book [J3], to the recent liter-
ature on this subject, in particular Williamson’s construction of counterexamples to
Lusztig’s formula [W 3] and the proofs of the tilting character formula in [ ]
and | ]. We will not give detailed proofs of any deep result in this direction,
but what we have tried to do is to explain the main constructions involved with
all relevant details, state the most important results in the largest reasonable gen-
erality that is available in the literature, and clarify some results that are usually
considered “well-known” but whose explicit proofs are difficult to find. We have
also tried to give precise references for all the results we require, sometimes pointing
some gaps in the original literature that have been filled by later work.

0.7. Contents.

0.7.1. QOverview. In Chapter 1 we summarize the classical theory of representa-
tions of reductive algebraic groups over algebraically closed fields of positive charac-
teristic, as presented in Jantzen’s book [J3]. Then in Chapters 2 and 3 we explain
several points of view (algebraic, diagrammatic, topological) on the basic objects
that allow to make sense of the p-canonical basis, namely Soergel bimodules. In
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Chapter 4 we come back to representation theory of algebraic groups, and explain
the theory of tilting modules as developed by Donkin and Andersen in the 1990’s.
The new point of view on character computations is discussed in Chapters 5, where
we explain Williamson’s construction of counterexamples to the expected bound
in Lusztig’s conjecture, and 6, where we explain the character formulas for inde-
composable tilting modules in terms of the p-canonical basis, and briefly discuss
their proofs. In Appendix A we review our prefered point of view on highest weight
categories, and finally Appendix B contains exercises for each chapter.

0.7.2. Chapter 1. Chapter 1 gives an overview of classical results in the repre-
sentation theory of reductive algebraic groups over fields of positive characteristic,
including Chevalley’s classification of simple modules, Weyl’s character formula for
induced modules, Steinberg’s tensor product formula, the linkage principle and ba-
sic properties of translation functors. We also discuss in detail how the Coxeter
combinatorics of the affine Weyl group intervenes in the parametrization of simple
modules, review Soergel’s construction of his “modular category O” and its main
properties, and discuss Lusztig’s character formula and some of its proofs.

0.7.3. Chapter 2. In Chapter 2 we introduce Soergel bimodules. We review the
classical approach developed by Soergel in terms of bimodules over a polynomial
ring attached to a reflection faithful representation of a Coxeter group. We then
explain the construction by Elias—Williamson of a category defined by generators
and relations expressed in terms of a diagrammatic calculus. This category is
obtained from a Coxeter system and a collection of data called a “realization.”
In case this realization comes from a reflection faithful representation it recovers
Soergel’s original category, but this category makes sense, and has the expected
properties, in a larger generally, that includes in particular some natural realizations
associated with Kac—Moody groups. This generality allows to give a first definition
of the p-canonical basis attached to a crystallographic Coxeter system and a prime
number p. We also discuss a different incarnation of this construction due to Abe,
which is closer to Soergel’s original construction but works in the same generality
as the one of Elias-Williamson.

0.7.4. Chapter 3. In Chapter 3 we explain the theory of parity complexes in-
troduced by Juteau-Mautner—Williamson, and discuss in detail the case of flag
varieties of Kac-Moody groups and affine flag varieties. In these cases this the-
ory provides an alternative incarnation of diagrammatic categories attached to
crystallographic Coxeter systems (and Kac—Moody realizations), and an equiva-
lent construction of the p-canonical basis. (The latter fact is a modular analogue
of the result of Kazhdan—Lusztig computating dimensions of stalks of intersection
cohomology complexes on flag varieties in terms of classical Kazhdan—Lusztig poly-
nomials.

0.7.5. Chapter /. Chapter 4 provides a review of the theory of tilting modules
for reductive algebraic groups, and their relation with representations of Frobe-
nius kernels. We discuss basic structural results (classification of indecomposable
objects, Donkin’s tensor product formula), explain how the understanding of in-
decomposable tilting modules leads to character formulas for simple modules, and
discuss Andersen’s conjecture proposing a character formula for some indecompos-
able tilting modules.



0.7.6. Chapter 5. In Chapter 5 we explain Williamson’s construction of coun-
terexamples to Lusztig’s character formula from the point of view of the diagram-
matic category. More specifically, what Williamson manages to contradict is a con-
sequence of Lusztig’s formula that can be observed in Soergel’s modular category
O, namely that the p-canonical basis of the (finite) Weyl group should coincide
with the Kazhdan-Lusztig basis for values of p above the Coxeter number (or a
linear bound depending on this number, depending on the versions).

0.7.7. Chapter 6. Chapter 6 presents the new character formula for indecom-
posable tilting modules in terms of the p-canonical basis. We state this formula,
explain some categorical considerations that lead us it, and outline some proofs of
this formula and its categorical counterpart.

0.7.8. Appendices. The book finishes with two appendices. Appendix A is a
review of a point of view on highest weight categories that emerged from work
of Beilinson—Ginzburg—Soergel. Appendix B contains exercises (often with hints)
related to the content of each chapter, and indications on where to find additional
exercises on some of this content.

0.8. Prerequisites. We will assume that the reader is familiar with the struc-
ture theory of connected reductive algebraic groups over algebraically closed fields,
as explained e.g. in the classical books of Borel [Bo], Humphreys [H3] and Sprin-
ger | ]. All the results from representation theory of algebraic groups that
we will need will be recalled, usually with the appropriate reference to Jantzen’s
book [J3], but very few proofs are given. We will also rely on the basic theory of
Coxeter groups, for which we refer to the book by Humphreys [H4] or to Michel’s
notes [IMi], and use the standard basic constructions of homological algebra (addi-
tive categories, abelian categories, triangulated categories, t-structures) as reviewed
e.g. in [Ac, Appendix]. Finally, Chapter 3 uses in an essential way the formalism of
derived categories of contructible sheaves on algebraic varieties and the equivariant
versions, and of perverse sheaves. This theory can e.g. be learnt in the book [Ac]
by Achar.

0.9. Some notation and conventions.
0.9.1. Grothendieck groups. If A is an essential small additive, resp. abelian,
resp. triangulated, category, we denote by
[Ale, resp. [A], resp. [A]a,

its split Grothendieck group, resp. its Grothendieck group, resp. its Grothendieck
group. In each case, the class of an object M € A will be denoted [M]. A brief
discussion of these constructions can be found in [Ac, §A.9].

0.9.2. Modules and bimodules. If A is a ring, we will denote by
A-Mod, resp. Mod-A,
the category of left A-modules, resp. of right A-modules, and by
A-Modgs, resp. Modgs-A,

the subcategory of finitely generated modules.

If A is a k-algebra for some commutative ring k, by an A-bimodule we will mean
a left A-module endowed with a commuting right action of A such that the left and
right actions of k& coincide; in other words, an A-bimodule is an A ®; A°P-module.
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The choice of k is of course not unique, but it will always be the obvious one (in
general the base field). The category of A-bimodules will be denoted

A-Mod-A.

0.9.3. Cozeter groups. For all Coxeter systems (W, S) considered in this book,
the set S is assumed to be finite.

Given a Coxeter system (W,S), we will denote by £ : W — Zx( the length
function, such that ¢(w) is the minimal possible number of terms occurring when
writing w as a product of elements in S. We will denote by < the Bruhat order on
W, i.e. the order generated by

w < wt ift € {wsz™' 2 €W, s € S} and £(wt) > {(w).

Recall that for any subset I C S, if we denote by W; the subgroup of W generated
by I, then Wi, I) is a Coxeter system. A subgroup of the form W (or sometimes
the corresponding pair (W, I)) will be called a parabolic subgroup. (Note that the
term “parabolic subgroup” is sometimes used for something more general in the
theory of Coxeter groups.)

We will call ezpression a word in S, or in other words an r-tuple (sq1,...,s,) of
elements in S. (The case r = 0 is allowed, corresponding to the empty word.) The
length ¢(w) of an expression w is its length as a word, i.e. the number of letters
appearing in it (counting repetitions). The expression (s, ..., s,) is called reduced
if ¢(s1---s.) =r (where s1---s, is the product of these elements in W). We will
denote by 82 C S? the subset consisting of pairs (s,t) with s # t generating a finite
subgroup of W. If (s,t) € 8%, we will denote by (s,t) the subgroup generated by s
and t, and if (s,t) € S2 we will denote by m ; the order of the product st.

0.9.4. Algebraic groups. If k is an algebraically closed field, by a k-algebraic
group we mean a smooth affine group scheme of finite type over k. (This terminol-
ogy is that of [Bo, , ].) By an algebraic subgroup we mean a smooth closed
subgroup. By a reductive algebraic group we mean a not necessarily connected alge-
braic group whose neutral component has no nontrivial connected normal unipotent
algebraic subgroup.

0.10. Acknowledgements. This book grew out of handwritten notes pre-
pared for a minicourse given at the University of Cérdoba (Argentina) in July
2017, which were then typed by Nicolds Andruskiewitsch, Ivan Angiono, Agustin
Garcia Iglesias and Cristian Vay. These notes were later enriched in preparation for
other minicourses, given in Freiburg in July 2018 (joint with Shotaro Makisumi),
in Oberwolfach in November 2018 (joint with Pramod Achar and Laura Rider),
in V. Lunts’ datcha somewhere in Russia (joint with Daniel Juteau, Carl Mautner
and Geordie Williamson) in July 2019, and in Birmingham in July 2023. We thank
Nicolas for the original invitation and the repeated encouragements to polish these
notes, Ivdn, Agustin and Cristian for their work, Shotaro, Pramod, Laura, Daniel,
Carl and Geordie for the inspiring contributions they provided, and the participants
of these different events for their questions and comments.

Our point of view on this subject was greatly influenced by our collaborations
with Geordie Williamson and Pramod Achar; we thank them for their generosity
and hope our collaboration will continue for many more years! We also thank
Noriyuki Abe, Ben Elias, Shrawan Kumar and Geordie Williamson for answering
various questions about this material.
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CHAPTER 1

Modular representation theory of reductive groups

The goal of this chapter is twofold. First, we aim at recalling the main classi-
cal results from the representation theory of connected reductive algebraic groups.
Most of the proofs will be omitted; they can e.g. be found in [J3]. Second, we will
try to explain how to reinterpret, or sometimes restate, some of these results in a
way that will be more convenient for the point of view we want to emphasize in the
later chapters. This new point of view will often involve the affine Weyl group and
its Coxeter group structure.

Historically, the importance of the affine Weyl group for the description of the
representation theory of connected reductive algebraic groups was first suggested
by Verma [Ve]. A more concrete incarnation of this idea, which greatly influenced
the later study of these questions, was given by Lusztig [L.1]. In a sense, the main
idea of the approach to character formulas presented in these lectures is that this
idea should be taken at the level of categories rather than combinatorics. This will
be made more concrete in Chapter 6.

1. Representations of reductive algebraic groups

1.1. Definitions. We will denote by k an algebraically closed field of charac-
teristic p. (For us the most interesting case is when p > 0, but for now the case
p = 0 is also allowed.) Let G be a connected reductive algebraic group over k, and
let us choose a Borel subgroup B C G and a maximal torus T C B. We will denote
by X = X*(T) the lattice of characters of T, i.e. morphisms of algebraic groups
from T to Gyx = k*. Elements of X will usually be called weights. If U C B is
the unipotent radical of B, then multiplication induces an isomorphism of algebraic
groups

Tx U= B.

In particular, it follows that any A € X extends in a unique way to a morphism
of algebraic groups from B to k*, which will again be denoted A\. We will also
denote by BT the Borel subgroup opposite to B with respect to T, and by U™ its
unipotent radical.

We will denote by R C X the root system of (G,T), i.e. the set of nonzero
T-weights in Lie(G). The subset of positive roots consisting of the T-weights in
Lie(UT) will be denoted 8T, and the associated system of simple roots will be
denoted R C RT. We will also denote by XV := X, (T) the cocharacter lattice of
T, and by &Y C XV the coroots of (G, T). There is a canonical bijection | — RY,
which we denote as usual by a — «V. Our choice of basis of R determines a subset
of dominant weights in X, defined by

Xt ={AeX|Vaec R, (\a") >0},

13



14 CHAPTER 1. REPRESENTATION THEORY OF REDUCTIVE GROUPS

and an order < on X defined by
AZp & M—A€Z20m+.

We will denote by W = Ng(T)/T the Weyl group of (G, T), and by S C W the
set of simple reflections, so that S = {s, : @ € R°}. Tt is well known that the pair
(W, S) is a Coxeter system. The longest element with respect to that structure will
be denoted wy. Since T is its own centralizer in G, W identifies with a subgroup
of the group of automorphisms of T (as a k-algebraic group), or equivalently of X
(as an abelian group).

EXAMPLE 1.1. The main example the reader should keep in mind is G =
SL, (k). In this case one can choose

{1} ce

as the subgroup of lower triangular matrices and

{0 en

as the subgroup of diagonal matrices.
In this case we have a canonical identification X = Z"/Z(1,...,1), where the
class [A1,...,A,] of an n-tuple (A1, ..., \,) corresponds to the morphism

1 0 n
0 Ty =1

If we denote (for i € {1,---,n}) by ¢ € Z"/Z(1,...,1) the class of the vector
whose only nonzero entry is 1 in the ith position, then we have
R={e—¢:1<i#j<n},

9{+:{ei—ej:1§i<j§n},

R = {Gi_€i+l 1€ {1, ,n—l}},

Xt ={[A1,-- s \] €Z"/Z(1,...,1) | A1 >+ > A\ )
If we set, for any i € {1,--- ,n— 1}, @w; := €1 + - - - + €;, then we have

Xt = {alwl + -+ an_1@Wn-1:01, " ,0p_1 € ZZO}'
(The weights w1, - - - , w,, are the fundamental weights of (G, B, T).) We also have
a natural identification W = &,,, where &,, acts on T by permuting the entries,
and in this way S identifies with {(,i+1) : ¢ € {1,--- ,n—1}}. Moreover, we have

wo=(h, 210"

(See Exercise 1.2 for the closely related example of G = GL,,(k).)

For some aspects of the theory it is important to notice that one can consider
“the same group” for various values of the field k. One way of making sense of
this idea is by using the classification of connected reductive algebraic groups over
algebraically closed fields. Namely, such a group is uniquely determined (up to iso-
morphism) by its root datum, i.e. the quadruple (X, XV, R, R") (implicitly, together
with the pairing between X and XV and the bijection between roots and coroots).
Root data do not involve k in any way. Fixing a root datum, we therefore obtain
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an attached connected reductive algebraic group over any algebraically closed field,
which we can consider as “the same group” over different fields. By construction,
the character lattice X*(T) is the same for all these groups. Soon we will construct
some families of G-modules parametrized by (dominant) weights; using this point
of view we will be able to consider “the same” module over different fields k: by
this we will mean the modules attached to the same weight for each k. Most of
the questions we will consider will not really depend on k itself, but only on its
characteristic p.

REMARK 1.2. A more subtle way of expressing the idea of “the same group
over different fields” is by using the notion of reductive group schemes over rings.
Namely, any connected reductive algebraic group G over k can be obtained by
base change from a split reductive group scheme Gz over Z. After fixing such Gy
(which is unique up to isomorphism), one obtains for any field k’ a “version” of G
over k', namely Spec(k’) Xgpec(z) Gz. Here the subgroups B and T can also be
obtained by base change from subgroups of Gy, which give rise to subgroups of
Spec(k’) X Spec(Z) Gz.

REMARK 1.3. For simplicity we have chosen a Borel subgroup and a maximal
torus in G. In order to avoid these noncanonical choices, one can instead work with
the “universal maximal torus.” Namely, given any two Borel subgroups By, By C
G, whose unipotent radicals will be denoted U; and Uy, there exists a canonical
isomorphism of k-tori

B,/U; = B,/U,.

In fact all Borel subgroups are conjugate; hence there exists ¢ € G such that
By = ¢gB1g~!. Any two choices for this element g differ by right multiplication
by an element in By; since the Bj-action on By /U; by conjugation is trivial, it
follows that the isomorphism B;/U; — By /U, induced by conjugation by such a
g does not depend on the choice of element, which provides the desired canonical
isomorphism. The universal maximal torus is then defined as the torus A = B/U,
for any choice of Borel subgroup B C G, whose unipotent radical is denoted U. (As
explained above, this torus is canonically independent of the choice of B.) Note
that A is not a subgroup of G. Given an arbitrary maximal torus T C G, for
any choice of Borel subgroup B containing T we have a canonical identification
T = A, provided by the composition T < B — A. (This identification does
depend on the choice of B.)

To continue in this vein, we can then define X as the lattice of characters of
A; in this way, for any Borel subgroup B C G we have a canonical identification
of X with the lattice of algebraic group morphisms B — k*, sending a character
A — k* to its composition with the projection B — A. The root system R, and
its positive system AT, can also be defined universally, as the image in X of the
T-weights in Lie(G) and in Lie(G)/Lie(B) respectively, for any choice of a Borel
subgroup B C G and a maximal torus T C B, where we identify X with the lattice
of characters of T using the canonical isomorphism T =+ A considered above.

1.2. Categories of representations and induction functor. For any k-
algebraic group H, we will denote by Rep(H) the category of finite dimensional
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algebraic H-modules, and by Rep®™(H) the category of all (not necessarily finite-
dimensional) algebraic H-modules. In other words, the algebra ¢'(H) has a canon-
ical structure of Hopf algebra over k (with comultiplication defined by the multi-
plication morphism H x H — H), and an algebraic H-module is nothing but an
O (H)-comodule.

Recall that for any V' € Rep(G), the dual vector space V* has a canonical
structure of object in Rep(G) with action defined by

(h-f)w) = f(h™"-v)
for he H, f € V* and v € V. Recall also that for any algebraic subgroup K C H,
we have an “induction functor”

Indj : Rep™ (K) — Rep™ (H),

see [J3, Chap. 1.3]. This functor sends a representation (M, g) (where p : K —
GL(M) is the morphism defining the K-action) to the space of algebraic functions
f:H — M (i.e. elements of ¢(H) ® M) which satisfy

f(hk) = o(k™1)(f(R))
for any h € H and k € K, the action of H being induced by left multiplication on
itself. This functor is left exact, and is right adjoint to the restriction functor

Forg : Rep™(H) — Rep™(K).

(This property is usually called “Frobenius reciprocity” see [J3, Proposition 1.3.4].)
In general, it is not true that Indjs restricts to a functor from Rep(K) to Rep(H):
the image of a finite-dimensional module might be infinite-dimensional.

Below we will also consider the derived functors

R'Indj} : Rep™(K) — Rep™(H) (i >0)

of the functor Indg. (Note that the category of algebraic representations of a k-
algebraic group always has enough injectives, see [J3, Proposition 1.3.9], so that
these functors are well defined.)

REMARK 1.4. The definition of the functor Indf can be “localized” in the
following way. (For details on all of this, see [J3, §§1.5-8-9].) Consider the quotient
H/K (a separated k-scheme of finite type, whose construction is explained e.g. | ,
Chap. 7]) and the projection morphism p : H — H/K. Given (M, p) as above, for
any open subvariety V' C H/K one can consider the vector space consisting of the
functions f € O(p~1(V)) ® M, seen as maps V — M, which satisfy

F(hk) = o(k=1)(f(h))
for any h € p~1(V) and k € K. (Note that in this setting hk belongs to p~(V),
so that this equality makes sense.) This space admits a natural action of &(V)
(by composition with p and multiplication), and can easily be seen to define a
quasi-coherent Oy k-module denoted £,k (M). By construction we then have

Ind} (M) = D(H/K, Zua/x (M)).

In fact, 5/ k(M) has a canonical structure of H-equivariant quasi-coherent
sheaf on H/K (in the sense that its pullbacks under the projection and action mor-
phisms H x H/K — H/K are canonically isomorphic, with this isomorphism sat-
isfying a certain “cocycle” condition), and this construction induces an equivalence
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of categories between Rep(K) and the category of H-equivariant quasi-coherent
sheaves on H/K (see e.g. [Bri, §2]).

REMARK 1.5. As an application of the description of the induction functor
in Remark 1.4 and general facts about cohomology of schemes, one obtains the
following properties:

e for any V in Rep™(K), we have R'Indg (V) = 0 for any i > dim(H/K)
([J3, Proposition 1.5.12(b)]);

o if the quotient H/K is affine then the functor Indk is exact; in other
words we have R'Indf = 0 for any i > 0 ([J3, Corollary 1.5.13]);

e if the quotient H/K is projective, for any V' € Rep(K) and any i > 0 the
H-module RIndg (V') is finite-dimensional ([J3, Proposition 1.5.12(c)]).

Note that in case H is reductive, the fact that H/K is affine is equivalent to the
fact that K is reductive, see [Rd].

1.3. Induced and Weyl G-modules. The main player of this book will be
the category Rep(G). It is a general scheme in Representation Theory that in order
to construct interesting representations of a group (or module over an algebra) one
should start with some “simple enough” representations of a “large” subgroup (or
module over a “large” subalgebra) and then induce to the whole group (or algebra).
In the setting of representations of reductive groups, such a “large” subgroup can
be chosen as the Borel subgroup B, and the “simple enough” representations can
be chosen to the 1-dimensional representations kg () associated with the weights
X € X, considered as morphisms from B to k.!

DEFINITION 1.6 (Induced or co-Weyl modules). For A € X, the induced module
N(\) associated with \ is defined as

N(A) = Ind5 (kp(V) = {f € 6(G) | Yo € B, Vg € G, f(gb) = A() "' f(9)},
with the G-action given by (g - f)(h) = f(g~'h) for g,h € G and f € N()).

EXAMPLE 1.7. In case A = 0, one finds that

N(0) = 0(G/B) =k

since G/B is an irreducible projective variety (see [H3, §21.3]), so that any mor-
phism G/B — k must be constant (see e.g. [H3, §6.1]). More generally, if A € X
satisfies (A, a") = 0 for any o € R, then \ extends uniquely to a character G — k*,
hence defines a 1-dimensional G-module kg (). (In fact, it is a classical fact that
restriction to T induces an isomorphism between the lattice of algebraic group

morphisms G — k* and the subset of X consisting of weights orthogonal to all
coroots.) By the tensor identity (see [J3, Proposition 1.3.6]) we deduce that

N(A) = Indg (ks (})) = Indg (ks(0)) @ ka(A) = ke (A).

REMARK 1.8. In the case considered in Definition 1.6, using the fact that the
projection morphism G — G/B locally has sections (in fact it has a natural section
on the “big cell” UTB/B = U™, and then one obtains further local sections by
translation) one sees that the sheaf .2 := Zg/g(kp())) considered in Remark 1.4
is a line bundle (i.e. a locally free sheaf of rank 1) on G/B.

ln fact, every irreducible representation of B is 1-dimensional, hence of the form kg () for
some X € X.
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In the special case G = SLa(k), the flag variety G/B identifies with the pro-
jective space P1. Under this identification, for any a € Z the line bundle %,
identifies with the line bundle Op:(a).

It turns out that the module N(A) is finite-dimensional and algebraic, for any
A € X. (One possible way of proving this fact is to use Remark 1.8 and classical facts
on sections of coherent sheaves on proper schemes, see [J3, Proposition 1.5.12(c)].)
In particular, the dual G-modules are also finite-dimensional and algebraic, and
will be called Weyl modules.

DEFINITION 1.9 (Weyl modules). For A € X, the Weyl module M(\) is defined
as
M(A) = (N(=woA))" .

REMARK 1.10. The definition of induced and Weyl modules we have given
above seems to depend on the choice of Borel subgroup B and maximal torus
T. In fact these modules are uniquely defined up to isomorphism, if one uses the
“universal” constructions considered in Remark 1.3. Namely, with X defined as in
this remark, if A € X and if B’ C G is any Borel subgroup, the weight A defines a
morphism Ag: : B’ — k*, and one can consider the module Ind§, (kg (Ag/)). Now if
B’ C G is any other Borel subgroup, then we also have a character Ag.» : B” — k*,
and if g € G is any element such that gB’g~! = B”, we have Ap~(gbg™!) = Ap/(b)
for any b € B’. We therefore obtain an isomorphism of G-modules

Ind§, (kg (As’)) = Ind§, (kg (A\s~))
which sends a function f : G — k in the left-hand side to the function h — f(hg).

(This isomorphism does depend on the choice of g.)

1.4. Examples in classical groups.

1.4.1. Special linear groups. Let us consider the case G = SL,(k), with the
conventions and notations of Example 1.1, and consider the natural action of G on
V =k". It is not difficult (see Exercise 1.6) to show that for any ¢ € {1,--- ,n—1}

we have '
NV = N(w).
It is known also that for any r > 0 we have
N(rwp—1) = Sym"(V*) and N(rw;) = Sym" (V)
see [J3, §I1.2.16]. (For » = 1, this is equivalent to the description above since
NV 2k, so that \* 71V =2 V*)

In particular, when n = 2, we deduce that N(rw;) identifies with the space
k[X, Y], of homogeneous polynomials in two variables X and Y of degree r, with
the natural action of SLy (k) obtained by viewing a polynomial in X, Y as a function
on A2,

1.4.2. Symplectic groups. Now, let us assume that G = Sp,,, (k), with the con-
ventions and notations of Exercise 1.3. We consider the natural action of G on

V = k?", which we equip with the standard basis (e1,--- ,e2,). In this basis, the
associated alternating form is given by

1 ifie{l,--- ,n}and j=i+n;
w(e,e)=¢ -1 ifje{l,--- ,n}andi=j+n;
0 otherwise.
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For m € {1,---,n}, we denote by M,, the G-submodule of A™V generated by
the vector e; A ... A en,. (By Witt’s theorem, M,, is spanned as a vector space by
the vectors vy A ... A vy, such that span(vy,...,v,,) is an isotropic subspace of V.)
Then it is proved in [PS] that we have

My =2 M(wp).

(In [PS] it is assumed that p # 2, but this restriction is not necessary for this
particular claim; see [ , P- 20].) In particular this shows that there exists an
embedding M(w,,) = A™ V. Dualizing, and using the canonical isomorphisms

(1.1) (/\mv) = NV ATV
(here the first isomorphism is induced by the pairing (A" V) x (A" V*) — k defined
by (@1 A= A @m,v1 A+ Avy) — det(p;(v)))i;, and the second one is induced

by the isomorphism V' = V* defined by v + w(v, —) where w is as above) and the
fact that wy acts on X as —id we deduce a surjection

(1.2) NV = N(wn).

If m = 1, this surjection has to be an isomorphism since dim(N(w)) = 2n (which
can e.g. be derived from Theorem 1.21 below and [F'H, Exercise 24.21]). On the
other hand, if m > 2 there exists a G-equivariant embedding

N2V AV

defined by z — (37 €i Aenyi) A . (Here, the element > 7" | €; A e, is the
image under the isomorphism (1.1)—in case m = 2—of the aternating form w.) By
Frobenius reciprocity, the composition of this embedding with (1.2) vanishes. Since

st~ (2)- (2,

(again by Theorem 1.21 below and [FH, Exercise 24.21]) we deduce an isomorphism

N(wm) = NV / N2V

1.4.3. Even orthogonal groups. Now we turn to the case G = SOg, (k) (with
p # 2), with the conventions and notations of Exercise 1.4. We consider the natural
action of G on V = k2", which we equip with the standard basis (e, ,e2,). In
this basis, the associated symmetric bilinear form is given by

( ) 1 ifie{l,---,ntandj=i+norje{l,---,n}andi=j+n;
W€, €5) = .
’ 0 otherwise.

If m < n — 2, then by Frobenius reciprocity there exists a G-equivariant morphism

/\mV — N(wm),
or dually a G-equivariant morphism

M(wm) = /\"V.
(Here again we use the identification of A™V with its dual, and the fact that
wo(wm) = —wm.) Now, as noticed e.g. in | , p- 20], the G-module \""V

is generated by its weight-subspace of weight w,,; this morphism must therefore
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be surjective. Since dim(N(wy,)) = (") (e.g. by Theorem 1.21 below and [FH,

m
Exercise 24.43]), this surjection must be an isomorphism, and we deduce that

N(wm) = \V.
Similar considerations show that we also have
N1+ +en1) /\”*IV.
In fact, all of these modules are simple.

1.4.4. Odd orthogonal groups. Finally we consider the case G = SOsg,11(k)
(with p # 2), with the conventions and notations of Exercise 1.5. We consider
the natural action of G on V = k?"*!, which we equip with the standard basis
(e1, -+ ,e2n+1). In this basis, the associated symmetric bilinear form is given by

1 ifie{l,---,ntand j=i+norje{l,--- ,n}andi=j+n;
wle,ej) =41 ifi=j=2n+1;
0 otherwise.

If m < n—1, then the same considerations as in §1.4.3 (using [F'H, Exercise 24.31])
show that we have

N(wm) = /\m‘/’

and that similarly we have
N(ep + - +ep) = /\”V.
Once again, all of these modules are simple.

1.5. Weights and characters of G-modules. The representation theory of
tori is particularly simple, in that each algebraic representation is a direct sum of
1-dimensional representations. In more concrete terms, in our situation this means
that for any algebraic T-module M we have

M = @ M,
Aex
where for A € X we set
My:={meM|VteT, t-m=At)m}.
The set of weights of M is the subset
wt(M) ={XeX| M, #0} CX
In case dim(M,) < oo for any A € X, a more interesting invariant is given by the
character ch(M) of M, defined by
ch(M) =Y dim(M,)-e* € Z[X].
AEX

We will mainly consider weights and characters in case M = ForS(M’) for
some M’ € Rep™(G). (In this case we will write wt(M’) and ch(M') for wt(M)
and ch(M) respectively.)

LEMMA 1.11. In case M € Rep™(Q), the subset wt(M) C X is invariant under
the action of W. In fact, if moreover dim(My) < oo for any A € X, the element
ch(M) is invariant under the action of W.
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PRrROOF. Both claims follow from the observation that if w € W and n € Ng(T)
is a lift of w, then for any v € M and A € X we have v € My iff n-v € My,(). U

The weights of the modules N(\) considered in §1.3 have the following property.
LEMMA 1.12. For any A € X we have
pewtN() = p=A
Moreover, if N(A) # 0 we have
dim(N(A)y) = 1.

PROOF. It is a standard consequence of the Bruhat decomposition that multi-
plication induces an open (dense) embedding

Ut xB < G.
We deduce an embedding of UT-modules
N(A) = 0(UT),

where the right-hand side is the algebra of (algebraic) functions on U™, with the
action of UT induced by left multiplication on itself. In fact this embedding can
be also seen as an embedding of T-modules

N(A) = 0(U") @ kr(N),

where the action on ¢(U™) is induced by the action on UT by conjugation. Now
we have

wt(O(U™)) = Zzo(—R7),

which implies that wt(N(\)) C {u € X | u < A}
Now, let us assume that N(\) # 0. Since (U™ ), has dimension 1, the consid-
erations above imply that

dim(N(A)y) < 1.
On the other hand, by Frobenius reciprocity we have

Homg (N(A), N(A)) = Homg (N(\), kg (\)).

Our assumption implies that this space is nonzero; hence there exists a nonzero
morphism of B-modules (in particular, of T-modules) from N(X) to kg()), which
implies that N(\) # 0.

REMARK 1.13. As noted in the proof of Lemma 1.12 we have
Homg (N(A),N(N)) 2 Homp (N(A), kg (X)) € Homp(N(A), k(X)) =2 (N(A)A)™.

Since the right-hand side is 1-dimensional, we deduce that Homg(N(A),N(}\)) =
k-id.

Note that Lemma 1.11 and Lemma 1.12 also imply that
(1.3) wewt(N(A) = = wo

These two simple observations already have the following interesting conse-
quence.

COROLLARY 1.14. For A € X, if N(\) # 0 then X € XT.
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PROOF. Assume that A\ € X\ XT. Then there exists a € SR such that (A, V) <
0, i.e. such that s,(A) = A. By Lemma 1.12, if N(\) were nonzero we would have
A € wt(N(A)), hence (by Lemma 1.11) s4(A) € wt(N(A)). This would contradict
the fact that wt(N(X)) C {u € X | u = A} (see Lemma 1.12). O

It turns out that the converse of the implication of Corollary 1.14 is also true,
see [J3, Proposition I1.2.6]. The proof is more subtle, and will not be reviewed
here. Of course, this also implies that M(\) # 0 iff A € XT.

1.6. Classification of simple modules. The next task we consider is the
classification of the simple objects of the category Rep(G). (These will also be the
simple objects in Rep®™(G).) The answer is given in the following statement, whose
first proof is due to Chevalley.

THEOREM 1.15. For any A € XT, the G-module N()\) admits a unique simple
submodule, which we will denote L(X\). Moreover, the assignment A — L(X) induces
a bijection between X and the set of isomorphism classes of simple algebraic G-
modules.

This theorem says in particular that if M is a simple G-module, then there
exists a unique A € Xt such that M = L(\). This dominant weight is called the
highest weight of M. (See below for a justification of this terminology.)

The proof of Theorem 1.15 turns out to be quite simple. Namely, we start with
the following observation.

LEMMA 1.16. For any A € X*, we have (N(A))Y" = N(A),.

PRroOOF. Recall the embedding of UT-modules N(\) C &(U™) considered in the
proof of Lemma 1.12. Since ﬁ(UJF)U+ = k, this embedding shows that (N()\))U+ C
N(A)x. On the other hand N(X)y is 1-dimensional (see Lemma 1.12), and by the
group version of Engel’s theorem (see [F13, Theorem 17.5]) we have (N(A))Y" % 0
since N(A) # 0 and U™ is unipotent. The equality follows. O

PROOF OF THEOREM 1.15. Lemma 1.16 is already enough to show that the
socle of N(\) is simple. In fact, if V' C N(A) is any submodule then as in the proof
of the lemma we must have VU 0, so that V O N(A)x. Hence N(\) cannot have
two distinct simple submodules.

If we denote by L(X) this simple socle, then T acts on L(A)Y" with weight A,
which implies that L(A) is not isomorphic to L(p) if A # p. Finally, let V' be a
simple G-module. Then the (nonzero) subspace (V*)Y C V* is a direct sum of
modules of the form kg(A) with A € X. In particular there exists A € X and a
nonzero morphism kg(—X) — V*, hence a nonzero morphism V — kg()). By
Frobenius reciprocity there exists a nonzero morphism V' — N(A), which must
then be injective by simplicity of V, and therefore identify V' with L()). (Here we
necessarily have A € XT since N(\) # 0.) O

REMARK 1.17. By Schur’s lemma we have Homg (L(A), L(N)) =k - id.

Lemma 1.12 implies that wt(L(A\)) € {p € X | p =< A}, and as seen in the
proof of Theorem 1.15 we have L(A)y # 0. Hence A is the unique maximal element
in wt(L(\)) with respect to <, which justifies the terminology of “highest weight.”
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Using Lemma 1.11 we deduce that wq(A) is the unique minimal element in wt(L(A)),
and then that for any A € X we have

(1.4) LA)* =2 L(—wo(N)).
This shows that L()) is also isomorphic to the unique simple quotient of M(\).

ExaMPLE 1.18. Consider the case G = SLy(k), with p > 0. As explained
in §1.4.1, N([p, 0]) identifies with the space k[X,Y], of homogeneous polynomials
of degree p in two variables X and Y, with the obvious action of SLy (k). Using the
fact that the map x — 2P is additive in k[X, Y], it is not difficult to see that the
subspace

k-X?@k-Y? CK[X,Y],

is stable under the action of SLy(k). In fact, under the identification N([p,0]) =
k[X, Y], this subspace is exactly L([p,0]).

Theorem 1.15 provides a classification of simple algebraic G-modules. However,
the construction of these simple modules is far from explicit; even though the
induced modules N()\) are relatively well understood (see, in particular, §1.9 below),
this theorem does not explain how “big” the submodule L()) is. A very important
problem in this area (which is one of the main topics of this book, and is still not
solved in any satisfactory way in general) is therefore to understand what these
simple modules “look like.” To make this problem more precise, one can e.g. ask
for the description of the characters ch(L(\)). Given M € Rep(G) and A € XT, we
will denote by

(M L(N)]

the multiplicity of L(\) as a composition factor of M.
To finish this subsection we note the following result for later use.

LEMMA 1.19. For A € XT, we have dim(L()\)) = 1 if and only if (\,a¥) =0
for any a € R.

PROOF. As noted in Example 1.7, if A satisfies (A, a¥) = 0 for any o € R, then
dim(N(A)) = 1, so that we must have L(A) = N(A), hence dim(L(A)) = 1. On the
other hand, if dim(L(\)) = 1 then A must be the restriction of a group morphism
G — k*, so that (A\,a") =0 for any a € R. O

1.7. Central characters. Let Z(G) be the scheme-theoretic center of G, as
defined in [J3, §1.2.6]. This group scheme can be described very explicitly: we
have Z(G) C T, and Z(G) identifies with the diagonalizable group scheme (in
the sense of [J3, §1.2.5]) associated with the quotient X/ZR of X. (Here, ZR is
the sublattice in X generated by R, or equivalently by 2%.) In particular, this
group scheme might not be smooth if p > 0, but its representations are still very
easy to describe: the category of representations of Z(G) is semi-simple, with
simple objects (up to isomorphism) in bijection with X/ZR, and all of them are
1-dimensional. In other words, the datum of a representation of Z(G) is equivalent
to that of a X/ZR-graded k-vector space. (These facts are special cases of general
results about representations of diagonalizable group schemes, see [J3, §1.2.11].)

Every V € Rep™(G) can be seen as a representation of Z(G) by restriction.
For any = € X/ZR we will denote by Vz_, the subspace consisting of vectors on
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which Z(G) acts via the character z. Then we have

V= P Vi,

z€X/ZR

and each Vz_, is a G-stable subspace of V. If V' is another object of Rep™(G),
then any morphism f € Homg(V, V') must send Vz—, to V;__ for any = € X/ZR.
Hence we have a decomposition of the category Rep™(G) as

(1.5) Rep™(G) = D Rep™(G)z—s

TEX /IR
where Rep(G)%_,, is the full subcategory of Rep™(G) whose objects are the repre-
sentations V such that V =V,_,.

Each indecomposable object in Rep™ (G) (in particular, each object L(A), N(X)
or M(X) for A € X*) must belong to one of the summands Rep™(G)z—,. In fact,
considering the action of Z(G) on the highest-weight line one sees that for any
A€ X, L(N\), N(A) and M(A) belong to the summand corresponding to the image
of X in X/ZR.

1.8. Characters and the Grothendieck group. Consider now the Gro-
thendieck group [Rep(G)] of the abelian category Rep(G). This abelian group
admits as a basis the classes ([L(A)] : A € X1) of the simple modules. For M €
Rep(G), the expansion of the class [M] in this basis is given by

[M] = " [M: L] - L]
AexX+

Any short exact sequence V' < V — V" in Rep(G) induces, for any u € X, an
exact sequence of vector spaces

(VY= V= (V).
It follows that the map V +— ch(V') induces a group morphism
[Rep(G)] — Z[X]
which we will also denote ch, Moreover, it follows from Lemma 1.11 that this
morphism takes values in Z[X]".
PropPOSITION 1.20. The morphism
ch : [Rep(G)] — Z[X]W
is an isomorphism.
PROOF. As seen above the classes ([L(A)] : A € XT) form a basis of the Z-
module [Rep(G)]. On the other hand, since X is a system of representatives for
the W-orbits on X, the Z-module Z[X]" is free, with a basis consisting of the

elements oy := EHGW(A) et where A runs over X*. Since L(\) is a submodule of
N(\) containing N(A),, we deduce from Lemma 1.12 that

ch(L(N\)) € oy + Z Z-oy.

pext
<A

This observation shows that (ch(L(\)) : A € XT) forms a basis of Z[X]", which
implies that our morphism is an isomorphism. [
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This proposition and its proof show that the composition factors of a finite-
dimensional algebraic G-module are determined by its character. Moreover, if one
knows the characters of the modules L(A) for A € X, then the determination of
these composition factors is equivalent to the determination of the coefficients of
this character in the basis (ch(L())) : A € X*) of Z[X]W.

In fact, as mentioned in §1.6, the determination of the characters of the sim-
ple G-modules is a very delicate question. We will therefore also consider other
bases of [Rep(G)]. Namely, with the notation in the proof of Proposition 1.20, by
Lemma 1.12 we also have

ch(N(A)) €ox+ Y Z- o,

peXt
=X

Therefore the classes [N(A)] for A € XT also constitute a basis of [Rep(G)]. (The
main difference with the basis ([L(\)] : A € XT) is that in this basis the coefficients
of the class of an object of Rep(G) are not necessarily nonnegative.)

The tensor product of G-modules endows the category Rep(G) with a structure
of monoidal category, which in turns induces a ring structure on the Grothendieck
group [Rep(G)]. For V.V’ in Rep(G) and A € X we have

Vavi= @ V.ol
p,veX
ptrv=XA

it follows that the morphism of Proposition 1.20 is a ring isomorphism.

1.9. Weyl’s character formula. The next statement we will consider is an
analogue in the setting of (algebraic) representations of algebraic groups of Weyl’s
character formula, originally discovered in the setting of compact Lie groups. It is
usually also referred to as Weyl’s character formula. Here we denote by

1
ng Z a€Q®zX
acRt

the half sum of the positive roots. Given w € W and A € X we set
wel=wA+p)—p.

It is a standard fact that the right-hand side always belongs to X, and that this
formula defines an action of W on X.

For the proof of the following theorem, we refer to [J3, Proposition I1.5.10].
(This statement involves a quotient of two elements in Z[X]. It is a classical fact that
this fraction belongs to Z[X], i.e. that its numerator is divisible by its denominator
in the domain Z[X].)

THEOREM 1.21. For every A € X+ we have

Zwew(il)l(w) . eWweA
> e (1o

Using this formula one can check that

ch(M(})) = ch(N(A))

ch(N(A)) =
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for any A € XT. (This equality can also be seen more directly, see [J3, §I1.2.13].)
In view of Proposition 1.20, this implies that we also have
(1.6) [M(A)] = [N(A)]

in [Rep(G)], or in other words that

(1.7) [M(A) : L()] = [N(A) = L(p)]

for any p € X+.

The fraction appearing in Weyl’s character formula can be difficult to compute,
but it appears in several other contexts (in particular, compact Lie groups and
complex semisimple Lie algebras), and has been extensively studied. (For explicit
examples of how to compute this fraction for classical groups, see e.g. [F'H, §24.2].)
For us, we will hence considered that the characters (ch(N()\)) : A € XT) are
understood. In view of Proposition 1.20, we will therefore consider that computing
the character of a G-module M is equivalent to expressing [M] in the basis ([N(A)] :
A € XT) of [Rep(G)].? From this point of view, the problem evoked in §1.6 asks for
the description, for each A € X, of the expansion of the element [L(\)] € [Rep(G)]
in the basis ([N(u)] : p € XT).

The formula in Theorem 1.21 does not involve the field k (or its characteristic
p) in any way. From the point of view described in §1.1, we will therefore consider
that induced and Weyl modules are independent of k (or of p).

REMARK 1.22. Once ch(N(A)) is known, one can in particular compute the
dimension dim N(\) by evaluating each e to 1. The result one gets in this way is
well known from the representation theory of complex semisimple Lie algebras (or
of compact Lie groups): we obtain that

HaGer <)\ + 0 a\/> .
Haeer <pa a\/)

dimN(\) =
see [H2, Corollary in §24.3].

2. Structure of the category Rep(G)

In this section we recall (mostly without proof) some important structural
results on the category Rep(G) that will allow us to explain the way in which one
can try to answer the problem considered in §1.9.

2.1. Kempf’s vanishing theorem. Another useful statement that we will
require below is the following theorem due to Kempf, and called Kempf’s vanishing
theorem.

THEOREM 2.1. For any A € X and any i € Z~g, we have
R'Ind§ (kg()\)) = 0.
For the proof, see [J3, Theorem II1.4.5].
2We are not saying that there does not exist any other interesting way of computing charac-

ters; but this point of view is the one which is adopted in most works on the subject, and which
will be considered in these notes.
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REMARK 2.2. Recall the notation of Remark 1.4. For any H-equivariant quasi-
coherent sheaf .# on H/K, and any i > 0, the space H'(H/K,.#) has a canonical
structure of H-module. For and i > 0 and M € Rep™(K), there exists a canonical
isomorphism

R'Indy (M) = H'(H/K, %4k (M))
in Rep™(H), see [J3, §1.5.12].

From this point of view, in the setting of Remark 1.8 and in the special case G =
SLao(k), Theorem 2.1 specializes to the standard fact that the higher cohomology
spaces of the line bundles .%, are trivial when a > 0.

There exists another general vanishing result on the spaces R'Indg (kg(\)): it

states that
RInd§ (kp(\)) =0 for any i >0

in case A € X satisfies (A, ") = —1 for some o € R, see [J3, Proposition I1.5.4(a)].
(This statement is much easier to prove than Theorem 2.1: by using a stan-
dard transitivity result for derived induction functors it suffices to prove that
RiIndg" (kg(A)) = 0 for any i > 0, where P, is the parabolic subgroup con-
taining B attached to a. The latter statement comes down to the standard fact
that H (P!, Op1(—1)) = 0 for any i.)

2.2. Highest weight structure. In these notes we will make extensive use
of a certain structure on Rep(G) called a structure of highest weight category. The
general theory of such structures is reviewed in Appendix A.

THEOREM 2.3. The category Rep(G), together with the poset (XT, <), the col-
lection of “standard objects” (M(A) : A € X1), and the collection of “costandard
objects” (N(A\) : A € XT), is a highest weight category.

In view of Remark 1.10, this structure of highest weight category is intrinsic,
i.e. it does not depend on the choice of Borel subgroup and maximal torus.

The proof of Theorem 2.3 will make use of the following lemma, for which we
refer to [J3, Proposition I1.4.10]. (The proof of this lemma uses the description of
the injective hulls of the simple B-modules kg ()).) Here we denote by

H(B,—) : Rep™(B) — Vecty

the i-th derived functor of the functor of B-fixed points (where Vecty is the category
of k-vector spaces), i.e.
H'(B, M) = Extpep~ () (k, M),
and for A € Z>oRT, written as A = Y coe 1o - @, we set ht(X) = 3 e M-
LEMMA 2.4. If HY(B, M) # 0, then there exists A\ € wt(M) such that
—X € Z>oRT and ht(—\) >i.

The main step of the proof of Theorem 2.3 is the following proposition, due
to Cline—Parshall-Scott—van der Kallen.

PROPOSITION 2.5. For A € Xt and i € Z we have
EXtZF'er“’(G)(M()‘)’ N(un)) =0

unless i =0 and A = p.
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PROOF. We reproduce the proof given in [J3, Proposition I1.4.13]. If we denote
by
RInd§ : DTRep™(B) — DTRep™(G)
the derived functor of the left exact functor Ind§g : Rep™(B) — Rep™(G), then
Theorem 2.1 implies that for any u € X we have an isomorphism

RInd§ (kg (1)) = Ind§ (ks (1)),

where the right-hand side denotes the module Ind$§ (kg(u)) seen as a complex
concentrated in degree 0. The derived version of Frobenius reciprocity (stated in
the form of a spectral sequence in [J3, Proposition 1.4.5]) can also be stated as
saying the functor RIndg’ is right adjoint to the forgetful functor

For§ : DYRep™(G) — DRep™(B).
Using this we deduce that
Extgep () (M(A), N(1)) 22 Extiepoe () (Forg (M(A) (1))
™~ ExtiRepoo(B) (k ForB( ( wo)\)) QR kg (p ))
=~ H'(B, Forg (N(—wo))) ® kg (1))
Similar arguments show that we also have
Extgep (c) (M(A), N(1)) = H' (B, kp(~woA) @ Forg (N(u))).
From these equalities and Lemma 2.4 we see that if EXtiRepoo(G)(M(A), N(p)) # 0,
then there exist v € wt(N(—wpA)) and v’ € wt(N(u)) such that
—p—v € ZsoRT and  ht(—p —v) >,
woX — V' € Z>oRT and  ht(wo — V') > i.
Then we have v = —X and v/ = wo(u) by (1.3), so that
—p+A=(—p—v)+ (v + ) € ZxoRT,
wo(—p+ A) = (woX — V') + (v — wop) € ZsoRT.

We deduce that g — A € (Z>oR') N (=Z>oRT) = {0}, so that = X\. We must
also have v = —p so that ¢ < 0, and finally i = 0. (]

We can now complete the proof of Theorem 2.3.

ProOOF OF THEOREM 2.3. We need to check the various conditions in Defini-
tion 1.1 from Appendix A. Here Condition (1) is a standard fact from the theory
of root systems, see e.g. [H2, Lemma B in §13.2]. Condition (2) follows from the
fact that

HomRep(G)(L()‘)v N()‘)) = HomRep(B) (L(/\)a ks (A))
(by Frobenius reciprocity), and that this space is at most 1-dimensional, since
Homgep(r) (L(A), k(X)) = (L(A)A)"

is 1-dimensional.
For condition (3), we consider an ideal A C X* and a maximal element \ € A.
For any V in Rep(G) we have

EXtéep(G)(‘/ﬂ N()‘)) = EthRep‘X’(G)(Vva N(A))
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because the subcategory Rep(G) C Rep™(G) is closed under extensions. The same
arguments as in the proof of Proposition 2.5 then show that if Ext:iep(c)(V, N(N)) #
0, then exists v € wt(V') such that v —\ € Z>¢R* and ht(v—\) > 1. Then we have
v > A, so that V must admit a composition factor of the form L(n) with n > A
hence with n ¢ A. This implies that N()\) is injective in the Serre subcategory of
Rep(G) generated by the simple objects L(1) with p € A. Since its socle is L(A), it
must be the injective hull of L(\) in this subcategory. By duality, we deduce that
M(A) is the projective cover of L(A) in this Serre subcategory.

Condition (4) follows from the fact that the weights p of the cokernel of the
embedding L(A) < N(A) satisfy 1 < A, so that the composition factors of this
cokernel must be of the form L(v) with g < A, and a similar observation for the
kernel of the surjection M(A\) — L(A).

Finally, to prove Condition (5), we remark that the natural functor

(2.1) DPRep(G) — DPRep™(G)
induces isomorphisms
HomeRep(G) (Mv N[’L]) = HomeRep‘”(G) (Ma N[l])

for any M, N € Rep(G) and i € {0,1}, since Rep(G) is a full subcategory of
Rep™(G) closed under extensions. It follows that the similar morphism

HomeRep(G)<M7 N[2]) - HomeRep‘x(G)<M7 N[2])

is injective for any M, N € Rep(QG), see e.g. | , Remarque 3.1.17(i)] or [ ,
Lemma 3.2.3]. In particular if M = M(A\) and N = N(u) for some A\, u € XT, the
natural morphism

Extgep(c) (M(A), N(11)) = Extigepoe () (M(A), N(1))

is injective. Since the right-hand side vanishes by Proposition 2.5, it follows that
the left-hand side also vanishes, which finishes the proof. [l

REMARK 2.6. (1) By Corollary 2.3 from Appendix A, Theorem 2.3 im-
plies that we have

EXt;—%ep(G)(M()‘)v N(u)) =0

unless A = p and ¢ = 0. Comparing with Proposition 2.5, and using the
fact that the category DPRep(G) is generated (as a triangulated category)
both by the objects (N(A) : A € XT) and by the objects (M(\) : A € XT),
it is not difficult to deduce that the functor (2.1) is fully faithful. This
property is in fact a general fact on categories of representations of affine
group schemes over fields, see [Co, Theorem 2.3.1].

(2) By Lemma 1.5 in Appendix A we have

dim Homg (M(X),N(X)) = 1.

Now M(A) has head isomorphic to L(\), which by definition is the socle of
L(A). It follows that any nonzero morphism in Homg (M(A), N())) factors
as a composition

M(A) — L(A) < N(A).
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2.3. The case p = 0. The results we have discussed so far are uniform across
all characteristics. Starting from §2.4 below we will restrict to the case p > 0, which
is the main topic of this book. Before that, for completeness (and comparison) we
state two important results which are specific to the case p = 0.

The first one is the Borel-Weil-Bott theorem (or Borel-Bott—Weil theorem, or
Bott—Borel-Weil theorem). This theorem is due to Bott, and is based on an earlier
result of Borel-Weil describing irreducible representations of compact Lie groups
as sections of line bundles on flag varieties. To state this theorem, we note that a
fundamental domain for the restriction of W on X via e is given by

{AeX|Vae R, (\aY) > -1}

In other words, any u € X can be written as y = w e A where w € W and A € X
satisfies (A\,a¥) > —1 for any o € R®. Here A is uniquely determined, but w is
determined only up to multiplication on the right by an element of the stabilizer
of A (which is the parabolic subgroup of W generated by the simple reflections in
S which stabilize A). In case A € X, this stabilizer is trivial, so that w is uniquely
determined in this case.

THEOREM 2.7. Assume that p = 0. Let A\ € X such that (\,a") > —1 for any
a € R°, and let w e W.
(1) If A ¢ XF, then R'Indg (k(w e \)) = 0 for any i > 0.
(2) If X € X*, then for i > 0 we have

N(A) if i = f(w)

R'Ind§ (k \)) =
ndg (kp(w e A)) {O otherwise.

For the proof of this theorem, see [J3, Corollary I1.5.5]. This statement also
has a variant in the case p > 0, which is useful but more restricted. Namely, in
case p > 0, the same statement holds if A € X satisfies 0 < (A + p, 8Y) < p for all
B € R,

The second fundamental result we want to mention is the following.

THEOREM 2.8. Assume that p = 0. Then the category Rep™(QG) is semisimple,
and for each A € Xt the module N()\) is simple.

For the proof, see [J3, §11.5.6]. These statements are definitely false in case
p > 0, as seen already in Example 1.18.

2.4. The Frobenius morphism and Steinberg’s tensor product for-
mula. From now on we will assume that p > 0.
For any k-scheme X, the Frobenius twist of X is the fiber product

XM .= Spec(k) Xspec(i) X

where the morphism Spec(k) — Spec(k) is induced by the ring morphism x — aP.
In fact, the projection morphism X ) — X is an isomorphism of abstract schemes,
but not of k-schemes: if X = Spec(A) for some k-algebra A, then X is the
spectrum of A, seen as a k-algebra with the same multiplication map, but with the
structure of k-vector space given by \ - a = A/Pa, where (—)1/p is the inverse to
x +— xP. In this setting the Frobenius morphism

Fry: X — x®
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is the morphism of k-schemes corresponding to the algebra morphism A — A
defined by a — aP. (In general, the Frobenius morphism can be obtained by gluing
these morphisms on an affine open cover.)

In particular, we can consider the connected reductive group G, with its
Borel subgroup B™), and its maximal torus T(!). The Frobenius morphism

Frg : G — G

is a group morphism, which sends B into B(") and T into T("). In particular, given
V in Rep(G™) we can consider the G-module Frg (V) obtained by pullback. We
will also denote by

(2.2) Fry . X*(TW) - X

the morphism sending a morphism to its composition with Frr. It is easily checked
that this morphism is injective, with image p - X.

The classification of simple modules from §1.6 holds also for G() with the sub-
groups BM and T, If the corresponding subset of dominant weights is denoted
X*(TW)*+, then for A € X*(TMW) we will denote by L(V()) the corresponding
simple G("-module. Note that the image of X*(T™M)* under (2.2) is pX*.

We set

Xte={eX|VaeR, 0< (\aY) <p}

res
(The weights in this subset are called restricted dominant weights.) The following
theorem is due to Steinberg, and is called Steinberg’s tensor product theorem. For
the proof, we refer to [J3, Proposition I1.3.16].

. and pp € X*(TW)* we have
LOV+ Frlp () 2= LY © B (L (1))

THEOREM 2.9. For any \ € X,

Usually we will fix an isomorphism of k-algebraic groups G 22 G identifying
BW with B and T with T, such that the morphism Fri of (2.2) identifies
with multiplication by p (which is always possible, see [J3, §I1.3.1]); if we still
denote by Frg : G — G the morphism obtained using this identification, then the
isomorphism of Theorem 2.9 then reads

(23) LOV+ pie) 2 LY © B (L(w)
for A € Xt and p € XT.

res

Consider now the derived subgroup Z(G) of G (a semisimple group), and its
maximal torus T N Z(G). The restriction to R of the (surjective) morphism

(2.4) X = X*(T N 2(G))

induced by restriction to T N Z(G) is injective, and its image is the root system of
(2(G), TNZ(Q)). The roots R® therefore also provide a basis of this root system.
Any coroot in R factors through 2(G), hence can be considered as a coroot if
this group. If 2(G) is simply connected,® for any a € R® there exists a weight
we € X*(T N Z(G)) which satisfies

<wa7 ﬁv> = 504,,6

3Let us recall that this condition is not really a restriction, since for any G there exists a finite
central isogeny G’ — G where G has simply connected derived subgroup; see e.g. [J3, §I1.1.17].
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for all g € °. If w/, € X is any element whose image under (2.4) is w,, then we
also have
<w;a 6V> = 504,,8

for all B € 5. Using these weights one sees that any v € Xt can be written
(possibly non uniquely) as a sum v = A+ pp with A € Xt and u € X*. Therefore,
in this case, applying Theorem 2.9 repeatedly reduces the description of all simple
G-modules to the description of those associated with restricted dominant weights.
In particular, if G is semisimple (and simply connected) there exists a finite number
of restricted dominant weights, so that only finitely many simple modules have to
be considered.

EXAMPLE 2.10. In case G = SL,,(k), there exists a canonical isomorphism of
k-algebraic groups
GW =~ 8L, (k)

under which the Frobenius morphism Frg identifies with the morphism sending a
matrix (a; j)1<i,j<n to the matrix (af ;)1<i j<n. With the notation of Example 1.1,
we have

Xis ={a1w1 + - +an_1@p_1: a1, yan-1 € {0, ,p—1}}.

In case n = 2, it is easily seen that for any a € {0,--- ,p—1} we have L(aw;) =
N(awy), and this module is described in §1.4.1. For a general a € Z>q, writing

a= a(o) + a(l)p—i- cee a(T)pT
with each a® in {0,--- ,p — 1}, we therefore have
L(aw1) = N(aP 1) @ N(aM )P @ - @ N(a ) ")

where (—)*) means the pullback under the morphism (a; ;) + ((ai,j)ps). See
Exercise 1.1 for more details.

Theorem 2.9 is the first statement so far were the characteristic p of k ap-
pears. This statement shows that simple G-modules do depend on p in an essential
way if we use the parametrization by dominant weights. “Independence of p” phe-
nomena for simple modules (as discussed in §1.1) can be expected, but they will
be more subtle than what we have encountered so far, and will require a different
parametrization of these modules, which will be introduced in the next subsections.

2.5. The affine Weyl group and the linkage principle. Recall the sub-
lattice ZR C X generated by R. The affine Weyl group is the semi-direct product

Wag = W X ZR.

For A € ZR, we will denote by t) the corresponding element in W,g. We will
consider the dot action of Wag on X, defined by

(wtr) pp=w(p+pA+p)—p

for A € ZR, p € X and w € W. (As noted in §1.9, the right-hand side indeed
belongs to X. Note also that the restriction of this action to W coincides with the
action e considered above.)
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REMARK 2.11. (1) As we will see below, in addition to the affine Weyl
group Wag, it is sometimes useful to consider the extended affine Weyl
group

Wext i =W x X|

in which W,g is a normal subgroup. The dot-action of W,g on X extends
to an action of Wy, defined by the same formula as above.

(2) Sometimes the affine Weyl group is defined as Wog = W x pZR, and
then no dilation by p is necessary in the definition of the dot-action. In
fact, here pZMR is the image of the root lattice of (G, T™) under the
Frobenius pullback morphism Fri : X*(T™) — X, and it might be even
more natural in view of some formulas below to define Wog as the semi-
direct product of W with the latter root lattice. We will however not do
that.

A fundamental result is the following statement, called the linkage principle and
due in increasing levels of generality to Humphreys, Jantzen and finally Andersen.

. THEOREM 2.12. For A, pn € XT, if Extgoqy(L(A), L(1)) # 0 then Wag - A =
aff 'p K-

For the proof of this theorem (and in fact, of a more precise version known
as the strong linkage principle, discussed in §2.6 below), we refer to [A1], see [J3,
Corollary I1.6.17]. The proof in full generality is subtle, but one can give a simple
proof under the following assumptions:

e the derived subgroup 2(G) is simply connected;

e the quotient X/ZMR has no p-torsion.
In fact, under the first assumption one can describe an important subalgebra of the
center of the universal enveloping algebra Ug of the Lie algebra g of G, as follows.
Consider the adjoint action of G on Ug, and denote by (g)¢ the fixed points for
this action. It is clear that (/g)€ is a subalgebra of Ug, and since the differential
of the G-action is the action of g given by z -y = xy —yx for x € g and y € Ug this
subalgebra is contained in the center of ¢g. Let us denote by t, resp. u, resp. u™,
the Lie algebra of T, resp. U, resp. UT. Then we have a triangular decomposition

g=udtou’,
so that multiplication induces an isomorphism of k-vector spaces
Uu Ut UuT = Ug.

Consider the natural algebra morphism Uu — k, resp. Uu™ — k, sending each
element of u, resp. u™*, to 0, and the induced map

(2.5) Ug — Ut =S(1).
This map is not an algebra morphism, but an adaptation of classical results of
Harish-Chandra in the analogous characteristic-0 setting (see [J2, §9.3]) shows that

its restriction to (Ug)® is an injective algebra morphism, whose image can be
described as follows. There exists a unique action e of the group W on t* such that
Sa @V = 84(V) — @

for any a € R®, where in the right-hand side we consider the obvious action on t*.
This action is compatible with the action on X denoted with the same symbol in
the sense that if A € X has differential £ € t*, then for any w € W the differential of
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we\is we&. Consider the induced action on @(t*) = S(t), and denote by S(t)(W:*)
its fixed points. Then the map (2.5) restricts to an algebra isomorphism

Ug)S =S

By definition the right-hand side is the algebra of functions on the quotient scheme
t*/(W,e) (an affine scheme); the datum of a k-point in this scheme (i.e. of an
element of the quotient set t*/(W,e)) is therefore equivalent to the datum of a
character of S(t)(">*), hence of (Ug)C.

If V € Rep(G), one can consider the action of Ug on V obtained by differentia-
tion, and its restriction to (4g)® (which is an action by morphisms of G-modules).
If V. =L(\) for some X € X*, since Endg (V) = k - id this action must be given by
a character of (g)®. Considering the action on the highest-weight line one sees
that this character corresponds to the image of the differential of A in t*/(1V, e).

Fix now A\, u € X* such that Ext,l?ep(G)(L()\), L(n)) # 0. Then (Ug)G must act
on L(A\) and L(p) by the same character; hence there exists w € W such that A—w-ppu
has vanishing differential, i.e. belongs to pX. On the other hand, recall the (scheme-
theoretic) center Z(G) C G considered in §1.7. In view of the decomposition (1.5),
since Exthep(G)(L()\), L(p)) # 0 we must have A — p € ZR. We therefore obtain
that

A—w-p p € (pX) NZA.
Now, under our second assumption above we have (pX) N ZR = pZR (because
multiplication by p is injective on X/ZR), hence Wag -p A = Wag -p 1.

REMARK 2.13. More recently, a new general proof of Theorem 2.12; based on
the geometric Satake equivalence, has been obtained by G. Williamson and the
author in | ].

Theorem 2.12 has strong consequences for the structure of Rep®™(G). Namely,
if c € X/(Wag, -p), we will denote by Rep™(G). the Serre subcategory of Rep™(G)
consisting of modules all of whose simple subquotients have the form L(A) with
A€cnXT.

COROLLARY 2.14. The assignment (Me)eex/(Wag,») = @D, Me induces an
equivalence of categories

H Rep™(G). — Rep™(G).
c€X/(Watt,p)

In more concrete terms, this corollary says that any object in Rep™ (G) decom-
poses in a canonical way as a direct sum of objects in the subcategories Rep™ (G).,
and that any morphism between such modules is a direct sum of morphisms between
the components in these subcategories. This statement is an essentially immedi-
ate consequence of Theorem 2.12; for details, see [J3, §II.7.1]. Below we will also
consider the restriction of this decomposition to Rep(G). For ¢ € X/(Wag, -p) we
will denote by Rep(G). the Serre subcategory of Rep(G) generated by the simple
objects L(A) where A € ¢N XT; then we have

(2.6) Rep(G)= P  Rep(G)..
c€X/(Watt, p)
REMARKS 2.15. (1) If A € XT, then M()) and N()\) are indecomposable;

they therefore belong to Rep(G)w,-, -
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(2) The subcategory Rep(G). is often called “the block of ¢,” even though
this is not a block in the strict sense in general (that is, sometimes it can
be decomposed as a direct sum in a nontrivial way). For more details on
this question, see [J3, §I1.7.2].

(3) The decomposition in Corollary 2.14 refines the decomposition (1.5) in the
sense that any Wyg-orbit in X is included in a (unique) coset in X/ZR,
and that for any x € X/Z9R we have

Rep(G)Z:z = @ Rep(G)c.

c€X/(Wast,p)
cCx

(4) The decomposition (2.6) is not compatible in any nice way with the
monoidal structure of Rep(G) given by tensor product: the tensor product
of two modules that belong to a block might have nonzero components in
several blocks, and these are not easy to describe in general. (In a sense,
this more complicated behaviour is the reason why the translation func-
tors discussed in §2.7 below are useful.) There is one general thing one
can say however, which is that blocks are “almost” stable under tensor
product with Frobenius pullbacks of G()-modules. Namely, since Wag is
a normal subgroup in Wey (see Remark 2.11), given any Wey-orbit d in X
there exists a canonical transitive action of the quotient Weyt/Wag on the
set of Wg-orbits contained in d. Now we have canonical identifications

Wexe/Waer = X/ZR = (pX)/ (pZR) = X*(Z(GW))

where Z(GW) is the scheme-theoretic center of G, see §1.7. If ¢ C X is
a Wag-orbit, if V € Rep(G)., and if V' € Rep(G(!)) is such that Z(G1))
acts on V' via a character y, then V ® Frg (V') belongs to the summand
of Rep(G) corresponding to x - ¢ where x is identified with an element of
Wext/Wast as above and we consider the action on the set of Wg-orbits
in Wey @ c. In fact, the proof of this fact reduces to the case V and V' are
simple, and in this case it follows from Steinberg’s tensor product formula
(Theorem 2.9).

In particular, Corollary 2.14 shows that at the level of Grothendieck groups we

have
Rep(G)]= €  [Rep(G)d).
c€X/(War,p)
In terms of the bases considered in §1.8, the subfamilies ([L(A)] : A € ¢ N XT)
and ([N(A)] : X € ¢ XT) both form bases of the summand [Rep(G),], for any
(S X/(Waﬂ‘, ~p).

2.6. Highest weight structure on blocks and the strong linkage prin-
ciple. Recall from Theorem 2.3 that the category Rep(G) has a natural struc-
ture of highest weight category, with weight poset (XT, <). As explained in Re-
mark 2.15(1), the objects M(X) and N(A) belong to the block Rep(G)w,-.,x, for
any A\ € XT. From this it is easily seen that for any ¢ € X/(Wag, -,), the category
Rep(G). also has a structure of highest weight category, with weight poset ¢ N X*
(for the order obtained by restricting <), standard objects (M()\) : A € enNXT),
and costandard objects (N(A\) : A € cNX™T). (The proof of this claim is identical to
that of Lemma 1.4 in Appendix A.)
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The strong linkage principle provides a refinement of this claim. Here we will
mainly consider a special case of this result which we first state; for the full state-
ment, see Remark 2.17 below. The reflections in Wog are the elements of the form
trp3sg with 5 € R and r € Z. We define a new order 1 on X by declaring that A 1
if there exist reflections sq,- - , s, such that

)\jsl'p)\jSZSl'p)\j"'j(Snfl"'sl)'ij(Sn"'sl)'p)\:/f“

Of course, when two elements are comparable for this order they belong to the same
(Wag, -p)-orbit.

The following statement was conjectured by Verma, and first proved in full
generality by Andersen; see [J3, Proposition 11.6.13]. (See [J3, Chap. II.6] for
historical remarks and references.)

PROPOSITION 2.16 (The strong linkage principle). If A, u € Xt and L()) is a
composition factor of N(u), then A1 p.

Using (1.6), we see that the statement of Proposition 1.6 also holds with N(u)
replaced by M(p). As a consequence, using Remark 2.4 in Appendix A one sees
that for any orbit ¢ C XT the category Rep(G). has a highest weight structure
for the order 1 on ¢ N XT (with the same standard and costandard objects as
above). We will explain a different (and, in a sense, more explicit) description of
the intersections ¢ N X and the order 1 on it in §2.8 below.

REMARK 2.17. The strong linkage principle as proved by Andersen in [A1]
and presented in [J3, §§I1.6.13-16] is in fact a more general statement, which gives
information on all modules RIndS (kg()\)) with A € X and i € Z. Namely, as
in §2.3, each weight A can be written in the form w -, p with w € W and p € X
which satisfies (i, V) > —1 for all a € SR5. Here p is uniquely determined, but w is
determined only up to multiplication on the right by an element in the stabilizer of
w for the action of W via -, (a parabolic subgroup of W). Any composition factor
of R'Ind§ (kg(\)) is of the form L(v) with v satisfying v 1 p. In case u ¢ X+, of
course we must have v # p; if 4 € X then we have

1 ifi=2(w);

0 otherwise.

[R'Indg (kp(\)) : L(w)] = {

See [J3, Propositions 11.6.15-16] for details.

We do not know any alternative proof of this statement, nor do we understand
its categorical meaning. See Exercise 1.20 for a proof of a weaker statement regard-
ing the higher induced modules R'Ind$ (kg())) based on the same considerations
as in the proof of the linkage principle in §2.5.

2.7. Translation functors.
2.7.1. Definition. For A € X, we will denote by

pry : Rep(G) = Rep(G)w,-,

the functor of projection on the summand Rep(G)w;

.ie-pA i the decomposition (2.6).

DEFINITION 2.18. Let A\, € X, and let v be the unique dominant weight in
W(u — A). The translation functor from Rep(G)w,y.,» to Rep(G)w,y.,u is the
functor

T :==pr,(L(v) @ (-)) : Rep(G)w,y-px = Rep(G) Wi -pui-
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REMARK 2.19. In the definition of T¥', if one replaces the module L(r) by any
M € Rep(G) such that dim(M,) = 1 and wt(M) C {n € X | n =< v}, then one
obtains an isomorphic functor; see [J3, Remark I1.7.6]. For this reason, we find it
useful to consider that translation functors are only defined “up to isomorphism,”
and that there is no prefered choice of these functors among their isomorphism
classes.

The following claim gathers easy (though important) properties of the transla-
tion functors, whose proofs are easy. For details, see [J3, §I1.7.6].

PROPOSITION 2.20. Let A\, pu € X.
(1) For any w € Wag we have T§ = T;”:f
(2) The functor TY is exact.
(3) The functor T} is both left and right adjoint to Tlf‘.

REMARK 2.21. Even if one wants to ignore the comments in Remark 2.19, and
consider that T}" is canonically defined using the simple module L(v), the adjoint-
ness in Proposition 2.20(3) is not canonical: it depends on a choice of isomorphism
L(v)* = L(—wo(v)) (where v is the only dominant W-translate of i — \). Such an
isomorphism exists (see (1.4)), and is unique up to scalar, but there does not exist
any canonical choice for it in general.

2.7.2. Alcove geometry. In order to state more subtle properties of the trans-
lation functors, we will need to introduce the system of facets in the real vector
space

V:=X®zR.

The same formula as for the dot-action -, on X defines an action of Wyg on V
which stabilizes X, and which will be denoted similarly. A facet is any nonempty
subset of V of the form

F={\eV |VaeR], (A+p,a”)=n.p
and Ya € R, (no — Dp < (A +p,a”) < nap}

for some partition SRT = %ar U] and some integers n, € Z. (We insist that a
subset defined by such conditions may well be empty; we only consider nonempty
subsets of this form.) Equivalently, a facet is a connected component of the com-
plement in an intersection of hyperplanes

Hopn ={N€V[{A+p,a") =np}
for (a,n) € Rt x Z of all strictly smaller intersections of such hyperplanes. A facet
determined by a partition Rt = R} U R is called an alcove if R = @, and a
wall if #9‘{?{ =1
The space V is the disjoint union of all facets, and the alcoves are the connected
components of

V . U H,,

aeRrt
nez

If F is a wall, defined by a partition R+ = SRS' U %T and integers (n, : a € RT),
then we can associate to F' a reflection sp € Wy as follows. Let S be the unique
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FIGURE 2.2. Weights and facets for SLs

element in 9%3 , and let n = ng be the corresponding integer. Then
SF = tnpsg.

With this definition, the fixed points of the action of sp on V consist of the unique
affine hyperplane containing F'.

EXAMPLE 2.22. In case G = SLo(k), recall that we have a canonical identifica-
tion X = Z. The decomposition of V = R is given in Figure 2.1. Namely, each facet
is either an alcove or a wall. Alcoves are intervals of the form (np—1,(n+1)p—1)
with n € Z, and walls are singletons {np — 1} with n € Z.

ExAMPLE 2.23. In case G = SL3(k), the decomposition of the plane V into
facets is illustrated in Figure 2.2. (Here we follow the notation of Example 1.1,
with & = €1 — €9, § = €2 —€3 and v = o+ 5 = €1 — €3.) Each facet is either an
alcove, a wall or a singleton. The singleton facets are the red points. The walls are
the blue intervals between red dots. The alcoves are the triangles delimited by the
walls.

The following properties are standard, but very important. They follow from
the general theory of discrete groups generated by affine reflections; see [J3, §6.2—
6.3] for references.
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LEMMA 2.24. (1) The action of Wag on 'V wvia -, induces a simply tran-
sitive action on the set of alcoves.

(2) For any alcove A, the closure A of A for the standard metric topology is
a fundamental domain for the action of Wag on V.

(8) If A is an alcove, and if we denote by S(A) C Wag the subset consisting
of the reflections sp where F is a wall contained in A, then (Wag, X(A))
is a Coxeter system.

(4) If A is an alcove and x € A, then the stabilizer Stabgy,,. \(x) of = in
Waa (for the action -p) is generated by the subset S, C X(A) of reflections
sp where F is a wall contained in A and containing = in its closure.
Moreover, the pair (Stab(w, ..\ (%), Sz) is a Cozeter system.

A particularly important example of an alcove is the “fundamental alcove,”
defined as

C={veV|VaecR, 0< (v+p,a’) <p}
The corresponding subset of Coxeter generators of Wyg will be denoted
Sat := X(C).
(This is in fact the only set of Coxeter generators of Wog which will be considered
below.) It can be checked that S,g does not depend on p: in fact it is the union
of S and the set of elements tgsg where § € RT is a maximal short root. We
have S C S, so that W identifies with a parabolic subgroup in (Wag, Sag). The

choice of this set of Coxeter generators determines a Bruhat order and a length
function on W,g. This function has an explicit description which builds on work of

Iwahori-Matsumoto [IM]: for w € W and A € ZR we have
(2.7) lw-t)= Y A+ D 1T+KaY)
aeRnt aent
w(a)eRT w(a)e—n+

What is particularly important for the study of Rep(G) is not really V, but
rather its subset X. Since C is a fundamental domain for the action of W,g on
V (see Lemma 2.24(2)), the intersection C' N X is a fundamental domain for the
action of W,g on X. In particular, the decomposition in Corollary 2.14 can be now
written as

(2.8) Rep(G) = €D Rep(Gw,-a-
AeCnX

The closure C' decomposes as a disjoint union of facets, but it is not the case
that every facet contained in C intersects X. This question already occurs in the
case of the facet C; in this case, it is a standard fact that the following conditions
are equivalent:

(1) CNX# g,

(2) 0€C;
(3) some alcove contains an element in X;
(4) for any alcove A we have ANX # &;
(5) p > h, where

h:=max{(p,Y) +1: 8 € R}

is the Coxeter number of fR.
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FIGURE 2.3. Coxeter numbers of irreducible root systems

See [J3, §11.6.2] for more details on this question.

Explicitly, the Coxeter numbers of the indecomposable root systems are given
by the table in Figure 2.3. In general, the Coxeter number of a root system is the
maximum of the Coxeter numbers of its indecomposable factors.

REMARK 2.25. The facets contained in C are in bijection with the subsets of
Sae which generate a finite subgroup of W,g, via the operation sending a facet to
the set of elements of S, which fix it pointwise. (Such subsets of S,g are sometimes
called finitary.)

If p € X, we will say that p is regular if p belongs to an alcove, or in other
words if its stabilizer in W,g is trivial, or in other words if p t (A + p,a") for any
a € R. As explained above, such weights exist iff p > h. A weight which is not
regular will be called singular.

REMARK 2.26. Recall the extended affine Weyl group defined in Remark 2.11.
The Wyg-action on V extends naturally to an action of Wy, and it is easily seen
that this action sends each facet to a facet, and in particular each alcove to an
alcove. If we set

Q={w e We |w-, C=C},
then conjugation by ) preserves S, hence acts on Wog by Coxeter group auto-
morphisms, and multiplication induces an isomorphism

Waﬁ’ x Q l) Wext~

This can be used to extend the length function ¢ and the Bruhat order < on W,g
(see §4.1 below for details) to Wexs, by defining ¢(ww) = £(w) for w € Wag and
w € N, and ww < W' iff w =w and w < W' for w,w’ € Wyg and w,w’ € Q.
(The same formulas with the order of terms inverted then also hold.) With this
extension, formula (2.7) holds for any A € X.

2.7.3. Image of standard, costandard, and simple modules. If F is a facet, de-
termined by a partition Rt = R UR] and some integers n, € Z, then the closure
of F'is

F={\eV|VYaeR, A+p,aY)=n.p
and Va € R, (ng — D)p < (A +p,a”) < nap}.
The upper closure of F is the union of facets defined by
ﬁ:{)\EV|VaE%H,<)\—|—p,aV>znap
and Vo € RY, (no — 1)p < (A + p,a”) < nap}.
This notion is crucial for the following statement.

PROPOSITION 2.27. Let A\, € C.

(1) If X and p belong to the same facet, then T} and T;L\ induce quasi-inverse

equivalences of categories between Rep(G)w,y.,x and Rep(G)w, g, u-
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(2) Assume that p belongs to the closure of the facet containing \. Let w €
Wagt be such that w -, A € X, and let F' be the facet of w -, \. We have

M(w p p) if w-p p e XT,
0 otherwise;

Ty (M(w - A)) %{

T3 (N(w -p A))

1

N(w-pp) ifw-ppeXT,
0 otherwise;

L(w-pp) ifw-opeF,
Tf(L(w )= {O ’ otheriuise

(3) Assume that A € C, and that p belongs to a wall contained in C, with
associated reflection s € Syg. Let w € Wag be such that w -, A € Xt and
wep A< ws p A Then w-p p and ws -, A are dominant, and there exist
short exact sequences

N(w - A) ‘%TS(N(W ‘p 1)) = N(ws -, A),
M(ws -p A) <—>T2‘(M(w p 1) = M(w - A).

(4) More generally, let w € Wag such that w -, A € X, Then T{!N(w -, A),
resp. TYM(w -, A), admits a filtration whose subquotients are the mod-
ules N(wz -, p), resp. M(wz -, 1), where x runs over the elements of
Stab(w,y,.,)(A) such that wzx -, p belongs to X+, each occurring once.

For (1), we refer to [J3, Proposition I1.7.9]. For (2), see [J3, Proposition I1.7.11]
for the second isomorphism, and [J3, Proposition I1.7.15] for the third one. The
first isomorphism follows from the second one by duality (or can be proved by
similar arguments). For (3), the first exact sequence is constructed in [J3, Propo-
sition I1.7.19]; the second one follows by duality (or, again, can be proved by the
same considerations). For (4), see [J3, Proposition I1.7.13].

REMARK 2.28. We have explained above that C N X # & iff p > h. Proposi-
tion 2.27(3) shows the importance of also having weights which belong to the walls
contained in C. As explained in [J3, §I1.6.3], such weights always exist when p > h
and Z2(G) is simply connected.

Recall the decomposition (2.8). Proposition 2.27(1) shows that, in this decom-
position, all factors corresponding to weights in a given facet give rise to equivalent
categories. This shows that in order to understand the structure of Rep(G) it suf-
fices, for any facet F' contained in C' and such that F N X # @, to understand the
category Rep(G)w,.,» for some choice of weight A € FFNX.

These statements also interact nicely with our strategy to describe characters
of simple G-modules (see §1.9). In fact, assume that for some A € XT we can
express [L(A)] in the basis ([N(v)] : v € (Wag -p A)NXT) of [Rep(G)w, -, )5 see §2.5.
Then Proposition 2.27(2) allows to deduce the expansion of [L(p)] in the basis
([NW)] : v € (Wag -p ) N XT) of [Rep(G)w,.,ul, for any g in the upper closure
of the facet of A\. In particular, assuming that p > h (so that 0 € C), if we can
express [L(w -p 0)] in the basis ([N(v)] : v € (Wag - 0) N XT) of [Rep(G)w,-,0] for
any w € Wag such that w -, 0 € XT, then we can deduce the similar expansions of
all simple modules corresponding to a dominant weight which belongs to the upper
closure of an alcove containing a point w-,0 with w € Wag such that w-,0 € X*. In
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fact any dominant weight belongs to such an upper closure, hence we can compute
the characters of all simple modules.

Recall (see §2.4) that (assuming that Z(G) is simply connected) Steinberg’s
tensor product formula reduces the problem of computing characters of all sim-
ple G-modules to computing the characters of simple modules corresponding to
restricted dominant weights, i.e. dominant weights which belong to the region

(2.9) {AEV |VaeR, 0< (A+p,aY) <pl.

This region is a union of facets. The considerations above show that if p > h,
to compute (in theory) the characters of all simple G-modules it therefore suffices
to compute the characters of the finitely many simple G-modules L(w -, 0) where
w € Wag is such that w -, 0 is restricted dominant.

REMARK 2.29. There is a (sometimes important) subtlety in the restriction to
restricted dominant weights: if w € Wog and w -, 0 is restricted dominant, it is
not the case that in the expansion of [L(w -, 0)] in the basis ([N(y -5 0)] : y € Wag)
only elements y such that y -, 0 is restricted dominant can appear with nonzero
coefficients.

2.8. Coxeter-theoretic parametrization of simple objects in blocks.

2.8.1. Dominant weights in orbits. If ¢ C X is a W,g-orbit, the simple objects
in Rep(G).. are naturally parametrized by cNX™. On the other hand, the behaviour
of translation functors as described in Proposition 2.27, as well as many subsequent
statements (as e.g. Lusztig’s conjecture, see Conjecture 4.6), involve the group Wag
and its Coxeter generators S,g (see §2.7). It is therefore important to understand
the relation between these two parametrizations.

Recall (see e.g. [H4] or [Mi]) that if (W,S) is a Coxeter system, given any
subset I C S the standard parabolic subgroup of VW associated with I is the subgroup
Wy generated by I; then the pair (Wy, I) is again a Coxeter system. Moreover, for
any w € W, the following conditions are equivalent:

(1) for any v € Wy we have £(vw) = £(v) + £(w);

(2) for any s € T we have £(sw) > £(w);

(3) w is of minimal length in Wyw.
See e.g. [Mi, Lemma-Definition 5.12] for details. It is clear from this fact that any
coset Wrw contains a unique element of minimal length, and that this element is
also minimal for the Bruhat order; if w satifies these condictions, we will simply
say that w is minimal in wWi.

In case Wy is finite, each coset wWWy also contains a unique element of maximal
length, characterized by the property that ¢(xy) = ¢(x) — £(y) for any y € Wr; we
will say that this element is maximal in wW;. In fact, if z is the minimal element
in wWr, and if wy is the longest element in Wy, then the maximal element in wWV;
is zwy. Similar comments apply to right cosets Wrw (w € W).

As an example of this setting, the finite Weyl group W C W,g is a standard
parabolic subgroup (associated with the subset S C Sag). The elements w € Wag
which are minimal in Ww can be described explicitly (see e.g. | , Lemma 6.1]):
if w=ty\v with A € ZR and v € W, then w is minimal in Ww if and only if

(2.10) A € X" and for any a € RT 5. t. v () € =R we have (A, o) > 1.

We will denote by
£
Waﬁ' C Waﬁ'
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the subset of elements which satisfy this condition.

Let us now return to the question we wanted to consider. By Lemma 2.24(2),
the intersection X N C is a fundamental domain for the action of W,z on X; in
other words, each orbit can be written as Wg -, o for some unique p € XN C. Fix
some p € XN C; by Lemma 2.24(4), the stabilizer Staby,..,) (1) of p1 is then the
parabolic subgroup of W,g associated with the subset of S,g consisting of reflections
fixing p. As a consequence, if we denote by W;g) C Wag the subset of elements w
which are maximal in wStabyy, . )(1), we obtain a bijection

W;g) = Wag p M
defined by w — w -p .

The following statement explains, in terms of this parametrization, which ele-
ments of Wag -, ¢t are dominant weights.

ProrosiTION 2.30. If w € Wa(g), the weight w -, o is dominant if and only if
w e fWaﬁ.

In order to prove this proposition, we will need two lemmas. The first one only
involves Coxeter combinatorics.

LEMMA 2.31. Let (W,S) be a Cozeter system. If x € W and s,r € S satisfy
re <z andrxs > xs, then ras = x. In particular, if I C S is a subset, if w € W is
minimal in Wrw, and if s € S is such that ws < w, then ws is minimal in Wrws.

PRrROOF. By [H4, Proposition in §5.9] we have either rzs < x or razs < zs. By
assumption the second alternative is impossible; we must therefore have raxs < z.
Now £(rxzs) = £(xs) + 1 > £(x), hence rzs = x, as desired.

To deduce the second statement, we assume for a contradiction that ws is not
minimal in Wj. Then there exists » € I such that rws < ws. Since rw > w,
the first statement implies that rw = ws, which contradicts our assumption that
ws < w. (I

Now we set
(2.11) D:={z eV |VaeR" (z+p,a") >0}

Then D is a union of facets; in particular, an alcove meets D if and only if it is
contained in D.

LEMMA 2.32. For w € Wog, we have w -, C C D if and only if w € Wag.

PROOF. Let us fix x € C, and write w = tyv with A € ZR and v € W. In view
of the comments above and the characterization (2.10) of the property that w is
minimal in Ww, what we have to prove is that w -, € D if and only if A € X*
and for any a € R* such that (\,a") = 0 we have v~!(a) € RT.

For any 3 € R we have

(wpx+p,BY) = ((x +p) +pABY) = (x+p, o7 (B)") +p(A\. BY).
If A ¢ X, then there exists 8 € Rt such that (\,8Y) < —1. We have (z +
p, v H(B)Y) < p, so that (w -, z + p,BY) < 0, and therefore w -, x ¢ D. On the
other hand, if there exists 3 € R+ such that (\,3Y) =0 and v=(8) € =R, then
since (x + p,v™1(B)Y) < 0, the formula above shows that (w -, z + p,3Y) < 0, and
therefore w -, x ¢ D.
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Now we assume that A\ € Xt and v=!(a) € RT for any a € R' such that
(A\,a¥) = 0. Then if 8 € RT we have

(wpx+p,BY) = (x+p,0 ' (B)")+p\BY).

If v=1(B8) € RT then we have (z+p,v=1(3)V) > 0, so that (w-,z+p,3") > 0. And
if v71(B8) € —RT then (A, BY) > 1; since (x + p,v"1(B)Y) > —p we deduce that
again (w -,z + p, 8Y) > 0. This implies that w -, z € D, and finishes the proof. [

We can now prove Proposition 2.30.

ProOOF OF PROPOSITION 2.30. The proof is based on the observation that w-,
p € Xt if and only if 2(C) C D for any x € wStaby,, .,)(1). By Lemma 2.32, this

condition is equivalent to requiring that wStab(Waff}_p)(u) C "W,g. Of course this
implies that w € fW,g. On the other hand, assume that w € W,z and that wx ¢
W, for some z € Stabw,..,) (). Choose = of minimal length with this property;
then there exists s € Sag N Stabgy,,,.,) (1) such that zs < z. Since wz ¢ "Wag,
there exists r € S such that rwzr < wz. On the other hand, by minimality we
have wxs € fW,g, hence rwzs > wxs. By Lemma 2.31 these conditions imply that
rwxs = wz, hence wrs = rwr < wzr. But f(wzs) = l(w)—L(xs) = l(w)—L(z)+]1 =
(wz) + 1 by maximality; we have therefore reached a contradiction.

REMARK 2.33. In the course of the proof of Proposition 2.30 we have seen that
if w e Wa(g), we have w € fW,g if and only if wStaby, ...,y (1) C fW,.g. This
property is a special case of a general fact about coset representatives in Coxeter
groups. For other characterizations of the elements satisfying these properties,
see | , Lemma 2.4]. Let us note that it is not the case that any double coset

WuwStaby,,..,) (1) contains an element in ‘Wg N W;g).

We will set
W = W n W,

Proposition 2.30 then says that the assignment w — w -, i defines a bijection
(2.12) W 2y (Wag - p) DX

In this way, the simple objects in Rep(G)w,y.,, can be parametrized by fWég).

a

2.8.2. Orders. Fix again © € C N X. As explained in §2.6, the category
Rep(G)w, -, has a natural highest weight structure with underlying weight poset
(Wag -p )X, 1). Tt is therefore interesting to describe the transport along (2.12)
of the restriction of the order 1 to (Wag -p #) NXT. In fact we will now explain that
this order is nothing but the restriction of the Bruhat order on Wyg to the subset
Wi

To check this, and in particular to compare this construction with others ap-
pearing in the literature, it is useful to recall another, related but different, notion
of alcoves. (To distinguish the two cases, we will call these new objects “alcoves”
with quotation marks.) Namely set V' := X ®z R, which we endow with the action
of Wag determined by (txv) - ¢ = v(x) + A for A € ZR and v € W, where in the
right-hand side we consider the obvious action of W on X ®z R. (The vector space
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V'’ therefore coincides with V, but the actions of W, differ.) We will call “alcoves”
the connected components of

%N U fveV' | (v,a¥)=n}

aeRrt
nez

We have a fundamental “alcove” defined by
A={veV |VaeR" 0< (v,a") <1},

and obvious analogues of the statements in Lemma 2.24 hold; in fact the map
v+ —p+pv defines a W,g-equivariant bijection V/ = V which matches A with C
and “alcoves” with alcoves. In particular, the action morphism w — w- A defines a
bijection between W,g and the set of “alcoves”, and restricts (as in Lemma 2.32) to
a bijection between .4 and the set of “alcoves” contained in the dominant Weyl
chamber

{x € V' |Va € R, (x,a") > 0}.

Recall that if W, S) is a Coxeter system, the reflections in W are the conjugates
of the elements in S. In the case when (W, S) = (Wag, Satr), the reflections are the
elements of the form ¢,,5, with @ € R and n € Z.

We have an order 1 on the set of alcoves defined in [J 3, §I1.6.5] as follows: given
a € RT and n € Z, if C is an alcove then we have either (z + p,a") < np for all
xz € Cy,or (x+p,a¥) >npfor all x € Cy. In the first case we set C1 1 tpaSa p C1,
and in the second case we set t,q54 -p C1 T C1. Then if Cy, Cy are alcoves we set

C1 1 O if and only if there exist reflections sy, --- , s, such that
CiTs1pCr1s251pC1 1T (8p--51)pCr=0Cho.
Comparing this definition with that given in [S3, p. 95], we see that the bijection

considered above between “alcoves” and alcoves matches the order < (on “alcoves”)
from [S3] with 7.
On the other hand, one can consider the “periodic order” < on W,g considered

in | , §2.5].* Comparing the definition with [S3, Claim 4.14] we see that the
bijection between W,g and the set of “alcoves” defined by w ++ w~'- A matches this
periodic order with <. Next, as explained in | , Lemma 2.5(3)], the restriction

of the periodic order to the subset of W,g consisting of elements w which are
minimal in wW coincides with the restriction of the Bruhat order. Given into
account the fact that the bijection w — w~! matches the Bruhat order with itself,
we have finally proved the following lemma.

LEMMA 2.34. The assignment w — w-,C' identifies the restriction of the Bruhat
order of Wag to fWag with the restriction of the order 1 on the set of alcoves to the
subset of alcoves contained in D (see (2.11)).

We deduce the following claim, that was announced above.

PROPOSITION 2.35. For any u € C NX, the bijection (2.12) matches the

restriction of the Bruhat order to fW;g) with the restriction of the order 1 to
(Wast -p ) NXF.

An [ , §2.5] the order is defined on Weyt; more explicitly, what we consider here is the
restriction of this order to W,g. The definition of this order (with a different normalization) is
due to Lusztig in [L2].
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PROOF. Let x,y € fWaEE). If x < y for the Bruhat order, then by Lemma 2.34
we have 2-,C 1 y-,C, which implies that z-, 1t T y-pu by [J 3, Equation (2) in §I1.6.5].
On the other hand, assume that = -, u T y -, 1. The alcove “C'~” associated with
the facet containing x -, p in [J3, §I1.6.11] is zw,) -, C, where w(,) is the longest
element in the parabolic subgroup Stab(y,.. y(¢), and similarly for y -, p. (This
follows e.g. by comparing [J3, Equation (3) in §I1.6.11] with Lemma 2.34.) In view
of [J3, Equation (4) in §I1.6.11], we therefore have xw(,) -, C 1 yw(,) -p C, hence
Tw(,) < yw(,) in the Bruhat order. By Exercise 1.9, this implies that <y, which

finishes the proof. O
REMARK 2.36. (1) In the special case when p > h and p = 0, Proposi-
tion 2.35 already appeared in the literature, see | , Lemma 10.1] for

references. We do not know any reference for the general case.

(2) Assume that there exists a weight ¢ € X such that (¢,a¥) = 1 for each
a € R, (Such a weight exists at least under the assumption that the
derived subgroup 2(G) is simply connected. In case G is semisimple
such a weight is unique if it exists, and equal to p. For a general reductive
group, there might exist several choices.) Then the weight —¢ belongs to
C, and its stabilizer is W; we therefore have

Wagt -p (—¢) = —¢ + pZR.
In fact, in this case we have
(2.13) W) = {tawe : A € ZRN (s + X)),
see | , Lemma 2.5].

2.8.3. Translation of standard, costandard, and simple modules (new version).
We can now translate Proposition 2.27 in Coxeter-theoretic terms. (Here, as in the
proof of Proposition 2.35, we denote by w(,,) the longest element in Stabyy, . y(x).)
PROPOSITION 2.37. Let A\, i € C.

(1) Assume that p belongs to the closure of the facet containing A, and let
w E fWaE;\f). We have

M(w -, p1) if wStabgw,g...) (1) N fW;g) + O,
0 otherwise;

. ; fyr7 (1)
TE(N(w - ) = {N(w pi) i wStabw,,) (W) N Wog # 2,

T (M(w - \)) = {

0 otherwise;

Lwp ) if wwgy € WG,
T (L(w - N)) =~ {0 ’ other;)“ile ’

(2) Assume that A\ € C, and that u belongs to a wall contained in C, with

associated reflection s € Syg. Let w € fW;g). Then w -p A, w-p u and
ws -p A are dominant, and there exist short exact sequences

N(ws - A) HTS(N(W p 1)) = N(w - A),
M(w -p A) <—>T:‘(M(w p 1)) = M(ws - A).
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2.8.4. Consequence for simple characters. Using the Coxeter-theoretic para-
metrization of simple modules in a given block, one can also make the procedure of
computing characters of simple modules in “singular” blocks from those of modules
in a “regular” block (see §2.7) more explicit.

Namely, assume that p > h, so that 0 € C N X. As explained above the simple,
induced, and Weyl modules in Rep(G)w,-,0 can (and will) be parametrized by

fW;?f) = fW,%. Consider the matrix (Gyw:y,w € f Woag) such that

(2.14) Lw0)]= > ayw N0

yE Wage

in [Rep(G)w,,-,0] for any w € ‘W,g. Fix now p € C NX. Each weight in (Wag -

) N Xt belongs to the upper closure of exactly one alcove, which is moreover

contained in the domain D of (2.11): explicitly, for w € fW;;) the weight w -, u

is in the upper closure of ww,) -, C. (Here ww,) is the minimal element in
wStabw, .\ (1)) Applying the translation functor Ty to the formula (2.14) and

using Proposition 2.27 we obtain that for any w € fWég) we have

Lwpml= Y > ayz g, | N p 1)l

yefw ) \zeStab(w i ) (1)

REMARK 2.38. In case p < h, one can apply similar considerations to compute
characters of simple modules in blocks corresponding to weights in the closure of a
given facet contained in C, if one knows the characters in the block of a weight in
this facet. However, it is not clear how to determine the “most regular” weights in
C NX in general, and in any case these weights might belong to several different
facets.

2.9. Some simple cases. In this subsection we explain how the characters
of some simple modules can be easily computed.

2.9.1. Minimal weights. First, let assume that p € XT is minimal (for the
order 1) in (Wag +p ) N XT. Then the linkage principle implies that the canonical
morphisms

M(p) — L(p) = N(p)

are isomorphisms. This happens for instance if 4 € C N X*. (See [J3, Corol-
lary I11.5.6] for a different proof of the simplicity of N(x) in this case, which does
not use the linkage principle.) If there exists a weight ¢ € X such that {(s,a") =1
for each @ € R® (see Remark 2.36(2)) then this also applies to the weight (p — 1)g,
since we have

Wext p (0 — 1)s = (p — 1)s + pX,
hence
(West -p (p = 1)s) N XT = (p — 1)s + pX*,

The modules L((p — 1)) are called the Steinberg modules. For some of their prop-
erties, see [J3, §§11.3.18-19].°

5Jantzen only considers the case ¢ = p, assuming that (p — 1)p € X. However, all the
properties of the Steinberg module proved in [J3] also hold for the modules we consider here.
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2.9.2. The alcove above the fundamental one. Next, let us assume that p > h
and that G is quasi-simple. In this case S,g . S contains a unique element, which
we will denote s,. Consider the induced module N(s, ‘p 0). We know that its socle
is L(so -p 0), that this simple module appears only once as a composition factor
of N(so -p 0), and that the only other possible composition factor is L(0). Since
Exthep(G)(L(O), L(0)) = 0, we deduce that there exists an exact sequence

L(so -p 0) = N(so - 0) — L(0)®"
for some r € Z>¢. We then have
[N(so p 0)] = [L(s0 p 0)] + 7 - [L(O)].

If 1t is a weight on the wall contained in C fixed by s., then applying the functor
T}' and using Proposition 2.27 we deduce that

[N(w)] = - [L(w)].

On the other hand we have N(x) = L(u) since u € C, hence r = 1. This shows that
N(so -p 0) sits in an exact sequence

L(so -p 0) = N(so - 0) — L(0).

EXAMPLE 2.39. In case G = SL3(k), assuming that p > 3 the region (2.9) is
the union of the closures of C' and s, -, C. In view of the considerations above,
this shows that the problem of computing characters of simple modules can be
considered solved in this case also.

2.10. The Steinberg (extended) block. In this subsection we assume (as
in Remark 2.36(2)) that there exists a weight ¢ € X such that (¢,aV) = 1 for
each a € 5. We consider the “extended block of —¢,” i.e. the Serre subcategory
Repgiein (G) generated by the simple modules whose highest weight belongs to

(Wext p (=) NXT = (s +pX) N XT = (p — 1) + pXT.

(Here, the subscript “Stein” refers to Steinberg.) This subcategory is a direct sum-
mand in Rep(G), in fact it is a direct sum of some blocks in the decomposition (2.6).
Note also that, as explained in §2.9, the canonical morphisms

M((p — 1)) = L((p — 1)s) = N((p — 1)s)

are isomorphisms.

The following result is due to Andersen; for a proof, see [J3, Proposition I1.3.19).
Here we consider the Frobenius twist G() as in §2.4. Given A € X*(TM)*, we will
denote by N(W(X), resp. M(D()), the associated induced, resp. Weyl, GM-module
(defined with respect to the Borel subgroup BM).

PROPOSITION 2.40. For any A\ € X*(TW)T, there exist isomorphisms of G-
modules

N((p— 1)s + Frip(\) 2 L((p — 1)s) @ Frg (NP (),
M((p — 1)s + Frp(\) = L((p — 1)c) @ Frg (MM ().

REMARK 2.41. Assume that G = SLy(k), and recall the notation of Exam-
ple 2.10. In this case, the first isomorphism in Proposition 2.40 takes the form

N((p — 1+ pn)w1) = N((p — 1)w1) ® N(nw)P
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for n € Z>p. Explicitly, with the identifications of §1.4.1, this isomorphism is
induced by the isomorphism

k[X,Y],—1 9k[X, Y], = K[X,Y]p—14pn

given by P ® Q — P - QP. (To check that this indeed is an isomorphism, one uses
the observation that if a,b € Z>o have respective remainders r, s modulo p, and if
a+b=p—1 mod p, thenr+s=p—1.)

This result has the following consequence.
COROLLARY 2.42. The functor
Rep(G™M) — Rep(G)
defined by V — L((p — 1)s) ® Fr& (V) induces an equivalence of categories
ReP(G(l)) > Repgiein(G)-

Moreover, this functor sends N(X), resp. MD(X), to N((p — 1)s + Fri())),
resp. M((p — 1)s + Frp ().

PROOF. Let us consider the induced functor on derived categories

¢ : D"Rep(GY) — DPRep(G).

By Proposition 2.40, this functor sends N(Y(X), resp. MD(X), to N((p — 1)s +
Frip(N)), resp. M((p — 1)s + Frip(X)). Now by Theorem 2.3 and Corollary 2.3 from
Appendix A, we have

EX'ETRLep(Gr(l))(M(l)(>\)’N(l)(u))g 0 otherwise

{k if \=p and n = 0;
and
k if A=p and n =0;

Exthepic) (M((p = s + (), N((p = s + Frip (1)) = {O L

In particular, for fixed p € X*(TM)*, our functor induces an isomorphism
EXtyRLep(G(l))(M(l)()‘% N(l)(:u)) =

Extiepq) (9(MP(N), N((p — 1)s + Frip (1))

for any n € Z and A € X*(T™M)*. Since the objects (MM (\) : X € X*(TM)H)
generate DbRep(G(l)) as a triangulated category, we deduce that for any M in
DPRep(G() our functor induces an isomorphism

Hom pogep(c )y (M, N (1)) = Hom porep(a) (9(M), N((p — 1)s + Frip(u))).

For fixed M in DPRep(G("), using the fact that the objects (MM (u) : pu €
X*(TM)*) generate DPRep(G1)) as a triangulated category, we deduce that for
any N in DbRep(G(l)) our functor induces an isomorphism

HomeRep(G(l))(M7 N) = HomeRep(G) ((p(M)7 @(N))>
i.e. that this functor is fully faithful. Since DPRep(G()) is generated as a tri-

angulated category by the objects (LD(u) : p € X*(TM)*), the essential im-
age of o is the triangulated subcategory of DPRep(G) generated by the objects
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(LD () : p € X*(TM)H), ie. by the objects L((p — 1)s + Frin(\)) (see Theo-
rem 2.9), i.e. the full subcategory DPRepg;.;,(G). Restricting ¢ to the full subcat-
egory Rep(G(1)), we obtain the desired claim. O

The comments in §2.7 suggest that the singular blocks (those associated with
weights in C' ~ C) are “simpler” than the regular blocks (those associated with
weights in C), in that their structure can in theory be derived if we understand the
regular blocks. However, this point of view is a bit contradicted by Corollary 2.42:
since G() is isomorphic to G, the block associated to the highly singular weight
(p — 1) (associated with a weight in a facet of maximal codimension) is equivalent
to the block of the regular weight 0. In this way, the category Rep(G) exhibits
some kind of “fractal” behaviour.

REMARK 2.43. See [A3] for some applications of Corollary 2.42.

3. Soergel’s modular category O

In this section we explain a construction due to Soergel [S5], which allows
to produce an analogue in the setting of representations of G of the celebrated
“category O” of Bernstein—Gelfand—Gelfand for complex semisimple Lie algebras
(see [H5]). This construction is the basis for the construction of Williamson’s
counterexamples which will be explained in Chapter 5. The definition uses the
notion of Serre quotient of an abelian category, whose construction is recalled in §3.1
in Chapter A.

3.1. Motivation. As illustred in Theorem 2.12, and as will be made clearer
below, the structure of the category Rep(G) is closely related with the combinatorics
of the Coxeter group (Wag, Sagr). The way the problem of computing characters
of simple modules will be tackled is inspired by the Kazhdan—Lusztig conjecture in
the study of highest weight simple modules for complex semisimple Lie algebras,
which is closely related to the simpler combinatorics of (W, S).° In an effort to
continue the parallel between these two problems, and to allow the use of some of
the techniques used in the latter problem for the study of the former one, Soergel
introduced in [S5] a category defined in terms of representations of G, but whose
combinatorics is governed by (W, S). This category is now called Soergel’s modular
category O, and can serve as a “toy model” for Rep(G). (This toy model turns to
be quite complicated already, as we will later see!)

REMARK 3.1. In the more recent literature, a different “modular counterpart”
of the BGG category O has appeared, which is sometimes also called “modular
category O;” see e.g. [Lo]. These two categories are unrelated.

3.2. Definition. In this section we assume that p > h and that G is semisim-
ple and simply connected. We will denote by A the Serre subcategory of Rep(QG)
generated by the simple objects L(A) with A € XT which satisfies A 1 pp, and by
B the Serre subcategory of Rep(G) (or equivalently, of A) generated by the simple
objects L(\) with A € X* which satisfies A + pp but A ¢ {(p — 1)p + Wp}. Then
Soergel’s modular category O is defined as

Or = A/B.
6More specifically, regular integral blocks of category O of a complex semisimple Lie algebra

are highest-weight categories with underlying poset the associated Weyl group endowed with the
Bruhat order (or its inverse, depending on the choice of parametrization of simple objects).
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FIGURE 3.1. Weights for Soergel’s modular category O for SLg

ExaMPLE 3.2. For G = SL3, the picture the reader can keep in mind is illus-
trated in Figure 3.1. Here the blue dot is (p — 1)p, and the six dominant weights
one has to consider belong to the six alcoves containing red dots.

3.3. Highest weight structure. Let ;1 be the unique element in C'N Wag -,
(pp). Then the results of §2.8 show that the assignment w +— w -, pu induces a
bijection fWog = XTNW.g -p (pp) which identifies the Bruhat order on W, with
the order 1 on Xt NW,g -, (pp). If we denote by w € Wag the unique element such
that w -, u = pp (or, equivalently, such that w -, C' = C + pp), then the simple
objects in A are in a canonical bijection with {y € {W,g | y < w}. Since this subset
is an ideal in fW,g, Lemma 1.4 in Appendix A implies that this category has a
structure of highest weight category with underlying poset {y € {W.g | vy < w} (for
the restriction of the Bruhat order).

We have w -, C =1, -, C; hence w := w’ltp € Wext belongs to the subgroup
Q of Remark 2.26. (With this notation we have y = w -, 0.) Set S = wSw™!
and W¥ := wWw™!. Then S is a finitary subset of Sag, with associated parabolic
subgroup W<«.

LEMMA 3.3. The element w defined above is mazximal in the coset wW*. As a
consequence:
(1) we have wW® C {y € Wag |y < w}, and {y € Wag | y < w} ~ wW® is
an ideal in W ;
(2) if y € Wag satisfies y < w and if s € S¥, then ys < w;
(3) the bijection

W 5 {y € Wag |y <w} N wW¥

giwen by x — wx identifies the inverse of the Bruhat order on W< with
the restriction of the Bruhat order on the right-hand side.
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Proor. To prove that w is maximal in wW* it suffices to prove that t, has
maximal length in ¢,W, i.e. that for any x € W we have

Utpx) = L(t,) — U(z).
Now we have
Ut,x) =Lz t_,),
and applying the formula (2.7) (see Remark 2.26) we deduce the desired claim.
Now that this property is established, if z € W then we have wx < w. Since
l(wz) = €(w) — £(x), by Exercise 1.10 we also have wx € W,g, which shows
the first assertion in (1). To prove that the complement in an ideal, we choose
u€e{y e fWog |y < w}p~wW? and z € fW.4 such that z < w. Then z < w.
If we assume for a contradiction that z € wW®, and denote by ' the maximal
element in uW* then by | , Lemma 2.2] we have w < «’. On the other hand,
the same claim (applied to the inequality u < w) shows that ' < w, which provides
a contradiction.
In (2), denoting by y’ the maximal element in yW*, then again by | ,
Lemma 2.2] we have ¢y’ < w. Then ys <y’ < w, proving the desired inequality.
For (3), we note that our map is a bijection by (1). Set w§ := wwow™!; then
wg is the longest element in W*. Since the element wwg is mimimal in wW?,
by Exercise 1.9 the assignment = — ww{ x identifies the Bruhat order on W% with
the restriction of the Bruhat order to wW*®. The claim follows, since x +— wgx
intertwines the Bruhat order and its inverse on W%. (]

Lemma 3.3(1)—(3) and Lemma 3.1 in Appendix A guarantee that the category
Ok has a natural structure of highest weight category with underlying poset W¢
endowed with the inverse of the Bruhat order, such that the standard object as-
sociated with « is the image of the Weyl module M(wz -, p). In fact, it will be
more convenient to identify this poset with W via z + wazw™!. Observing that for
x € W we have

wwrw ™! pl =125 0=(p—1)p+z(p),

we see that if for z € W we denote by N,, M, and L, the images of the modules
N((p—1)p+x(p)), M((p—1)p+z(p)) and L((p—1)p+x(p)) respectively, then O has
a structure of highest weight category with underlying poset W (with the inverse
of the Bruhat order) and parametrization of standard objects given by z — M,.
For any z,y € W the multiplicity [N, : L;] of the simple object L, as a composition
factor of the object N, is given by

Ny : L] = [N((p = D)p+y(p)) : L((p — 1)p + z(p))]-

Similarly we have
My : L] = [M((p = Dp+y(p) : L{(p — Dp + 2(p))]

where the left-hand side denotes the multiplicity of L, as a composition factor of
M,. In view of (1.7), we therefore have

(3.1) N, : Ly] = [My : L]

for any z,y € W.

Consider the Grothendieck group [Ok]. It admits as a basis the classes of the
simple objects ([L,] : « € W). On the other hand, as for any highest weight
category, this Grothendieck admits another basis consisting of classes of standard
objects. We will therefore identify it with the group algebra Z[WW] in such a way
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that w € W corresponds to [M,,]. In fact, the comments above show that for any
w € W we have

3.4. Wall-crossing functors. For later use, we explain now how to define
a collection of endofunctors of Oy parametrized by S. For any s € S we fix a
cocharacter p, € X which belongs to the wall contained in C corresponding to s.
(For instance, if (w, : a € R®) is the collection of fundamental weights, see §2.4,
one can choose ps = p — w,, for any s € S.) Then we consider the self-adjoint
exact endofunctor

. PP PP+ s
Vs = T;Dp-i-us © TPP

of Rep(G)w

att p(PP)*

LEMMA 3.4. For any s € S the functor 9, stabilizes A and B.

PrROOF. By exactness, proving the lemma amounts to proving that if A 1 pp
(resp. if A T ppand A ¢ {(p— 1)p+ z(p) : « € W}) then J4(L(N\)) belongs to A
(resp. to B). As explained in §3.3 we have A\ = y -, u with y € 'W,g such that
y < w, resp. with y which satisfies these conditions and does not belong to wW®.
Moreover, since L()\) is a submodule of N()\), by exactness again it suffices to prove
that 95(N(X)) belongs to A, resp. to B.

Write pf, := w™! -, (pp + ps). Then !, belongs to the wall of C' corresponding
to the simple reflection s’ = wsw™!, and by Proposition 2.20(1) we have

b = Tihy,, o TytHe = Ty o TH.
By Proposition 2.37, if ys’ ¢ fW.g we have 9,(N()\)) = 0, and otherwise 9,(N(\))
admits a 2-step filtration with associated graded

N(y -p 1) © N(ys" -, ).

Here s’ € S, hence by Lemma 3.3(2) we have ys’ < w, which implies that ys"-, 1 1
pp by Proposition 2.35, and of course ys’ ¢ wW« if y ¢ wW®. This implies the
desired claim. (]

Let us denote by m : A — O the quotient functor. In view of the universal
property of the Serre quotient (see §3.1 in Chapter A), Lemma 3.4 implies that
there exists a unique endofunctor of O whose composition with 7 is m o ¥J; it is
again self-adjoint. This functor will also be denoted ¥s. The proof of Lemma 3.4
shows that for any w € W, in [Ok] we have

[ﬂS(Mw)] = [Mw] + [MwS]-

In other words, under the identification [Ok] = Z[W] considered in §3.3, the mor-
phism induced by ¥, is given by right multiplication by e + s.

3.5. Projective objects. Let us denote by Proj(Ok) the full subcategory of
Ok whose objects are the projective objects, and consider its split Grothendieck
group [Proj(Ok)]g. For w € W we will denote by P,, the projective cover of L,,.
The obvious morphism

[Proj(Ox)]e — [O4]
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is an isomorphism; under the identification of the right-hand side with Z[W], this
isomorphism is given by

[P] =) (P:My)-w

for P € Oy projective. The identification [Proj(Oy)]e — Z[W] will be denoted ».

One can compute the dimensions of morphism spaces between projective ob-
jects in terms of this identification, as follows (see [S5, Lemma 2.11.2]). Let us
denote by b the bilinear form on Z[W] which satisfies b(w,y) = dy 4.

LEmMA 3.5. For any P,Q € Proj(Ok) we have
dimy Home, (P, Q) = b(3(P), »(Q)).

PROOF. It suffices to prove the formula when P is indecomposable, i.e. P = P,
for some x € W. Then we have

dimy, Homo, (P, Q) = [Q : Le] = > (Q: M) - M, : L],

Y

where we use the fact that @ has a standard filtration (see Theorem 2.1 in Appen-
dix A). Using reciprocity (see (2.1) in Appendix A) and (3.1), we deduce that

dimy Homok(Px,Q) = Z(Q : My) : [Pz : My] = b(%(Pr),%(Q)),

y
as desired. O

REMARK 3.6. Lemma 3.5 implies that the problem of computing the multi-
plicities ((P; : My) : z,y € W) (or, equivalently by reciprocity, the multiplicities
(My : L] : =,y € W)) is equivalent to the problem of computing the dimen-
sions (dimyg Homoe, (P;,Py) : ,y € W). In fact, the formula in the lemma shows
that if one knows the multiplicities ([M, : L;] : 2,y € W) one can compute the
dimensions (dimy Home, (P, Py) : ,y € W). Reciprocally, if one knows the di-
mensions (dimg Home, (P,,P,) : z,y € W) one can compute the multiplicities
((Py : My) : &,y € W) by induction on x as follows. In fact, for £ = e we have
P. = M, by maximality. Then, if z € W and if the multiplicities are known for
indecomposable projective objects with labels < x, one computes the multiplicities
((Pz : My) : y € W) by induction on y as follows. For y = e we have

(Pz : Me) = dimy Hom()k(PI’ Pe)'

Then if y < x and if the multiplicities (P, : M,) are known for all the elements
z <y, we use the fact that (P, : My) =1 to see that

(P2 : M) = dimy Homo, Py, Py) = > (Ps : M) - (P : M2).
z<y
Finally if y = z we have (P, : M) =1, and if y £ « we have (P, : M) = 0, which
completes the procedure.

The projective objects in Ok admit an inductive construction as follows. First,
note that since each functor 9, is self-adjoint and exact, it sends projective objects
to projective objects. As seen already in Remark 3.6, by maximality the object
[M,.] is projective; we therefore have
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Now if n > 0 is such that all the objects P, with y € W of length < n are know,
and if w € W has length n 4+ 1, then we can choose s € S such that ws < w.
By consideration of standard multiplicities (see Remark 2.2 in Appendix A) one
sees that P, is then a direct summand of ¥5(P,,s) with multiplicity 1, and that all
other direct summands have a label of length < n. In particular, this implies that
the subcategory Proj(Ok) of Ok is the smallest full subcategory which contains the
object M, and is stable under the functors ¥ and under taking direct summands.
In another formulation, given a word w = (s1,---,s,) in S we set

Py =105, 0 0vy,.
Then if w is a reduced expression for some w € W we have

(3.2) Iuw(Me) = P, & @ Py

yew
y<w

for some nonnegative integers by ..

3.6. The object P,,. There is one nontrivial projective object that can be
described explicitly, namely P,,,. In fact, consider the object

(3.3) T 1), (M((p = 1)p))-

By Proposition 2.27(4), this objects admits a filtration with subquotients M((p —
1)p + z(p)) where z runs over W; in particular, it belongs to A. If A € X satisfies
A1 pp, we see using Proposition 2.27(2) that

Lilp—1)p) if A= (p—2)p;
0 otherwise.

TP (L(N) = {

Since Exthep(G)(L((p — 1)p),L((p — 1)p)) = 0 (e.g. because L((p — 1)p) is both
standard and costandard, see §2.9), we deduce using adjunction that Tg)p_l)p(M((p—
1)p)) is projective in A; in fact it is the projective cover of L((p — 2)p). In view of
Remark 3.3 in Appendix A, we deduce that its image in Ok is P,,, and that the

natural morphism

EndRep(G) (T(Ij,;p_l)p(M((p - l)p))) - Endok(Pwo)

is an isomorphism. This analysis also shows that

[Puo] = Z [My]

yeWw

REMARK 3.7. We will explain in §1.5.3 in Chapter 4 that the G-module (3.3)
is the indecomposable tilting G-module of highest weight pp.

3.7. The functor V. The starting point of the work in [S5] is a description of
the algebra Endp, (P, ) which is reminiscent of a statement for complex Lie algebras
also due to Soergel [S1]; see §1.10 in Chapter 2. Namely, recall the notation of §2.5,
and denote by (S(t)') the ideal of S(t) generated by homogeneous W-invariant
elements of positive degree (for the natural grading on S(t)). We set

C:=S1)/(S®Y).

(This algebra is sometimes called the “coinvariant algebra,” but this terminology
might be misleading since C is different from the coinvariants for the action of W
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on S(t).) This algebra admits a canonical action of W, and for s € S we will denote
by C? the subalgebra of s-invariant elements.
In | , §19.8] the authors construct a canonical algebra isomorphism

S®)/(S®Y) = Endo, (Puy)-
In particular, using this isomorphism we obtain that the functor
V := Homp, (Puy,, —) : Ox — Vecty

factors through a functor (still denoted V) taking values in the category C-Mod of
C-modules.

The following statement gathers some of the main results of the “algebraic
part” of [S5].

THEOREM 3.8. (1) The restriction of the functor
V: Ox — C-Mod

to the subcategory Proj(Ok) is fully faithful.
(2) The image of M. under V is the trivial S(t)-module, seen as a C-module.
(3) For any s € S there exists a canonical isomorphism of functors

Vods(—) 2 CRcs V(—).

For (1), see [S5, Theorem 2.6.1]. For (2) and (3), see [S5, Theorem 2.6.2].
Transferring the results of §3.5 through the fully faithful functor V we deduce
the following results:

(1) the category Proj(Ok) is equivalent to the smallest full subcategory of
C-Mod which contains the trivial module k and is stable under the functors
C®cs (—);

(2) for any w € W there exists a unique indecomposable C-module D,, which
is a direct summand of the module

C®csr CRpsr—1 -+ Qcsz C Rcs1 k

for any reduced expression (si,---,s,) of w, but not a direct summand
of a module

C Rcsr CQcsi—1 -+ Rps2 C Qcs1 k
for any word (s1,---,sx) in S with k < £(w); moreover we have
D, = V(Py).

The category in (1) is an example of a category of Soergel modules, which
will be studied systematically in Chapter 2. Using these results and Remark 3.6,
one sees that the problem of computing the multiplicities (3.1) can be rephrased
completely in terms of these modules. We will come back to this question repeatedly
in the following chapters, culminating in Chapter 5 where we will explain how these
considerations are the basis for Williamson’s construction of counterexamples to the
expected bound in Lusztig conjectures.

4. Lusztig’s character formula

We are now ready to explain Lusztig’s conjecture, which provides an answer to
the question of computing the characters of the simple algebraic G-modules under
appropriate assumptions.
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4.1. (Iwahori—)Hecke algebras. In this subsection we consider a Coxeter
system (W, S). (See §0.9 for our conventions on Coxeter systems.) Thus W admits
a presentation with generators S, and with the following relations:

e forany s € S, s2 = ¢;

e for any (s,t) € 82, (st)™=t = e.
It is a classical observation that, given the first set of relations, the second one can
be rephrased as saying that for any s,t € S2,

—— ——
ms,t terms mg ¢ terms

(These relations are called the braid relations.) We will consider an indeterminate
v, and the ring Z[v,v~1] of Laurent polynomials in v with coefficients in Z.

Recall the definition of the Hecke algebra (sometimes called the Twahori—-Hecke
algebra) associated with (W, S).

DEFINITION 4.1. The Hecke algebra associated with (W,S) is the Z[v,v~1]-
algebra Hyy sy with a basis (H, : w € W) and with multiplication determined by
the following rules:

(1) (Hy+vH,.) - (Hs—v 'H,) =0if s € S;
(2) Hy-Hy = Hyyy if x,y € W and {(zy) = £(x) + L(y).

Note in particular that H. is the unit in H s); this element will therefore
sometimes be denoted 1. The relations (1) are called the quadratic relations (be-
cause they say that a certain quadratic polynomial in H, vanishes). The rela-
tions (2) imply in particular that the elements (Hy : s € S) satisfy the braid
relations in the sense that for any s,t € S we have

(4.1) HH, --=HH, --.
—_— Y
ms¢ terms ms¢ terms

REMARK 4.2. If w € W and w = s1 - -- s, is a reduced expression (i.e. each s;
belongs to S, and r = £(w)), then we have

(4.2) H,=Hs - -Hs_.

In particular, the elements (H, : s € S) generate H . s) as a Z[v, v~ ']-algebra. In
fact, it is standard that this algebra admits a presentation with generators (H; : s €
S) and relations the quadratic relations (for any s € §) and the braid relations (4.1)
for any s,t € S2.

The existence of the algebra H(yy s) is standard but not completely obvious;
for details, see [H4, Chap. 7]. Here we follow the notation and conventions of [S3].
Another popular convention involves a basis (T, : w € W), where for s € S we
have

T? =0 2Ty + (v™2 = DT,
The relation between these bases is such that H, = v*®) . T,,. Some authors also

use an indeterminate g rather than v; these conventions are related by the relation
-2
g=v"".
The second relation in Definition 4.1 implies that each H, (s € S) is invertible
in How,s), with

(4.3) H'=H+ (v—v1).
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In view of (4.2), it follows that each element H,, (w € W) is invertible.
Note that if we view Z as a Z[v, v~ !]-module with v acting as the identity, then
we have a canonical algebra isomorphism

(4.4) Z Qz[v,v—1] H(W,S) > ZW)

(where the right-hand side is the group algebra of W) where 1 ® H,, corresponds
to the element w € Z[W] for any w € W.

If I C S is a subset, recall that we have the standard parabolic subgroup
Wy C W associated with I, such that Wy, I) is a Coxeter system; see §2.8. Since
the restriction of the length function of W to Wy is the length function of Wy, it is
clear that we have a canonical Z[v, v~!]-algebra embedding

(4.5) Howv,,n = How,s)

sending the basis element H,, in the left-hand side to the basis element H,, in the
right-hand side, for any w € Wy.

4.2. The Kazhdan—Lusztig basis. The basis (H, : w € W) is called the
standard basis of Hy s). This algebra has another basis with a very rich com-
binatorics, whose definition is due to Kazhdan—Lusztig | ], and which we now
introduce.

The Kazhdan-Lusztig involution is the unique ring involution ¢ of Hy s) which
satisfies

t(v) =v7 1, W(Hy) = (Hy—1)7 L.
The following theorem is due to Kazhdan-Lusztig | ]. For a simple proof, we
refer to [S3, Theorem 2.1].

THEOREM 4.3. For all w € W, there exists a unique element H,, € Hy,s)
such that
uH,)=H,,  H,cH,+ Y vLlH,.
yew
The elements (H,, : w € W) form a basis of Howy.s), called the Kazhdan-Lusztig

basis (or sometimes the canonical basis ).

w

Again we are following the notational conventions of [S3]. In [ | the authors
denote the element H,, by C/ . They also consider another basis (Cy, : w € W); it
is related to the basis (H,, : w € W) by Cy, = (—1)*™)7(H,,), where 7 is the ring
involution of Hy,s) defined by 7(H,) = (—1)®) - H, and 7(v) = v~

The condition that

H, € H,+ Y vZp|H,
yeW
is sufficient to characterize the element H ,; but it turns out that a more precise
statement holds; we in fact have

H, € Hy+ Y _ vZ[v|H,.

yeWw
y<w

If one writes
H, = Z hya - Hy,
yew
then the polynomials (hy , : ¥,z € W) are called the Kazhdan—Lusztig polynomials.
These polynomials satisfy h., ., = 1 for any w € W, and hy , = 0 unless y < w.
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REMARK 4.4. Using the formula (4.3), it is easy to see that H, = H, + v for
any s € §. More generally, if I C S is such that W is finite, and if w; is the unique
element of maximal length in Wy, then we have

ﬂ“)l = Z fv‘g(wf)iz(y)Hy;
yEWr

see Exercise 1.16.

The proof of Theorem 4.3 provides some kind of algorithm to compute the
Kazhdan-Lusztig basis inductively. Namely, let w € W, s € S be such that sw > w,
and assume that the elements (H, : y € W, y < sw) are known. Then it is easily
seen that the element H, - H,, can be written as

(4.6) H,-H,= > p,-H,
yeWw
y<sw

for some polynomials p, € Z[v]. Then one has

ﬂsw = ﬂs 'Ew - Z py(o) ﬂy
yeW
y<sw
It is clear that if I C S is a subset, the embedding (4.5) sends the Kazhdan—
Lusztig element H , in the left-hand side to the Kazhdan-Lusztig element H,, in
the right-hand side, for any w € Wy.

4.3. Lusztig’s conjecture. We now specialize the considerations above to
the special case (W, S) = (Wag, Sarr). (As explained above W is a standard para-
bolic subgroup in W,g; hence the Kazhdan—Lusztig combinatorics of (Wag, Sag) in
particular contains that of (W, S).) We will write Hag for Hw,,,s..)-

REMARK 4.5. Recall the group Wey considered in Remark 2.26. Even through
this group has no natural Coxeter group structure, it admits a “length function”
¢, and it is not difficult to check that there exists a Z[v,v~1]-algebra structure on
the free Z[v, v~ !]-module Hey; with a basis (Hy, : w € Weyy) where multiplication
is defined by the same rule as in §4.1. The submodule spanned by (H,, : w € Wag)
identifies with the Hecke algebra Hag of (Wag, Sag), the submodule H¢, spanned
by (H,, : w € Q) identifies with the group algebra of Q over Z[v,v~!], and multipli-
cation induces an isomorphism

Hasr ®Z[v,v*1] Ha = Hext-

Moreover, for any w € ), conjugation by H, stabilizes H.g, and acts on this
subalgebra by the automorphism induced by the automorphism of W,g given by
conjugation by w in Wey;. Hence Heyt is some kind of semi-direct product of H.g
with Q.

One can define a Kazhdan—Lusztig basis (H,, : w € Wext) in Hext in the same
way as for Hecke algebras of Coxeter groups; in fact, for any w € W,g and w € )
we have

H,,=H.H,, H,,=H,H.,.

w

By expanding the Kazhdan—Lusztig basis in the standard basis we obtain Kazhdan—
Lusztig polynomials (hy  : ¥, w € Wex). In fact these polynomials are determined
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by those attached to (Wag, Sagr); more precisely we have

N hyow ifw=uw
wy,w'w — .
0 otherwise

for w,y € W, and w,w’ € Q.

From now on we assume that p > h, so that C N X # @. Recall that for
A € CNX the simple objects in Rep(G)w,.,» are parametrized by ‘W,g. The
following (extremely important) conjecture is due to Lusztig [L1], and is usually
called Lusztig’s conjecture.

CONJECTURE 4.6. Assume that p > h, and fix A € C N X. For any w € Wg
such that

(4.7) (wp A+ p,a’)y <plp—h+2) foralaecRT,

we have

(4.8) [L(wp A)] = Z (_1)Z(w)+e(y)hwoy,wow(1) “[N(y p M)
YE Ware

in [Rep(G)].

REMARK 4.7. A number of remarks on this conjecture are in order.

(1) By Proposition 2.27(1)—(2), the choice of A in Conjecture 4.6 does not
matter. Namely, the conjecture holds for one specific choice of A iff it
holds for all X’s. For simplicity, we will usually assume that A = 0.

(2) Conjecture 4.6 is stated in terms of the group W,g. In Remark 4.5 we
have explained how to define Kazhdan—Lusztig polynomials for the group
Wext. Let us denote by fWey C Wey the subset of elements y which have
minimal length in Wy; then W = U,co!Wag - w, and in the setting
of Conjecture 4.6, for w € Wey the weight w -, A is dominant if and
only if w € fWy. It is easy to see that if Conjecture 4.6 holds then the
formula (4.8) will also hold for w € W,y (if one replace the condition
y € "Wag by the condition y € fWey).

(3) A very important aspect of the formula (4.8) is that the coefficients ap-
pearing there do not depend on p. The conjecture therefore expresses in
particular the idea that with the correct parametrization of simple mod-
ules (based on the dot-action of Wg) and if one restricts the problem to a
suitable region, then the characters of simple G-modules “do not depend
on p” in the sense that the coefficients in the expansion of [L(w -, A)] in
the basis ([N(y -p A)] : y € {Wag) do not depend on p.

(4) The condition (4.7) is called “Jantzen’s condition” since it appeared earlier
in work of Jantzen. To explain the meaning of this condition, write a
dominant weight u as uo + pur with po € Xt and pg; € Xt (assuming
this is possible; see §2.4). Identifying GO with G in such a way that Frin
identifies with p — pu, by Theorem 2.9 we then have

L(p) = L(po) ® Frg(L(pa))-
On the other hand, if u satisfies the condition that
(n+pa”)y <plp—h+2)
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for any 8 € R then we have

(u1,BYy <p—h+2
for any 8 € R, and finally

(m1+p,8Y) <p

for any 3 € RT. Hence u1 belongs to C, so that L(u1) =2 N(u1), see §2.9.
Jantzen’s condition can therefore be seen as a simple condition that en-
sures that when we apply Steinberg’s decomposition theorem, the simple
module which is pulled back under the Frobenius morphism is in fact a
simple induced (and Weyl) module. Since characters of induced modules
do not depend on p (see Theorem 1.21), this condition seems favorable if
one expects characters to enjoy some “independence of p.” (For an ex-
plicit example where the formula 4.8 does no hold when one leaves the
region determined by (4.7), see Exercise 1.23.)
(5) If u € Xt, then for any o € Rt we have

res’

(ntp.a”) <{(p=1)p+p.a’)=ph-1).
Hence if p > 2h — 3 all the elements w € Wag such that w-, A is dominant
restricted satisfy (4.7). In view of the comments in §2.7 it follows that,
under this assumption, from Conjecture 4.6 one can deduce (in theory)
the characters of all simple G-modules. For a more explicit description
of the character formula one obtains in this way, see [L7].

ExAMPLE 4.8. The first nontrivial example in which Conjecture 4.6 can be
checked is when G is quasi-simple and w = s, where we use the notation of §2.9.
In this case we have seen that

[L(so +p 0)] = [N(so - 0)] = [L(O)].
On the other hand, using Remark 4.4 we see that

H,. =H,H, = Z o W) =£@) (4 u).
zeW

In particular, Ry, wes, = V-

4.4. Some history. Let us explain some important steps in the history of
Lusztig’s conjecture. This conjecture has guided and motivated most of the later
works on this subject. For more details on some aspects of this history, we refer
to [J4].

The conjecture was stated in 1980, and presented as an analogue of the Kazh-
dan—Lusztig conjecture | | for characters of simple highest weight modules for
complex semisimple Lie algebras. (See §1.10 in Chapter 2 for a discussion of the
latter conjecture. It involves Kazhdan-TLusztig polynomials for the group (W, S)
rather than (Wag, Sag).) Lusztig writes the following in [L7]: “The evidence for
the conjecture is very strong. I have verified it in the cases where G is of type Ao,
By or Go. (In these cases, [the characters have] been computed by Jantzen.)™ In
fact, at that time some characters for the group of type A3 had also been computed
by Jantzen (see Exercise 1.21); the conjecture also holds in these cases. Shortly
thereafter, as further evidence for his conjecture, Lusztig proved (independently of

"See Exercise 1.22 for this computation.



62 CHAPTER 1. REPRESENTATION THEORY OF REDUCTIVE GROUPS

the conjecture) in [L3] a formula for characters of induced modules which follows
from Conjecture 4.6; see §4.5 below for details.

A few years later, in [KKa] Kato proved some formulas for Kazhdan—Lusztig
polynomials for the Coxeter system (Wag, Sar), and used them to show that Con-
jecture 4.6 holds iff the formula (4.8) holds for any w € W,g which satisfies (4.7)
and such that w -, A is dominant restricted. This suggests to modify the conjecture
slightly and say that the formula (4.8) should hold for any w € W,g such that w-, A
is dominant restricted, for any p > h. An important aspect of this result is that
it reduces the proof of Lusztig’s conjecture to proving a collection of formulas, the
cardinality of this collection being independent of p. (More precisely, this cardinal-
ity is the number of alcoves contained in (2.9), which can be shown to be equal to
the quotient of #W by the cardinality of the fundamental group of fA.)

In the early 1990’s, Lusztig proposed a program for solving his conjecture, see
e.g. [L4]. This program involved the versions of the quantized enveloping algebras
at roots of unity that he had introduced a few years before, and proposed three
main steps:

(1) show that the characters of simples G-modules attached to restricted dom-
inant weights in the Wog-orbit of 0 are equal to similar characters for the
quantum groups at a root of unity;

(2) build a bridge relating quantum groups at a root of unity and some cate-
gory of representations of affine Lie algebras (over the complex numbers);

(3) build a “localization theory” for affine Lie algebras, relating their represen-
tations to some category of D-modules on an affine flag variety, analogous
to the constructions for complex semisimple Lie algebras due to Beilinson—
Bernstein and Brylinski-Kashiwara (which led to the first proof of the
Kazhdan—Lusztig conjecture).

With these three steps completed, one would obtain a proof of the conjecture by
passing from D-modules to perverse sheaves via the Riemann—Hilbert correspon-
dence, and then using the computation of dimensions of fibers of intersection coho-
mology complexes on affine flag varieties in terms of Kazhdan—Lusztig polynomials
due to Kazhdan-Lusztig | ].

This program was tackled in the following years. A solution for step (2) was

obtained by Kazhdan—Lusztig | | and Lusztig [L6], and a solution for step (3)
was obtained by Kashiwara—Tanisaki [I{'T]. Step (1) however revealed more subtle
than expected. Namely, in | ] the desired equality was proved, but under the

assumption than p is bigger than a non explicit bound depending on $R. Combining
all these works, one therefore obtains that given a root datum A, there exists a
bound N(A) such that, for any algebraically closed field k with char(k) > N(A),
Conjecture 4.6 holds for the connected reductive algebraic group over k with root
datum A. But no estimate of N(A) can be obtained from the techniques used for
the proof in | ]. This situation is described by Soergel in [S5] in the following
terms: “It is proven up to mow that this conjecture is valid for every given root
system in sufficiently high characteristic. If however the root system is none of
A1, Ay, As, Bs, Gy, one does not know for a single characteristic whether it is
sufficiently high.”

In the late 2000’s, Fiebig found a new way to relate the “combinatorial cate-
gory” constructed by Andersen—Jantzen—Soergel, which played a crucial role in the
proofs in | ], to perverse sheaves on affine flag varieties. Using this tool, he
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was able to give a new proof of Lusztig’s conjecture in large characteristics (in the

same sense as above) in [F'3], and then to provide an explicit bound over which the
conjecture holds in [F'4]. These results make the status of Lusztig’s conjecture a
bit more satisfactory; however the bound obtained in [F4] is difficult to compute

in practice, and in any case several orders of magnitude bigger than the expected
bound, namely the Coxeter number h.

The next important contribution is due to Williamson. In [W3] he provided a
family of examples, for the special case of the group G = GL,,(k), which show (using
some results from number theory due to Kontorovich, McNamara and Williamson,
see the appendix to [W3]) that there cannot exist any polynomial P € Z[X] such
that Conjecture 4.6 holds for the group GL, (k) provided that char(k) > P(n).
In particular, the expected bound for the validity of Conjecture 4.6 (namely h,
which equals n in this case) is not sufficient, and in fact no polynomial in & can
be sufficient. The construction of these counterexamples is based on a relation
between Soergel’s modular category O (see Section 3) and the Soergel bimodules
associated with (W, .S) and its action on k ®z X, proved by Soergel in [S5], and a
description of the category of Soergel bimodules by generators and relations due to
Elias-Williamson | ]; see Chapter 5 for details. So, in fact, what these exam-
ples contradict is not directly Lusztig’s conjecture, but rather a consequence of this
conjecture which can be seen in the combinatorics of the category Ok; see Propo-
sition 4.10 below. Williamson published later a different proof of these counterex-
amples in [W4], where the arguments involving | ] are replaced by geometric
considerations involving the singularities of Schubert varieties.

4.5. Relation with characters of induced modules. In this subsection
we explain how one can deduce from Conjecture 4.6 a formula for dimensions of
weight spaces of induced modules in terms of Kazhdan—Lusztig polynomials. This
formula was in fact proved independently of the conjecture by Lusztig in [L3], which
provided further evidence for the truth of Conjecture 4.6. This result was also the
starting point of a very fruitful subject, namely the geometric Satake equivalence;
see [ ].

Fix A € X*. We are interested in computing the dimension of N()), for any
p € X. In fact, by Lemma 1.11 we can (and will) assume that u € X*. As explained
in §1.9, this dimension does not depend on p; we will therefore assume that p > 0,
and more precisely that p > h and that

NaYy<p—h+2

for any o € RT. As explained in Remark 4.7(4), this condition implies in particular
that A € C, so that that L(\) = N(\). By (2.3) we then have L(pA) = Frg(N())),
which implies that

(4.9) ch(L(pA) = Y [dim(N(\),) - > e

pEXT veW (u)

On the other hand, for n € X we set

Zw (_1)6(1“)610.”
X(n) = S
Ywew (=1 e
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It isclear from definition that for any w € W and n € X we have

(4.10) X(w e n) = (=1)"x(n).
We also have

Z (wn) = Zy,weW(*1)e(y)ey(w(n)+ﬂ)*p
e ZZGW<_1)€(Z)62(P)—9

weWw

—1)¢W) ey(p)—p
-y gotm) . Zyew (Z1)"e

> cw (DG =) p

zeW

=3 el

zeW

where in the second line we set = yw. Applying this to n = pu and dividing by
the order of the stabilizer W, of i (a standard parabolic subgroup of W) we deduce

that
dooer= > x(w)

veW (u) veW (u)

_ Z e (pp)

weWr

= Y D) —p+w(p),
weWr

where W# C W is the subset of elements w which are minimal in wW*, and where
the third equality uses (4.10).
Using this equality in (4.9), we obtain that

ch(L(pA) = (dim(N(A)u)- > (—1)‘““’)X(pu—p+w_1(p))>~

pexXt+ weWr
Here each pu — p + w™!(p) is dominant. Indeed, for a € R, if (u, @) > 0 then

(i —p+wt(p),a") = (pu+w=(p),a’) =1>p =1+ (p,w(a)"),

and the right-hand side is nonnegative because p > h. On the other hand, if
(u, @) = 0 then s, € W, so that ws, > w, which implies that w(a) € RT, and
finally that

(p—p+wt(p),a") = (p,w(a)”) =1 >0.

Using this fact and Weyl’s character formula (see §1.9), the formula above can
be written as

lLitr50) = (dim(N(Am- S (D (NGt - 0>)>.
peEX+ weWr

Our assumption on p implies that the element t), € Woy satisfies the condition
in (4.7); comparing the formula above with that in (4.8) (see also Remark 4.7(2)),
we deduce that for any p € Xt N (X + ZR) we have

hwot;uwoh (1) = dim(NO‘)u)'
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4.6. Consequence for Soergel’s modular category O. In this subsection
we assume that G is semisimple and simply connected, and that p > h. Recall
the category Ok from Section 3. Our goal is to explain that, if Lusztig’s conjecture
holds, then one can express the multiplicities of the simple objects (L, : y € W)
in Ok in the costandard objects (N, : y € W) in terms of the Kazhdan-Lusztig
combinatorics of the group W.

Here we find it convenient to work with the extended affine Weyl group Weyy
(see Remark 2.26 and Remark 4.5). In fact, for any y € W we have

(p—Dp+ylp) = (toy) » 0,
so that we will consider the elements (t,y : y € W) of Wey. We will assume
that (4.7) holds for these elements and A = 0, i.e. that

(411) Yy € W, [L((0=Dp+y(p)] = D (=1 Dy i,y (1)-[N(2-,0)]
TE€Wext
xTOEX+

in [Rep(G)].

REMARK 4.9. Lusztig’s original conjecture predicts that (4.11) holds only if the
weights in the alcoves containing (p—1)p in their closure satisfy the condition (4.7).
However, these weights certainly satisfy

A+ p,aY) < ph
for any a € SR™, hence the condition is satisfied at least if p > 2h — 2.
The following statement is implicit in [S5].
PRrROPOSITION 4.10. Under the assumptions above, for any x,y € W we have
[Ny : L] = hy o (1).
The proof of Proposition 4.10 will require the following preliminary lemma.
LEMMA 4.11. For any x,y € W we have hwotpz’wotpy = Rwow,woy-

SKETCH OF PROOF. It would probably be possible to give a combinatorial
proof of this lemma; but we will rather use arguments from geometry. Namely,
thanks to results of Kazhdan—Lusztig [ ], it is known that the polynomials
huwow,wor With , 2" € Wexy of minimal length in their cosets Wz, Wz’ compute the
local intersection cohomology groups of Iwahori orbits on the affine Grassmannian
attached to the complex reductive group GV which is Langlands dual to G (see
REF below for details), while the polynomials (h, . : z,2" € W) compute the lo-
cal intersection cohomology groups of the Bruhat orbits in the flag variety of GV.
Since the elements ¢, (¢ € W) are minimal in their coset since they satisfy the
condition 2.10, the lemma is thus a consequence of a geometric relation between
the corresponding orbits.

More specifically, consider the loop group LGV associated with GV, and the
corresponding arc group LTGY (see §4.1 in Chapter 3 for details). Let also BY be
the negative Borel subgroup of GV, and let IV be its inverse image of BY under the
morphism LTGY — GV sending the indeterminate z to 0. Then one can consider the
“opposite” affine Grassmannian Gr’ := LTGV\LGY, and the action of IV induced
by multiplication on the right. The orbits for this action are naturally parametrized
by Wk, and as explained in Section 4 of Chapter 3 the graded dimensions of
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the stalks of the intersection cohomology complexes (with rational coefficients)
associated with these orbits are computed by the polynomials (hygzwes @ T, & €
Wext)-

Consider also the “opposite” flag variety BV\G" and the action of BY induced
by multiplication on the right. By the Bruhat decomposition, the orbits for this ac-
tion are naturally parametrized by W, and as explained in Theorem 1.3 in Chapter 3
the graded dimensions of the stalks of the intersection cohomology complexes (with
rational coefficients) associated with these orbits are computed by the polynomials
(hyy 2y, y" € W).

We now consider the L™GV-orbit

Gr) .= LTGY\L*G"2"L*G"

in Gr’, which is the union of the IV-orbits associated with the elements (¢,z :
x € W). Tt is well known that there exists a canonical L™ GY-equivariant morphism
Gr), = BY\GY (where LTG" acts on BY\G" via the natural morphism LG" — GV
and the action of GV induced by multiplication on the right) which is Zariski locally
trivial with fiber an affine space; in particular this morphism is smooth. This
morphism sends the point LTGY\L*G2” to BY\BYwy, hence for an z € W it
sends the IV-orbit associated with ¢,z to the BY-orbit associated with woz.
Let us now fix y € W. The pullback under the open embedding

/ !
Grp — Grp

of the intersection cohomology complex associated with the IV-orbit of ¢,y in Gr’
is the intersection cohomology complex associated with this same orbit, now seen
in the variety Gr/p. Hence the graded dimensions of the stalks of the latter complex
are computed by the polynomials (hwotpm’wotpy :x € W). On the other hand, this
intersection cohomology complex also identifies with the shifted pullback under the

smooth morphism Gr), = BY\G" by | , §4.2.6] (see also [Ac, Corollary 3.6.9]).
Since the graded dimension of the stalks of the latter complex are computed by the
polynomials (hg wyy @ € € W), we deduce the desired equality. a

Now we can give the proof of the proposition.

PROOF OF PROPOSITION 4.10. One can easily check using (2.7) that for any
x € W we have £(t,x) = £(t,) — {(z); therefore the formula (4.11) implies that for
x € W we have

L] = > (D) O O hy gt (1) - [Ny
yeWw

in [Ok]. In view of Lemma 4.11, this implies that
[Lal = 32 (D O by a (1) - IN,
yeWw

again for any x € W. Now recall that the Kazhdan—Lusztig inversion formula
(see [S3, Remark 3.10]) states that for z,z’ € W we have

Z <_1)€(2)+é(u)hu,zhuwoyz'wo = 62,2"
ueWw
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Hence the formula above can be inverted to obtain that for any y € W we have
[Ny] = Z hwoywmwowwo(l) - [La]-
zeW

We conclude using the fact that the map z — wpzwg induces an automorphism of
the Coxeter system (W, .S), so that for y,w € W we have huwgywe,wowwo = Ry,w- O






CHAPTER 2

Soergel bimodules in their various algebraic
incarnations

Soergel bimodules are certain graded bimodules over a polynomial algebra, at-
tached to a choice of a Coxeter system (W,S) and a representation of W, which
can often be used to relate categories of different origins. They were initially in-
troduced by Soergel [S7] (under the name “special bimodules”), as an abstraction
of some objects that appeared in his study of category O of a complex semisim-
ple Lie algebra (see [S1]) and of Harish-Chandra bimodules (see [S2]). Since then
they have proved to be invaluable tools in Geometric Representation Theory, in
particular because of their great flexibility of use. In this chapter we explain three
incarnations of these objects, which make sense (and behave in the expected way)
in various levels of generality: the original definition of Soergel (see §1), a “dia-
grammatic” variant introduced by Elias-Williamson (see §2), and finally a more
recent incarnation due to Abe (see §3). The latter two play important roles in the
geometric approach to representations of reductive groups (see Chapter 6), while
the former one is important in the construction of Williamson’s counterexamples
(see Chapter 5) and for historical reasons.

Soergel bimodules are also closely related to the parity complexes that will be
studied in Chapter 3 so that these objects can also be considered a “topological”
incarnation of Soergel bimodules. There are other interesting incarnations that we
will not discuss here, like sheaves on moment graphs. For a thorough study of this
subject, we refer to [ ]; for a brief introduction to Soergel bimodules and
a presentation of one of the most exciting recent developments in this subject, we
refer to [R1].

1. “Classical” Soergel bimodules

1.1. Origin: total cohomology of semisimple complexes on flag va-
rieties. Let us start by explaining how one can construct interesting families of
bimodules out of semisimple complexes on flag varieties. Consider a complex con-
nected reductive algebraic group ¢ with a choice of Borel subgroup % and maximal
torus Z contained in #. Let W be the Weyl group of (¢,7), and S C W be the
system of Coxeter generators determined by B. Let 2 := ¥ /% be the flag variety
of ¢4, and consider the %B-equivariant derived category

Diy(2,Q)

of sheaves of Q-vector spaces on 2" (with respect to the obvious action by left
multiplication). (The reader not familiar with equivariant derived categories is
referred to [BL] or to [Ac, Chap. 6].) A standard construction provides a monoidal
product *¢ on this category; see [Ac, §7.2] for details. Recall that the Bruhat

69
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decomposition provides a stratification

(1.1) 2 =] 2

weW
of 27, see (1.1) in Chapter 3. On the category D%(2°,Q) we have the perverse
t-structure, and the general theory of perverse sheaves tells us that the simple
objects in the heart of this t-structure are parametrized by W, via the assignment
to w € W of the intersection cohomology complex

ICU; = IC(%U; Q)

associated with the constant local system on the stratum 2,.
We will denote by

the full subcategory whose objects are the semisimple complexes, i.e. the direct sums
of cohomological shifts of objects ZC,, (w € W). Tt follows from the decomposition
theorem (a deep result in the theory of perverse sheaves) that this subcategory is
stable under the convolution product xg; see [Ac, Proposition 7.2.6] for details.
(This crucially relies on the fact that our coefficient field, here @, has characteristic
0.) This category is a Krull-Schmidt category,' and its isomorphism classes of
indecomposable objects are in bijection with W x Z via the map

(w,n) — ZCy[n].

REMARK 1.1. The category IC» (2", Q) is in fact the category of parity com-
plexes in D% (2", Q); see REF in Chapter 3.

Consider the character lattice X*(.7) of .7, and the Q-algebra
R:=S(Q®z X*(7)),
which we endow with the grading such that Q ®z X*(.7) is in degree 2. We will
denote by
R-Mod”-R
the abelian category of Z-graded R-bimodules,”? and consider the functor
H: D%(2,Q) — R-Mod”-R

defined as follows. Given F in D%( Z,Q), the underlying graded Q-vector space
of H(F) is
H%(2, F) = @ HL(Z, F)
ne”Z
with the obvious grading. (Here, Hg denotes equivariant cohomology; see [Ac,
§6.7].) To explain the R-bimodule structure, or in other words the action of R®g R,
on this object, recall that since the unipotent radical of £ is unipotent the natural
morphism

H%(pt; Q) — H%(pt; Q)

LAn additive category is called Krull-Schmidt if any object has a decomposition as a direct
sum of indecomposable objects with local endomorphism rings. In this case, any object has a
unique decomposition as a direct sum of indecomposable objects up to permutation and isomor-
phisms, and an object is indecomposable iff its endomorphism algebra is a local ring. For basic
properties of this notion, and references, see e.g. [ , Appendix A].

2See §0.9 for our conventions on bimodules.
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is an isomorphism (this follows e.g. from [Ac, Theorem 6.6.16]), and that the right-
hand side identifies canonically with R (as a graded ring), see [Ac, Theorem 6.7.7].
Similarly, we have a canonical identification
H%x 2 (Pt Q) = R &g R.
Now it follows e.g. from [Ac, Theorem 6.5.9] that we have a canonical isomorphism
HE(27Q) = Hy (¥ Q)
where # x % acts on ¢ via (b,c) - g = bgc™! for b,c € B and g € 4. We therefore
have a natural morphism of graded algebras
R®g R — H%(Z; Q).

By construction H(F) has a canonical action of H%(2";Q); using this morphism
it therefore acquires a natural action of R ®g R, which finishes the construction of
the functor H.

For any r € Z we will denote by

(1.2) (r) : R-Mod”-R — R-Mod”-R
the “shift of grading” autoequivalence which sends an object M to the graded
bimodule whose n-th graded piece is

(M(r)" = M

for any n € Z (with the same R-actions as M). Then it is clear that the functor H
satisfies
Ho[1] = (1) o H.
The following result is proved in [S6, Proposition 2].

ProrosITION 1.2. The functor
H:1C2(2,Q) - R-Mod*-R

is fully faithful. In other words, for any w,y € W and n € Z this functor induces
an isomorphism

REMARK 1.3. (1) Basic commutative algebra shows that if M, N are gra-
ded R-bimodules with M finitely generated, the canonical functor

@D Hom g yoaz_r (M, N(n)) — Hompg,r(M, N)

neZ
is an isomorphism. In this way one sees that Proposition 1.2 is indeed
equivalent to [S6, Proposition 2].

(2) Proposition 1.2 is an “equivariant” version of an earlier result for nonequiv-
ariant cohomology also due to Soergel, see [S1, Erweiterungssatz 5]. These
statements are connected via the fact that for any F in 1C2(Z2",Q) we
have a canonical isomorphism

(1.4) Q®@rHR(Z,F) = HY(Z, F)
where Q is seen as the trivial R-module. (This fact follows from stan-
dard considerations involving an appropriate spectral sequence and parity

vanishing, once one knows that, for any w € W, H*(2",ZC,,) is concen-
trated in degrees of the same parity as ¢(w).) For a generalization of the
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nonequivariant version to a larger geometric setting, see [Gi]. For yet
another proof, see | , Proposition 3.4.2].

(3) This result has variants for flag varieties of Kac-Moody groups; see [HA]
and (in an étale setting) [BY, Proposition 3.1.6].

(4) Proposition 1.2 also has versions for parity complexes (with arbitrary co-
efficients), where on the right-hand side one considers morphisms as mod-
ules over the equivariant cohomology ring of the flag variety; see | ,
Proposition 3.13 and Remark 3.19]. For an earlier “non equivariant” vari-
ant, see | , Theorem 4.1].

Proposition 1.2 implies that the structure of the category IC4 (2", Q) is reflected
in a certain full subcategory of R-Mod?%-R. To proceed further one has to identify
the essential image of H. This is equivalent to describing the image of the objects
ZCy; but in fact it turns out to be much easier to describe the image of another
family of objects. Namely, for any expression w = (s1,--- , 8,), we set

ICH = ICSI *B kR ICST.

These objects “generate” the category ICg (2", Q) in the following sense. If w € W,
and if w is a reduced expression for w, then ZC,, is a direct summand of ZC,, (see
the proof of Theorem 1.3 in Chapter 3). As a consequence, IC4(2",Q) is the full
subcategory of D%(% , Q) whose objects are the direct sums of cohomological shifts
of direct summands of objects ZC,, for expressions w.

On the other hand, for any s € S we consider the subalgebra R®* C R of
s-invariant elements, and set

B"™ .= R@p. R(1) € R-Mod*-R.
Next, given an expression w = (s1,--- , S;), we set
Bgm = Bﬁim QRr QR B];)im = R®pgs1 - Qpsr R(1).
The following statement is the main step of the proof of [S6, Lemma 5].

PROPOSITION 1.4. For any expression w there exists a canonical isomorphism
H(ZC,) = BY™.
The proof of Proposition 1.4 in [S6] proceeds by induction on the length of w

to reduce to the case of words of length 1, which is standard. In fact one can endow
H with the structure of a monoidal functor to streamline this argument; see [BY,

Proposition 3.2.1] or [Ac, Proposition 7.6.9].
REMARK 1.5. (1) Once again Proposition 1.4 has an earlier “nonequiv-
ariant” version in [S1, §3].
(2) For extensions to Kac-Moody flag varieties, see [Hi] and [BY, §3.2].
For versions for parity complexes, see | , Proposition 3.11] or [Ac,

Theorem 7.6.11].

Let us now denote by X, (.7) the cocharacter lattice of .7 (which identifies to
the dual of X*(.7)), and consider the full subcategory SBim(W,Q ®z X.(.7)) of
R-Mod”-R whose objects are the direct sums of grading shifts of direct summands
of objects BP™ (for w an expression). It is clear from this definition that the tensor
product of graded R-bimodules endows this category with a monoidal structure,
and Propositions 1.2 and 1.4 (and the comments above) imply that this category
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is equivalent to IC4 (2", Q) as a monoidal category; this is exactly the category of
Soergel bimodules associated with the Coxeter system (W, S) and the representation
Q®z X.(T) of W.

The description of indecomposable objects in IC(.2", Q) in terms of the “Bott—
Samelson objects” ZC,, can be transferred to the category SBim(W, Q ®z X.(.7))
via the equivalence H. Namely, for any w € W we set

(1.5) BPIm .— H(ZC,,).

Then BP™ is an indecomposable object in SBim(W,Q ®z X.(7)), and the as-
signment (w,n) ~ BPi™(n) induces a bijection between W x Z and the set of
isomorphism classes of indecomposable objects in SBim(W, Q ®z X..(7)). The ob-
ject BEI™ can be characterized intrinsequely as follows: for any reduced expression
w for w, BEM™ is the unique indecomposable direct summand of BE™ which is not
isomorphic to a direct summand of B‘;im(n) for some expression y of length strictly

smaller than ¢(w) and n € Z. (This follows from the similar characterization of
ZC, in terms of the objects ZC,.) These statements are prototypes for the main
results in the theory of Soergel bimodules.

REMARK 1.6. As explained in Remarks 1.3 and 1.5, what Soergel initially intro-
duced are not the bimodules considered above, but the associated Soergel modules,
i.e. the objects one obtains by tensoring on the right with the trivial R-module
Q. (See §1.9 below for more on Soergel modules.) The bimodules for (W, S) and
Q®z X, (7) as above were introduced in [S2], considered again in [S6], and finally
studied algebraically and in a more general context (as explained in §1.4 below)
in [S7].

1.2. Reflection faithful representations.

1.2.1. Definition. As explained above the initial data for the definition of So-
ergel bimodules are a Coxeter system (W, S) and a finite-dimensional representation
V of W over some field k. The definition makes sense for any representation, but
for these objects to behave in a reasonable way one needs to impose a technical
condition on V that Soergel called reflection faithful, and that we now explain.

Denote by 7 C W the set of reflections in W, i.e. of conjugates of elements of
S. A finite-dimensional representation V' of W over a field k with char(k) # 2 is
called reflection faithful if it is faithful and if for x € VW we have

(1.6) dim(V*) =dim(V)-1 & z€T.
Let us note some easy “stability” properties of this notion.

LEMMA 1.7. Let V be a finite-dimensional representation of VW over the field
k.

(1) If I C S is a subset and if V is a reflection faithful representation of
(W, S), then the restriction of V' to Wy is a reflection faithful representa-
tion of Wr, I).

(2) IfK is an extension of k, then k' @V is a reflection faithful representation
of W,S) (as a representation over K') if and only if V is a reflection
faithful representation of (W, S).

(3) V is a reflection faithful representation of (W,S) iff the contragredient
representation V* is a reflection faithful representation of (W, S).
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PROOF. (1) This follows from the definition and the fact that any element in
Wi NT is areflection for (Wy, I), i.e. is Wi-conjugate to an element of I, see [Da,
Lemma 4.2.3].

(2) This follows from the fact that the dimension of the kernel of a matrix with
coefficients in k is the same as the dimension of the kernel of that matrix regarded
as a matrix with coefficients in k'.

(3) This follows from the fact that the kernel of a matrix and of its transpose
have the same dimension. (]

There are 2 natural families of representations of Coxeter systems which are
known to satisfy this definition, which we now explain.

1.2.2. Soergel’s representation. Given any Coxeter system (W, S), one can con-
sider a R-vector space V endowed with a linearly independent family (es : s € S) C
V and a linearly independent family (e : s € §) C V* which satisfy, for any
s,t €S,

—2cos(m/msy) if (s,t) € 8%
(et,ez)y =42 if s =t;
-2 if s #t and (s,t) is infinite.

Then the formula
s-v=v—(v,el)es

defines a reflection faithful representation of (W, S) on V. For a proof of this fact,
we refer to [S7, §2]. (In this reference it is assumed that V' has minimal dimension
among R-vector spaces admitting such data, but this condition is not used.)

REMARK 1.8. Recall the geometric representation of Coxeter groups, see [Mi].
Namely, let (W,S) be a Coxeter system, and set V = RS, with canonical basis
(es : s € §). We define a symmetric bilinear form (—,—) on V by setting for
s, tesS

—cos(m/msy) if (s,t) € S
(s ) =41 if s =1;
-1 if s #t and (s,t) is infinite.

By [Mi, Lemma 5.10], the assignment
s (=2 —2(z,e5)es)

extends to a representation of YW on V. In case W is finite, the bilinear form (—, —)
is positive definite (in particular, non-degenerate), see [VIi, Proposition 5.14]. One
can therefore choose for V' as above this vector space, with the family (es : s € S),
and the family (e : s € §) defined by e’ = 2(es, —). In particular, the geometric
representation is reflection faithful if W is finite.

For general W, the geometric representation is faithful (see [Mi, Lemma 5.11]),
but it is not always reflection faithful (see | , Example 5.34]). Note that the
main results of the theory of Soergel bimodules still apply for this representation

thanks to the results of [Li2].
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1.2.3. Representations arising from Kac—Moody algebras. The other example
arises in the theory of Kac-Moody groups and algebras. Namely, let A = (a; ;)i jer
be a generalized Cartan matrix, with rows and columns parametrized by a finite
set I, and let

(h, (e s i €1),(af :i€T))

be a realization of A over Q in the sense of | ]. Concretely, this means that
is a finite-dimensional Q-vector space, (a; : ¢ € I) is a collection of elements in h*
parametrized by I, (o : i € I) is a collection of elements in b parametrized by I,
and we assume that:

(1) the sets (a; : i € I) and («) : @ € I) consist of linearly independent

vectors;

(2) for any i,j € I we have (o), ;) = a;j;

(3) dim(h) = #I 4 cork(A).
(For more about this construction, see [Ca, §14.1], replacing the field C by Q.
Note in particular that these data are unique up to isomorphism, see [Ca, Propo-
sition 14.3].)

To each generalized Cartan matrix A one can associate a Coxeter system (W, S)
using the following recipe. The set of simple reflections S is equipped with a fixed
bijection S =+ I (denoted by s + i), and for distinct s,¢ € S, the order of st is
determined by the following rule:

Qi Aigig | Mst
0 2
1 3
2 4
3 6
>4 00

In particular we have mg,; € {2,3,4,6} for any (s,t) € S2; the Coxeter systems
which satisfy this condition are called crystallographic.
It is a basic fact in the theory of Kac-Moody algebras that the assignment

s (A= A= (al,A}ais)

defines an action of W on C ®q bh*, see | , Proposition 3.13] or [Ku, Defi-
nition 1.3.1 and Proposition 1.3.11]; since these automorphisms are induced by
automorphisms of h*, it follows that the same recipe defines an action of ¥V on bh*.
This representation turns out to be reflection faithful. In fact, by Lemma 1.7(2) it
suffices to prove that the representation on C ®g h* is reflection faithful. Faithful-
ness follows from the fact that W can be defined as a subgroup of GL(C ®q h*),
see [Ku, Definition 1.3.1]. (See [KKu, Proposition 1.3.21] for the identification with
the group defined above.) The condition (1.6) is checked in [KKu, Lemma 11.2.2].
By Lemma 1.7(3), the representation b is also a reflection faithful representation of
w,S).

REMARK 1.9. See [R1, Proposition 1.1(2)] for a different proof of the fact that
this representation is reflection faithful, based on the arguments in [S7, §2], under
the additional assumption that A is symmetrizable.

1.2.4. More representations arising from Kac—Moody theory. Let again A be
a generalized Cartan matrix, whose rows and columns are parametrized by some
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finite set I. Recall that a Kac—Moody root datum associated with A is a triple
(X, (a; i €1),(a)f 17 €1))

where X is a finite free Z-module, (o; : @ € I) is a family of elements of X
parametrized by I, and (o : i € I) is a family of elements of XV := Homgz(X,Z)
which satisfy

(o o) = aiy,
see [Ti]. Asin §1.2.3, to A we associate a Coxeter system (W, S); once again, it is
a basic fact that the assignment

s> (A= A= <04;/S7)\>0415)
defines an action of W on X, see [T, §3.1].

ExXAMPLE 1.10. Let ¢ be a connected reductive algebraic group (over some
algebraically closed field) with a choice of Borel subgroup % and maximal torus
T C P, with associated Cartan matrix A and Weyl group (W, S). Then A is a
generalized Cartan matrix (called of finite type), the associated Coxeter system is
(W, S), and one can take for X the character lattice X*(.7), for (o : i € I) the
collection of simple roots, and for («) : i € I) the collection of simple coroots. The
associated Coxeter system is the pair (W, .S) where W is the Weyl group of (¥, 7)
and S is the system of Coxeter generators determined by £, and the associated
representation over Q is that considered in §1.1.

Given any field k, one deduces a representation of W with underlying vector
space k ®z X. In general this representation is not faithful, hence a fortiori not
reflection faithful. (For instance, if p = char(k) > 0 and W is infinite this repre-
sentation cannot be faithful because it factors through an action on I, ®z X and
GL(F, ®z X) is finite.)

We claim that the representation b considered in §1.2.3 is a special case of this
construction, with k = Q. In fact, consider a triple (b, (o; : ¢ € I), (o) : i € I)) as
in §1.2.3. Let (vj : j € J) be a set of vectors in h such that

o (o :ieI)U(vj:jeJ)isaQ-basis of h;

e forany i€l and j € J, (o, v;) € Z.
(Such a family of vectors exists: it suffices to start with any family that completes
(o) : i € 1) to a basis, and then to multiply these vectors by appropriate integers
to ensure that the second conditions is satisfied.) Set

Y = (@Zcﬂ)@ @Zvj Ch

il jed
and X := Homy(Y,Z). Then we have an identification
(1.7) X={ ebh"|Viel, (\a)€Zand Vj € J, (\v;) € Z},
and natural isomorphisms
Q®zY =bh, Q®zX5p"

Each o} belongs to Y, and under the identification (1.7) each a; belongs to X.
Hence the triple (X, (o; : ¢ € I),(e) : i € I)) is a Kac-Moody root datum for A,

K3
and the associated representation over Q is b.
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There is another special case of this construction which does produce reflection
faithful representations. Namely, let ¢4 be a simply connected semisimple algebraic
group (over some algebraically closed field F), with a Borel subgroup # and a
maximal torus 7 C A. If we denote by X = X*(7) the character lattice of
T, by (a; : i € I) the basis of the root system of (¢,.7) determined by 4, and
by («f : i € I) the associated coroots, then (X, (a; : i € I), (o) : ¢ € I)) is
a Kac-Moody root datum associated with the (generalized) Cartan matrix A =
(o), @j))i jer, see Example 1.10. In this setting, it is proved in [Li3, Appendix A]
that the representation of W on k ®7z X is a reflection faithful representation of
(W, S) if char(k) ¢ {2, 3}.

The categories of Soergel bimodules and Soergel modules in this case are closely
related to the categories of parity complexes on ¥ /%, as explained in case k = Q
in §1.1. This observation can be used to study them without reference to the general
theory, even in the case when char(k) > 0; see [S5] and | ] for this approach.

1.3. Soergel bimodules. From now on we fix a Coxeter system (W,S) and

a finite-dimensional representation V of W over a field k whose characteristic is not
2. We set

R:=S(V").
(Here R can be interpreted geometrically as the algebra of functions—in the sense of
algebraic geometry—on V' seen as an affine space over k.) We endow this k-algebra
with the grading such that V* is concentrated in degree 2, and then consider the
category

R-Mod”-R

of Z-graded R-bimodules. This category admits a monoidal structure, with product
the tensor product ® g over R (for the right-action on the left factor, and the left
action on the right factor). We define the “shift of grading” equivalences (r) as
n (1.2) (for r € Z).

The algebra R also admits an action of W by graded algebra automorphisms,
induced by the action on V. For any s € § we denote by R* C R the subalgebra of
s-invariant elements, and set

BP™ .= R@ps R(1) € R-Mod*R.

Recall that a reflection of a finite-dimensional vector space (over a field whose
characteristic is not 2) is an endomorphism whose square is id and which acts as
the identity on a hyperplane. Note that our assumption on char(k) implies that
such an endomorphism is diagonalizable, with eigenvalues 1 and —1; the associated
eigenspaces have dimension dim(V) — 1 and 1 respectively.

LEMMA 1.11. Assume that s acts on V as a reflection, and let « € V* be
an element such that s(a) = —a. Then, as a graded R*-module, R is graded free
with basis (1,a). As a consequence, as graded left R-modules (or as graded right
R-modules) we have

BM™ >~ R(1) ® R(—1).

PROOF. If s acts as a reflection on V, then it also acts as a reflection on V*.
Hence there exists a hyperplane H C V* on which s acts as the identity and such
that

Vi=Hok-a.
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Then we have
R=EPS(H)-a",
n>0
and
R*= P S(H)-a"

n>0
n even

The first claim is then clear. This claim implies that as graded left R*-modules (or
as graded right R®-modules) we have R = R® @ R*(—2). The claim about BP™
follows. O

Next, for any expression w = (s1,--- , $,) we set
Bzm = Bfim ®r- - QR B';im = R®ps1 -+ Qper R(1).

(By convention, this tensor product is interpreted as R with its canonical bimodule
structure in case r = 0, i.e. w is the empty word.) These bimodules are sometimes
called Bott-Samelson bimodules, because of their relation with Bott—Samelson res-
olutions of Schubert varieties (see REF).

It is clear that if w and y are expressions we have

8™ o B = Bl
where wy is the word obtained by concatenation of w and y. Lemma 1.11 implies
that if each element in S acts on V as a reflection, then BR™ is graded free as a
graded left R-module and as a graded right R-module (with a graded rank which
can easily be computed).

The category SBim(W, V') of Soergel bimodules associated with (W, S) and the
representation V' is the full subcategory of R-Mod”Z-R whose objects are the direct
sums of grading shifts of direct summands of objects BE™ (for w a word in S).
There is no reason to expect that this category is well behaved for an arbitrary
choice of V. But the magic of this theory is that the properties observed in §1.1

(for a very specific choice closely related to geometry) continue to hold when V is
reflection faithful.

REMARK 1.12. The category R-Mod”-R admits an autoequivalence ¢ that
switches the left and right actions of R. This autoequivalence is “anti-monoidal”
in the sense that for M, N in R-Mod”-R there exists a canonical isomorphism

P(M ®@r N) = o(N) @r p(M).

It is clear that ¢(Bb™) = BP™ for any s € S, hence for any expression w the bi-
module ¢(B$m) is the bimodule associated with the expression obtained from w by
reversing the order of the simple reflections. In particular, ¢ stabilizes SBim(W, V).

A simple property which is true under a much weaker assumption is that
SBim(W, V) is a Krull-Schmidt category if each element in S acts on V' as a re-
flection. Indeed, consider first the abelian full subcategory of R-Mod“-R whose
objects are the graded bimodules which are finitely generated (as bimodules). For
any M, N in this subcategory we have dimHomp poqz.p(M, N) < oo. In view
of | , Remark A.2] it follows that this subcategory is Krull-Schmidt. It follows
that the subcategory of R-Mod?-R whose objects are the graded bimodules which
are finitely generated as left R-modules is Krull-Schmidt too. This subcategory
is easily seen to be stable under the tensor product ®pg, direct sums, and direct



1. “CLASSICAL” SOERGEL BIMODULES 79

summands. Lemma 1.11 shows that it contains each BY™; it therefore contains
SBim(W, V), which is therefore Krull-Schmidt.

Under the same assumption, Lemma 1.11 implies that any object of SBim(W, V')
is finitely generated projective as a graded left R-module (or right R-module), hence
that it is in fact graded free (both as a left R-module and as a right R-module, but
of course not as an R-bimodule).

REMARK 1.13. By Lemma 1.7(1), for any I C S the restriction of V' to Wy
is a reflection faithful representation of Wy, I). If w is an expression for (Wy, I),
then it can be considered as an expression of (W,S), and the bimodules BY™ are
the same for the two possible interpretations of w. It follows that SBim(W;, V) is
contained in SBim(W, V) (as full subcategories of R-Mod”-R).

1.4. Structure for reflection-faithful representations. We now assume
that V' is reflection faithful, and that k is infinite. The first main result on Soergel
bimodules is the following theorem; see [S7, Theorem 1.10].

THEOREM 1.14. There exists a unique ring homomorphism
e:How,s) = [SBImOW,V)]g
such that €(v) = [R(1)] and e(H,) = [BP™].

In view of Remark 4.2 in Chapter 1, there is an obvious strategy for prov-
ing Theorem 1.14. The Z-module [SBim(W,V)]g has a ring structure induced by
the monoidal product on the category SBim(W, V). One turns this ring into a
Z[v,v~']-algebra by defining the action of v as multiplication (on the left or on the
right) by [R(1)]. Then one should prove that the elements [BY™] — v satisfy the
quadratic relations and the braid relations. The quadratic relations are immediate
consequences of Lemma 1.11; in fact we have

(1.8) BY™ @ BY™ = R®g- Rp: R(2)
= R@p: R(1) ® R®p: R(-1) = BY™(1) ® BY™(-1)

since R & R® ® R*(—2) as a graded R*-bimodule, see Lemma 1.11. This implies
that

[BY™] - [BY™] = (v +v7") - [BI™],
which is equivalent to the quadratic relation for [BX™] — v.

Checking the braid relations turns out to be a bit more difficult. The verification
in [S7] relies on a fine study of Soergel bimodules in case W is a finite dihedral
group (for the obvious choice of Coxeter generators). This is proved in fact under
slightly weaker assumptions, namely that

(1) k is infinite;
(2) each t € T acts on V as a reflection;
(3) distinct elements in 7 act with distinct —1-eigenspaces.

(These condition is satisfied for reflection faithful representations by Exercise 2.2.)
Theorem 1.14 is therefore valid under this weaker assumption.

An earlier proof, based on different arguments, appears in [S2] for the special
case when V' is the complexification of the geometric representation. (As explained
in Remark 1.8, this representation is not always reflection faithful.)
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REMARK 1.15. (1) In [S7], Soergel denotes by R the full subcategory of

R-Mod”-R whose objects are the bimodules which are finitely generated
both as left and as right R-modules. He defines € as taking values in
[R]e, and then defines the “special bimodules” as the objects in R whose
class in [R]g belongs to the image of e. By [S7, Lemma 5.13], any special
bimodule is a direct summand of a direct sum of objects of the form
Bbim(n), hence belongs to our category SBim(W,V). Conversely, it is
clear that each BRi™(n) is special. Since the category of special bimodules
is stable under direct sums, and also under direct summands (by [S7,
Satz 6.14(4)]), evey object of SBim(W, V) is special. In the end, our
definition is thus consistent with that in [S7].

One might ask for a description of the “standard basis” (H,, : w € W) of
H(w,s) under the morphism of Theorem 1.14. One thing which is clear is
that the image of such elements is not in general the class of a bimodule;
for instance for s € S we have Hy = H,—v, hence £(H,) = [BY™]—[R(1)].
If e(H,) was the class of an object M of SBim(WW, V), then decomposing
M as a sum of indecomposable objects and using Theorem 1.16 below
would provide a contradiction. However, by the main result of | ] the
obvious morphism

[SBim(W, V)]e — [KPSBim(W, V)]a

is an isomorphism. One can thus ask a different question: does there exist
a “natural” object in K®SBim(W, V) whose class in [KPSBim(W, V)]a is
H,,? This question turns out to have a very interesting answer, provided
by Rouquier [ ]. As a warm-up, consider the case w = s € S. Then
there exists an obvious “multiplication” morphism R ®gs R — R, which
provides a morphism m; : BY™ — R(1) in SBim(W, V). One can therefore
consider the complex

Fo=(--=0->B" 25 R)—50—---)

where BY™ is placed in degree 0. The class of this complex is clearly H.

Rouquier proves® in [ ] that for any (s,t) € S2 we have

Fs®RFt®R"‘gFt®RFs®R"'

ms, ¢ terms mg ¢+ terms

in KPSBim(W, V), where we still denote by ®r denotes the obvious ex-
tension of this bifunctor to K*SBim(W, V). As a consequence, using Mat-
sumoto’s lemma (see [Mi, Theorem 4.2(iv)]), if w € W and w = s1--- 8,
is a reduced expression the complex

Fy ::F51®R.'.®RFST

does not depend on the choice of reduced expression, i.e. only depends on
w. It is clear that its class in [KPSBim(W, V)]a is H,.

The complexes (Fy, : w € W) are called Rouquier complexes; they
have found important applications to link invariants; for a discussion,

3In this paper Rouquier works with V' being the geometric representation. His proof however
applies similarly for reflection faithful representations.
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see | , Chap. 21]. For more on Rouquier complexes, and a discus-
sion of their role in the proof of the Elias—Williamson theorem discussed
in §1.8 below, see | , §19.3].

The next important result is the classification of indecomposable objects in

SBim(W, V).

THEOREM 1.16. For any w € W there exists a unique indecomposable object
Bbim ¢ SBim(W, V') which satisfies the property that for any reduced expression w
for w, BP™ s the unique indecomposable summand of BE”‘ which is not a direct
summand of an object Bly)im(n) with y a reduced expression of an element y < w
and n € Z. Moreover, the assignment

(w,n) & B (n)
induces a bijection between W X Z and the set of isomorphism classes of indecom-
posable objects in SBim(W, V).

As a consequence, the family ([BY™] : w € W) forms a basis of [SBim(W, V)]a
over Z[v,v™1].

Given an object M € SBim(W, V), the integers (ay,, : w € W, n € Z) in the
decomposition

M= ) (B ()

wew
nez

(which are well defined thanks to the Krull-Schmidt property) are determined by
the coefficients of the expansion of [M] in the basis ([BP™] : w € W): we have

[(M] = Z (Z aw,nvn> '[Bz;im}

weW \n€Z

REMARK 1.17. (1) The characterization of the object Bb™ given in [S7,
Satz 6.14(1)] is different from that given in Theorem 1.16. However, So-
ergel explains in [S7, Bemerkung 6.16] that for any w € W and any
reduced expression w for w we have

(1.9) Bu™ =B @ P (BY™(n)
yeEW,y<w
nez

for some nonnegative integers ay, (which moreover satisfy ay’, = aﬁfn).
It follows that BP™ is also characterized by the condition stated in The-
orem 1.16.

(2) Recall the autoequivalence ¢ from Remark 1.12. Then for any w € W we
have p(Bbim) = Bbim |

(3) Incase (W, S)isasin §1.1 and V = Q®zX.(.7), the object BX™ coincides
with the graded bimodule denoted in the same way in (1.5).

(4) The characterization of BP™ given in Theorem 1.16 provides an inductive
procedure for constructing it: if w is a reduced expression for w, and
if one knows the objects B';im for any y € W such that y < w, the
integer ay-, is the largest integer a such that there exist morphisms f; :
BY™(n) — BR™ and g; : BY™ — BM™(n) (i € {1,---,a}) such that
g; o fi = 0; ;id; using these maps one determines a subbimodule of Bb™
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isomorphic to @y<w(BY™(n))%, and BY™ is a complement. Of course,
nez

this procedure is very difficult to run in practice, and there are very few
examples for which the object BX™ admits an explicit description. Among
those, one can cite the elements belonging to the subgroup generated
by a pair of elements in S (see [S7, §4], to which one can reduce by
Lemma 1.7(1)). Another case is when w is the longest element in a finite
parabolic subgroup Wy of W (I C S); in this case we have BP™ = R® pw,
R(¢(w)). A quick way to check this uses the theory of singular Soergel
bimodules from [W1], see Remark 1.19 below. In fact, RV is (up to
shift) the indecomposable singular Soergel bimodule with “singularity”
(I,I) associated with the trivial coset in Wy\W/Wy. Then the claim
follows from [W1, Proposition 7.11(1)].

As explained in Remark 1.13, if I C S the category SBim(Wr, V) is con-
tained in SBim(W, V). If w € W, then the two possible meanings of B>™
define isomorphic bimodules.

In the course of the proof of Theorem 1.16 Soergel proves another useful
theorem, which allows to compute the dimension of the space of mor-
phisms of graded bimodules between any pair of Soergel bimodules; for
the precise formula, see [S7, Theorem 5.15] or | , Theorem 5.27].
This statement is often called “Soergel’s Hom formula.” We will encounter
a formula with similar flavor in the geometric setting of Chapter 3: see
Proposition 2.8 in that chapter.

Once Theorem 1.16 is proved, one obtains the following.

COROLLARY 1.18. The morphism € of Theorem 1.1/ is an isomorphism. More-

over, for any w € W we have

(1.10)

e N([BY™) € Hy + Y Z[v,v™ "] - H,,.

y<w

PrOOF. Choose, for any w € W, a reduced expression w for w, and denote by

W' the set of expressions obtained in this way. The Krull-Schmidt property implies
that the classes ([BX™] : w € W) form a basis of [SBim(W, V)] over Z[v,v"1]. In
view of the decompositions (1.9), the same is true for the classes ([BX™] : w € W').
On the other side, for an expression w = (s1,- - ,$,) we set

(1.11)

H,=H

i1, H, ...—Sr'

Then if w is a reduced expression for w it is easily seen that

H, €Hy,+ > Zv,v'] H,

y<w

As a consequence, the set (H,, : w € W) forms a basis of Hy s). It is clear from
definitions that for any expression w we have

e(H,) = [By™]-

Hence ¢ sends a basis to a basis, and is therefore an isomorphism.

To prove (1.10), one proceeds by induction on the Bruhat order using (1.9). O

In the course of the proof of Theorem 1.16, Soergel constructs a map ha :

[SBim(W,V)]e — Hw,s) which is a left inverse (hence an inverse) to e (see [S7,
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Proposition 5.7(3) and Bemerkung 5.14], or | , Definition 5.11 and Theo-
rem 5.24(3)]). Manifestly, for any object M in SBim(W, V), all the coefficients of
the expansion of ha ([M]) in the basis (H,, : w € W) have nonnegative coefficients.
In particular, (1.10) can be refined to the statement that

(1.12) e N (BY™]) € Hy + Y Zo[v,v™'] - Hy,.
y<w

For any expression w, from the definition one sees that the lowest degree in
which Bb™ is nonzero is —/(w), and that the component in this degree has di-
mension 1. If w € W and w is a reduced expression for w, since BP™ is a direct
summand in BY™  we deduce that BX™ vanishes in degrees < —f(w), and that its
component of degree —¢(w) has dimension at most 1. In fact, using the explicit
description of 7! and (1.10) one can check that

(1.13) dim((BR™) =) = 1
see [R1, Remarque 1.10(1)] for details.
REMARK 1.19. In [W1], G. Williamson developed a “singular” version of So-

ergel bimodules, in the form of categories of graded (R, R¥Y’)-bimodules for
subsets I,J C S. In the case of representations as in §1.2.3-1.2.4 these objects
are connected? to semisimple complexes (or parity complexes) on parabolic flag va-
rieties in the same way that “usual” Soergel bimodules are related to semisimple
complexes on flag varities; see §1.1. As we have already used in Remark 1.17(4), the
description of indecomposable singular Soergel bimodules reduces to the description
of the indecomposable objects in SBim(W, V'), see [W1, Proposition 7.11(1)].

1.5. Extension of scalars. Let V be a reflection faithful representation of
(W, S8) over a field k, and let k/ be an extension of k. By Lemma 1.7(2) the
tensor product V' :=k’ @ V is a reflection faithful representation of (W, S) over
k’, hence we can consider both the categories SBim(W, V) (a k-linear category)
and SBim(W, V') (a k'-linear category). In SBim(W, V) we have the objects BP™
attached to expressions w and the indecomposable objects (BX™ : w € W), and
in SBim(W, V') we have the similar objects, which we denote by 'Bb™ and /Bbim
respectively. n

If we set R = Sg(V*) and R’ := Sp/((V')*), considered as graded algebras as
in §1.3, then the functor k' ® (—) induces a functor

R-Mod”-R — R'-Mod”-R/
For any M, N in R-Mod?-R with M finitely generated (as a bimodule) we have
(1.14) HOmR/_MOdZ_R/ (]k/ ®]k 1\47 k/ ®]k N) = k/ ®]k HomR—MOdZ—R(M’ N),

and for any expression w this functor sends BE"‘ to’ Bgm. In particular, this functor
restricts to a functor

(1.15) SBim(W, V) — SBim(W, V).
LEMMA 1.20. For any w € W we have

/ bim ~ /pbim
k" @y Bw = Bw .

4This connection is morally clear, but it does not appear in the literature as far as we know.
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PRrROOF. First we prove that k/ ®j BEm is indecomposable for any w € W. For
that, we remark that in view of (1.13), restriction to the components of degree
—{(w) defines an algebra morphism

Endsgimow,v)(Bo™) — Endy ((By™) ™)) = k.

The kernel K of this morphism is a maximal ideal of Endsgimw,v) (BPI™) which is a
local ring, hence it coincides with its radical. Since this algebra is finite-dimensional,
its radical is nilpotent. Using (1.14) we see that

Endsgimw,v) (K @k BU™) = (K @k K) @ (K -id)

with (k' ®k K) a nilpotent ideal; this algebra is therefore local, which implies that
k' @y BP™ is indecomposable, as desired.

Now we prove the claim. Let w € W, and let w be a reduced expression
for w. Then BP™ is a direct sum of BY™ and some objects which are direct

summands of objects BY™(n) for some reduced expressions y with £(y) < £(w).
Hence ’ B;m =k’ ®x Bgm is a direct sum of k’ ®; B2™ and some objects which are
direct summands of objects ‘Bp™™(n) for some reduced expressions y with £(y) <
{(w). Hence k' @y BE™ is the only possible indecomposable summand of 'B)™
which is not isomorphic to a direct summand of an object Bgim (n) with y a reduced

expression with £(y) < £(w), so that it must be isomorphic to 'BE™. O

It is clear that the morphism
[SBIm(W, V)] — [SBIm(W, V)]s

induced by (1.15) intertwines the isomorphisms e of Theorem 1.14 for V' and for
V', Lemma 1.20 shows that this morphism sends the basis ([B2™] : w € W) of
[SBim(W, V)]s to the basis (['BP™] : w € W) of [SBim(W, V')]g.

1.6. Multiplication by a simple reflection. In this subsection we explain
what happens to indecomposable Soergel bimodules when one tensors them with a
bimodule associated with a simple reflection.

LEMMA 1.21. Letw € W and s € S.

(1) If sw > w, then there exist nonnegative integers dy"y for y € W such that
y < sw and n € Z such that

bim bim bim bim ddY"™
Bs AR Bw = Bsw S3] @ (By (n)) wes
yeEW, y<sw
nez

Moreover, for any y and n we have d;’y = d¥; ;™.
(2) If sw < w we have

BY™ @p BR™ = BY™ (1) @ BR™(—1).
PROOF. (1) By (1.9) we have integers ay, satisfying
BLU =B (D ()

yeW, y<w
nez
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and integers ay.n satisfying

bim ~ Rbim bi sw
Bsg = Bsw 2] @ (Bylm(n))ay’"'
yeEW, y<sw
nez
(Here, sw is the concatenation of the words (s) and w.) By the Krull-Schmidt
property, we deduce that there exist § € {0, 1} and integers d¥%" such that

w,s

BY™ o B = (BN o D) (B (n)
yeEW,y<sw
nez
The object BX™ cannot appear as a direct summand of any B>™ @5 Bgim(n) with
y < w, which shows that § = 1. In fact, assume the contrary. If sy > y then for
any reduced expression y for y the word sy is a reduced expression for sy. Then
B‘;im is direct summand in B};im, hence BY™ is a direct summand in B?;m(n), which
is excluded by the characterization of BPI™. If sy < y, one can choose a reduced
expression y for y starting with s. Then Bly’lm is direct summand in Bglm, hence

BY™ @ g BYI™(n) is direct summand in
B.™ ®r B, ™(n) = B,™(n+1) ®B,™(n - 1),

where the isomorphism follows from (1.8). It follows that Bb™ is a direct summand
of BY™(n + 1) or of BY™(n — 1), which provides a contradiction as before.

Now, consider the autoequivalence D introduced in [S7, Proof of Proposi-
tion 5.9]. We have D o (n) = (—n) o D for any n and, by [S7, Satz 6.14(3)],
for any y € W we have D(B}'™) = BM™. From the considerations in [S7, Proof of
Proposition 5.10] one sees that we also have

D(BY™ on BY") = B i B

Using the Krull-Schmidt property, these properties imply that di’s = di; ;" for
any y and n.

(2) First we remark that for any w € W and s € S such that sw < w,
using (1.10) we have

e (BY™ @rBY™]) = Hy - N(BUM) € (v+vTY) - Hy + ) Zlv,v - Hy,
y<w
which implies that BP™ (1) @ BPm(—1) is a direct summand of BY™ @5 Bbim.
Next, we prove that for any reduced expression w starting with s, in the de-

composition (1.9), any y € W such that ay, # 0 for some n satisfies sy < y. In
fact, by (1.8) we have

(1.16) BY™ @p BR™ = BL™ (1) & BR™(—1).

If y € W satisfies sy > y, then as explained above B'S:’Zijm(l) @ B';Zijm(—l) is a di-
rect summand in BP™ @p B?;m. Using also (1), we obtain that the sum of the

multiplicities of the objects BYI™(n) in BY'™ @5 BE™ is at least

2(2(1%’” + ay’y)-

n
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On the other hand, the sum of the multiplicities of the objects BY™ (n) in BR™ (1) &

Bh™(—1) is
Z 2ag, ,,-
In view of (1.16), we deduce that

D2 2 ) (25, + aja),
n n

hence Y, ayn < 0, which implies that ay;, = 0 for any n.
Once this property is established, one proves the desired claim by induction on
w, based on (1.16) and the decomposition (1.9). O

REMARK 1.22. (1) Using e.g. the autoequivalence ¢ from Remark 1.12,
one deduces from Lemma 1.21 a similar result for the tensor product on
the right with Bbm.

(2) Let w,s be as in Lemma 1.21(1). If w is a reduced expression for w then
sw is a reduced expression for w starting with s. Since BY™ ©p BPI™ is
a direct summand in B2™, the property proved in the course of the proof

of Lemma 1.21(2) shows that any y € W such that d;", # 0 for some n
satisfies sy < y.

1.7. Decomposition of Bott—Samelson bimodules. Recall that W admits
a unique associated product * (sometimes called the Hecke product) such that for
w €W and s € S we have

ws if ws > w;
w* s = )
w if ws < w,

see e.g. | , §3]. For any w € W and s € S we then also have

sw o if sw > w;
SHxw = )
w if sw < w.

Moreover, for w € W the maps w * (—) and (—) * w are increasing with respect to
the Bruhat order, see [BM, Lemma 3.1(3)].
For an expression w = (s1,- -, 8,) we set

*W = S1 *k =+ %k Sp.
With this notation we can generalize part of the decomposition (1.9) as follows.

PropPOSITION 1.23. For any expression w, the bimodule Bgm 18 a direct sum
of modules of the form Bgim(n) with y < *w.

PrROOF. We proceed by induction on ¢(w), the case £(w) = 0 being obvious.
Let w be an expression of positive length, and write w = sy with s € § and y an
expression. By induction we can assume that

BZim — Z (Btz)inl(n))@az‘n

2<x*y
neZ
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for some nonnegative integers a, . Then

BL™ = Y (BY™ @ BY™ (n) 0.
2<x*y
nez
By Lemma 1.21, each BY™ @ BP'™ is a direct sum of shifts of modules B>™ with
x < s z. Here, since z < *y we have s x z < s x (*y) = *w, so that indeed Bgm is
a direct sum of modules of the form B';im(n) with y < sw. O

REMARK 1.24. One can easily check by induction that the multiplicity of
BYM(n) as a direct summand of BY™ is at least the coefficient of v™ in (v +

v~ 1w —LGw)

1.8. Soergel’s conjecture. In [S7, Vermutung 1.13] Soergel conjectures that
“at least if k = C,” for any w € W we have

(1.17) e(d,) = [By™],

where H,, is as in Theorem 4.3 of Chapter 1. Before explaining its status, let us
explain the point of this conjecture. In [S7, Proposition 5.7(3)], Soergel defines
a map ha : [SBIm(W, V)]s — How,s) which is a left inverse to € (see also [S7,
Bemerkung 5.14]). Manifestly, for any M € SBim(W, V), all the coefficients of the
expansion of ha([M]) in the basis (H, : w € W) have nonnegative coefficients. In
particular, (1.10) can be refined to the statement that

e N (BY™]) € Hy + Y Zso[v,v™'] - Hy,.
y<w
Hence if (1.17) holds, it follows that A, ,, has nonnegative coefficients for any y € W;
this property (for all w € W) was conjectured by Kazhdan-Lusztig (see | , Sen-
tence above Definition 1.2]), and has since then become a major question in Coxeter
groups combinatorics (known as the Kazhdan—Lusztig positivity conjecture).

REMARK 1.25. (1) The results of §1.5 show that Soergel’s conjecture is
“stable under field extensions” in the sense that if it is known for a reflec-
tion faithful representation V' over k and if k’ is an extension of k, then
it is true for the representation k' @ V.

(2) As explained in Remark 1.17(4), the indecomposable Soergel bimodule
Bbim is known in case w belongs to a subgroup of W generated by two
simple reflections. In this case, the equality (1.17) holds.

In the setting considered in §1.1, Soergel’s conjecture can be deduced from
Theorem 1.3 in Chapter 3 and Remark 1.17(3). (This was first observed in [S2].)
This proof can be generalized to the setting of flag varieties of Kac-Moody groups.

In | | it was shown by Elias-Williamson that Soergel’s conjecture holds in
case V is a reflection faithful representation of (W,S) over R which satisfies the
following condition. For any s € S, since s acts on V as a reflection there exist
as € V* and o) € V such that s-v=v — (as,v)a) for any v € V. (These vectors
are unique up to scalar, in the sense that any two choices differ by the replacement
of (as,a)) by (A s, A7 aY) for some A € R*.) We assume that these elements
can be chosen in such a way that there exists p € V* such that for any s € S and
w € W we have

(w(p),al)y >0 <& sw>w.
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This condition is satisfied in the following cases (see [R1, §2.1] for details):

e for (W,S) any Coxeter system, if V is as in §1.2.2 we can choose oY = e,
and as = e* for any s, and then take for p any element such that (p, oY) >
0 for any s € S;

o if A is a generalized Cartan matrix and if we take V = R ®q h where b is
as §1.2.3, with as and « the vectors denoted in this way in §1.2.3, and
again for p any element such that {p,aY) > 0 for any s € S.

In particular, since the construction of §1.2.2 provides a reflection faithful repre-
sentation for each Coxeter system, this is sufficient to imply the Kazhdan—Lusztig
positivity conjecture in all cases.

The proof of this result (which we will not discuss in detail here; see [R1] for
an overview) is inspired by the special case considered in §1.1 (or, more precisely,
its variant for R instead of Q). Namely, if ¢4, &, 7 are as in §1.1, by (a variant
over R of) (1.4) and (1.5) the vector space R @z BP™ identifies with the intersec-
tion cohomology of the closure in 2~ of the Bruhat cell attached to w. As such,
this space satisfies some “Hodge theoretic” properties such as the hard Lefschetz
theorem and the Hodge-Riemann bilinear relations. The spectacular idea at the
heart of the proof of [ | is that these properties admit completely algebraic
formulations, which can be shown (by a complicated inductive argument based on
ideas of de Cataldo-Migliorini in the geometric context) to hold for any reflection
faithful representation satisfying the condition considered above, independently of
any geometry.

1.9. Soergel modules. As explained in §1.6, historically, what Soergel intro-
duced first are not the bimodules in SBim(W, V), but rather the graded R-modules
one obtains by tensoring (either on the right or on the left; one has to make a choice
but this does not affect the theory in any serious way) these bimodules with the
trivial module k. This theory behaves well only under the assumption that W is
finite, which we therefore assume here. Given any expression w = (s1,--- , $,) one
can consider the graded right R-module

Bzod =k®g Bzm =k®ps1 R®pgs2 -+ @psr R(r).

(Here (r) is the shift-of-grading by r for graded modules, which is defined simi-
larly as for bimodules. The action of R is induced by the right action on BP™))
Clearly, the action of R on this module factors through an action of the finite-
dimensional graded algebra R/(RY’), where (RY’) is the ideal in R generated by
homogenous W-invariant elements of positive degree. (The fact that this algebra
is finite-dimensional follows from the fact that R is finite over R, see e.g. |
Chap. V, §1, 9, Théoreme 2].) We will denote by SMod(W, V') the full subcategory
of the category of Z-graded right R-modules whose objects are the direct sums of
direct summands of objects of the form B™°4(n) with w an expression and n € Z.
It is clear from this definition that the functor k ® g (—) induces a functor

(1.18) SBim(W, V) — SMod(W, V).

Considerations similar to those used for SBim(W, V) (see §1.3) show that the cate-
gory SMod(W, V) is Krull-Schmidt. The tensor product ®p defines a right action
of the monoidal category SBim(W, V') on SMod(W, V), such that the functor (1.18)
is a functor of module categories.
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For any M, N € R-Mod?-R, the vector space

@ Hom g poqz. g (M, N(n))
nez

has a natural structure of graded R-bimodule. The result that allows to connect

more precisely the categories SBim(W, V) and SMod(W, V') is the following. For a
proof (following unpublished work of Soergel), we refer to [R1, Proposition 1.13].

PROPOSITION 1.26. For any M, N in SBim(W, V), the natural morphism

k®r <@ Homsgimw,v) (M, N(”))) - @ Homsmoa(w,vy(k @r M,k ®r N(n))
nez ne”Z

is an isomorphism.

Note that in settings where Soergel (bi)modules can be related to parity com-
plexes on flag varieties, Proposition 1.26 can often be deduced from general proper-
ties of equivariant cohomology; see e.g. [ , Footnote 3 on p. 339]. See also [W3,
Lemma 3.1] for an alternative proof of this proposition in the case relevant to the
situation of §1.11 below (which will be used in Chapter 5).

Let us note the following consequences.

COROLLARY 1.27. (1) For any w € W, the graded right R-module
Bt i=k @p BY™

18 indecomposable.
(2) For any w € W, B™°4 s indecomposable as an ungraded right R-module.
(3) For any w € W, BP™ s indecomposable as an ungraded R-bimodule.

ProOF. (1) To prove the claim it suffices to prove that Endsmedaow,vy(k ®r
BPim) is a local ring. Now by Proposition 1.26 this ring is a quotient of the ring
Endsgimow,v) (BPIm) which is local since SBim(W, V) is Krull-Schmidt and Bb™ is
indecomposable; it is therefore local too.

(2) The claim follows from (1) and the general result that a graded module
over a finite-dimensional Z-graded algebra is indecomposable as a graded module
if and only if it is indecomposable as an ungraded module; see | , Theorem 3.2].

(3) Let M,N be R-bimodules such that BP™ = M @& N as ungraded R-
bimodules. Here BE™ is free as a left R-module (see §1.3), hence so are M and N
by the Quillen—Suslin theorem. On the other hand, as right R-modules we have

k®prBY™ 2 (kor M)® (k@g N).

Using (2) we deduce that either k@p M = 0 or k®@g N = 0. By freeness we deduce
that M =0 or N = 0, which shows indecomposability. O

From Corollary 1.27(1) we deduce the following.
COROLLARY 1.28. The assignment
(w,n) — Bmod(n)

induces a bijection between W X Z and the set of isomorphism classes of indecom-

posable objects in SMod(W, V).
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ProOF. By Corollary 1.27(1) each object Bm°d(n) is indecomposable. It is
also clear that any object in SMod(W, V) is a direct sum of such objects. What
remains to be proved is that these objects remain nonisomorphic. Let w,w’ € W
and n,n’ € Z, and assume that there exists an isomorphism

Biod(n) = Bi2d(n).
Then, using Proposition 1.26, there exist morphisms
6+ BY™(n) — BYM(n'), 4 B (n) - BY™ (n)
such that
Yopeid+Ry - <@ Hom(B>™ (n), BP™ (n + m)))

meZ
and similarly for ¢ o 9. (Here, Ry C R is the ideal consisting of sums of elements
of positive degrees.) Since the graded left R-module

€D Hom(BY™ (), B (1 + m))

me”ZL
is finitely generated, its grading is bounded below. Hence, for degree reasons,
1y o ¢ —id is nilpotent, hence v o ¢ is invertible. Similarly, ¢ o) is invertible. Hence
BPim () and BRI (n/) are isomorphic, which implies that w = w’ and n =n'. O

In particular, it follows from Corollary 1.28 that the family (B™°d :w € W) is
a Z[v,v~!]-basis of [SMod(W, V)]g, which implies that the functor (1.18) induces
an isomorphism
[SBIim(W, V)] — [SMod(W, V)]g.
This map is in fact an isomorphism of right [SBim(W, V)]g-modules for the ac-
tions induced by the right actions of the category SBim(W, V) on itself and on
SMod(W, V). In view of Corollary 1.18, we deduce an isomorphism

[SMOCI(VV7 V)}@ = H(W,S)-

In case Soergel’s conjecture holds (see §1.8), the image of [B™°4] under this identi-
fication is H,,, for any w € W.

Let us now denote by SMod(W, V) the full subcategory of the category of
(ungraded) R-modules whose objects are the direct sums of direct summands of
objects BM°d for w an expression (seen as ungraded modules). We have a natural
functor

(1.19) For : SMod(W, V) — SMod(W, V)

of forgetting the grading. Using once again [ , Remark A.2] one checks that
SMod(W, V) is Krull-Schmidt.

COROLLARY 1.29. The assignment
w — For(Bmed)

induces a bijection between VW and the set of isomorphism classes of indecomposable
objects in SMod(W, V).

ProOF. By Corollary 1.27(2), and each object For(B™°d) is indecomposable,
and it is clear that any object in SMod(W, V) is a direct sum of such objects. To
conclude, it remains to prove that these objects are pairwise nonisomorphic. This
follows from [GG, Theorem 4.1] and Corollary 1.28. O




1. “CLASSICAL” SOERGEL BIMODULES 91

As above, Corollary 1.29 implies that ([For(B2°%)] : w € W) is a Z-basis of
[SMod(W, V)]s, and that the functor (1.19) induces an isomorphism

Z ®Z[v,v*1} [SMOd(Wa V)]@ = [SMOd(W7 V)]@v

where in the left-hand side Z is considered as a Z[v,v~1]-algebra where v acts as
the identity. We deduce an identification

(1.20) [SMod(W, V)]s =2 Z[W)].

In case Soergel’s conjecture holds, the image of [For(B™°4)] under this identification
is H,,y=1, where hj,—; is the image of h € Hpy.s) in How,s)/v - How,s) = Z[WV].

1.10. Application to the Kazhdan—Lusztig conjecture. The first impor-
tant application of the theory of Soergel bimodules (developed before this subject
was really introduced) was to the proof of the Kazhdan—Lusztig conjecture. This
conjecture was formulated by Kazhdan—Lusztig in | ], and proved shortly there-
after by Brylinski-Kashiwara and Beilinson—Bernstein independently using geom-
etry; see [Ac, Remark 7.3.10] for a brief overview of these proofs, and | ] for
more details. Soergel proposed in [S1] a new approach to this question which,
combined with the later algebraic proof of Soergel’s conjecture in | ] (see §1.8)
can be used to provide a completely algebraic solution to this problem. Here we
provide a brief overview of this approach; for more details see | , Part III].

Consider the setting of §1.1, with ¢ semisimple and simply connected, and
also the categories of Soergel (bi)modules for (W,S) and the reflection faithful
representation V := C ®z X, () (with the standard action). Let also g be the
semisimple complex Lie algebra whose root system is dual to fR; thus we are given
a Cartan subalgebra t C g and an identification t = V* such that the roots of (g, t)
are the coroots (a¥ : a € R). Let also b C g be the Borel subalgebra whose roots
are the positive coroots of 4. Bernstein—Gelfand—Gelfand have defined and studied
a very nice category of modules over the enveloping algebra Ug of g, called category
O, whose simple objects are the simple highest representations. (These include in
particular the finite-dimensional representations, whose structure is understood via
Weyl’s character formula.) For this theory, see [FL5].

The category O breaks into direct summands according to the action of the
center of Ug; in particular we have the principal block Oy, whose simple objects are
in bijection with . More precisely, for w € W we denote by A,, the Verma module
of highest weight w(p) — p (where p is the half sum of the positive roots), and by
L., its head; then the assignment w — L,, induces a bijection between W and the
set of isomorphism classes of simple objects in Oy. The category Oy has a structure
of highest weight category with underlying poset W endowed with the opposite of
the Bruhat order, and standard objects (A, : w € W). (The costandard objects
are the dual Verma modules.) The structure of Op is very similar to that of the
category Ok studied in Section 3 of Chapter 1 (which is one reason which justifies
the name modular category O).

As for any highest weight category, the Grothendieck group [Op] admits a basis
consisting of classes of standard objects. We can therefore identify

[Oo] = Z[W]

where w € W corresponds to [A,]. We will be interested in particular in the
full subcategory Proj(Og) of Oy whose objects are the projective objects. For any
w € W we denote by P, the projective cover of L,,; then the assignment w — P,
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induces a bijection between W and the set of isomorphism classes of indecomposable
objects in Proj(Op). The natural morphism [Proj(Og)]e — [Op] is an isomorphism,
which provides an identification

(1.21) [Proj(Oo)le — Z[W]

sending [P] to > (P : Ay) -y. The Kazhdan-Lusztig conjecture predicts a for-
mula for computing the multiplicities (A, : Ly)y,wew; by reciprocity (see (2.1) in
Appendix A) and since Oy admits a “duality” operation which fixes each simple
object (in the sense of Exercise 7.10), it is equivalent to determine the multiplici-
ties (Py : Ay)y,wew or, in other words, the images of the classes ([P,] : w € W)
under (1.21); in these terms, the Kazhdan—Lusztig formula amounts to the equality

(1.22) (Pu) = Hy ooy

(where we use the notation introduced at the end of §1.9.)

The projective objects in Oy admit an “inductive” construction similar to that
considered in §3.5 in Chapter 1, as follows. For any s € S we can consider the
endofunctor

193200%00

given by wall crossing along the s-wall of the dominant Weyl chamber. Standard
formulas for translation of Verma modules (see e.g. [H5, §7.6 and §7.12]) show that,
under the identification (1.21), the induced endomorphism of Z[W] is given by right
multiplication by e +s = H|,—;. Given an expression w = (s1,--- , s,) we set

Wy =15, 00Uy,

The Verma module A, is projective by maximality; hence P, = A.. Now if w € W
and if w is a reduced expression for w, the comments above on standard filtrations
imply that

(1.23) Ju(Pe) = Py & @ P
y<w

for some nonnegative integers by ..
The first main result of the “representation theoretic” part of [S1] is the con-
struction of an algebra isomorphism

R/(RY) = Endo, (Puy)-

This isomorphism is somewhat explicit; the morphism from the left-hand side to
the right-hand side is induced by the action of the center of Ug. (This isomorphism
has a different proof due to Bernstein, see [Be].) Via this morphism, for any
P € Proj(Op) the finite-dimensional vector space

V(P) = Homp, (Py,, P)
acquires a right R-module structure, which allows to define a functor
V : Proj(Op) — Mods,e-R.
One can also show that for any s € S there is an isomorphism of functors

(1.24) Vody(—)=V(-) @ Bm,
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Since V(P,) = k, this implies that the functor V takes values in SMod(W, V). The

second main result of the “representation theoretic” part of [S1] is that this functor
induces an equivalence of categories
(1.25) Proj(0g) = SMod(V, W).

Comparing the formulas (1.9) and (1.23) and using (1.24), one easily checks by
induction on the Bruhat order that for any w € W we have

V(Py) = For( BEOd).

Now, using (1.24) one checks that, under the identifications (1.20) and (1.21), the
automorphism of Z[W] induced by the equivalence (1.25) is the identity. Since
Soergel’s conjecture is known for our choice of V' (at the time of [S1] the proof used
geometry; now this can be replaced by the proof in | ]), as explained in §1.9
the class of For(Bj°?) is H,,|,=1; we deduce the formula (1.22), as desired.

REMARK 1.30. As in §1.1, for the choice of V' considered here, the categories
SBim(W, V) and SMod(W, V') admit descriptions in terms of semisimple complexes
on the flag variety 2". More explicitly, consider the #-equivariant derived category
DY% (%, C) of C-sheaves on 2, and the constructible derived category D (2, C)
with respect to the Bruhat stratification (1.1). Let also IC%(2", C) and IC () (3&” C)
be the subcategories of semisimple complexes (or, in other words, of parity com-
plexes). Then the functors

H:=H%(2,-) and H :=H*(2",-)
induce equivalences of additive categories
H:1C%(2°,C) = SBim(W,V), H : IC#) (2, C) = SMod(W, V).

Here, H is an equivalence of monoidal categories with respect to convolution on
ICz(Z,C), and H' intertwines the actions of ICz(.2",C) and SBim(W, V') via H.
The situation is thus summarized in the diagram

IC ) (2, C) —2> SMod(V, W)
(126) For
SMod(W, V') <—— Proj(Oy).

From this point of view, Soergel (bi)modules appear as a “bridge” relating the two
categories we want to compare (one of topological nature, and one of representation-
theoretic nature). This point of view has become a model for most applications of
these techniques; for some examples, see | R ]

Note that there exists another way to relate (’)0 to a category of perverse
sheaves on a flag variety. Namely, if we denote by 2™V the flag variety of the
complex simply-connected semisimple algebraic group ¢V whose Lie algebra is g,
and by Perv(gv) (2, C) the category of C-perverse sheaves on 2" constructible
with respect to the Bruhat stratification, then combining the Beilinson—Bernstein
localization theorem and a result of Soergel one obtains an equivalence of abelian
categories

(1.27) Op = Perv(QV)(%V,C);
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see [ , Proposition 3.5.2]. Here the Weyl group of ¢V identifies canonically with
W, so that Perv(gv)(Z V,C) has a canonical structure of highest weight category
with weight poset W for the Bruhat order. The equivalence (1.27) sends L,, to the
simple perverse sheaf ZC,, 1.

Note that the equivalence (1.27) is different from the relation provided by (1.26).
In fact, understanding the relation between these two approaches was one of the
motivations for the construction of Koszul duality for constructible sheaves on flag
varieties; see [ ].

1.11. Application to Soergel’s modular category O. Recall now the set-
ting of Section 3 in Chapter 1. The main reason why Soergel called the category
Ok the “modular category O” is that a large part of the theory of §1.10 can be
adapted to this setting, as explained in §§3.5-3.7 of Chapter 1.

Namely, let G, B, T be as in Section 3 in Chapter 1. Let ¢ be a complex
semisimple algebraic group which is Langlands dual to G; hence ¢ is of adjoint
type, and its root system is the coroot system of G. Fix also a maximal torus
J C ¥ and an identification X = X*(T) = X.(.7), and denote by & C ¢ the
Borel subgroup containing .7 and whose set of roots is the set of coroots of (G, T)
corresponding to B. Now we consider the representation of W given by

V:k®zX*(y):k®ZX

REMARK 1.31. Consider the root lattice ZR C X; our assumption that p > h
implies in particular that the natural morphism k®zZR — V is an isomorphism. In
view of the comments in §1.2.4, it follows that if p & {2,3} (which follows from the
assumption p > h unless G is a product of copies of SLy) V is a reflection faithful
representation of (W, S). In any case, Soergel proves in [S5, Theorem 2.8.1] that
the categories SMod(W, V') and SMod(W, V') satisfy the properties of §1.9 without
reference to the general theory of Soergel (bi)modules.

The results of §3.7 in Chapter 1 can now be restated as saying that V restricts
to an equivalence of categories

Proj(Ox) = SMod(W, V).
Comparing (3.2) in Chapter 1 with (1.9) one checks by induction that
V(P) = For(BpoY)

for any w € W.
As in §1.10, these results show that for any w € W the sum

Z (Pw i My) -y

yEW
is the image of [For(B™°?)] under the identification (1.20), or in other words is
obtained from the image of [B2™] under e~ (see Corollary 1.18) by setting v = 1. In
case Soergel’s conjecture holds for this choice of V', this implies that the coefficients
(Pw : My) = (M,, L) are given by the same formula as in §1.10, in accordance with
what is predicted by Lusztig’s conjecture (see §4.6 in Chapter 1). Unfortunately,
Soergel’s conjecture is not known in general in this case, and in fact we will see in
Chapter 5 that it fails in many cases.

REMARK 1.32. As in Remark 1.30, the category SMod(W, V') admits a descrip-
tion in terms of constructible sheaves on flag varieties. Namely, if 2" =¥ /%, and
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if Parity 4 (2", k) is the category of parity complexes with coefficients in k on 27,
then Soergel proves in [S5, Theorem 4.2.1] that the functor

H :=H*(Z",-)
induces an equivalence of categories
Parity () (2, k) =5 SMod(W, V).

(In fact the theory of parity complexes did not exist when [S5] was written, so his
definition of Parity(@)(% ,k) is different. Understanding the meaning of Soergel’s
construction was one of the motivations for the study that led to | ].) We
therefore have an analgue of (1.26) in this setting, in the form of a diagram

Parity ) (2", C) —=> SMod(V, W)
(128) iFor
SMod(W, V) <—— Proj(O).

There is also an analogue of (1.27) in this setting: if 27V is the flag variety of the
complex simply-connected semisimple algebraic group whose root system is R, then
by [ , Theorem 2.4] there exists an equivalence of abelian categories

O]k = Perv(%W)(%v,k)

sending L, to the simple perverse sheaf ZC,,,,-1 for any w € W.5 The construction
of this equivalence is quite different from that of (1.27): in fact it is obtain as a
consequence of a Koszul duality formalism.

2. The Elias—Williamson category

In this section we explain the definition of the “diagrammatic” category associ-
ated with a Coxeter system (W,S) and a “realization” (see §2.2), following Elias—
Williamson [ ]. We will also explain the relation between this construction and
the category of Soergel bimodules as considered in Section 1 (which, historically,
was the main motivation behind its definition), see §2.13. The definition itself is
given in §2.5. Before we can explain it we need to discuss a number of technicalities,
which are important but can be ignored at first reading.

2.1. Quantum numbers. The definition of the Elias—Williamson category
will involve a two-colored version of quantum numbers, which we now explain.
These quantum numbers will live in the ring Z[z, y], where z, y are indeterminates.
They are defined by induction, starting with

0z = [0, =0, [l].=[ly=1, [2l.== [2ly=y,
and the relations
1) 1, =2~ -1y, U, = 2], — - 1,
One can e.g. compute that
o Bl =Bly=ay—1
o [4], =2’y — 2z, [4], = zy® - 2y;
e 5], =[5]y = x?y? — 3wy + 1;

5The formula in [ ] looks a bit different. For the comparison between the two versions,
see Exercise 3.1.
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o [6], = 23y? — 422y + 3x; [6], = 2%y® — dwy® + 3y.
These numbers are not symmetric in z and y (in the sense that [n], # [n], for
some n’s), but in a very simple way explained in the following lemma.

LEMMA 2.1. (1) For any n € Z>o odd we have [n], = [n]y;
(2) For any n € Z>o even we have [2]y[n]|, = [2]4[n]y.

Proor. Both formulas are proved in parallel by induction. O

It is clear also that the polynomial obtained from [n], by switching  and y is
[n], for any n € Z>(, and vice versa. In view of Lemma 2.1(1), if n is odd we will
sometimes write [n] for [n], = [n]y.

REMARK 2.2. Two-colored quantum numbers are generalization of “usual”
quantum numbers, in a sense explained in [El, §3.1]. The (one-colored) quan-
tum number (n), is a polynomial in z, which can be obtained from [n], or [n], by
setting y = .

There are also 2-colored quantum binomial coefficients, which can be defined
as follows: for n,m > 0 with n < m we set

m _ el —1)s e fm—nt 1], m _fmlyfm =1y fm = 1,

n [nleln = 1] ---[1]e n [nlyln =1y ---[1]y

It is not difficult to check that these fractions actually belong to Z[x, y], see | )
Comments before Lemma 2.6].

2.2. Realizations.

2.2.1. Definition. Let (W, S) be a Coxeter system, and let k be a commutative
domain. We consider a free k-module V' of finite rank, together with collections
(as : s € 8S) of vectors in V* := Homg(V,k) and (o) : s € S) of vectors of V. For
any s,t € S and n € Zs1, we denote’ by [n]s the value of [n], at

r=—{a),aq) and y=—{(a), ).

Note that the corresponding evaluation of [n], is [n];s. In particular, if n is odd
we have [n],; = [n];s; to emphasize the independence on the order between s and
t, this element will sometimes be denoted [n]¢,,;. Similarly, if 0 < n < m we will
denote by [’:]S’t the value of ['] ~at x = —(ay,a;) and y = — (o, ).

Following | , Definition 3.1], the triple

(Vi(as:5€8), (o) :s€8))

is called a realization of (W,S) over k if it satisfies the following conditions:
(1) for any s € S we have (o, as) = 2;
(2) the assignment s — (v — v — (v, as))) defines a representation of W on
Vi
(3) we have

(2.2) [Mst]se =0 for any (s, t) € S2.
6The element we denote by [n]s,; is often denoted [n]s. We find this notation misleading

since it hides the dependency on the other simple reflection, and hence follow a heavier but more
explicit convention inspired by [ELi].
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For an explanation of the origin of condition (3), see | , §3.1] and [E]].

There are further technical conditions on realizations that we will consider.
First we will say that our realization satisfies Demazure surjectivity if for any s € S
the morphisms

as:V —k and o :V* =k

are surjective. Note that this condition is automatic if 2 € k*, due to the condi-
tion (1).

Next, we consider the numbers [ms; — 1]s; for (s,t) € S2. As explained
in | , (6.11), (6.12)], the condition that [mg )]s = [Ms)s,s = 0 implies that
[mss — st - [mse — 1]t.s = 1. (In case my, is even, this condition simplifies to
([ms,s — 1] gs,¢3)? = 1.) But the combinatorics involved simplified greatly when each
of these numbers is actually equal to 1. We will therefore say that the realization
is balanced if

(2.3) [mst —1]se =1 for any (s,t) € S2.

Below all of our realizations will be assumed to be balanced and to satisfy Demazure
surjectivity. The latter assumption is necessary for the results discussed in §2.8
to hold. The former assumption can be relaxed a little bit at the cost of some
complications (see [ , §7]), but we will not consider this variant here.

A further condition that one needs to impose on realizations to obtain a com-
plete theory is that

(2.4) [ms’t} =0 forall s,t € S? and all integers k € {1,...,m; — 1}.
s,t

k k]
(Here the case k = 1 recovers (2.2).) This condition was overlooked in [ |, but
it was later considered in | I, [ ] and finally in | ] (as we will explain
below).
REMARK 2.3. (1) Given a realization (V, (a5 : s € S),(a) : s € S)) of

(W, 8) over k and a ring morphism k — k' (where k’ is again a com-
mutative domain), there exists a natural realization of (W,S) over k'
with underlying k’-module k’ ® V. If the original realization is balanced,
resp. satisfies Demazure surjectivity, resp. satisfies (2.4), then so does this
new realization.

(2) See [ , Proposition 3.4] for some reformulations of this assumption.
By | , Proposition 3.6], it is satisfied if, for any (s,t) € S2, the action
of (s,t) on ko + kay is faithful. (See also Lemma 2.5 below for a variant
of this result.)

We will say that a realization is symmetric if for any distinct s,t € S we have
<O‘;/70‘t> = <O‘2/’O‘S>'

This condition is really useful, because when it is satisfied we have [n]s: = [n]: s for
any n € Z>1 and s,t € S, so that one can use a “one-colored” combinatorics rather
than a “two-colored” one. Unfortunately, it is not satisfied for some important
examples we want to consider (see §2.2.2 below), so we will generally not assume it
is satisfied.

The following lemma can help checking that some data form realizations.
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LEMMA 2.4. Let (W,S) be a Cozeter system and k be a commutative ring.
Assume we are given a free k-module V' of finite rank together with collections
(as : s € 8) of vectors in V* and (o) : s € S) of vectors in V which satisfy
conditions (1)=(2) above. Let also s,t € S be distinct reflections, and assume that
o) and o are linearly independent. Then the rank-2 free submodule koY ®kay C V
is stable under the actions of s and t, and for any k > 0 the matriz of (st)*,

resp. (st)*s, in the basis (), ) of this module is
([2k + 15,0y —[2k],s resp —[2k + 15y —[2k+ 2]is
[Qk]sft —[Qk — 1]{5,,5} ’ ’ _[2k]s,t [Qk + 1]{57,5} ’

PROOF. It is clear from definitions that ko @ kay C V is stable under the
actions of s and ¢, and that the matrix of s, resp. ¢, in the basis (o), @) is

() - (%)

The claims can be checked together using these formulas and (2.1) by induction on
k. O

The following lemma (explained to us by N. Abe) can also help checking con-
dition (2.4).
LEMMA 2.5. Consider a balanced realization
(Vi(as:5s€8),(a) :s€38))
of (W, S) over k in the sense of §2.2.1. Assume that

e k is a field with char(k) # 2;
o for any (s,t) € 8% the action of (s,t) on V* is faithful, and we have
kas # kay.
Then (2.4) is satisfied.
PROOF. Fix (s,t) € S2. By assumption the sum kay + koy is direct. If 4 —
[2]5,t[2]¢,s # {0} we have
V= (kas ®kay) &{r € V| (X o)) = (N, o) =0}

because the matrix

(s, af)  (ar,af)
( )

<Ozs,04tv> <at’ O‘;/>
is invertible. Since (s, t) acts trivially on the rightmost summand and faithfully on

V*, it must act faithully on kag @ kay. This implies our claim by Remark 2.3(2).
Now, assume that [2],[2]: s = 4. By Exercise 2.8, for any n > 0 we then have

(2.5) 2n]se = [2s6m,  [20]ts = [2],sm,  [2n 4+ 1] =20+ 1
We have
(St)(at) = —0¢ — [Q]S,ta87 (St)(as) =3as + [Q]t,sat;
and both s and t act trivially on V*/(kas @ kay). Hence, in a suitable basis of V*
extending ([2]¢, s, —2a), the matrix of st has the form
-1 -2 =z
2 3y
0 0 id
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for some vectors = and y. By induction, one then checks that for any n > 0 the
matrix of (st)™ in this basis is

-2n+1 —-2n —nn-2)z—n(n-1)y
2n 2n+1 n(n — 1)z + n?y
0 0 id

By the faithfulness assumption, m; is the smallest positive integer such that this
matrix is the identity; we deduce that k has positive characteristic, equal to mg .
On the other hand, by (2.5), if k € {1,--- ,m4 — 1} there exists a € k™ such that

Mgt —a mst
k S}t_ k)

The right-hand side vanishes, hence so does the left-hand side. (Il

2.2.2. Cartan realizations of crystallographic Coxeter systems. For the pur-
poses of this book, the main example of a realization of a Coxeter system the
reader should have in mind is the following. Let A be a generalized Cartan matrix,
and let (X, (a; : 4 € I),(ay : i € I)) be an associated Kac-Moody root datum;
see §1.2.4.

EXAMPLE 2.6. Following [T, bottom of p. 8], there are three “natural” Kac—
Moody root data one can associate to an arbitrary generalized Cartan matrix:

e the adjoint datum, given by X = Z! with canonical basis denoted (c; :
i € I) and the vectors a;f € XV defined by the equality (o, o)) = a;; for
i,7 € I;

e the simply connected datum, given by XV = Z! with canonical basis
denoted (o) : ¢ € I) and the vectors o; € X = (XV)V defined by the
equality (o, o)) = a;; for 4,5 € I;

e the universal datum, given by X = Z!"! with canonical basis (a;)ies U
(Bi)ier, XV = Z™T with canonical basis (8 )icr U () )iesr and the pairing
between X and XV defined by

<aivﬁj\/> = 6i,j7 <aiva}/> = Uy, <ﬁza6]v> =0, <ﬁlva;/> = 5@]"

We have recalled in §1.2.3 how to associate to A a (crystallographic) Coxeter
system (W,S). Let k be an integral domain. Using the Kac-Moody root datum,
we can construct a realization of (W, S) over k as follows: we set V := k ®z XV
(so that V* is identified with k ®z X), and for s € S, we define ag, resp. oY, to
be the image of «;_, resp. a;/s, in V* resp. in V. To justify this assertion we need
to explain why conditions (1)—(3) above are satisfied. Condition (1) is obvious,
and (2) is part of the theory of Kac-Moody groups; see [T, §3.1]. Condition (3)
can be checked by explicit computation, depending on the value of a;_;,a;,;.. (Only
the values 0, 1, 2, 3 need to be considered.) For instance, if a;_;,a;,;. = 2, then by
definition of a generalized Cartan matrix we have either a;_ ;, = —1 and a;,;, = —2,
or a;,;, = —2 and a;,;, = —1. In both cases, using the formulas for [4], and [4],
given in §2.1 one sees that [4];; = 0 when k = Z, hence in general.

A realization of (W,S) obtained in this way is called a Cartan realization.
Such a realization is always balanced, it always satisfies (2.4) (this can be checked
explicitly by the same considerations as above), but it might not satisfy Demazure
surjectivity. More precisely, let us define Z’ to be Z if the maps o; : XV — Z and
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o) : X — Z are surjective for all i € I, and as Z[3] otherwise. Then Demazure
surjectivity holds as soon as there exists a ring morphism Z’ — k.

EXAMPLE 2.7. For the cases given in Example 2.6:

e for the adjoint datum we have Z' = Z[%] if A has a line consisting only of
even numbers, and Z' = Z otherwise;

e for the simply connected datum we have Z' = Z[$] if A has a column
consisting only of even numbers, and Z’' = Z otherwise;

e for the universal datum, we have Z' = Z in all cases.

2.2.3. The geometric realization. There exists another systematic construction
of realizations, which will not play any role in the present book, but which has the
advantage of providing realizations for all Coxeter systems. (Recall that for us, a
Coxeter system always has a finite number of simple reflections!) Namely, if (W, S)
is a Coxeter system, let V' be the representation considered in Remark 1.8. For
s €S we set

al =es €V, as=2s,—)€ V™

These data satisfy conditions (1)—(2) in the definition above. In order to check (2.2)
(and, at the same time, (2.3) and (2.4)), we fix (s,t) € S2. We identify Ra & Ray’
with the plane R? in such a way that oY, resp. a)/, corresponds to the vector
(1,0), resp. (—cos(m/msy),sin(m/ms,)). With this identification, the restriction
of s, resp. t, is the orthogonal reflection with respect to the line orthogonal to
o), resp. . As a consequence, the restriction of st identifies with rotation of
angle 27 /mg . If mg; = 2k is even, then these remarks show that (st)* = —id.
Comparing with the information provided by Lemma 2.4, we deduce that

[Mst]se = [Msyles =0 and  [mgy — 15 = 1.
If mg; =2k + 1 is odd, we use the fact that
(st)" (@) =y and (st)*(a)) = —aY — 2cos(m/ms+)a)
and again Lemma 2.4 to show that
[Mstl(syy =0 and [my; — 1] = [msr — 1] = 1.

In summary, in both cases (2.2) is satisfied, so that these data define a realiza-

tion (called the geometric realization), and this realization is balanced. It satisfies

Demazure surjectivity (because 2 € k*), and it is clear that it is symmetric.
Finally, we note that if k € {1,--- ,m,, — 1} we have

(2.6) [kls. = [kle.s # 0.

In fact, the equality of quantum numbers follows from symmetry. To prove that
these numbers are nonzero we have to distinguish the cases when m,; and k are
even or odd. If ms; = 2j is even and k = 2[ is also even, if [k]s; = O then by
Lemma 2.4 we have (st)*(a)’) € R-«y. This is absurd since the restriction of
st to R-aY ® R-a; = R? identifies with rotation of angle %’T, which belongs to
(0, 7). Similarly, if ms; = 2j is even and k = 20 4+ 1 is odd, if [k]s; = O then
(st)*(aY) € R -, which implies (since (st)* identifies with rotation of an angle
in (0,7)) that (st)®(aY) = ), hence that & = 7 — 3 = %, which again is
absurd. The cases when m,; is odd can be checked similarly.
These conditions together with condition (3) imply that (2.4) is satisfied.
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REMARK 2.8. Recall the representation of (W, S) considered in §1.2.2. This
representation can be upgraded to a balanced realization by setting oY = e, and
as = ef. In fact the matrix ((o, as))stes for these data is the same as for the
geometric realization, hence it also satisfies (2.2), (2.3) and (2.4).

2.3. Jones—Wenzl projectors.

2.3.1. The two-colored Temperley-Lieb category. Given two colors’ s and ¢ and
a Z[x,y]-algebra A, we can define the two-colored Temperley—Lieb category 2.7.%4
over A as follows (see [El] or | , §6.4]; see also [ELi, §2.6] for a multicolored
extension of this definition). The objects in this category are alternating words in
the alphabet {s,¢}. There exists no nonzero morphism between two words unless
they start and finish with the same letter. If they do, then the space of morphisms
between them has an A-basis consisting of two-colored crossingless matchings be-
tween them. (Here a two-colored crossingless matching is a crossingless matching
where the regions are colored either by s or by ¢, and adjacent regions have different
colors.) Diagrams should always be read from bottom to top. For instance,

U
M

is a crossingless matching. If we color the leftmost region by s and alternate the
colors, it defines a morphism from (s,t,s,t) to itself in 2.7.%4. This morphism
factors through (s,t).

Composition in this category consists of the A-bilinear maps induced by vertical
concatenation of two-colored crossingless matchings and evaluation of circles as
follows: a circle whose interior is labeled by t inside a region labeled by s evaluates
to —x, and a circle whose interior is labeled by s inside a region labeled by ¢ evaluates
to —y. Note that by forgetting the coloring, a morphism from (s,¢,---) (with n
alternating letters) to (s,¢,---) (with m alternating letters) provides a crossingless
matching with n — 1 points at the bottom and m — 1 points on top.

The category 2.7.%4 admits an anti-autoequivalence ¢ which fixes every object,
and acts on morphisms by reflecting the two-colored crossingless matchings along
an horizontal axis.

Later we will use the notion of partial trace of an endomorphism of an object
of 29L4. f w = (u1, - ,uy) and f € Endoge, (w), the partial trace pTr(f) is
the endomorphism of (u1,- - ,u,—1) given by

pTr(f) = | f |

REMARK 2.9. The two-colored Temperley—Lieb category is a generalization of
the “usual” Temperley—Lieb category 7.%4/, which is defined as follows. (Here,
A’ is a Z[z]-algebra.) Objects are Z>o, and morphisms from n to m are spanned

"In practice, below s and t will be two distinct simple reflections in a Coxeter system. But
this interpretation plays no role in the present subsection, and s and ¢ will just be considered as
some colors.
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by crossingless matchings with n points at the bottom and m points at the top.
Composition is induced by concatenation of diagrams, where circles are evaluated
to —x. The combinatorics of this category involves the “one-colored” quantum
numbers mentioned in Remark 2.2.

There are cases where the two-colored Temperley—Lieb category in fact “reduces
to the usual version.” Namely, assume that A is a Z[z, y|-algebra in which the images
of z and y coincide. (We will refer to this setting as the “symmetric case.”) Then A
can also be considered as a Z[z]-algebra, hence we can consider the category J.%y.
There are two fully faithful functors

yfAHnyA

one can consider. The first option is to send n € Zx>( to the unique alternating
word in {s,t} of length n + 1 starting with s, and any crossingless matching to its
unique two-colored version whose leftmost part is colored by s. The second option
is to follow the same recipe with ¢ in place of s. These two functors “capture” the
combinatorics of 2.7.Z,4 in this case, in a sense that should be obvious.

2.3.2. Jones—Wenzl projectors. Let w be an alternating word in {s,t}. The
two-colored crossingless matching which consists only of vertical lines and has colors
given by w is called the trivial matching associated with w. The following lemma
is taken from [ELi, Claim 2.14].

LEMMA 2.10. Let w be an alternating word in {s,t}. Assume that Endsze, (w)
contains an element f whose expansion in the basis of two-colored crossingless
matchings has coefficients 1 on the trivial matching and whose pre-composition
with any morphism of the form

o Y]]

(with appropriate coloring) vanishes. Then f is the unique element satisfying such
properties, it is an idempotent, it satisfies f = (f), and it is killed by post-
composition with any morphism of the form

. A ]

PROOF. Let us denote by I C Endsgy, (w) the submodule spanned by all
the nontrivial two-colored crossingless matchings. Then by assumption we have
f =id+g for some g € I. Any nontrivial two-colored crossingless matching involves
a cup on top, which implies that

foh=0 foranyhel,

hence that f is an idempotent. Similarly, since any nontrivial two-colored crossin-
gless matching involves a cap on bottom, we have

hou(f)=0 forany hel.
Since [ is stable under ¢, we have ¢(f) € id +1I, which implies that
f=Fouf) =uf).
Hence f is killed by post-composition with any morphism of the form (2.8).

Finally, if g € Endsge, (w) is another element satisfying the properties of the
lemma, then we have g € id+1, hence f = go f = g, proving unicity. (]
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A morphism satisfying the conditions in Lemma 2.10 is called a Jones—Wenzl
projector associated with w, and is denoted JW,,. Note that if JW,, exists, then
the subspace of Homs 7o, (w) consisting of morphisms whose whose pre-composition
with any morphism of the form (2.7) (with appropriate coloring) vanishes is exactly
the span of JW,,. In fact, let A € k be the coefficient of the trivial matching in the
expansion of f on the basis of two-colored crossingless matchings. Then f—A-JW,,
has a trivial coefficient on the trivial matching, so that JW, + (f — A - TW)
satisfies the properties of Lemma 2.10. By unicity we deduce that f = X - JW,,,
which finishes the proof of our claim. Of course, a similar property holds for post-
composition with morphisms of the form (2.8).

REMARK 2.11. Recall the setting of Remark 2.9. The considerations above
have obvious analogues in the category .7.%4,. This is in fact the setting where
these morphisms were introduced by Jones and Wenzl independently; see [El, §4.1]
for details. In this case there are no colors to consider, so Jones—Wenzl projectors
are attached to nonnegative integers.

2.3.3. Ezistence. Given a Z[x,y|-algebra A and an alternating word w in s,t,
it is a priori a difficult question to determine whether a Jones—Wenzl projector
associated with w exists. A solution to this question was asserted in | ], but
it turned out to be wrong, as explained in | ]. The correct solution was finally
found by Hazi in | ], following an earlier result in the symmetric case due to
Webster (see the appendix to [ ]): if wis a word of length n starting with s,
then JW,, exists if and only if the image of [";1] ., in k is invertible for any integer
kEe{l,---,n—2}

The following lemma, taken from | , §6.6], can sometimes be used to com-
pute JW,, explicitly (see below for details). Here, if u € {s,t} we denote by @ the
unique element in {s,t} ~ {u}.

LEMMA 2.12. Let A be a Z[z,y]-algebra with structure morphism ¢ : Z[z,y] —
A, and for n > 0 denote by [n]s, resp. [n]is, the image of [n]g, resp. [n],, in
A. Let m € Zo, and assume that [k]s; and [k]; s are invertible for any k < m.
Then JW,, ezists for any alternating word w in {s,t} of length < m, and these
morphisms satisfy

[n]ﬁ,v

(2.9) pTr(IWy) = —m

where n is the length of w and v is the last letter in w. Moreover the following
recursion formulas hold if w = (u1,- -+ ,uyp):

(1)

| jw(wﬂln) | = | IWuw
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(2)

o
[ Wi | = [ TWa | +Zu

[n]a, JUn,

One can sometimes use this lemma to prove existence of (and compute) Jones—
Wenzl projectors even when some quantum numbers vanish in A. Namely, first
consider the case when A = Q(z,y). In this case, Lemma 2.12 implies the ex-
istence of all Jones—Wenzl projectors. Assume that, for a given w, one has an
explicit expression of JW,, (e.g. obtained by using one of the recursion formulas
in Lemma 2.12) and that the coefficients in the expansion of these morphisms in
the basis of two-colored crossingless matchings all belong to Z[z,y][1/ f] for some
f € Z[z,y]. Then if the given morphism Z[z,y] — A extends to a morphism
Z[z,y][1/f] = A (in other words, if the image of f in A is invertible), one obtains
morphisms in 2.7.Z4 by evaluating all coefficients in A using such an extension.
It is clear from definitions that this morphism is a Jones—Wenzl projector for w.
(Note that Jones—Wenzl projectors associated with the other words of shorter length
might not exist, constrary to the situation considered in Lemma 2.12.)

For our purposes, the most important cases will be when the length of w belongs
to {2,3,4,6}. In these cases, in 2T Ly (z,y) the Jones-Wenzl projectors are as
follows. (We will only write projectors for words starting with s, and will not
indicate the colors of the regions since they can be easily determined. The projectors
for the words starting with ¢ can be obtained by switching s <+ ¢ and x <> y.) One
finds that

1 U
IWen= 1> IWers= || * 50
] e e Y Y Y
IW(stst) = ‘ "Bl TR INnTE N e N

The next relevant case is JW( 1 s.t,5,¢), Whose expression is shown on Figure 2.1.

2.3.4. Rotatability. Consider a Z[z,y]-algebra A, with structure morphism ¢ :
Zlz,y] — A, and the associated category 2.7.Z4. Fix m € Z>1, and denote by w,
!/ : . I .

w’ the two alternating words in {s,t} of length n. In the rest of this subsection
we assume that JW,, and JW, exist. We will say that these morphisms are
rotatable if we have

pTr(IWy) =0 and pTr(JW, ) =0.

The reason for this terminology is explained by the following lemma, which is copied
from [ , Lemma 6.15].

LEMMA 2.13. The morphism

[ ]
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FIGURE 2.1. Jones—Wenzel projector for (s,t,s,t,s,t)

belongs to A - TW.y if and only if pTr(TWy) =

PROOF. As explained in §2.3.2, an endomorphism of w’ belongs to A - JW,,
iff it is killed by post-composition with any morphism of the form (2.8). Our given
morphism is killed by composition with such a morphism if the cap is not on the



106 CHAPTER 2. SOERGEL BIMODULES

rightmost strands. It is killed by composition with the cap on the rightmost strand
iff pTr(JWy) = 0. O

REMARK 2.14. If the morphisms JW,, and JW,, exist and are rotatable,
one can determine the coefficient appearing in Lemma 2.13 explicitly, see | ,
Lemma 6.21]. In the cases we will consider in the setting of the Elias-Williamson
category (see §2.4 below), the condition that the realization is balanced will in fact
imply that this coeflicient is 1.

As for existence, it is a priori a delicate question to determine when this condi-
tion is satisfied. One case when it is easy to conclude is the setting of Lemma 2.12.

LEMMA 2.15. Consider the setting of Lemma 2.12, and assume that [k]s . and
[kt,s are invertible for any k < m. Then JW,, and JW. are rotatable iff [m]s+ =
[m]ts =0.

PRrROOF. The claim is a direct consequence of (2.9). O

The rotatability for general realizations was also considered by Hazi in | 1,
where he proved the following result.

THEOREM 2.16. Let n > 1. The Jones—Wenzl projectors associated with the
two alternating words in {s,t} of length n exist and are rotatable if and only if the
images of [Z]x and [Z]y in k vanish for any integer k € {1,...,n — 1}.

In cases where one has an explicit formula for the projectors JW,, and J W,
checking the rotatability condition is just a matter of computation. Using the
formulas given in §2.3.3 one can check explicitly (if one is patient enough) that the
condition in Theorem 2.16 is indeed sufficient in these cases.

2.4. Some consequences of the technical conditions. From now on we

fix a Coxeter system (W, S), an integral domain k, and a balanced realization
(Vi(as:5€8), (o) :s€8))
of W, S) over k which satisfies (2.4). We will consider the symmetric algebra
R := Sk (V™)

as a graded ring with V* in degree 2. This algebra admits a natural action of W
(induced by the action on V'), and for s € S we will denote by R® C R the subalgebra
of s-invariants. The following lemma (which generalizes some of the computations in

the proof of Lemma 1.11) is one of the justifications for the assumption of Demazure
surjectivity.

LEMMA 2.17. Assume that o) : V* — k is surjective and that oy # 0. If
ds € V* satisfies (ds, ) =1, then we have

R=R°®0s- R°.

PROOF. Since s(ds) # 05 (because as # 0 by assumption), it is clear that
R* N (§;R?) = {0}. On the other hand, using the fact that

(2.10) VE= (V") ok-d,
(where (V*)* = ker())) and the formula
(2.11) (6)% = (05 + 5(85)) - 65 — 5(65)ds
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one checks by induction that for any n € Zso, any element of R?" belongs to
R? 4§, - R®; it follows that R = R® @ J, - R®, as desired. O

From now on we assume in addition that our realization satisfies Demazure
surjectivity. In particular, Lemma 2.17 holds for any s. For s € S we will denote
by

s : R— R°

the Demazure operator associated with s, i.e. the k-linear map sending a = a1 +dsa2
(with aq1,as € R®, and where J; is as in Lemma 2.17) to ag. This map does not
depend on the choice of d,: in fact we have

f—=s(f)

Qs

8s(f) =

in the fraction field of R.

In [ |, the authors associate to such data a k-linear graded (strict) monoidal
category” Dps(W, V). (In | ] it is not assumed that (2.4) is satisfied, but the
teatment of Jones—Wenzl projectors has a gap. This gap was identified and partially
solved in | ], and later completely solved in [Haz].) The definition of this
category is given in §2.5; in the rest of this subsection we discuss some technical
details required in this definition.

First, for any (s,t) € 82, considering k as a Z[z, y]-algebra via

v —{a) ), yr —{a), ),

the assumption (2.4) and Theorem 2.16 ensure that in the category 27.% the
Jones—Wenzl projectors

jW(&t’,,,) and jW(t,s7-~')

(with my ; letters in each case) exist and are rotatable. Using a deformation retract
(see | , §5.2]), from a two-colored crossingless matching one obtains a diagram
of the form used below in the definition of Dpg(W, V') (see §2.5); for instance, from
the matching

U U
N

with the leftmost region colored by s we obtain the diagram

80f course this category also depends on S and the collections (o : s € S) and (as : s € S).
These data are not indicated to lighten the notation.
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The diagram obtained from W, ... +) (if ms ¢ is even) or TW(g4.... 5 (if msy is
odd) will be denoted

(2.12)

This morphism is again called the Jones—Wenzl projector associated with the pair
(s;1)

REMARK 2.18. As we will see below the Jones—Wenzl projectors, or rather their
images (2.12), appear in the relations defining the Elias—-Williamson category; it is
therefore clear that we need to assume their existence for the definition to make
sense. The necessity of rotatability is less immediate. It should be seen as some kind
of compatibility of the cyclicity of the 2m, ;-valent vertex (relation (4) in §2.5) with
the relation involving Jones—Wenzl projectors (relation (12) in §2.5) which prevents
the category from collapsing. For a more formal discussion, see [ , §3.3].

There is an extra technical condition that has to be considered in case YW admits
a parabolic subgroup of type Hsz. In this case, the “Zamolodchikov” relation one

needs to impose (see | , (5.12)]) is not known explicitly. One therefore needs
to assume that there exists a linear combination of this form that is sent to 0 by the
operation described in [ , 82]. Such a linear combination is then fixed, and its

vanishing is imposed in the definition of the category Ds(W, V) (see (13) in §2.5
below). There does not seem to be any understanding of when this condition holds
at this stage; we will therefore not discuss it any further. (This condition is empty
for Cartan realizations of crystallographic Coxeter groups, since such groups do not
have any parabolic subgroup of type Hs.)

2.5. Definition. We continue with the realization fixed in §2.4.

The category Ds(W, V) is graded, in the sense that its morphism spaces are
graded k-modules. Its objects are parametrized by expressions; the object attached
to w will be denoted by B,. The morphisms are generated (under horizontal
and vertical concatenation, and k-linear combinations) by four kinds of morphisms
depicted by diagrams (to be read from bottom to top):

(1) for any homogeneous f € R, a “box” morphism

from By to itself, of degree deg(f);
(2) for any s € S, “dot” morphisms

o »

T and

from B; to By and from By to B, respectively, of degree 1;
(3) for any s € S, trivalent morphisms

E] s s

VoA
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from B; to B, ) and from B, 4 to Bs, respectively, of degree —1;
(4) for any (s,t) € 82, a 2mg-valent morphism

t s t t t s t s
>< if mg; is odd or >< if mg is even
s t s s s t s t

from By ,...) to B(y,s,...) (Where each expression has length m;, and colors
alternate), of degree 0.

(Below we will sometimes omit the labels “s” or “¢” when they do not play any
role.) Using these morphisms we define the cap and cup morphisms as follows:

A-X U-Y.

These morphisms are subject to a number of relations that we now explain.
First, there are the “isotopopy relations:”

(1) biadjunction:

(2) rotation of univalent vertices :

N-1-N w Y- U

rotatlon of trivalent vertices:

WA=y

(4) cyclicity of the 2mg;-valent vertex:

if mg; is odd;

if mg; is even.

Once these relations are known, as explained in | , Proposition 7.18], an
isotopy class of diagrams unambiguously represents a morphism in our category.
This also allows us to use some pictures that are not in the strict sense obtained
by concatenating our diagrams above: for instance, we will write
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AN

After this remark we can state the remaining relations:

for

(5) the boxes add and multiply in the obvious way;
(6) Frobenius unit:

(7) Frobenius associativity:

(8) needle relation:

(9) barbell relation:

(where s is the color of the diagram on the left-hand side);
(10) nil-Hecke relation:

(11) 2-color associativity:

if mg is odd;

if mg; is even;




2. THE ELIAS-WILLIAMSON CATEGORY 111

(12) Jones—Wenzl relations (or two-color dot contraction):

if my ¢ is odd;

if mg, is even;

(13) Zamolodchikov relations: see | , §5.1].
These relations can be gathered in four groups:

e the polynomial relation (5), which does not involve any simple reflection;

e the 1-color relations, which involve only 1 simple reflection in each case,
namely (1)—(3); and (6)—(10);

e the 2-color relations, which involve pairs of simple reflections generating
a finite subgroup of W, namely (4) and (11)—(12);

e the 3-color relation, which involves triples of simple reflections generating
a finite subgroup of W, namely (13).

The composition of morphisms is induced by vertical concatenation. The
monoidal product in Dgg(W, V) is induced by the assignment B, x By, 1= Byuw,
and horizontal concatenation of diagrams.

REMARK 2.19. (1) The letters “BS” in the notation Dps(W,V) again
refer to Bott—Samelson, because the objects B, play the role of equivariant
cohomology of Bott—Samelson resolutions of Schubert varieties.

(2) As checked in | , Exercise 9.39], from the relations (11)—(12) above
one deduces that the composition of the 2mg;-valent morphism from
(s,t,--+) to (t,s,---) with the 2ms-valent morphism from (¢,s,---) to
(s,t,-++) s JW(S’t,.,. )

(3) In some sources (e.g. | ]) the needle relation (see (8) above) is
presented in a different form; it is explained in Exercise 2.10 that this
gives rise to the same category.

(4) As explained in Remarks 1.30 and 1.32, Soergel bimodules are often used
as a bridge between two categories of representation-theoretic or geomet-
ric interest, by constructing functors H and V with values in Soergel
(bi)modules. By design a category defined by generators and relations
makes it easy to define a functor from it. In the case where one wants to
use the Elias—Williamson category as a replacement for Soergel bimodules,
one therefore usually constructs functors from this category to categories
of representation-theoretic or geometric interest. For illustrations of this
procedure, see | ] and Conjecture 1.3 in Chapter 6.

When we consider Dps(W, V) as a graded category as above, the graded k-
module of morphisms from By, to B, will be denoted

Hom.DBS(W,V) (Buw, By)-
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This k-module has a canonical structure of graded R-bimodule, given by putting
boxes to the left and to the right of a given morphism. But sometimes it will be
more convenient to consider Dgg(W, V') as a usual category endowed with a “shift
of grading” autoequivalence (1), whose n-th power will be denoted by (n). From
this perspective the objects of Dgs(W, V') are the B, (n) where w is an expression
and n € Z. The morphism space from B, (n) to B,(m), denoted

Homp. w,v)(Bw(n), By(m)),

is the k-submodule of Homp (1) (Bw, By) consisting of elements of degree m —n.
The category Dgs(W, V) admits a nice symmetry, which is explained in the
following lemma. For applications, see Exercise 2.11.

LEMMA 2.20. Assume that (W, S) has no parabolic subgroup of type Hs. There
admits a canonical monoidal anti-autoequivalence

[ DBs(W, V) l) DBs(W, V)
which acts on objects by the formula
U(Bu(n)) = Bu(—n)

for any expression w and any n € Z, and on morphisms by reflecting diagrams
along a horizontal axis.

PROOF. Since our category is defined by generators and relations, and since we
know the behaviour of our functor on objects, we consider the assignment sending
each generating morphism to its reflection along an horizontal axis; what we need to
check is that this assignment satisfies the relations defining Dgs(W, V). This is eas-
ily seen for all relations except 2-color associativity and the Jones—Wenzl relations.
For 2-color associativity, this follows from these relations together with cyclicity
of the 2mg -valent vertex and of trivalent vertices. Finally, instead of checking
explicitly the Jones—Wenzl relations, we remark that by [ , Exercise 9.39]
these relations are equivalent (modulo cyclicity and 2-color associativity) to the
relation stating that the composition of two 2m, ;-valent vertices associated with
s,t equals the corresponding Jones—Wenzl projector; see | , (9.27b)]. This
relation is visibly invariant under horizontal reflection thanks to the corresponding
property of Jones—Wenzl projectors (see Lemma 2.10), which allows to check this
relation. O

REMARK 2.21. Similar considerations allow to construct an analogue of the
autoequivalence ¢ of Remark 1.12, i.e. an autoequivalence of Dpg(W, V') that sends
B to the object associated with the word obtained from w by reversing the order
of the letters, and acts on morphisms by reflection along a vertical axis. This
autoequivalence respects degrees of morphisms, and reverses the order of the factors
in a monoidal product.

2.6. Additive and Karoubian versions. The category Dgs(W, V) is “only”
a preadditive (in fact, k-linear) category. We will denote by DEg (W, V) the additive
hull of Dpg(W, V) (considered as an ordinary, non graded, category). The objects
of this category are the formal direct sums

@ B% (n4)
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where each w; is an expression and each n; is an integer. The morphisms are defined
in the obvious way, as matrices of morphisms in Dgg(W, V'). This category admits
an obvious (additive) monoidal product extending the product *, and denoted by
the same symbol.

In case k is a field or a complete local ring,” we will denote by D(W, V) the
Karoubian envelope of Dgs(W, V). Once again this category admits a natural
monoidal product extending %, and which will also be denoted . It follows from
Theorem 2.30 below that morphisms spaces in D(W, V) are finitely generated over
k. Since a k-algebra which is finitely generated as a k-module is semi-perfect
(see [La, Example 23.3]), it then follows from [ , Theorem A.1] that DOW,V)
is a Krull-Schmidt category.

2.7. The quadratic relations. Below we will explain that (under suitable
assumptions) the split Grothendieck group of the category DQBBS(W,V) identifies
with the Hecke algebra H(yy sy. The following lemma expresses in categorical terms

that the quadratic relations in Hy s) are satisfied in DE(V, W) (without any
further assumption).

LEMMA 2.22. For any s € S there exists an isomorphism
Bs x Bs = Bs(1) @ Bs(—1)
in DEg(V, W).

Proor. To prove the lemma we need to construct morphisms
J1:B(s,s) = Bs(1),  fa: B — Bs(—1),
f3:Bs(1) = B(ss),  fa:Bs(—1) = By

which satisfy
fiofs=1id, fiofa=0, feofs=0, frofs=id
and
fao fa+ fzo fr =id.

These morphisms are defined as follows (where all lines are labelled s, and d; is as
in Lemma 2.17):

s(ds)
fi= ; fz)\7 f3\(7 fa= .
1)

(2.13) fiofs= = + s(6,) =id

‘We have

where the second equality uses the nil-Hecke relation (and the fact that 9,(d5) = 1)
and the third one the Frobenius unit relation and the needle relation. A very similar
computation shows that fo o f4 =id and that f; o fy = 0. (In the former case we

9This restriction is not necessary for the definition to make sense, but we will only consider
it in this generality.
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use that 9s(s(ds)) = —1; in the latter case we use that ds(dss(ds)) = 0.) The fact
that fs o f3 = 0 follows directly from the needle relation.

Finally, we have
5(3,)
faofot fsof1 = X - .
0s

Using Frobenius associativity and then the nil-Hecke relation we see that

s(0s)
= = +
Os %

It follows that f4 o fo 4+ f30 f1 = id, in view of the Frobenius associativity relation
and the Frobenius unit relation. O

2.8. The categorification theorem and indecomposable objects. Elias
and Williamson prove in | ] that, under appropriate assumptions, the cate-
gories Dgs(W, V') and D(W, V) have properties very similar to those of the category
of Soergel bimodules, see §1.4.

First, they explain in [ , §6.5] that there exists a morphism

chp : DEsW, V)le = How,s)
which, for any expression w and any n € Z, satisfies
chp([By(n)]) =v" - H,

(where H,, is defined in (1.11)). (This construction relies on the construction of the
light leaves basis presented in §2.10 below; see §2.11 for some details.) Since the
classes [By,(n)] generate the Z-module [Dis(W, V)]s, the morphism 7 is therefore
an algebra morphism.

For the next results, we assume that k is a field or a complete local domain.
In [ , Theorem 6.26], Elias and Williamson prove the following analogue of
Theorem 1.16.

THEOREM 2.23. For any w € W there exists a unique indecomposable object
B € DOW, V') which satisfies the property that for any reduced expression w for w,
By is the unique indecomposable summand of By, which is not a direct summand
of an object B,(n) with y a reduced expression for an element y < w and n € 7Z.
Moreover, the assignment

(w,n) = By(n)

induces a bijection between W X Z and the set of isomorphism classes of indecom-
posable objects in DOW, V).

Under the assumption that k is a field or a complete local domain, it is clear
that we have an identification

DEW. V)]e = DOV, V)]a.
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Using the characterization of B,, in Theorem 2.23, one easily checks by induction
on the length of w that for any reduced expression w for an element w € W there

exist nonnegative integers by, such that
(2.14) Bu=B,® P (By(n) .
yeW,y<w
nez

Using the same considerations as for Corollary 1.18, one deduces the following
result. (Here again, the positivity statement follows from the explicit description
of chp.)

COROLLARY 2.24. The morphism chp is an isomorphism. Moreover, for any
w € W we have

chp([BY™)) € Hy + Y Zsolv,v™ '] H,.

y<w
REMARK 2.25. (1) Tt follows from the first sentence in Corollary 2.24
that, when k is a complete local domain, the assignment
H, — B

extends to an algebra morphism H sy — [D(W, V)]s, which provides an
analogue of Theorem 1.14. The proof of this fact is however quite different
from that of the latter theorem; in particular the fact that the elements
([Bs] —v : s € S) satisfy the braid relations is not checked explicitly.
For an interpretation of this relation in the category D(W, V), see | ,
Remark 6.29].

(2) In fact one can prove that there exists an algebra isomorphism

How,s) = [DEsOWV, V)]s

without any assumption on k, see | , Theorem 6.13].'° The proof
in this setting does not use the classification of indecomposable objects
(because no classification is known); instead it is based on the construction
of analogues of the Rouquier complexes (see Remark 1.15(2)).

For w € W we set
H,,(V) = cho([BE™)).

—w

Corollary 2.24 implies that the family
(2.15) (H,(V):wew)

is a basis of H(y ). This basis “encodes” the combinatorics of the category
D(W,V), in the sense that computing it is equivalent (in theory) to computing
the integers by, appearing in (2.14).

The same proof as for Lemma 1.21 (using Exercise 2.11 as a replacement for
the arguments involving the duality D) gives the following result.

LEMMA 2.26. Letw € W and s € S.
101y [ | the technical conditions of §2.4 are not mentioned. They should be imposed

however, since the proof involves the standard properties of the category Dg(W, V') (in particular,
the double leaves basis of §2.10 below.).
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(1) If sw > w, then there exist nonnegative integers dy"y for y € W such that
y < sw and n € Z such that

B:xBuw2Bw® @ (B,)¥HE.

yeEW,y<sw
nez

Moreover, for any y and n we have d;", = d¥ ;™.
(2) If sw < w we have

B, * By 2 Byu(1) @ By (—1).

In particular, as a consequence of Lemma 2.26(2), for any w € W and s € S
such that sw < w we have

(216) ﬂs ﬂw(v) = (U + v_l) ’ ﬂw(‘/)

REMARK 2.27. (1) The comments in Remark 1.22, as well as Proposi-
tion 1.23, also apply in this context, with identical proofs.

(2) As explained in Remark 1.19, usual Soergel bimodules have “singular”
variants. In the setting of the Elias—Williamson diagrammatic category,
such a theory is not available in full generality as of now. In the case of di-
hedral groups, it was developed (under appropriate assumptions) in [E1].
A solution to this problem has been announced by Elias-Williamson in
(finite and affine) type A, but no detailed treatment appears in the lit-
erature at present. For some details, see | , Chap. 24]. For an
important application, see | ].

2.9. Rex moves. We now come back to the general setting of §2.5 (i.e. we
omit the condition that k is a complete local domain.)

To any w € W we associate its “rex graph” T',, constructed as follows. The
vertices of this graph are the reduced expressions for w, and an edge connects two
vertices if they differ by the application of a braid relation, i.e. by the replacement
of a subexpression (s,t,---) by (t,s,--+), where (s,t) € 82, and each sequence
alternates the letters s and ¢ and has length m, ;. In these terms, Matsumoto’s
lemma in the theory of Coxeter groups states that the graph I'y, is connected, for
any w € W.

If w and w’ are two vertices in T, connected by an edge (associated with a pair
(s,t) of simple reflections as above), then we have canonical morphisms

(2.17) By - By and By — By

in Dg(W,V) obtained by adding vertical lines to the morphisms B ...y —
B(t,s,..) and By s,...y = B(s,...) appearing in the generators of Dpg(W, V).

LEMMA 2.28. Let w € W, and let w and w' be two vertices in T',, connected by
an edge. Then there exist words xq,- - ,z, of length at most {(w)—2 and morphisms
Jisoo+ fr 2 Bw — By where each f; factors through a shift of By, such that the
composition

By — Bw — By

(where both morphisms are as in (2.17)) equals id+>_\_; f;.
PROOF. Let s,t be the simple reflections associated with the edge under consid-

eration. By Remark 2.19(2), the morphism we consider is obtained from JW ., ...\
by adding appropriate vertical lines on both sides. Hence it is sufficient to prove the
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similar claim for the morphism JW; .). Now, by construction, this morphism
is obtained from JW( ...y by the deformation-retract process explained in §2.4.
The morphism JW(....) is a linear combination of the identity morphism (giving
rise to the identity morphism in Dpg(W, V')) and nontrivial two-colored crossingless
matchings. Each of these matchings has a cup

_/

on top. Hence its image in Dpg(W, V') has a diagram of the form

KLH
on top. This image therefore factors through an object associated with a word of
length at most m,; — 2, which implies our claim. O

We continue with our element w € W and the rex graph I',,. We will call
“rex move” a directed path in T',,. To each (directed) edge in this path we have
associated above a morphism in Dgg(W, V). By composing these morphisms we
therefore obtain a morphism

Bﬂ — BM’
in Dgs(W, V), where w, resp. w’, is the starting point, resp. the end point, of our
path. Given a rex move from w to w’, we can also consider the “reversed” rex
move, a path from w’ to w. The following statement is an immediate consequence
of Lemma 2.28, which will be used in Chapter 6.

PROPOSITION 2.29. Let w € W, and consider a rex move from a verter w
to a vertex w'. Then there exist words xq,--- ,x, of length at most {(w) — 2 and
morphisms fi,-- -, fr : By — By where each f; factors through a shift of By such
that the composition '

By — By — By
(where the first morphism is the morphism associated with our given rex move,
and the second one is the morphism associated with the reversed rex move) equals

d+>0_, fi

2.10. Light leaves and double leaves. One of the main technical tools used

in | ] is the construction of bases of morphism spaces in Dpg(W, V') inspired by
a construction in the setting of “usual” Soergel bimodules due to Libedinsky [Lil,
|, that we review here.
Given an expression w = (s1,--+,8,), we call subexpression of w a sequence
e = (e1, - ,e.) where e; € {0,1} for any i. We will say that e expresses the

element (s1)°! - (s,)° € W. To such a subexpression we assign its Bruhat stroll,
the sequence xg = e, x1, -, x, with
zi = (s1) - ()7

for any ¢, and a sequence (Xi,---,X,) of labels in {U0,U1, D0, D1} with

Ul ife;=1and z;_18; > Ti—1;
X — U0 ife;=0and z;_1s; > Ti—1;
L D1 ife;=1and z;_18; < Ti—1;

DO ife; =0and z;_18; < x;_1.
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(Here “D” stands for “down”, and “U” for “up”.) We define the defect d(e) of e
by
dle)=#{ie{l,---,r} | X; =00} — #{i € {1,--- ,r} | X; = DO}.

To each expression w and each subexpression e, with associated Bruhat stroll
(zo,- - ,x,) and sequence of labels (X1, -, X,.) we will assign a “light leaf” mor-
phism

LLy.e : Buw = By (d(e))

for some reduced expression z for z,. (This construction will depend on some
choices; in particular we do not specify the choice of z.) The construction pro-
ceeds by induction on the length on w. If w = & is the empty expression,
then there is only one choice for e, namely e = &, and the corresponding mor-
phism LLg o is the identity morphism of By. Now consider a nonempty ex-

pression w = (s1,---,5,) and a subexpression e. Denote by w_, the expression
(s1, -+ ,87—1) and by e_,. = (eq,--- ,e,—1) the subexpression of w_,. induced by e,
and assume that the morphism

LLM<7‘7Q<T : BH<T - B@’(d(§<7’))

has been defined. (Here 2’ is a certain reduced expression for x,._1.) Then we will
set
LLy, = ¢r 0 (LLy % idg, )

€

<r =<

for a certain morphism

¢r : By % By, (d(ec,)) — By(d(e))

where z is a reduced expression of ,.. This morphism is determined by the following
rules. (Here, to lighten notation, ¢, is described as an element in the graded k-
module Homp, _ yy vy (By x Bs,, By).)

e If X, = U1, then (z/, s,) is a reduced expression for x,. In this case, we
choose a reduced expression z for z, and a rex move from (z/, s,-) to z and
define ¢, to be the associated morphism. (Here we can choose x = (2/, s,.)
and the rex move staying at this reduced expression, but we do not impose
this.)

e If X, = U0, then z’ is a reduced expression for z,. We choose a reduced
expression z for x,. and a rex move from z’ to z, denote by f the associated
morphism, and set

¢7' = f * J

e If X, = D1, then we choose a reduced expression y for x,_; which has s,
in position r — 1, and a rex move from z’ to y; we denote by f : By —
B, the associated morphism. We denote by z the reduced expression
for x, obtained by deleting the rightmost s, in y, and choose a reduced
expression z for x, and a rex move from 2z to z; we denote by g:B., — B
the associated morphism. Then we set

sr

¢r=go idgé* )\ o(f*istT).

Sy Sp
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e If X, = DO, then we choose a reduced expression y for x,_; which has s,
in position r — 1, and a rex move from z’ to y; we denote by f: By — By
the associated morphism. Next we choose a reduced expression z for z,
and a rex move from z to z; we denote by g : B, — B, the associated
morphism. Then we set -

¢r=go <ide* m > o(fxidg,, ).

Sr Sr

Now that light leaves morphisms have been defined, we can define the double
leaves morphisms. These are associated to a pair of expressions (z,y) and a pair
of subexpressions (e, f) of z and y respectively which express the same element
w € W. Thanks to the construction above we have morphisms

LLge: By = Bu(d(e)), LLys:By — Bu(d(f))

where w and w’ are reduced expressions for w. We choose a rex move from w to
w’, denote by f: B, — B, the associated morphism, and set

LLEE = («(LLyp)(d(e))) © (£(d(e)) 0 Ly : Ba — By (d(e) + d(e)).

(Here, ¢ is the functor of Lemma 2.20.)
The following statement is proved in | , Theorem 6.12], and is the main
step for the proof of Theorem 2.23.

THEOREM 2.30. Let z,y be expression, and choose for any subezpressions e, f
of x and y respectively expressing the same element of W a double leaf mor-
phism L]L%é Then the family of such morphisms is a (homogeneous) basis of
Hom*(B,, Bg) both as a left R-module and as a right R-module. In particular, this
space is graded free as a left R-module and as a right R-module.

2.11. Some quotient categories and the diagrammatic character. The
light leaves morphisms themselves can also be described as a spanning set for a space
of morphisms, as follows.

Recall that an ideal in W is a subset & C W such that if w € U then {y €
Wy <w} CU. Fix w € W, and consider the ideal {y € W | y < w}. Given ex-
pressions z,y, let us consider the sub-R-module Hom*® (B, B,)<" of Hom*(B,, B,)
spanned by morphisms which factor through (a shift of) an object B, where w
is a reduced expression for an element y which satisfies y < w. As explained
in [ , §11.3] (see also | , §6.4-6.5]), for any choice of double leaves basis
as in Theorem 2.30, Hom® (B, B,)<" is spanned by the morphisms ]Ll[%g where e
and f express an element y which satisfies y < w; as a consequence, the quotient

Hom;w(By Bg) := Hom*(B,, Bg)/Hom'(By Bg)<w
is a free R-module, spanned by images of double leaves morphisms associated with
expressions e, f which express an element y satisfying y £ w. It is clear that the
subspaces Hom®(By, B, )<" form a 2-sided ideal in Dps(V, W), so that one can

define a category Ds(V, W)*" with objects the same as those of Dgg(V, W), and
morphisms given by appropriate graded components of the spaces Hom;w(Bg, Bg).

It is clear that the images in Dpg(V,W)*% of the objects B, with w a reduced
expression for an element y such that y < w vanish.
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The images in this quotient category Dps(V,W)*% of the objects B,, for w
a reduced expression for w coincide; for simplicity we will denote them by B,,.
Then, for any expression y, the R-module Hom;w(Bg, Bw) is free, and spanned
by the light leaves morphisms LL, . where ¢ expresses w. (In particular, we have
Hom?%,,(Bw,Bw) = R.) With this definition, the morphism chp considered in §2.8
is defined by

chp(B,) = > (grkHom;w(Bg, Bw)) - Hy,
weW

where grk is the graded rank (as an R-module).

REMARK 2.31. In some references the ideal {y € W | y < w} is replaced in this
construction by the ideal {y € W | y 2 w}. This does not affect the construction
of the diagrammatic character; see e.g. | , Remark 11.40].

2.12. Some applications. As explained above the main application of The-
orem 2.30 is to the proof of Theorem 2.23. But this theorem has other very inter-
esting implications, that we explore here. A general idea one can keep in mind is
that “the category Dps(W, V') does not really depend on the choice of realization.”
This should not be taken in the strict sense, but in this subsection we explain a few
statements that go in this direction.

2.12.1. Eztension of scalars, 1. Recall from Remark 2.3 that given a realization
(Vi(as : s € S),(a) : s € 9)) of a Coxeter system (W,S) over a commutative
domain k and a ring morphism k — k’ (where again k’ is a commutative domain) we
obtain naturally a realization of (W, S) over k’ with underlying k’-module k' ® V.
We will assume that the technical conditions considered in §2.4 are satisfied by V.
Then these conditions are also satisfied for our new realization over k’, so that we
can also consider the category Dgs(W,k’ ® V). To distinguish the two cases, we
will add subscripts k or k’ to all the notations considered above.

REMARK 2.32. We have to be a bit careful in case (W, S) admits a parabolic
subgroup of type Hz. Namely, in this case we have explained in §2.4 that we need
to fix a corresponding “Zamolodchikov relation” in the definition of Dgs(W, V).
The image in Dps(W, k' @, V') of this relation will be taken as the corresponding
Zamolodchikov relation in this category. Note that we have a natural morphism
from the algebra Ry involved in the definition of Dgs(W, V) to the algebra Ry
involved in the definition of Dg(W,k’ ® V'), which induces a morphism between
localizations at W-conjugates of the simple roots. Since the coefficients in | ,
§2] only involve elements in these localizations, the image considered above is indeed
suitable to be taken as a Zamolodchikov relation.

It is clear from definitions that there exists a canonical monoidal functor
k" : Dgs(W, V) — Dps(W, k" @ V)
which is defined on objects by
K'(BY,(n)) = BY (n)

for any expression w and any n € Z. From Theorem 2.30 we deduce that for any
expressions w, w’ and any n,n’ € Z this functor induces an isomorphism

k' @x Homp g o, v) (B, (n), By, (n')) = HomDBs(W,k’@ka)(Bk&/(n)v Bﬂi/ (n)).
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In case k and k’ are complete local domains, this functor induces a functor
DIW,V) = DWW,k @ V)

which will again be denoted k’, and which has the same effect on morphism spaces
as above. The induced algebra morphism

DOV, V)] = DOV, K @« V)]a

is an isomorphism; in fact, under the isomorphisms chp (used on both sides) it
identifies with the identity morphism of Hyy sy. What we will consider more closely
below is the effect of this functor on indecomposable objects.

We start with an easy case.

LEMMA 2.33. Assume that k and kX' are complete local domains, and that the
morphism k — k' is surjective. Then for any w € W there exists an isomorphism

k'(B) = BX .

PROOF. From the characterizations of the objects BX and BE we see that it is
enough to prove that k/(BX) is indecomposable. Now, as explained above we have
a canonical isomorphism

k' @k Endpy,sow,v) (BY,) = Endpys o e, v) (K (BY,))-
We deduce that this ring is a quotient of the local ring EndDBS(W,V)(B“fU), hence is

local, which finishes the proof. O

Lemma 2.33 implies that in this setting, for any w € W we have
(2.18) H,V)=H,k @V).

REMARK 2.34. Lemma 2.33 applies in particular in the case when k = O is a
complete local domain and k/ = F is its residue field. In this case there is another
natural morphism one can consider, namely the embedding @ — K where K is the
fraction field of ©@. For this morphism it is not true that K(B?) is indecomposable
in general. What follows from the characterization of indecomposable objects in
DOW,V) and DOW,K ®g V) is that there exist nonnegative integers (ay wn : ¥y <
w € W,n € Z) such that

K(B2) = BY @ @) (B (n) &
y<w
neZ

It is also not difficult to check that ay ., = @y w,—n for any n € Z; see Exercise 2.11.
If the basis

(H,(K@oV):weW)
is known, the problem of computing the basis
(H, (V) :weW)
or, equivalently (see (2.18)), of the basis
(H,(FaoV):weW),

is equivalent to the problem of computing the integers ay u n.
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2.12.2. Extension of scalars, II. Now we assume that k and k’ are fields. We
fix w € W, and denote by

End$BS(W7V)(BH2)) - EndDBs(WvV)(BHZ;)
the ideal consisting of morphisms which factor through a sum of objects of the form
By(n) with y < w.
LEMMA 2.35. Assume that k is a field. Then for any w € W we have
EndDBS(W,V)(BEiJ) = End$Bs(W,V)(Bh) ok id.
PRrROOF. First we remark that
EnngS(W,V)(B“;) N (k -id) = {0}.
In fact, this property is equivalent to saying that id does not belong to the ideal
End'[';BS(Wy)(Bﬂq‘i)7 which follows from the fact that B, is not a direct summand of
a sum of objects By (n) with y < w (by the Krull-Schmidt property). To conclude
it therefore suffices to show that
Endpqow,v)(Bf) = Endg__ 1y 1) (BY) + k- id.
For this, choose a reduced expression w for w and morphisms
BX % BY % B

such that poi =id. If f € Endp,qw,v)(B), then the morphism i o f o p can be
written in the double leaves basis of Theorem 2.30. Since w is a reduced expression,
and for degree reasons, we deduce that there exist A € k and a morphism g which
factors through a sum of objects B, (n) with y < w such that

1o fop=A-id+g.
Then we have
f=(poi)ofo(poi)=A-id+pogoi,
which proves the claim and finishes the proof of the lemma. O

Once this lemma is established, using the same considerations as for Lemma 1.20
we deduce the following property.

PROPOSITION 2.36. Assume that k and k' are fields. Then for any w € W we
have
K'(BY) =~ B¥ .
Proposition 2.36 shows that, in this setting, for any w € W we have
(2.19) H,(V)=H,K @ V).

2.12.3. Diagrammatic Soergel modules. We explained in §1.9 that, in the set-
ting of reflection faithful representations, the category of Soergel bimodules has a
variant where the left (or right) action of R is “killed,” giving rise to the theory
of Soergel modules. Such a procedure has no obvious analogue in the setting of
the present section, but we can copy Proposition 1.26 to define a category which
plays the same role as Soergel modules. Namely, consider a balanced realization
(Vi(as : s € 8),(aY : s € S)) which satisfies the technical assumptions of §2.4.

S

Then we define the category Dps(W, V) with

e objects the symbols B, (n) where w is an expression and n € Z;
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e morphisms from B, (n) to B,/ (n’) the elements of degree n’ —n in the
graded k-module
k®r Hom.DBS(W,V)(Bﬂ’ Bﬂ’)
(where k is the trivial R-module concentrated in degree 0);
e composition induced in the obvious way by composition in Dgs(W, V).

Given expressions w and w’, we set

Hom%BS(W,V)(BQ, By) = @ HomﬁBS(w,V)(Bya Bu(n))
neL

=k R HOm.D}gs(W,V)(BQ? BQ’)
Of course, From Theorem 2.30 we deduce that these spaces are graded free over k,
with bases consisting of images of double leaves morphisms. We will also denote by
Bgs (W, V) the additive hull of Dpg(W, V). In case k is a complete local domain,
we denote by D(W, V) the Karoubian envelope of ﬁgs (W, V). Tt is easily seen that
this category is Krull-Schmidt.
There exists a canonical bifunctor
* 1 BBs(W, V) X DBs(W, V) — BBs(W, V)
which defines a right action of the monoidal category Dps(W, V) on Dgs(W, V).
We have obvious functors
= =@
Des(W,V) = Des(W,V), Dgs(W,V) — Dgg(W, V).
In case k is a complete local domain, the second functor induces a functor
(2.20) DOW,V) — DW, V).

LEMMA 2.37. Assume that k is a complete local domain. The functor (2.20)
sends indecomposable objects to indecomposable objects. As a consequence, denoting
forw e W by By, the image of By, in DOW,V), the assignment

(w,n) = By(n)

induces a bijection between VW x Z and the set of isomorphism classes of indecom-
posable objects in DOW, V).

PRrROOF. From the definition we see that for any M, N € D(W, V), with images
M and N respectively, our functor induces an isomorphism

k ®r (@ Hompw v (M,N(n))) = @) Hompyyy, ) (M, N(n)).
nez

In particular, if M is indecomposable then Endﬁ(w’v)(M ) is a quotient of the local
ring Endp, vy (M), hence is local. It follows that M is indecomposable. The rest
of the proof is similar to that of Corollary 1.28. O

Lemma 2.37 implies that, if k is a complete local domain, the functor (2.20)
induces an isomorphism
DWW, V)]s = DOV, V)le
sending [B,,] to [By] for any w € W. Combining this with Corollary 2.24 we deduce

an isomorphism -
How.s) = [DOV, V)]e.
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These properties can be translated roughly as saying that that “the categories
DOW,V) and DOW, V) contain the same combinatorial information.” Another in-
carnation of this idea is that if the integers by, are as in (2.14) we have

(2.21) B, =B, ® @ (Ey(”))byﬁ"
yeW, y<w
nez

2.12.4. Functoriality. To avoid subtleties related to the Zamolodchikov rela-
tion, from now in this subsection we assume that (W, S) does not admit a parabolic
subgroup of type Hj.

There exists a notion of morphism of realizations, defined as follows. Given
realizations

(Vi(ag:s€8),(a) :5s€8)) and (V,(as:s€S),(al:se8))

of a Coxeter system (W, S) over the same ring k, a morphism of realizations from
(Vi(as : s € S)(a) : s €8))to(V,(as:s€S8),(a :s€8)) is aklinear
morphism f : V' — V which satisfies

ds0f=a, and f(o))=a
for any s € S. Note that in this situation we have

<O‘37a1\5/> = <O~‘S70~4;/>
for any s,t € S. In particular, all the technical conditions involving the quantum
numbers are satisfied for (V, (a5 : s € S), (o) : s € §)) if and only if they are
satisfied for (V, (a5 : s € S),(aY : s € 8)).
Fix a morphism

f:(Vi(as:s€S8),(a) :5€8)) = (V,(as:s€8),(a) :s€8)),

and assume that the technical conditions of §2.4 are satisfied for these realizations.
If we denote by R, resp. R, the symmetric algebra of V*| resp. of V*, then f induces
a morphism of graded k-algebras

f*:R— R.

In this setting we can consider the categories Dpg(W, V) and Dpg(W, V). The
objects in both categories are in a canonical bijection with pairs (w,n) where w
is an expression and n € Z; to distinguish them we will denote by éﬂ(n) the
object attached to (w,n) in Ds(W, V), and by B,,(n) the corresponding object in
Dps(W, V). We have a monoidal functor

f*:Des(W, V) — Dps(W, V)
which is defined on objects by
f*(Bw(n)) = Bu(n)

for any expression w and any n € Z, and which sends a box labeled by r € R to
the box labeled by f*(r), and each other generating morphism of Dps(W, V) to
the corresponding morphism in Dgg(W, V). In case k is a complete local domain,
f* induces a functor D(W, V) — D(W, V) such that the induced morphism

DWW, V)]g — [DW, V)]s
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is an isomorphism. (Under the isomorphisms chp, this morphism corresponds to
the identity morphism of Hw s)-.)

The following lemma is a consequence of Theorem 2.30, once one remarks that
double leaves morphisms do not involve “box” morphisms.

LEMMA 2.38. For any expressions w,w’, the functor f* induces an isomorphism
of graded left R-modules, resp. graded right R-modules

R ®p Homy, (Bu, Buw) = Homp__ 1y 1y (B, Buy),

Bs(W,V)

resp. Hom'DBS(W’f/)(E@ Bu') ®pR = Homp, . (1) (Bu, Bu)-

It is clear that the composition of f* with the functor (2.20) (for V') factors
through a functor
f : DBs(W,V) — DBs(W, V).

The following statement is a direct consequence of Lemma 2.38.
LEMMA 2.39. The functor f* s a equivalence of categories.

From now on we assume that k is a complete local domain. Under this as-
sumption we can consider the “normalized” indecomposable objects (B, : w € W)
in Dps(W, V), and the corresponding “normalized” indecomposable objects (Iéw :
w € W) in Dgs(W, V).

PROPOSITION 2.40. For any w € W we have

1" (Bu) 2 Bu
PrOOF. We proceed by induction on w (for the Bruhat order). The claim is
clear if w = e. Now let w € W, and assume the claim is known for smaller elements.
Let w be a reduced expression for w, and consider the decompositions

I-S’w ~B, & @ (éy(n))gyﬂ"v By =By @ @ (By(n))bﬁn’
yeEW, y<w yeEW, y<w
nez nez

see (2.14). The comments above (2.21) and Lemma 2.39 imply that for any y and n
we have by, = by,. On the other hand, applying f* and using induction we have
B, f'Bu)a @D (B,(n)n.
yeW,y<w
neZ

Hence by the Krull-Schmidt property we must have f*(léw) =~ B, as desired. O

It follows from Proposition 2.40 that in this setting we have
(2.22) H,(V)=H,(V) forany weW.

2.12.5. Independence. We continue to assume that (W, S) does not admit any
parabolic subgroup of type Hs. Consider a complete local domain k and a realiza-
tion

(V,(as : s €8),(a) : s€8))

of (W, S) over k which satisfies the conditions of §2.4. Let us assume furthermore
that

(2.23) Zk-(a&atv):]k for any s € S.
tes
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(This condition holds automatically if 2 is invertible in k.) Under this assumption,
we will show that the basis

(H,(V):weW)

only depends on the choice of k and of the matrix

({os, 0 ))s res

(sometimes called the Cartan matriz of the realization), but not on the full datum
of the realization.

Consider the k-module defined by V = k®5, with canonical basis denoted
(@) :s€S8), and for s € S denote by

the morphism defined by
(G5, &) = (as, o)
for any t € S. Then
(V,(as:5€8),(a) :s€8))

is a realization of (W, §) which satisfies the conditions of §2.4. (In fact, the quantum
numbers for this realization are the same as for the initial one, which justifies all
the conditions except for Demazure surjectivity. The latter property holds by our
assumption (2.23).) Moreover, the morphism of k-modules

VoV
sending &, to o) for any s € S is a morphism of realizations. By (2.22) we deduce

that H,,(V) = H,, (V) for any w € W, which justifies our assertion.

2.13. Relation with “usual” Soergel bimodules. One of the main moti-
vations for the construction of the category Dps(W, V') was the desire to describe
the category of Soergel bimodules studied in Section 1 by generators and relations.
We now explain how this goal can be achieved. Let k be a field of characteristic
different from 2, and consider a balanced realization

(V,(as :5€8),(a) : s€8))

of (W, S) over k which satisfies the condition related to type Hsz discussed in §2.4.
The condition on char(k) implies that this realization also satisfies Demazure sur-
jectivity. We will assume moreover that V is a reflection faithful representation of
(W, S); then (2.4) is automatically satisfied. In fact k is a field with char(k) # 2,
and for any (s,t) € S2 the action of (s,t) on V* is faithful. By Exercise 2.2(5) we
also have ker(ag) # ker(a:), hence kas # kay. The claim therefore follows from
Lemma 2.5.

Then we can consider the categories D(W, V') and SBim(W, V). The following
statement is proved in | ].

THEOREM 2.41. Under the assumptions above, there exists a canonical equiva-
lence of monoidal categories

DOW,V) =5 SBim(W, V).
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The proof of this statement proceeds in two steps. First, one needs to construct
a functor

Dps(W, V) — SBim(W, V).

On objects, this functor will send B, (n) to B™(n) for any expression w and any
n € Z. To define the functor on morphisms, one needs to describe the image of each
generating morphism, and then check that these morphisms satisfy the appropriate
relations. Here the image of a polynomial is defined to be multiplication by this
polynomial on R, and the image of

T, resp. l, resp. Y, resp. )\

is given by

f@gw fg, resp. fr fos®1— f®s(ds),
resp. fg— f®1®g, resp. fRgh+— f0s(9)®@h

for f,g,h € R. (Here, 65 € V* is an element such that (Js,@Y) = 1; the morphism
described above does not depend on the choice of this element.) If (s,t) € S2,
the image of the corresponding 2m, ;-valent morphism is the unique morphism of
graded bimodules
Bl = Bl

sending the vector

1®1®:---€ RQps R®pt -+~
to the vector

1®1®---€ RQpt RQps -+

(The existence and unicity of such a morphism follows from [Lil, §§4.1-4.3]; see in
particular [Lil, Proposition 4.3]. See also Exercise 2.4.) The verification that such
morphisms satisfy the relations of Dpg(W, V) is explained in [ , Claim 5.14].
(This verification relies on the results of [El] and some computer computations. For
a different approach to this question based on later work of Abe, see Remark 3.12
below.)

Once this functor is constructed, since SBim(W,V) is additive and Krull-
Schmidt we obtain a canonical “extension” to a fully faithful functor DOV, V) =
SBim(W, V). To conclude it then suffices to prove that this functor induces an
isomorphism

HomE)(W,V)(Byv Buw') = @HomSBim(W,V)(BEmv Bgi/“‘(n))
nez

for any expressions w, w’. (In fact, this will prove that this functor is fully faithful;
essential surjectivity easily follows.) This follows from the fact that this func-
tor sends the “double leaves” basis considered in §2.10 to the similar basis in
SBim(W, V) constructed by Libedinsky [Lil].

REMARK 2.42. In the course of the proof of Theorem 2.41, it is claimed
in | ] that, for any balanced realization satisfying Demazure surjectivity, there
exists a monoidal functor

Dps(W, V) — R-Mod”-R
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sending, for any expression w = (s1,--- , s,), the object B,, to the graded bimodule
RQ®ps1 -+ @psr R(r).

Unfortunately, the proof of this claim is incomplete, as discussed in [ , §5.3].
Later work of Abe allows to complete the proof of this claim under the assump-
tion that (2.4) is satisfied, which is sufficient for the proof of the theorem; see
Remark 3.12 below for details. (As always, in case (W,S) admits a parabolic
subgroup of type Hj, one also needs to impose the extra assumption considered
in §2.4.)

2.14. The p-canonical basis.

2.14.1. Definition. Consider a generalized Cartan matrix A, with rows and
columns parametrized by a finite set I. Let (W,S) be the associated Coxeter
system (see §1.2.3), and let p be either 0 or a prime number. In this subsection we
explain the definition of the p-canonical basis

(PH, :w e W)

of Hw,s). This basis (for special choices of A) will play a major role in later
chapters. In fact, we will explain that it contains extremely interesting information
regarding questions of geometric nature (see Proposition 3.5 in Chapter 3) and of
representation-theoretic nature (see §2.14.2 below, and Chapters 5-6).

First, let us consider the case when either p # 2 or each line and column of A
contains an odd number. Consider a Kac-Moody root datum

(X, (a; i€ D), () i€l

associated with A. If k is a field of characteristic p, we can consider the Cartan re-
alization of (W, S) over k associated with (X, (a; : @ € I), () : 7 € I)), constructed
in §2.2.2. This realization satisfies Demazure surjectivity by assumption, and it is
balanced and satisfies (2.4) as explained in §2.2.2.

Our assumptions imply that the condition (2.23) is satisfied, hence the consid-
erations in §2.12.5 show that the basis of H(y, s) produced from such a realization
(see (2.15)) does not depend on the choice of the Kac-Moody root datum as above.
(In this case, the realization used in §2.12.5 is the realization associated with the
simply-connected datum from Example 2.6.) By (2.19), it does not depend on the
choice of k either (but only on p). This basis is the p-canonical basis of Hyy s)
associated with A.

In case p = 2 and A has a line or column containing only even numbers, one has
to be more careful. We claim that the basis constructed as above is independent of
the choice of a Kac-Moody root datum (X, (ov; : i € I), (o) : i € T)) which satisfies
the following properties:

o 7 =17;
e the vectors (a; : @ € I) are linearly independent over Z, and moreover
X/(>>, Za;) has no torsion.

In fact, denote by Xuniv the underlying Z-module of the universal datum from
Example 2.6, and denote the bases of X,y and XY..  considered in this example

univ
by (&, Bi)icr and (8}, &) )icr. Our second assumption above ensures that for any

i € I there exists u; € X such that (o, u;) = 0, ; for any j € I. We then consider
the morphism of Z-modules
[ X — XV

univ
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sending &, to o and f; to u;, for any i. For any 7,5 € I we have

(aio f,af) = (i, o)) = aji, (aio f,B]) = (i, u;) = b5,
hence ;0 f = &;. This shows that the morphism k®y f is a morphism of realizations
from the realization over k associated with the universal Kac—-Moody root datum
to that associated with our given datum. In view of (2.22) it follows that the
associated bases of H(yy s) coincide. By (2.19), this basis does not depend on the

choice of k either.
The first important property of the p-canonical basis is the following.

PROPOSITION 2.43. For p =0, we have
‘H,=H, foranywcW.

PRrRoOOF. Consider a triple (b, (a; :i € I),(e) : 4 € I)) asin §1.2.3, and a lattice
X C h*asin §1.2.4. Then (X, (o; : i € I), (o) : 1 € I)) is a Kac-Moody root datum
for A, which can be used to compute the basis (°H,, : w € W). More specifically,
we will choose as base field (of characteristic 0) the field R.

As explained in §1.2.3 the representation of (W, S) on Qwz X" = b is reflection
faithful, hence so is the representation on R ®7 XV. In view of Theorem 2.41, we
deduce an equivalence of monoidal categories

DOW,R &z X") = SBim(W, R @7 XV).

Now, as explained in §1.8, Soergel’s conjecture is known in SBim(W,R @z XV),
which implies that °H,, = H,, for any w € W, as desired. (]

COROLLARY 2.44. For any prime number p, there exist polynomials

(pay’w>y<wew

in Z>olv,v™1], invariant under the replacement of v by v=', and such that

"H,=H,+ > *ay.-H,

y<w
for any w e W.

Proor. To prove this property one can assume that our base field is F,. Then
the claim follows from Proposition 2.43 and Remark 2.34 applied to the complete
local domain Z,. O

Another important property of the p-canonical basis is the following.

PROPOSITION 2.45. For any fixed w € W, there exists a positive integer Ny,
such that PH,, = H,, for any prime number p > N,,.

Let us insist that the integer N,, might depend on w; unless W is finite, there
might not exist a bound which has the property above with respect to all elements
of W. In this book we will give two proofs of Proposition 2.45: one based on
geometric considerations in Chapter 3, and one based on diagrammatic arguments
in §1.4 in Chapter 5.

In particular, if W is finite there are only a finite number of prime numbers for
which the p-canonical basis differs from the Kazhdan-Lusztig basis. Determining
exactly what these prime numbers are is however a very difficult problem, which is
open in most cases. This subject will be discussed further in Chapter 5.
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The p-canonical basis can be computed algorithmically using a procedure de-
scribed in [ ]. This algorithm becomes soon prohibitively heavy to run, but
at least in some relatively small cases it can be used to describe this basis explic-
itly, and these cases already suggest that its behavior seems difficult to describe in
general. For some examples of computation of this basis, see §2.15 below; for many
more examples, see [JW] and [Je].

REMARK 2.46. We have explained above that the p-canonical basis only de-
pends on A, and not on the choice of k or of the Kac—Moody root datum. But
different generalized Cartan matrices can have the same associated Coxeter system,
hence the same associated Hecke algebra. The corresponding p-canonical bases can
differ. For an explicit example, see [JW, §5.4]. For another illustration of this
idea, note that the p-canonical basis might not be stable under Coxeter group
automorphisms which do not come from automorphisms of the associated Kac—
Moody group; e.g. in types By or Go, these bases are not always invariant under
the exchange of the two simple reflections; see | , §§5.1-5.2].

The coeflicients in the expansion of PH , in the standard basis are called the p-
Kazhdan-Lusztig polynomials and denoted (Phy o, : y,w € W), with the convention
that

PH,, =Y Phy - Hy.
Yy

Note that Ph, ., is a Laurent polynomial in v, but not necessarily a polynomial. Its
coeflicients are nonnegative by construction.

2.14.2. The case of modular category O. Consider the setting of §1.11, assum-
ing in addition that p ¢ {2,3}. In particular, W = W is now the Weyl group of
(G,T). In view of Remark 1.31, Theorem 2.41 applies in this setting. Hence, for
any w € W, the element

> (P My) -y
Y
is PH,,|v—1, Where we use the notation introduced at the end of §1.9. In other
words, for y,w € W we have

(P : My) = phyﬂﬂ(l)~

Proposition 4.10 in Chapter 1 shows that, if the formula (4.11) in Chapter 1
holds for a given p, then Phy ., (1) = hy,(1) for any y,w € W. In view of Corol-
lary 2.44 and since Kazhdan—Lusztig polynomials have nonnegative coefficients, this
in fact implies that

'H,=H,
for any w € W.

2.15. Examples.
2.15.1. Type By. Consider the Cartan matrix of type Bs, given by

2 =2
(3 )
We denote by s the reflection associated with the first line, and ¢ the reflection

associated with the second line. Then we have

<O‘Saa;/> = <asaa;/> =2, <O‘Sva;/> =-1, <O‘taa;/> = -2,
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and mg+ = 4. We claim that

(2.24) PH. —

==sts

H,,. if p# 2.

In fact, for any field k, B¥,, is a direct summand of Bﬂ(‘s £,5)" and we have

{Hm +H, ifp=2;

ChD(BHFs,t,s)) = ﬂs : ﬂt . ﬂs = ﬂ
Using also Corollary 2.44, we deduce that for any p we have
pﬂsts € {ﬂstsvﬂsts + ﬂs}

To determine what is the correct solution between the two options, one should
determine if B¥ is a direct summand of Bﬂ(‘S t,s) OF 1ot. For that we consider the

+H,.

sts

double leaves basis of Horn'(Bﬂ(‘S £,5)" BX), see Theorem 2.30. In this case the natural
choices lead to the basis consisting of the diagrams
:
and ,
? M

E] E]

» —@
~ —@ *— n

N

of respective degrees 0, 2, 4 and 2. Hence Hom(B“(‘SA t,5)" B¥) is 1-dimensional, and

spanned by the diagram
%\

S S

s E] s

o

Applying the autoequivalence ¢ of Lemma 2.20, we deduce that Hom(B¥, Bﬂ(‘s . s)) is
also 1-dimensional, and spanned by the diagram

s s

a

These considerations show that any composition of morphisms
k k k
(2.25) B — B(S,m) — B;

is a multiple of the morphism

(2.26) @ ,

To decide wether B¥ is a direct summand of B¥

(s,t,5)
identity morphism can appear as a composition (2.25) or, in other words, if it is a
multiple of (2.26). Now we observe that

Os(a) = (o, ) = —2.
The same computation as in (2.13) therefore shows that the morphism (2.26) equals

—2id. Of course, if p # 2 then id is a multiple of this morphism, but if p = 2 this
is not the case, which justifies (2.24).

we need to determine if the



132 CHAPTER 2. SOERGEL BIMODULES

REMARK 2.47. See [Ac, Exercise 7.7.7] for a geometric computation of the
same p-Kazhdan—Lusztig element. See [ , 85.1] for a slightly different way of
performing this computation, based on a more systematic method of computation
of the p-canonical basis. (The main ingredient of this method will be discussed in
Chapter 5.)

2.15.2. Type A,. Consider now the Cartan matrix of type 317 given by

2 =2
A= (_2 . ) .
We will denote by s and sg the elements of S; then W is the infinite dihedral
group with generators s and sy. We are particularly interested in the element
s0ssps € W. Let k be a field, and p be its characteristic. By Exercise 2.14 we have
PH, . =H,,=H, H in other words, Bk is indecomposable. A straightfor-

2L 508 ==508 (5015)
ward computation shows that

Esoﬁsﬂsoﬂs = ESOSS()S + ZESOS‘
As in §2.15.1, this implies that PH is either H +2H, . (if B"(‘

508508 ==808808 =508 50,5,50,5)

is indecomposable), or H +H, , (if Bﬂ(“ ~ Bk ®BE,), or H

==508508 =508 80,5,80,8) 5058508 2L 508508
(if Bﬂ(‘s0 5508) = B csys @ (BE ,)®2). What we have to determine is therefore the
multiplicity of Bﬂ(‘SO 58S a direct summand of Bﬂ(‘s0 5150,8)"

Using e.g. the light leaves basis, one sees that End(Bﬂ(‘s0 S)) =k -id. One can
therefore consider the bilinear form

(227) Hom(Bﬂ({so,s,sU,sw Bﬂgso,s)) X Hom(BﬂgsU,s)’ Bﬂ({so,s,s(),s)) - End(BE((so,s)) =k

given by (g,f) + go f. Since no composition BY ; — BY ., . — B% _ can be
nonzero, we see that the multiplicity of Bﬂ({so,s) as a direct summand of B"(‘SO’ 5,50,5)
is the rank of (2.27).

Using the light leaves basis one can check that Hom(B“(‘SO)S,SO’S), Bﬂ(‘s()ys)) has

dimension 2, and is spanned by

50 s 50 s
p1 = H\ and pg = H\
) !
S0 s S0 s S0 s S0 s
Applying ¢, we deduce that Hom(Bﬂ(‘SmS), B“(;O’S’SO’S)) also has dimension 2, and is
spanned by
S0 s S0 s S0 s S0 s
11 1= KLH and iy = KLH
S0 s S50 s

We next compute the compositions between these morphisms. First, using the same
considerations as in §2.15.1 and the fact that 0s(as,) = —2 we find that

p10i1:—21d, p20i2=—2id.
On the other hand we have

P20 = =id,
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and similarly p; oy = id. Hence the matrix of our bilinear form (2.27) in the bases

(p1,p2) and (i1,iz) is
-2 1
1 -2/

whose determinant is 3. If p # 3, this matrix has rank 2, so that B
Bk @ (BX ,)®2 and hence

k ~
(s0,8,50,8) —

5085508 s0s
PH 5505 = Hggssos:
But if p = 3, the matrix has rank 1, so that Bﬂ(‘SO,&SO’S) =~ BY s ®BE ., and hence
Hys0s = Hagssgs + Hogs
REMARK 2.48. See [JW, §5.3] for another method of computation of the p-

canonical basis in type Aj, based on the geometric Satake equivalence (see §5.1 in
Chapter 3).

2.15.3. More examples. See [JW] for a discussion of most of the known exam-
ples of description of the p-canonical basis. The situation is particularly interesting
in type A. In this case, it is known by [W2, Theorem 1.3] that the p-canonical

basis coincides with the Kazhdan—Lusztig basis in types A, -+, Ag. In type Az,
the bases coincide if p # 2, but they differ when p = 2. The first examples of
this phenomenon were found by Braden using geometric considerations, see the

appendix to | ]. We will discuss a diagrammatic version of this computation
in Example 1.10 in Chapter 5, following [ ]. A complete description of the
2-canonical basis in type A7 is given in [JW, §5.6].

As far as we know, the p-canonical bases in types A,, with m > 8 are not
known completely. In particular, an example by P. Polo shows that the 3-canonical
basis differs from the Kazhdan—Lusztig basis in type Aq;, but it is not known if
this is the first instance for p = 3.

In Chapter 5 we will discuss a more efficient way to perform computations of
the p-canonical basis, and (following [W3]) a way to generate examples of pairs
(p,m) such that the p-canonical basis and the Kazhdan—Lusztig basis differ in type
A,

3. Abe’s algebraic incarnation of the diagrammatic Hecke category

In this section we explain a different approach to the Hecke category, introduced
by N. Abe in | ]. This definition is closer to Soergel’s original definition, and
also solves the deficiencies of the latter approach when the representation under
consideration is not reflection faithful.

3.1. Definition.
3.1.1. Setup. The starting data for Abe’s construction are as follows. One
considers a Coxeter system (W, S), a noetherian integral domain k, and a triple

(Vi(as:s€8), (o) :5€8))

where V is a free k-module'! of finite rank, (as : s € S) is a collection of elements in
V* := Homg (V,k), and (o) : s € ) is a collection of elements in V', which satisfy
the following conditions:

11Here7 in order to make the comparison by Soergel’s and Elias—Williamson’s approaches
easier, we deviate from Abe’s notation: his “V” corresponds to V* here.
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(1) for any s € S we have (ag,aY) = 2;
(2) the assignment

s (v v —(as,v)ay)

S

defines an action of W on V;
(3) for any s € S, o) : V* — k is surjective and a; # 0.

Here Condition (1) implies Condition (3) in case 2 is invertible in k. Condition (3)
ensures that Lemma 2.17 applies for any s € §. Of course, any realization in the
sense of §2.2.1 which satisfies Demazure surjectivity gives rise to such data.

In this setting we will denote by R the symmetric algebra of V* over k (a
noetherian integral domain), which we will consider as a Z-graded k-algebra where
V* is concentrated in degree 2. We will also set

Q=R 1 tseS,weW|.
w(os)
This localization makes sense thanks to the second part of Condition (3); it is en-
dowed with a natural Z-grading. (Note that w(as) only depends on the reflection
wsw™!, up to an invertible constant; see | , Lemma 2.1].) The W-action on
V from Condition (2) induces actions on R and on @ by graded algebra automor-
phisms.

REMARK 3.1. In | ], Q is defined as the fraction field of R; however, with
this definition it is not clear that the bimodules M; and M introduced above | ,
Lemma 2.4] are graded. As explained to us by N. Abe, the modified definition of @
considered above solves this difficulty, so that all the statements from | ] hold
true after this modification. But in fact the two possible definitions of @ lead in the
end to equivalent categories D3L*(W, V) as in §3.1.5 below. Indeed there exists a
natural fully faithful functor from the category C’ of §3.1.2 to its analogue defined
with @ replaced by the field of fractions of R, which restricts to a fully faithful
functor on DJ2e(W, V).

3.1.2. The category C'. Given the data above, Abe defines a category C' with
e objects the triples (M, (Mg : w € W),{n) where M is a graded R-
bimodule, each My is a graded (R, @)-bimodule such that
(3.1) m - f=w(f)-m forany f € R and m e Mg,

this bimodule being 0 for all but finitely many w’s, and
Ev:iMerQ = P My
wew

is an isomorphism of graded (R, @)-bimodules;
e morphisms from (M, (Mg :w € W),&u) to (N, (NG : w € W),En) given
by morphisms of graded R-bimodules ¢ : M — N such that

Eno(p®rQ) Of&l(Méj) C NG
for any w € W.

Often the data of the collection (Mg : w € W) and the isomorphism &y, will
be omitted, and the triple (M, (Mg : w € W),&n) will be simply denoted M.
Note that if (M, (Mg : w € W),&u) € C', (3.1) and the isomorphism &y imply
that any element w(ay) acts invertibly on the left on M ®g @, so that this module
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becomes a graded @-bimodule. Similarly each Mg has a natural structure of graded
@-bimodule (such that the formula in (3.1) holds for any f € @), and &y is an
isomorphism of graded @-bimodules.

These considerations allow to define a monoidal product x on C’. Namely, if
M = (M,(Mg : w € W),En) and N = (N, (N§ : w € W),{xn) are objects of
C’, the object M x N is defined as the triple consisting of M ®r N, the collection
defined by

(MerN)y= P Mseq N

x,yeWw
TY=w

(where we use the left @-module structure on Né explained above), and the iso-
morphism

(M®rN)@rQ=M®r(N®rQ)=(M®rQ)®q(N®rQ)= ) (MerN)s
weW
induced by &y and £ (where in the second identification we use the left @Q-module
structure on N ® @ explained above).
The unit for this monoidal product is the object R, with underlying graded
bimodule R (with the obvious structure), objects ((R.)¢ : w € W) defined by

(Re>5 _ {Q if w=re;

0 otherwise,
and the obvious morphism ¢g.

REMARK 3.2. The assignment (M, (Mg : w € W), &) = M defines a faithful
functor
C’ = R-Mod™-R.

This functor is however not full in general.

3.1.3. The category C. Next, Abe considers the full subcategory C of C' con-
sisting of triples (M, (Mg : w € W),&un) such that M is finitely generated as an
R-bimodule and flat as a right R-module. These conditions have the following
consequernce.

LEMMA 3.3. If (M, (Mg : w € W),&m) € C, then M is a finitely generated as
a left R-module and as a right R-module.

PROOF. Since M is flat as a right R-module, the natural morphism
M- M®grQ

is injective. Now, &y allows to identify the right-hand side with €, ¢y Mg, and
in this sum only finitely many terms are nonzero. For any w € W, the image of
M in Mg is finitely generated as an R-bimodule, hence as a left R-module and
as a right R-module in view of (3.1). Since M embeds in a direct sum of finitely
many such modules, it is also finitely generated as a left R-module and as a right
R-module. (]

This property implies that the monoidal product x restricts to a monoidal
product on C. In fact, if M = (M, (Mg : w € W),&n) and N = (N, (NY = w €
W), En) belong to C, then M ®pg N is finitely generated as a right R-module because
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M and N are, hence a fortiori it is finitely generated as an R-bimodule. And if
X — Y —» Z is an exact sequence of left R-modules, then so is

NRrX > NRRY > NQrZ
because N is flat as a right R-module, and then so is
MRrN)QrX > (M®rN)®RrY - (M ®r N)®gr Z

since M is flat as a right R-module; this proves that M ®pr N is flat as a right
R-module.

For any r € Z, the shift-of-grading functor (r) induces in the natural way
an autoequivalence of C' which stabilizes C. This autoequivalence will again be
denoted (r).

3.1.4. Some objects. For any s € S, we define the object B2P¢ as follows. The
underlying graded R-bimodule is R @ gs R(1). Since e and s act differently on R,
there exists at most one decomposition

(R®g: R) ®r Q = (BA™),, @ (BAP?)s,

such that the condition (3.1) is satisfied on (B?be)a and (B?be)a. To prove that
such a decomposition exists, we will use the following lemma.

LEMMA 3.4. Let 65 € V* be such that (05,0 =1. Forany f € R, in RQpgs R
we have

[0 ©1-105(5,) = (6: @1 = 1@ 5(0s)) - f,
f(0s®1-1®6)= (6, ®1—1®6)-s(f)

PRrROOF. It suffices to prove the formulas when f € V*. Moreover, using (2.10)
and the fact that the formulas are obvious if f € (V*)*, it suffices to consider the
case f = ds. Now

0s - (0,21 —1®5(0,)) = (0201 — 6, @ s(ds))
=05 ® (05 + 5(05)) — 1 ® 5(65)0s — 05 @ 5(5) = (0s @ 1 — 1 ® 8(s)) - 0s
where the second equality uses (2.11), and similarly we have
0 (001 —1®@68,)=(2®1 -5, ®4,)
=0, (0s +5(05)) —1®5(05)0s — 05 ® s = (0, @1 — 1 ® ds) - 5(d5),
which proves the desired formula. ([

From Lemma 2.17 we obtain that R®pgs R is free of rank 2 as a right R-module,
with a basis consisting of (6 ® 1) and (1 ® 1). Hence (R ®pg: R) ®r @ has rank 2
as a right Q-module, with the same basis. The matrix of the family

6 ®1—1®5(38,),0,®1—1®65)

(s —5.)

whose determinant is s(ds) — ds = —ay, hence it is invertible; it follows that this
family is also a basis, or in other words that

(ROp R)®rQ=(001-1®5(0,))-Q® (0 ®1—1®4,)-Q.

in this basis is
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Here Lemma 3.4 shows that the first, resp. second, factor satisfies the condition
required for (bee)eQ, resp. (bee)SQ. Hence we can set

(B2 =0, @1 -1®5(6,)-Q, (B =00,01-1®6,) Q.

We will denote by us the vector (1® 1) € R Qgs R.
Once these objects are defined, we can extend the definition to expressions: if
w = (s1,-+-,S,) is an expression we set

BAPS := BAPx - x BLPC
The underlying graded R-bimodule is
(R®ps1 R) ®p - ®r (RQpgs» R)(r) = RQps1 -+ @pgsr R(r).

In case w is the empty word, this is to be interpreted as the unit object R.. We
denote by u,, the vector us, ® -+ ® us, .

3.1.5. Definition. We can finally define'? the category D42°(W, V) as the mo-
noidal k-linear category with

e objects the pairs (w,n) where w is an expression for (W, S) and n € Z;
e morphisms from (w,n) to (w', n) given by Homc(Byp"¢(n), Bore(n')).

This category admits a natural monoidal product, defined on objects by (w,n) *
(w',n) = (ww',n +n'), and on morphisms using the obvious identification

Ab Abe _ RAb
By ¢ * By ¢ = Bﬂge.
By construction there exists a fully faithful monoidal functor
(3.2) DRg* W, V) — C

sending (w, n) to BAP(n). The autoequivalence (1) of C induces an autoequivalence
of DAR¢(W, V), again denoted (1), and defined on objects by (w,n)(1) = (w,n +
1). We will also denote by Dpe®®(W, V) the additive hull of DA2¢(W, V). The
functor (3.2) (and the induced functor on Dgg‘“*@(w, V)) will usually be omitted
from notation, and D2¢(W, V) and Dgé’e’@(W, V) will usually be identified with
their images in C.

In case k is a complete local domain, we will denote by DAP¢(W, V) the full
subcategory of C whose objects are direct sums of direct summands of objects
BAbe(n); this category identifies with the Karoubian closure of Dgge’@(w, V). Tt is
not difficult to show that this category is Krull-Schmidst.

3.2. Abe’s assumption. In order to analyze the categories D‘ége(W, V) and
DAPe(W, V), one needs one more assumption.
ASSUMPTION 3.5. For any pair (s,t) € 82, there exists a morphism

B B

in C (where each word has length m, ;) which sends the vector u,...) to ug s,...)-

120f course this category depends on the choice of Coxeter generators S. However it depends
only on the W-action on V, not on the choice of roots and coroots.
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In this subsection we explain how this condition can be checked in practice.
First, Abe explains in | | that this assumption holds if k is a field and
moreover, for any s,¢ as above, the representation of the subgroup (s,t) on V
is reflection faithful. If fact, in this case, by Theorem 1.16 one can consider the
indecomposable bimodule BE™ associated with the longest element w,, in (s, ).
We have embeddings as direct summands
Bh™ CB(Y7.., and BU™ CBRY .

Ws,t

By (1.13), the image of BE}:lt in Bl(’;f‘tl,_“) contains (..., and its image in Bl()t“;‘)
contains u s ...). As a consequence, the composition

bim bim bim
Blst,) = Busy = Blis,)

where the first map is a projection on the direct summand Bljjismt is a morphism of

graded R-bimodules sending us,...) t0 u,s,...). By Exercise 2.18 this morphism
Abe
(85t

A more satisfactory solution to this problem is given in [ ], whose main
result is the following proposition.

defines a morphism B )~ B(A;b:___) in C, which proves the desired claim.

PROPOSITION 3.6. Let (s,t) € S2. If

M.t M.t
’ = ’ :O
]l

forany k € {1,--- ,msy — 1}, then there exists a morphism
Ab Ab
Bat) = Bl

in C (where each word has length mg ) which sends the vector U(s,t,-) L0 Ugts,... -

In particular, given a realization (in the sense of §2.2.1) which satisfies De-
mazure surjectivity and (2.4), we obtain the data needed to define Abe’s category,
and Assumption 3.5 is satisfied.

3.3. The character map. If Q' is the fraction field of R, it is clear from
definitions that the assignment

(M] = > dimg (Mg ®q Q) - w
wew
defines an algebra morphism

[Dgge’ea(W, e = How,s)/v - How,s) = Z[W].

One of the first important results of | ] is that this morphism can be “lifted” to
an algebra morphism
DR (W, Ve = How.s),
provided Assumption 3.5 is satisfied.
More explicitly, for M € C and w € W we will denote by M™ the image of M
under the composition

M Mo Q2% @ MY — M3
yew

where the rightmost map is projection on the factor parametrized by w. Then M™
is a graded R-bimodule. Next, given a finitely generated free graded R-module M
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we denote by grk(M) € Z[v,v~!] its graded rank, with the following normalization:
if M admits a homogenous basis (m; : ¢ € I), then

grk(M) = Zv_dcg(mi)
i€l
where deg(m;) is the degree of m;. With this convention we have
grk(M (1)) = v - grk(M).

The following statement is proved in | , Theorem 3.4]. (For a brief discus-
sion of the proof, see §3.4 below.)

PROPOSITION 3.7. Suppose that Assumption 3.5 is satisfied. For any expression

x = (s1, - ,8) and any w € W, the graded R-bimodule (nge)w is free as a graded
left module. Its graded rank is the coefficient of Hy, in
H,=H, ---H, .

Proposition 3.7 allows to define a map
chape : [Dpg* WV, V)le = How,s)
by the formula
chape([M]) = D grk(M™) - H,,
weWw
where we omit the functor (3.2). This proposition also implies that

chape([B2™*(n)]) = v" - H

x
for any n € Z and any expression z. Since the classes [B4"°(n)] generate the

Z-module [Dggc’@(w, V)@, it follows that chape is an algebra morphism.

3.4. Indecomposable objects and categorification theorem. In this sub-
section we assume that Assumption 3.5 is satisfied, and that k is a complete local
domain. The next important result of | | is a classification of indecomposable
objects in DAP¢(W, V) under these assumptions.

THEOREM 3.8. For any w € W there exists a unique indecomposable object
BAbe ¢ DAP(W V) which satisfies

(BAP)Yr £ = z<w
and BAP® = R(4(w)) as left R-modules. Moreover:

e the assignment (w,n) — BAPe(n) defines a bijection between W x Z and
the set of isomorphism classes of indecomposable objects in DAPC(W, V);

e for any reduced expression w for an element w € W, there exist nonneg-
ative integers cygn such that

Abe ~ pAbe Abe e,
Ba*=Bi*o P BL(n)*
yeEW, y<w
nez

and Cyn = cﬁ_n for anyn € Z.
From this theorem, we easily deduce the following analogue of Corollary 1.18

(see [ , Theorem 4.3)).



140 CHAPTER 2. SOERGEL BIMODULES

COROLLARY 3.9. The morphism chape s an isomorphism. Moreover, for any
w € W we have

(3.3) chawe([Bp™]) € Hy + > Zxolv,0™'] - H,,.
y<w

The proofs of Proposition 3.7 and Theorem 3.8 rely on the construction of
a certain family of morphisms which adapts to this setting the construction of
Libedinsky’s “light leaves basis,” see [Lil]. In particular Abe proves in this way
that, for any expressions w and y, the space

@ HomDAbe(Wyv) (Bibe, Bsbe(n))

nez
is free as a graded left R-module and as a graded right R-module, he gives a
formula for its graded rank (see [ , Theorem 4.6]), and constructs an explicit
basis (see | , Theorem 5.5]).
REMARK 3.10. (1) The obvious analogue of Lemma 1.21 holds in the cat-
egory DAP¢(W, V) under our present assumptions, with the same proof.
(2) In | ], Abe develops an analogue of part of the theory of singular
Soergel bimodules from [W1] (see Remarks 1.19 and 2.27).

3.5. Relation with the Elias—Williamson category. Consider a noether-
ian integral domain k, and a balanced realization

(Vi(as:s€8), (e :s€8))

S

of (W, S) over k in the sense of §2.2.1. We assume furthermore that this realization
satisfies Demazure surjectivity, together with the technical conditions considered
in §2.4. We can therefore consider the category Dgs(W, V), and also the category
Dige (W, V),

The following result is | , Theorem 3.15].

THEOREM 3.11. Under the assumptions above, there exists a canonical equiva-
lence of monoidal categories

Dps(W, V) = DaRe(W, V).

The proof of Theorem 3.11 is similar to that of Theorem 2.41. It proceeds
in two steps. First, one needs to define a monoidal functor from Dpg(W, V) to
DA2¢(W, V). This functor will send B, (n) to B4¢(n) for any expression w and
n € 7Z; one therefore only needs to specify the images of the generating morphisms,
and verify that these images satisfy the required relations. As for Theorem 3.11,
the image of a polynomial is multiplication by this polynomial on R, and the image
of

S S S S

resp. l resp. resp.
T 9 p 9 p Y ) 1Y )\

s

is given by
f@gm fg, resp. fr fos®1— f@s(ds),
resp. fRg— fR®1®g, resp. fRgRh+— fOs(g) @M

for f,g,h € R, where J, is as in Lemma 3.4. (To justify that these morphisms

indeed define morphisms in Dége(W,V), one can work in the full subcategory
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DAke({e, s}, V) and apply Exercise 2.18.) For (s,t) € S2, the image of the 2my -
valent morphism attached to (s,t) is the morphism constructed in the proof of
Proposition 3.6 in | ]. The verification that these morphisms satisfy the re-
quired relations is essentially done in | ]; see | , Lemma 3.14] for details.
(The verification of the Zamolodchikov relation partly relies on computer com-
putations; see | , §3.5].) Finally, one needs to prove that this functor is an
equivalence of categories; this follows from the fact that by construction it sends
the bases of morphism spaces in Dpg(W, V') considered in §2.10 to the similar bases
in DA2(W, V) mentioned in §3.4.

Of course, in case k is a complete local domain, the equivalence of Theorem 3.11
induces an equivalence of monoidal categories

DOW, V) =5 DAL (W, V)
which, for any w € W, sends the object B,, to Bﬁbe.

REMARK 3.12. Composing the equivalence of Theorem 3.11 with the functor
of Remark 3.2 we obtain a monoidal functor

Dps(W, V) — R-Mod”-R
sending, for any expression w = (s1,--- , s,), the object B,, to the graded bimodule
R®pgs1 -+ @psr R(7),

which solves the problem mentioned in Remark 2.42 under our present assumptions.






CHAPTER 3

Parity complexes

The formalism of parity complexes is due to Juteau—Mautner—Williamson,
see | ]. This formalism is extremely flexible, and can be adapted in many dif-
ferent settings; it is however difficult to explain it in a generality that encompasses
all the known applications. Here we will present this theory in a setting that covers
essentially all the sheaf-theoretic contexts where this formalism has found appli-
cations. For a presentation in a more abstract setting, which applies to different
situations but not to all the contexts considered here, see e.g. | ].

The considerations in this chapter will involve the theory of perverse sheaves.
For a very nice study of this theory (together with some of its main application to
Representation Theory) we refer to the excellent book [Ac].

1. Motivation: Bott—Samelson sheaves on flag varieties

Before developing the general theory, we explain how one can compute the di-
mensions of stalks of intersection cohomology complexes with rational coefficients
using parity considerations. This result was first proved by Kazhdan—Lusztig | ],
but the presentation here follows Springer [ |. This example was one of the mo-
tivations for developing the general theory of parity complexes.

1.1. Characters of Bruhat constructible sheaves on flag varieties. We
fix a complex connected reductive algebraic group ¢, and choose a Borel subgroup
% C ¢ and a maximal torus  C %B. (More generally, all the considerations in this
section apply when ¢ is a Kac—-Moody group over C; see REF below for details.)
We will denote by W = Ny (.7)/7 the Weyl group of (¢4,.7) and by S C W the
system of Coxeter generators associated with the choice of A.

The flag variety of ¢ is the projective complex algebraic variety

X =9/A.
The Bruhat decomposition & = | |, ., ZwZ induces a stratification
(1.1) 2= || Z with 2, :=BwB|%B ~ A" for weW.
wew

(Here ¢ is the length function in W, with respect to the system of Coxeter generators
S).
Let k be a field, and let
b
Dig) (2 k)
be the derived category of Bruhat-constructible complexes of k-sheaves on Z7; in
other words the full subcategory of the bounded derived category of the category
of sheaves of k-vector spaces on 2" consisting of complexes F such that the sheaf

143
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H’(]-"| #wa) ) is constant (or, equivalently, locally constant) for any w € W and
1€ Z.

Recall the Hecke algebra attached to (W, S), see Definition 4.1 in Chapter 1.
Out of objects of DF@)(% ,k) one can construct interesting elements in Hy s) as

follows: for F € D?z&)(%7 k) we set

ch(F) = dimy (H*(Fop)) - v"Hy € Hows)

weWw
kEZ

(where F,% denotes the stalk of the complex F at the point in 2 associated
with w, a complex of k-vector spaces). Note that ch(F[1]) = vch(F) for any F in
Dﬁ%)(% L k).

1.2. Computation for Bott—Samelson sheaves. For s € S, we will denote
by &s C ¢ the associated minimal standard parabolic subgroup, and consider the
associated partial flag variety

X =9]P,.
If we set W* := {w € W | l(ws) > {(w)}, then W? is a set of representatives for
the quotient W/{e, s}, and the Bruhat decomposition provides a stratification
2= || &y with 2= BwP) P, ~ AL for we W
weWs
We will denote by
Digy (2%, k)

the derived category of complexes of sheaves of k-vector spaces on 2" ¢ constructible
with respect to this stratification.
The natural projection morphism 7, : " — £°° induces (derived) functors

(7s)w : D0y (2, K) = DUy (275,K), ()™ Digy (27, k) = Dgy (£, k).

(We also have !-versions of these functors, but we have canonical identifications
(m5)s = (ms)1 and (m,)' = (74)*[2] since 7 is proper and smooth.) For s1,--- , s, €
S, we set

5(517 e ;Sn) = ('ﬂ_sn)*(’n—sn)* e (7r31)*(7r51)*k%e [Tl],

We will call such complexes the Bott—-Samelson sheaves.
ProroSITION 1.1. For any s1, -+ ,8, € S and w € W, we have
Hi(é’(sl7 . ,sn)w@) =0 wunless i=n (mod 2).
Moreover, we have

ch(é’(sl,--- ,sn)) =H

EE T 'ESn - (HS1 + U) T (Hsn + U)'
Proposition 1.1 is a direct consequence of the next lemma.

LEMMA 1.2. Let F € DE@)(%,IK) be such that H*(F) = 0 unless k is even,
and let s € S. Then HE((74)* (ms)« F) = 0 unless k is even, and

ch((ms)*(ms)+F) = ch(F) - v 'H,.
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ProoOF. For y € W, we have

Hk(((WS)*(WS)*f)y«%> = Hk(((ﬂ'S)*}-)yﬂs) = H” (Ws_l(y'@s)aﬂngl(y@s)) .

We distinguish two cases.
First case: ys > y. Fix g € #;. Then we have

o B e BysB | B fogé%;
PByB|# it xe B

Now, n; (yPs) = {yg B : g € P} ~ P/ % ~ PL. We use the long exact sequence
associated with the standard distinguished triangle

Gt = id = it 2

for the decomposition of &;/% into the closed subset %/ (whose embedding in
Ps/ P is denoted i) and the open subset P,/ % ~\ (B/%) (whose embedding in
P/ A is denoted j, and which we identify with Al) to obtain an exact sequence

“ = HE (A, Flan) = HE(((m6) (1) F)ya) — HE(bt, Fipe) = -+

Note that ]-'|A01:, resp. Fpg, is constant with value Fy s, resp. Fy%. Now we have
HE(A(}DJ—']A%:) ~ H*=2(F,s%) because

k if k=2;

HE(AY k) =
ol 7‘%) {O otherwise.

Similarly, we have H*(pt, Flpt) = H*(F,%) and hence

0 if £ is odd;

dim H* (((75)* (70) F =
m (((W ) (ms) )y@) {dimHk_Q(fys%) + dim H’“(]—‘y%) if k is even.

Second case: ys < y. In this case also we have m;1(y %) = w1 (ysP) =
{ysgB g € P} ~ P,/ B ~ P!, with

ByB|# fxd¢ B

B c
veg {%ys%/@ if z € B.

The same considerations as above show that we have

0 if k£ is odd,

d. Hk . * s *f G —
m (((W ) (ms) )J%) {dim Hk—2(fy%) + dim Hk(}‘ySQ) if k is even.

Now we consider the Hecke algebra side. One can easily check that

v Hys + Hy if ws > w;

Hy(v ' Hg+1) =
( ) {’U2Hw +v 'H,, if ws < w.



146 CHAPTER 3. PARITY COMPLEXES

Using this fact, one sees that ch(F) - (H, +v)v~! is equal to

Z dim H= W) =F(F )" Hy, | - (v Hy + 1)

weWw
keZ

=3 (dim H= W)=k (Fz) - v* " Hype + dim H 7R (F ) - kaw)
weWw

ws>w
keZ

+ Y (dim H={) =k (£, ) - 02 H,y + dim H @) R (F, ) - vk_les>
weW

ws<w
kEZ

= 3 (dim H O (Fyg)o + dimH O (Fyo) 1) - H,
yeW

Yys>y
kEZ

37 (dim H O (Fyg)ot 2 4 dim H 0D (F )t 1) - A,
yew

ys<y
kEZ

=3 (dim H= ‘W= (F,5) + dim H—“y)—f—?(fygg)) v H,

yew

ys>y

jEL

+ Z (dim H= W =I=2(F, %) + dim H =¥~ (.Fysgg)) vl Hy,
yew
ys<y
JEL
which coincides with ch((ms)*(7s)*F) by the above calculations. O

1.3. Application: computation of stalks of characteristic-0 intersec-
tion cohomology complexes on 2. In this subsection we choose k = Q. For
w € W, we consider the simple perverse Q-sheaf

ic,, = jw!*(@‘%fw [E(w)]) € PGFV(@)(%,Q),

where j,, : 2w < 2 denotes the embedding.
The main result of this section is the following.

THEOREM 1.3. We have H¥(ZC,,) = 0 unless k = {(w) (mod 2). Moreover,
for any w € W we have
ch(ZCy) = H

w-

PROOF. The stalks condition in the characterization of intersection cohomology
complexes shows that ch(ZCy) € Hy + ), , VZ[v]H,. Below we will prove the
parity vanishing condition and the fact that ch(ZC,,) is self-dual with respect to the
Kazhdan—Lusztig involution; together, these facts will show that ch(ZC,,) satisfies
the properties that characterize H .

For any s € S, since the morphism 7 is smooth of relative dimension 1, with
connected fibers, the functor (ms)* sends intersection cohomology complexes to
intersection cohomology complexes, see | , p- 110]. On the other hand, since 7
is proper the functor (7s)* sends intersection cohomology complexes to direct sums
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of cohomological shifts of intersection cohomology complexes’ by the Decomposition
Theorem, see | , Théoréme 6.2.5]. (Here we use our assumption that the field
of coefficients has characteristic 0.)

Now, choose a reduced expression w = s7 - - - s,,. The considerations above show
that £(s1,- -, 8y,) is a direct sum of cohomological shifts of intersection cohomology
complexes. We have

5(51, e asn)\%w = Qggw M(w)L
and &(s1, - ,Sn) is supported on Zw: hence IC,, is a direct summand of the
complex &(s1,--- ,8,). In view of Proposition 1.1, this shows that H*(ZC,) = 0
unless k has the parity of £(w).

Finally we show by induction on w that ch(ZC,,) is self-dual with respect to
the Kazhdan—Lusztig involution. This claim is obvious if w = e. Now we assume
that {(w) > 0, and that ch(ZC,) is self-dual for any y € W such that y < w.
Once again we choose a reduced expression w = s7---S,. Proposition 1.1 shows
that ch(€(s1,...,8,)) is self dual. Now if D is the Verdier duality functor on
DE@)(%, Q), then we have

Do (ms)s = (ms)1oD = (m), 0D and Do (ms)* = (m,)' oD 2 (m,)* o D[2];
we deduce that
D(E(s1,+ ,8n)) ZE(S1, " 4 Sn).

As explained above the complex £(sq,...,8,) is a direct sum of ZC,, and objects of
the form ZC,[k] with k € Z and y € W satisfying y < w. By Verdier self-duality, for
each such y and & the multiplicity of ZC,[k] as a direct summand of £(s1,...,ss)
is equal to that of ZC,[—k]. This implies that ch(ZC,,) is self-dual, and finishes the
proof. O

2. Parity complexes

2.1. Preliminaries. We start with some general considerations in Homologi-
cal Algebra. Let k be a field, and let D be a k-linear triangulated category endowed
with a bounded t-structure whose heart will be denoted A, and whose cohomology
functors will be denoted H. Let X be an object of A, and denote by (X)a the
triangulated subcategory of D generated by X.

LEMMA 2.1. Assume that
End(X)=k and Hom(X,X[1])=0.
Then for'Y in D the following conditions are equivalent:
(1) Y belongs to (X)a;

(2) for any n € Z, the object H"(Y) is isomorphic to a direct sum of copies
of X.

PrOOF. Using appropriate truncation triangles, one can easily check by induc-
tion on the cardinality of {n € Z | H*(Y") # 0} that if each H"(Y") is isomorphic
to a direct sum of copies of X, then Y belongs to (X)a. To prove the converse,
it suffices to prove that if Y is an object such that each H"(Y") is isomorphic to a
direct sum of copies of X, and if we are given a distinguished triangle

Y = Z = X[m] 2

1An object of this form is called a semisimple complez.
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for some Z € D and m € Z, then each H*(Z) is isomorphic to a direct sum of copies
of X. The long exact sequence of cohomology associated with this triangle shows
that

H"(7) = H(Y)

unless n € {—m, —m+1}. For these values of n, there is therefore nothing to prove.
Now, consider the following portion of this long exact sequence:

0= H™Y) = H™(Z) = X L H ™ (Y) 5 H™ 1 (Z) = 0.

If f =0, then HT™*(Y) & H=™*1(Z) and H"™(Z) is an extension of X by
H=™(Y"). By assumption H~™(Y") is a direct sum of copies of X; since Hom(X, X[1])
we then have H™™(Z) 2 H™™(Y) @ X, so that the desired condition holds. On
the other hand if f # 0, then since H"™*1(Y) is a direct sum of copies of X
and since End(X) = k, f is the embedding of a direct summand. Then we have
H=™(Z) =2 H~™(Y), and H=™*1(Z) is isomorphic to a direct sum of copies of X.
The desired condition is again satisfied in this case, which finishes the proof. [

We continue with the setting above.
LEMMA 2.2. Assume that
End(X) =k and Hom(X,X[2n+1]) =0 for any n € Z>o.

Then for'Y in D the following conditions are equivalent:

(1) Y belongs to (X)a and H™(Y) =0 for any m € Z odd;
(2) there exist even integers ny,--- ,n, and an isomorphism

Y = @X[ni].

PROOF. It is clear that if Y is isomorphic to a direct sum of even cohomological
shifts of X, then Y belongs to (X)a and H™(Y) = 0 for any m € Z odd. Conversely,
we will prove that induction on the cardinality of {n € Z | H"(Y) # 0} that if Y
belongs to (X)a and satisfies H™(Y") = 0 for any m € Z odd, then Y is isomorphic
to a direct sum of even cohomological shifts of X. First, if this cardinality is 0
then Y = 0 and there is nothing to prove. Now, assume that this set is nonempty,
and choose m maximal such that H™(Y) # 0. Then m is even, and we have a
truncation triangle

Z Y = H(Y)[—m]
such that

0 ifn=-m.

By induction, Z is then isomorphic to a direct sum of even shifts of X. Moreover,
by Lemma 2.1 H™(Y) is a direct sum of copies of X. Since Hom(X, X[n]) = 0
for any n odd the transition morphism H™(Y)[—m| — Z[1] is our distinguished
triangle vanishes; this implies that

Y= ZoH™(Y)[-m],
and finishes the proof. O
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2.2. Geometric setting. We consider an algebraically closed field F, and an
F-algebraic variety X. We assume we are given a decomposition

X=|]xx
AEA
where A is a finite set, each X is a smooth connected locally closed subvariety in
X, and for any A € A the closure X is a union of strata X,, with 4 € A. For any
A € A, we will denote by jy the embedding of X, in X.

We will consider another field k, and some categories of sheaves D(Y, k) for each
locally closed union of strata ¥ C X. The various settings we want to consider
are the following. (For concrete examples in each of these settings, see Section 3
below.)

(1) (Analytic setting) Here F = C, k is arbitrary, and D(Y, k) denotes the con-
structible derived category of k-sheaves on Y with respect to the analytic
topology.

(2) (Etale setting) Here F is arbitrary, k is a either a finite field of charac-
teristic different from char(IF) or a finite extension of Q, for some prime
number ¢ # char(F), and D(Y,k) denotes the constructible derived cate-
gory of étale k-sheaves on Y.

(3) (Equivariant analytic setting) Here F and k are as in (1), but we assume we
are given an affine C-algebraic group H acting on X and stabilizing each
X, and D(Y, k) denotes the H-equivariant constructible derived category
of k-sheaves on Y (in the sense of Bernstein—Lunts [BL]) with respect to
the analytic topology.

(4) (Equivariant étale setting) Here F and k are as in (2), but we assume we
are given an affine F-algebraic group H acting on X and stabilizing each
X, and D(Y, k) denotes the H-equivariant constructible derived category
of étale k-sheaves on Y (in the sense of Bernstein—Lunts [BL]).

Recall that an additive category C is called Krull-Schmidt if any object has a
decomposition as a direct sum of indecomposable objects with local endomorphism
rings. Such a category is Karoubian (in other words, each idempotent splits), and
any object admits a unique (up to isomorphisms and permutations of the factors)
decomposition as a direct sum of indecomposable objects. Moreover, an object is
indecomposable if and only if its endomorphism ring is Krull-Schmidt. It is noted
in | , Corollary A.2] that if C is a k-linear additive category (for some field bk)
such that Hom(X,Y) is finite-dimensional for any objects X,Y", then C is Krull-
Schmidt if and only if it is Karoubian. Since, on the other hand, a triangulated
category which admits a bounded t-structure is Karoubian (by the main result
of [LC]), in each of the settings above the categories D(Y, k) are Krull-Schmidt.

In each of the settings considered above, for any A € A we have (derived)
functors

(32)s () - D(Xy, k) — D(X, k), (52)%, (Gx)' : D(X, k) — D(X, k).

We will additionally assume we are given, for any A € A, a local system L) on X
(assumed to be H-equivariant in settings (3) and (4)) such that

(2.1) Endp(x, x)(£x) =k and Homp(x, i)(Lx, Lx[2n + 1]) = 0 for any n € Z>.
‘We will then set
Ay = () La[dim(Xy)], V= (Ga)«La[dim(Xy)].
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REMARK 2.3. In the cases we will consider, the local systems L, will al-
ways have rank 1. In this case, the assumption (2.1) amounts to requiring that
H™(Xx;k) = 0 for all odd integers n, where we consider:

the ordinary (singular) cohomology in setting (1);
the étale cohomology in setting (2);

the H-equivariant cohomology in setting (3);

the H-equivariant étale cohomology in setting (4).

In the first two cases, this condition is automatic if X admits a paving by affine
spaces. (In fact this condition is well known to guarantee that H?(Xy;k) = 0 for
odd n’s, and then one concludes by Poincaré duality, since X is smooth.) In the
last two cases, this condition holds e.g. if both H% (pt; k) and H" (X, k) vanish for
odd n’s. (To justify this one uses the standard spectral sequence

EPT = HY (pt; k) ® HY(Xy; k) = HYF(X ), k),

which degenerates since it vanishes “like a chessboard.”) As above the second
condition holds if X admits a paving by affine spaces. The first condition holds if H
is a torus, or if H is reductive and char(k) avoids a few prime numbers (see | ,
§2.6] for details), or if H is a semidirect product of a group isomorphic (as a variety)
to an affine space and a group which satisfies these conditions.

We will make the following additional assumption:
(2.2) for any X\, € A we have (j,)*"Va € (Lu)a,

where we use the notation of §2.1 with respect to the triangulated category D(X,, k).
Then, for any locally closed union of strata ¥ C X we will denote by D, (Y, k) the
triangulated subcategory of D(Y, k) consisting of objects F such that F|x, € (£,)a
for any u € A. (Of course this subcategory depends on the choice of local systems
L and not only on the stratification, although this is not apparent in the notation.)
With this notation, our assumption means that each V) belongs to Dy (X, k). In
fact it is not difficult to check that Da(X,k) is the triangulated subcategory of
D(X,k) generated by the objects (V) : A € A), and also the triangulated subcat-
egory of D(X,k) generated by the objects (Ay : A € A). It is clear also that if
the assumption (2.2) is satisfied, then the similar assumption is satisfied with any
locally closed union of strata Y C X (with respect to the stratification by strata
contained in Y, and the local systems L) associated with these strata), and that
Da(Y,k) is the same when considered with respect to the data relative to X or
those relative to Y. One can also check that for any locally closed unions of strata
Y, Z C X with Z C Y, if we denote by j : Y — Z the embeddings then the functors
Js, ji, 7% and j' induce functors

Jwes g1 2 Da(Z, k) — Da(Y, k), 7*.3' : DA(Y,k) = Da(Z,k).

Recall that for any A € A the category D(Xy,k) is Krull-Schmidt. Our as-
sumption (2.1) implies in particular that £ is indecomposable; it follows that a
direct summand of an object which is a direct sum of copies if £ is itself a di-
rect sum of copies of Ly; in view of Lemma 2.1 this shows that the subcategory
DA (X, k) € D(X)y,k) is stable under direct summands, and then that the sub-
category Da(X,k) € D(X,k) is stable under direct summands. We deduce that
DA (X, k) is also a Krull-Schmidt category.
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REMARK 2.4. Verdier duality will not restrict to an autoequivalence of the
category Da(X,k) unless each £, is self-dual. However, in the general setting,
if (2.1) is satisfied for a collection of local systems (L£y : A € A), then it will
also be satisfied for the collection (LY : A € A) where £V is the local system
dual to £. We can then also consider the category D dual(X,k) defined using the
same stratification, but this new collection of localy systems, and D will induces
equivalences

DA(X,k) = Da dual(X, k), Dadual(X,k) = Da(X,k)
which will again be denoted D.

2.3. Parity complexes. We consider one of the settings introduced in §2.2,
assuming that conditions (2.1) and (2.2) hold.

We can now state the definition of the parity complexes, what are our main
objects of study in this chapter.

DEFINITION 2.5. Let F € Dy (X, k).
(1) F is said to be x-even, resp. x-odd, if for all A € A we have

H™(jxF) =0
unless n is even, resp. odd.
(2) F is said to be !-even, resp. !-odd, if for all A € A we have

H"(j5F) =0
unless n is even, resp. odd.
(3) F is said to be even if it is both x-even and !-even, and odd if it is both
x-odd and !-odd.

(4) F is called a parity complex if it is isomorphic to the direct sum of an
even object and an odd object.

It is clear that a direct summand of an even, resp. odd, resp. parity, complex is
again even, resp. odd, resp. parity. Since the category D (X, k) is Krull-Schmidt
(see §2.2), this implies that its full subcategory Parity, (X, k) whose objects are the
parity complexes is again Krull-Schmidt.

The following statement gathers some basic properties of parity complexes.
(Here, Verdier duality should be interpreted in the sense of Remark 2.4: it takes
values in a different category, but where the parity formalism still applies.)

LEMMA 2.6. Let F in Dy(X, k).
(1) If |A| = 1, then the following are equivalent:
(a) F is *-even.
(b) F is!-even.
(c) F is even.
(d) F is a direct sum of objects Lx[n] with n even, where X is the only
element in A.
Moreover, if F,G are even, for n € Z we have Homp, x 1) (F,G[n]) = 0
unless n is even.
(2) F is !-even, resp. |-odd, if and only if D(F) is x-even, resp. %-odd. In
particular, F is a parity complex if and only if D(F) is a parity complex.
(3) F is even, resp. odd, if and only if F[1] is odd, resp. even. In particular,
F is a parity complex if and only if F[1] is a parity complex.
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(4) F is even if and only if H*(F) = H*(D(F)) = 0 for all odd integers n.

PROOF. (1) The equivalence between the first three assertions is clear. The
equivalence with the fourth one follows from Lemma 2.2. The concluding statement
is clear from the fourth description and our assumption (2.1).

(2) We treat the even case; the odd case is similar. By (1), F is l-even if
and only if for any A € A the object j3F is a direct sum of objects £y[n] with
n even. Now, if we denote by D, the Verdier duality functor in D(X),k), since
Dy (Ly) = L£Y[2dim(Xy)], the latter condition is equivalent to the condition that
for any A\ € A the object Dy (j}F) is a direct sum of objects £Y[n] with n even.
Since

Da(j3F) = j3D(F),

this proves the desired equivalence.

(3) This property is clear from definitions.

(4) A sheaf G on X is 0 iff j3(G) = 0 for any A € A. Since H"(j5F) = jiH"(F)
for any n, we deduce that F is *-even if and only iff H*(F) = 0 for all odd integers
n. We conclude using (2). O

We now state some immediate properties of compatibility with pushforwards
and pullbacks.

LEMMA 2.7. Let Y C X be a locally closed union of strata and f : Y — X be
the embedding.
(1) If Y is closed and F € Dp(Y, k) is parity, then f.JF € Da(X,Kk) is parity.
(2) If Y is open and F € Dp(X,Kk) is parity then f*F € Do(Y, k) is parity.

PrOOF. (1) Let A € A. First, assume that X, C X and denote by jy the
embedding of X in Y. Applying the base change theorem to the cartesian diagram

X/\L>Y

k
Jx

Xy —=X

we see that 7} fo.F = (j4)'F. Similarly, since f. = fi we have j3 f.F = (j3)*F.

If X is not contained in Y, since j) factors through the embedding of the open
complement to Y we have j!Af*]-' =3 fiF=0.

These descriptions show that if F is #-even, resp. x-odd, resp. !-even, resp. !-
odd, then so is f.F, which implies our claim.

(2) For any X € A such that X, C Y, if we denote by j} the embedding of X
in Y we have

G F = (foid)" F =45 7F,
which shows that if F is #-even, resp. -odd, then so is f*F. Similarly, since f* = f*
we see that

(GA)'[*F = 3 F,
which shows that if F is !-even, resp. !-odd, then so is f*F. The desired claim
follows. (]
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2.4. Morphisms spaces between parity complexes. If Y C X is a locally
closed union of strata, for F,G € Dy (Y, k), we set

Homy,, (y1(F,G) = @ Homp, (v (F, G[n]).
nez
Depending on the context, this space will be considered either as a plain vector
space, or as a graded vector space (with the grading provided by the right-hand
description.) The following statement is not difficult, but turns out to be crucial
for the study of parity complexes.

PROPOSITION 2.8. Let F,G € Da(X,k). If F is a direct sum of a x-even and
a *-odd object, and if G is a direct sum of a !-even and a !-odd object, then there
exists a (mon-canonical) isomorphism of graded vector spaces

Homp, (x 1 (F,9) =~ @ Homp, (x, 1 (73 539)-
AeA

PROOF. It suffices to prove the claim in case F is x-even and G is !-even. We
proceed by induction on the number of strata contained in the support® of F. Of
course, if this number is 0 we have F = 0, and there is nothing to prove.

Let Y be the support of F, and let X,, C Y be an open stratum. Let j :
X~ (YN X,) = X be the (open) embedding, and let ¢ be the embedding of the
complementary closed subvariety. We consider the associated distinguished triangle

i F = F i r
Here we have jj'F = jij*F = (Ju)id;F. Applying the functor Homp, (x ) (—,9)
we deduce a long exact sequence
(2.3) -+ — Homp, (xx)(ixi"F,G[n]) — Homp, (x 1) (F,G[n])
— Homp, (x,, 1) ((Ju )i F>Gn]) — ...,
where
Homp, (x 1) ((ju)1j5 F GIn]) = Homp, (x 1) (75 F, ,G[n])

vanishes unless n is even (see Lemma 2.6(1)). By the induction hypothesis (applied
to i,3*F) we have

(2.4) HomBA(X,k) (1" F,G) =~ @ Hom.DA(XA,]k) (JAF ji\g);
AEA
AFp

in particular, this graded vector space is concentrated in even degrees.These facts
imply that the long exact sequence (2.3) breaks into short exact sequences

0 — Homp, (x ) (ixi"F, G[n]) — Homp, (x 1) (F, G[n])

— Homp, (x 1) ((Gu)1jpF,G[n]) — 0
for any n € Z. It follows that
Homp, (x 1 (F,G[n]) =0

if n is odd, and that

Homp, (x k) (F,G[n]) = Homp, (x k) (ixi"F,G[n]) ® Homp, (x,, i) (4, F> j,ig[”})

2By the support of a complex H we mean the closure of the union of the strata X, such that
JiH # 0. In particular, this support is a closed union of strata.



154 CHAPTER 3. PARITY COMPLEXES

if n is even. Using (2.4) once again, we deduce the isomorphism of the proposition.
O

Proposition 2.8 has the following consequences.

COROLLARY 2.9. (1) Let F,G € DA(X, k). If F is x-even and G is !-odd,
then Homp, (x 1) (F,G) = 0.
(2) Let F,G € Da(X, k) be parity complexzes. Let U C X be an open union of
strata, and denote by j : U — X the embedding. Then the morphism

Homp, (x k) (F,G) — Homp, (k) (j*F, j*G)

induced by the functor j* is surjective.

(38) Let F € DA(X, k) be an indecomposable parity complex. Let U C X be an
open union of strata, and denote by j : U — X the embedding. Then j*F
is either 0 or indecomposable.

ProOOF. (1) By Proposition 2.8 we have
Homp, (x 1) (F,G) =~ @ Homp, (x, 1) (75 57 9)-
AEA

Here for any A € A the object j{F is even, and the object ji\g is odd. Hence
Homp, (x, 1) (JxF, 43G) = 0 by Lemma 2.6(1), which implies the desired vanishing.

(2) We can assume that F and G are even. Let ¢ : X \ U — X be the closed
embedding. Then we have a distinguished triangle

G — i G — ai'g] L,

where 4,3'G is !-odd. Hence we get and exact sequence
HOIIlDA(XJk) (.F, g) — HOIIlDA(XJk) (f,]*j*g) — HOII]DA(XJ]() (.7:, lelg[l])
Here the third term vanishes by (1), hence the first arrow is surjective. By adjunc-
tion, this morphism identifies with the morphism of the lemma, hence the claim is
proved.
(3) By (2), the morphism
Endp, (x k) (F) = Endp, k) (j*F)

induced by j* is surjective. Since F is indecomposable, the left-hand side is a
local ring. Hence the right-hand side is either 0 or a local ring, which implies the
claim. (]

2.5. Classification theorem — unicity. We can finally state the classifica-
tion theorem for parity complexes.

THEOREM 2.10. For each A\ € A, there exists at most one (up to isomorphism)
indecomposable parity complex Ex supported on X and such that
Exnixy = La[dim(Xy)].
Moreover, any indecomposable parity complex is isomorphic to Ex[n] for some uni-
que (A, n) € A X Z.
PrOOF. We first prove the unicity of £x. Assume that we have two indecom-
posable parity complexes £y and &} supported on X and such that

Exjx, = Laldim(X))] = & x, -
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By Corollary 2.9(2), restriction induces a surjective morphism
Homp, (x 1) (Ex,EX) = Homp, (x, 1) (Exjx,: Exjx,) =k

In other words, there exists a morphism f : £y — &, whose restriction to X is
an isomorphism. Similarly, there exists a morphism g : £{ — €\ whose restriction
to X is an isomorphism. Then the element g o f of the local ring End(£)) is not
nilpotent (since its restriction to X is not nilpotent), hence is invertible. Similarly,
f o g is invertible. Hence f and g are isomorphisms, which proves that £, = &J.
Now, let us prove that all indecomposable parity complexes are of the form
Ex[n]. Let F be an indecomposable parity complex, and let Y be its support.
First, we claim that there exists a unique A € A such that X, is open in Y.
Indeed, if X and X, are distinct strata which are open in Y, then X, U X,
is open in Y and the object Fix,ux, = Fix, ® F|x, would be decomposable,
contradicting Corollary 2.9(3). Then Y is the closure of X, and Corollary 2.9(3)
shows that F|x, is indecomposable. In view of Lemma 2.6(1), this implies that
Fix, = Lx[dim(Xy) + n] for some n € Z; then the unicity of £\ (already proved
above) implies that F = &y [n]. O

REMARK 2.11. (1) Let A € A, and assume that the indecomposable par-
ity complex £, € Dy (X, k) from Theorem 2.10 exists. Then the indecom-
posable parity complex Y € Dp qual(X, k) associated with A also exists,
and we have D(&,) = &Y. (In fact, this follows from the unicity claim in
Theorem 2.10.)

(2) The existence of £, might be a subtle question in general. In particular,
there are examples where these objects do not exist; see | , §2.3.4].
In Setting (1) of §2.2, and if each X is contractible (which forces £y =
ky, for any )), then existence is guaranteed by [ , Corollary 2.28].

(3) The objects & are called parity sheaves in | ]. In these notes we
will avoid this terminology, which can sometimes be misleading.

2.6. Some comparison results. We will now show that the formalism of
parity complexes is compatible in the most natural way with extension of scalars.
We consider a field extension k — k. (If we are in Settings (2) or (4) of §2.2, we
assume that this extension is finite.) Then we have a functor

k' @k (—) : D(X,k) — D(X, k),
such that the natural morphism
k' Rk HOIHD(X,]k) (f, g) — HOHID(XJk/) (]k/ R F, Kk’ Rk g)

is an isomorphism for any F,G in D(X, k). In fact there exists a similar functor for
any locally closed union of strata in X, and these functors are compatible (in the
obvious way) with pushforward and pullback under locally closed embeddings.

If we are given a collection (L) : A € A) of local systems which satisfy the
assumptions (2.1) and (2.2) for the category D(X, k), then the collection (k' @ Ly :
A € A) also satisfies these assumptions for the category D(X,k’). We can therefore
consider the categories Dy (X, k) and Dj (X, k'), and the functor k’ ®k (—) restricts
to a functor

DA(X,k) — Da(X,K),
which will be denoted similarly. It is clear that this functor sends *-even complexes
to *-even complexes, and similarly for all the notions introduced in Definition 2.5.
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PROPOSITION 2.12. Let A\ € A, and assume that the object £5 € Dy (X, k) as-

sociated to A as in Theorem 2.10 exists. Then the object ng, € DA (X,K') associated
to X as in Theorem 2.10 exists, and moreover we have

5lk/ =34 Rk Ex.

PROOF. It is clear that k' @y £y is a parity complex supported on X, and that
its restriction to X is k/ ®, £,. What remains to be proved is that this object is
indecomposable. Now restriction induces a surjective k-algebra morphism

Endp, (x 1) (Ex) = Endp, (x, 1) (Ex)x,) = k.

The kernel of this morphism is the unique maximal ideal in Endp, x i) (Ex); it
therefore consists of nilpotent elements. Tensoring with k’, we deduce a surjective
k’-algebra morphism

EndDA(X}k/) (k/ Rk gk) — k/

whose kernel consists of nilpotent elements. It follows that an element in the ring
Endp, (x,k) (k" @k €x) is either nilpotent or invertible, hence that this ring is local.
This shows that k/ ®y £, is indeed indecomposable, which finishes the proof. O

We will now study the compatibility of the parity formalism with with for-
getting the equivariance. We assume we are in settings (3) or (4) of §2.2, but we
will also consider the corresponding non-equivariant category (which falls into set-
ting (1) or (2) respectively). The equivariant category will be denoted Dy (X, k),
and the non-equivariant one will be denoted D(X,k); we then have a canonical
forgetful functor

For? : Dy (X, k) — D(X,k),
and a similar functor for each locally closed union of strata in X.

We assume we are given a collection (£ : A € A) of local systems which satisfy
the assumptions (2.1) and (2.2) for the category Dy (X, k), and moreover that for
any A € A the morphism

Homp,, (x, i) (£xs £1) — Homp x, 1) (For™ (L), For™ (L))
is surjective. Then the collection (For™ (L) : A € A) satisfies the assumptions (2.1)

and (2.2) for the category D(X,k). We can therefore consider the categories
Dy .a(X,k) and Da (X, k). The functor For” restricts to a functor

Dua(X,k) — Da(X,k)

which will be denoted similarly. This functors sends *-even complexes to *-even
complexes, and similarly for all the notions introduced in Definition 2.5.

LEMMA 2.13. Let F,G € Dy a(X,k). If F is a direct sum of a *-even and
a x-odd object, and if G is a direct sum of a !-even and a !-odd object, then the
morphism

HomDH,A(X.,k) (]:, g) — HomDA(Xﬁk) (FOI’H (]:), FOI’H (g))
18 surjective.

ProoF. It suffices to prove the claim in case F is x-even and G is l-even. We
proceed by induction on the number of strata contained in the support of F. Of
course, if this number is 0 we have F = 0, and there is nothing to prove.
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Let Y be the support of F, and let X, C Y be an open stratum. Let j :
X~ (YN X,) = X be the (open) embedding, and let ¢ be the embedding of the
complementary closed subvariety. Considering the associated distinguished triangle

3j'F = F i F Y
as in the proof of Proposition 2.8 we obtain exact sequences
HomDH,A(X,]k) (i*i*f, g) — HOHlDH’A(X’]k) (]:, Q) —» HOIHDH,A(X,]]() (j!j!]:, Q)

and

Homp, (x k) (i*i*ForH(}"), ForH(Q)) — HomDH‘A(XVk)(ForH(}'), ForH(g))
— Homp,, , (x.x) (j1j'For™ (F), For™ (G))
The functor For provides a morphism from the first of these exact sequences to

the second one. By induction the morphism relating the first terms is surjective.
Now by adjunction we have isomorphisms

HomDH,A(X,]k) (jlj!‘/ra g) = HomDH,A(X,k) (j!]:7 j!g)a
Homp, (x 1) (71 F, G) = Homp, (x 1) (j' F, j'G).

Using Lemma 2.6(1), we see that our assumption implies that the morphism relating
the third terms in our exact sequence is also surjective. By the four lemma, we
deduce that the morphism relating the second terms is surjective, which finishes
the proof. |

Using Lemma 2.13 we deduce the following claim.

PROPOSITION 2.14. Let A € A, and assume that the object Ef € Dy (X, k)
associated to X as in Theorem 2.10 exists. Then the object Ex € Dy (X, k) associated
to X as in Theorem 2.10 exists, and moreover we have

&\ = Forf (1),

PROOF. As in the proof of Proposition 2.12, it suffices to prove that ForH(E/{H)
is indecomposable. Now by Lemma 2.13 the functor For™ induces a surjection

EndDH,A(X,]k) (Sf) — EndDA(XJk) (FOFH (Efl))

Since Endp,, , (x k) (€M) is a local ring, and since EndDA(X’k)(ForH(Sf)) is nonzero,
this ring is local, which implies that ForH(Ef\q ) is indecomposable, as desired. O

3. The case of Kac—Moody flag varieties

In this section we apply the parity formalism in the setting of (possibly para-
bolic) flag varieties of Kac-Moody groups.

3.1. Flag varieties. There are several different things we might want to call
“flag varieties,” which we introduce now.
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3.1.1. “Finite” flag varieties. Let F be an algebraically closed field, and let ¢
be a connected reductive algebraic group over F. Let % be a Borel subgroup of ¢,
and let . be a maximal torus contained in 4. Let W = Ng(.7)/7 be the Weyl
group of (4,7), and let S C W be the subset of Coxeter generators determined
by %. As in §1.1 we can consider the flag variety

X =9/,

a smooth projective algebraic variety over F. The Bruhat decomposition determines
a stratification

2 = || 2, with 2, = BwB/B = AL
weW
More generally, for any subset I C S we have a standard parabolic subgroup &,
and the corresponding parabolic flag variety

2T =9/,

which is again a smooth projective algebraic variety over F. If we denote by W; C W
the subgroup generated by I, and by W/ C W the subset of elements w which are
minimal in the corresponding coset wWj, then we have a stratification

2= || &l with 2] = Bu) 2r = ALY
weWl!

3.1.2. “Kac-Moody” flag varieties. *

Let A be a generalized Cartan matrix, whose rows and columns are parame-
trized by some finite set I, and let (W,S) be the associated Coxeter system;
see §1.2.3 in Chapter 2. Let also

(X, (a;:i€1),(a) :i€1))

K2

be a Kac—-Moody root datum associated with A; see §1.2.4 in Chapter 2.

3.2. Parabolic Kazhdan—Lusztig polynomials. We now explain a general
construction from Coxeter groups combinatorics, which gives rise to two different
families of “parabolic” Kazhdan—Lusztig polynomials.

Let (W, S) be a Coxeter system, and let I C S be a subset. Recall (see e.g. §2.8
in Chapter 1) that to I we attach a standard parabolic subgroup W; C W; then
the Hecke algebra H(yy, ) (see Definition 4.1 in Chapter 1) embeds naturally in
How,s)-

We consider two natural right modules for Hy, 1), denoted Z[v, v iy and
Z[v, v sgn respectively, and called the trivial module and the sign module. In
both cases the module is equal to Z[v, v~1] with the natural action of Z[v,v~1]. For
the trivial module, each Hy (s € I) acts by multiplication by v~!, and for the sign
module each Hj (s € T) acts by multiplication by —v for any s € I. (It is easily seen
that these rules uniquely extend to right #y, r)-actions.) Then the corresponding
“spherical” and “antispherical” right Hy, s)-modules are defined by

I —
Miy.s) = Zv, v iy OH w1y HOW,8)

N(IW,S) = Z[vvv_l]Sgn ®7'l(w1‘1) /H(st)'

3Intuitive1y, an ind-scheme is a formal inductive limit of schemes, with transition maps given
by closed immersions. A very nice treatment of this subject is provided in the first section of [Rz].
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Let us denote by W C W the subset of elements w that are minimal in their
coset Wrw (see §2.8.1 in Chapter 1). From the “standard” basis (H, : w € W)
of Hw,s) we deduce a standard basis (M : w € W) of M{W s) (asa Zv, v~ -

module) and a standard basis (N7 : w € W) of /\/'(’;,V’S) (as a Z[v,v~1]-module),
where for w € W we set
Mj :=1@ Hy € M)y s, Nip:=10Hy, € N}y g

In terms of this basis, the action of Hy, s) on /\/(IW S) is determined by the following
rule for w € W and s € S (see [S3, §3]):

NI +oN] if ws € W and ws > w;
(3.1) NI .H, = NI +v7 NI if ws € W and ws < w;

0 if ws ¢ W.

Recall the Kazhdan-Lusztig involution ¢ of H(yy s), see §4.2 in Chapter 1. Then
the assignment
a® H— (a) @ (H)

for a € Z[v,v™!] and H € Hw,s) defines involutions it of M(Iwﬁ) and L'}\[ of
N, (IW’ S)’ which satisfy

(M - H) = " (M) - o(H), o (N-H) = (N) - o(H)

for any M € M{W?S), N e /\/'(IW’S) and H € How,s)-
The following theorem is due to Deodhar [De]. For an easy proof, we refer
to [S3, Theorem 3.1].

THEOREM 3.1. (1) For anyw € W, there exists a unique element Mi €
M{W s5) such that

gUMY) = MY, ML e M+ Y vZ[p]M,.
yelw
The elements (M’ : w € W) form a Zv,v="]-basis of M(IW,S)7 called
the Kazhdan—Lusztig basis of M{W’S).
2) For any w € "W, there exists a unique element NI e ML such that
w w,s)

o (N3,) = Ny, NI e Nl + Z vZ V)N,
yew

The elements (N : w € W) form a Z[v,v~"]-basis of./\/'(IW,S), called the

—w

Kazhdan-Lusztig basis of N'(IW s)-

If one writes
I _ I I I_ I I
M, = Zmy,w' Yo N, = Zny,w'Ny’
yelw yelw

é,x cy,x € 'W) are called the spherical Kazhdan—Lusztig

polynomials attached to I, and the polynomials (n) , : y,z € W) are called the
antispherical Kazhdan—Lusztig polynomials attached to I. These polynomials sat-

isfy

then the polynomials (m

my,#0 = y<z m,#0 = y<uz
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for any y,w € W.

REMARK 3.2. The polynomials (m/ , : y,z € W) and (n] , : y,z € W) are
sometimes called parabolic Kazhdan—Lusztig polynomials. We find this terminology
confusing since there are two different families of such polynomials, and prefer using
the terminology above.

The Kazhdan—Lusztig bases of M(IW,S) (in many cases) and of 'A/(IVV,S) have a
simple relation with the Kazhdan-Lusztig basis of Hy s), as explained e.g. in [S3,
Proposition 3.4 and its proof]. First we consider the spherical case; in this case we
assume that I is finitary, i.e. that Wy is finite, and denote by w; the longest element
in Wr. Under this assumption there exists a unique morphism of Hy, s)-modules

(s Miy,s) = How,s)
which sends M/ to H w,- This morphism is in fact injective, and satisfies

Ci(My,) = H

=wrw

for any w € W. From this formula one deduces that for any y,w € W and any
x € Wi we have

(3.2) m{hw = vé(wf)fe(x)hzijjw.

REMARK 3.3. This formula shows that we have already encountered a special
case of spherical Kazhdan—Lusztig polynomials: in fact the polynomials that appear
in Lusztig’s conjecture (Conjecture 4.6 in Chapter 1) are such polynomials for the
Coxeter system (Wag, Sa) and the parabolic subgroup generated by S C Sag,
ie. W.

Next we turn to the antispherical case (without any assumption on I). By
definition we have a canonical surjective morphism of right Hy s)-modules

&r:How,s) — /\/—(Iw,sp
sending an element H to 1 ® H. For any w € W, this morphism satisfies

NI ifwe w;
H,) =" 7
Er(Hy) {0 otherwise.

As a consequence, we obtain that for any y,w € W we have

(3.3) ny = Z (1) D hy .
TEWT

REMARK 3.4. As in the case of ordinary Kazhdan—Lusztig polynomials (see §1.8
in Chapter 2), one might wonder wether the spherical and antispherical Kazhdan—
Lusztig polynomials have nonnegative coefficients. In case [ is finitary, this property
is obvious for the spherical versions in view of (3.2). For the antispherical versions,
this property is known for all I thanks to work of Libedinsky—Williamson | ].

3.3. Parabolic p-Kazhdan—Lusztig polynomials. In this subsection we
explain how to define “p-canonical” versions of the spherical and anti-spherical
Kazhdan—Lusztig polynomials. Our definitions might seem arbitrary at first sight,
but as we will see below these definitions allow to express interesting combinatorial
quantities of topological or representation-theoretic interest, which we consider as
evidences that these are the “correct” definitions.
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3.3.1. Spherical case. First we consider the spherical case, under the assump-
tion that I is finitary. (We do not know how to define the spherical p-Kazhdan—
Lusztig polynomials without this assumption.) We fix a prime number p. For any
s € § and any element w € W such that sw < w, by (2.16) in Chapter 2 we have

H,-PH, = (v+v ")PH,,.

S
Using Exercise 1.17 we deduce that if w is the longest element in its coset Wrw,
then PH,, belongs to the image of (;. In particular, if w € W, applying this
property to wyw, we deduce that there exists a unique element PM fu € M{W7 s)
such that
"Hoyy = C1(PMs,).
It is not difficult to check that the family (PM’ :w € W) is a Z[v, v—!]-basis of
M(IW7 sy which by definition is the p-canonical basis of this module. The corre-
sponding p-Kazhdan—Lusztig polynomials are defined by the formula
YD S
yelw

It is not difficult to check that this basis has the same kind of properties as the
p-canonical basis of Hy sy (see §2.14), and that the corresponding polynomials
satisfy

(3.4) pmé’w — pfwi)—£(z) Pl wrw

for y,w € W and x € Wy.

3.3.2. Antispherical case. Next we consider the antispherical case. For w € W
we set
pﬁfu = fI (pﬂw)'
Once again it is not difficult to check that the family (PN’ : w € W) is a Z[v, v~ ]
basis of ./\f(lW S) which by definition is the p-canonical basis of this module. The
corresponding p-Kazhdan—Lusztig polynomials are defined by the formula

D SR
yelw
One again checks easily that this basis has the same kind of properties as the
p-canonical basis of Hy s) (see §2.14), and that the corresponding polynomials
satisfy

(3.5) il = 3 (-1 phy,,
TEWT

for y,w € W.

3.4. Geometric interpretation of the p-canonical basis. Consider a Kac—
Moody group ¥, the associated Coxeter system (W,S), and the flag variety 2" =
Y /B. The SB-orbits on £ are parametrized by W. Fix also a prime number p and
a finite extension K of @, and denote by O the ring of integers in K and by F the
residue field of @. For w € W, we consider:

e for E = O, K or F, the intersection cohomology complex ZC,,(E) with
coefficients in E;

e the normalized indecomposable partity complex &, (F) with coefficients in
F.
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For z € 2, we denote by i, : {x} — £ the embedding. Given a complex F
in D) (Z,0), we will say that the stalks (resp. costalks) of F are torsion-free if
for any 2 € 2 and any n € Z, the cohomology group H™(i* F), resp. H" (i, F), is
torsion free.

PrOPOSITION 3.5. Let w € W. The following conditions are equivalent:
(1) the stalks and costalks of the complex IC.,(Q) are torsion-free;
(2) we have IC,,(0) = £,(Q);
(8) we have IC,,(F) = &, (F);
(4) *H,, = H,,.
If these conditions are satisfied then we have

TCo(F) = F 60 ICu(0), TCw(K) = K o IC. (O),

and for anyy € W, any x € £, and any n € Z the dimension of the F-vector
space H=*W)="(3*TC,,(F)) is the coefficient of v™ in hy ..

Proor. Cf. [W2, Prop. 3.11]. O

REMARK 3.6. Instead of working over rings O and FF as above, one can consider
for any w € W the intersection cohomology complex ZC,,(Z) with coefficients in Z.
Since O is flat over Z, we have

1€, (0) = 0 @7 IC. (Z).

Hence the condition in Proposition 3.5 is also equivalent to the condition that
for any x € 2" and n € Z, the finitely generated Z-modules H"(iXZC,,(Z)) and
H™(i' ZC.,(Z)) have no p-torsion.

COMMENT ON CHARACTERISTIC 2.

3.5. To be added. Mention convolution.

Remarks: affine Schubert varieties for SL(2) are rationally smooth.

Schubert varieties are smooth in codimension 1, cf. Example 4.8.

Behaviour of categories of perverse sheaves under Langlands duality, cf. J. Lou-
renco.

4. The case of affine flag varieties

4.1. Affine flag varieties. Let F be an algebraically closed field, and let G be
a connected reductive algebraic group over F. We fix a Borel subgroup B C G and a
maximal torus T contained in B. Let R be the root system of (G,T), and Ry C R
be the system of positive roots consisting of the T-weights in Lie(G)/Lie(B). Let
also R be the corresponding system of coroots. We will denote by

W := Na(T)/T
the Weyl group of (G,T), and by S C W the system of Coxeter generated deter-
mined by B. We will consider the (extended) affine Weyl group
Wext := W x X, (T).

Given A € X, (T'), we will denote by ¢y the corresponding element in Wey. Let

also ZRY be the root lattice, i.e. the sublattice in X,(T) generated by RY. It is a
standard fact that the subgroup

Waﬁ‘ =W x ZRV
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admits a natural system S, of Coxeter generators, consisting of S together with
the elements of the form ¢gvss where 8 € R is a maximal root.
Let us consider the function

LW — ZZO
given by
lwty )= Y [Aa)+ Y 1+ {aY)
a€ER a€ER
w(a)eR w(a)e—R,

Then it is known that the restriction of £ to Wyg is the length function for the
Coxeter system (Wag, Sagr), and moreover that if we set

Q={weW|l{w)=0}

then €2 is a finitely generated abelian group, that the conjugation action of {2 on
Wext stabilizes Sa, so that this group acts on W,g by Coxeter group automorphisms,
and finally that multiplication induces a group isomorphism

O x Waff l) Wext~

To G one associates two functors LG and LTG from the category of F-algebras
to the category of set, by setting

LG(R) = G(R((2))), L'G(R)=G(R][z]).

(Here, for an F-algebra A, we denote by G(A) the group of A-points of G, or in
other words of morphisms of F-schemes from Spec(A) to G.) It is a standard fact
that the functor LT G is representable by a group scheme over F (not of finite type),
and that LG is representable by a group ind-scheme. (See e.g. [Rz] for a proof of
a much more general claim.)

To each finitary subset A C S,z one can associate a “parahoric subgroup”
Q4 C LH, and consider the functor from F-algebras to sets given by

R+~ LH(R)/Qa(R).

Again, it is a standard fact that the fppf sheafification of this functor is representable
by an ind-scheme
Fla

which is ind-projective.

ExXAMPLE 4.1. Assume that A C S. Then A determines a parabolic subgroup
Py C G. We have a natural morphism LG — G, induced by the morphisms
R[z]] — R sending z to 0. For such a subset, the parahoric subgroup Q4 is the
preimage of P4 in LG. Two special cases of this setting will play important roles
below:

e in case A = &, Qy is the standard Iwahori subgroup of LG; it will be
denoted I, and we will write Fl for Flg (this is the familiar “affine flag
variety” of G);

e in case A =5, Qs = LG, and the ind-scheme Flg is called the affine flag
variety of G and denoted Gr.

4.2. The equivariant case.

4.3. The Whittaker case.
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5. The case of the affine Grassmannian

5.1. The geometric Satake equivalence. In this subsection we briefly re-
view an important construction in Geometric Representation Theory, namely the
geometric Satake equivalence. We will only state the results that will be required
below, and not say anything about their proofs. There exist already a number of
presentations of this construction in the literature, of various lengths and degrees
of generality and details, including [Zh], | L , Chap. 1], [Ac, Chap. 8].

Let us consider the particular case of the affine Grassmannian Gr, and the
natural action of LTG on it. In this case the LT G-orbits on Gr are parametrized in
the obvious way by the set X, (T')" of dominant cocharacters of T. We will denote
by Gr* the L G-orbit associated with ), so that we have a stratification

(Gr* : X e X, (1))
of Gr. It is a standard fact that for any A € X.(T)" we have
dim(Gr?) = (2p, \)

where 2p € X*(T') is the sum of the positive roots, and that for A\, u € X, (T") we
have

(5.1) Gr* € Gr iff 4 — X is a sum of positive coroots.

It is known that the connected components of Gr are in a canonical bijection with
the quotient X, (T)/ZRY, and that the orbit Gr* is included in the component
corresponding to a coset A € X, (T)/ZRY if and only if A € A. This implies the fol-
lowing property, that is crucial for many considerations involving parity complexes
on Gr.

LEMMA 5.1. Let A\, € X, (T)". If Gr* and Gr* belong to the same connected
component of Gr, then dim(GrA) and dim(Gr") have the same parity.

Let us now assume (for simplicity) that k is a field, and consider the LtG-
equivariant derived category

DY +(Gr,k)

of k-sheaves on Gr. The same considerations as in REF above show that there
exists a natural convolution product

(_> *L+G <_) : DEﬁG(Gr’ k) X DlL)JrG(Grvk) - DE+G(Grak)

which endows DE+ (Gr, k) with the structure of a monoidal category.

Such a construction can be considered for any parahoric subgroup (or any
parabolic subgroup of a Kac-Moody group), but there is a kind or “miracle” in
this setting, which is that this convolution product is t-exact on both sides with
respect to the perverse t-structure. In other words, if we denote by

Pervp+(Gr, k)

the heart of the perverse t-structure on DE+G(Gr7 k), then for any objects A, B €
Pervr+q(Gr,k) the product A *7+c B belongs to Pervy+o(Gr, k). Restricting the
convolution product, we therefore obtain a monoidal category

(PervL+G(Gr, k), *L+G).
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To each A € X, (T)" one can associate 3 natural objects in Pervy+o(Gr, k). Namely,
denote by j* : Gr* — Gr the embedding. Then we set

TN = PHO (ke [(20, M), Te(N) := PHO (kg [(20, A)])-
There exists a canonical morphism of complexes
ke [(20, )] = 52ke [(20, V)],
which provides a canonical morphism
T(A) = Tx(A),

whose image is denoted Ji.(); in fact the general theory of perverse sheaves guar-
antees that this image is simple; this is the intersection cohomology complex asso-
ciated with the constant local system on the orbit Gr.

Let us now denote by Gy a connected reductive algebraic group over k whose
root datum is

(X«(T),RY, X*(T),R).

This means that G} is endowed with a maximal torus 7Y whose character lattice is
X, (T), the cocharacter lattice of T', and that the root system of (G}, T}’) is R. Our
choice of Borel subgroup B C G has provided us with a system of positive roots
R4 C R. The corresponding coroots RY C RY define a system of positive roots for
G}/, and we denote by By C Gy the Borel subgroup containing 7} and such that
the set of T,Y-weights on Lie(GY)/Lie(By) is RY. Note that the set of dominant
weights for this choice of positive roots is X, (7). Hence, for any \ € X, (T)" we
have representations M(A), N(A\) and L()) constructed as in Chapter 1.

The geometric Satake equivalence, first proved in this generality by Mirkovié—
Vilonen [ ], is the following statement.

THEOREM 5.2. There exists an equivalence of monoidal categories
(Pervy+c(Gr,k), x1+c) = (Rep(GY), ®)
which sends, for any A € X, (T)T, the perverse sheaf
TN,  resp. T«(N), resp.  J(N),
to the representation
M(X), resp. N(N), resp. L(A).
In the course of the proof of Theorem 5.2, Mirkovi¢ and Vilonen prove the
following fact, which will be important for us. Denote by
D?ﬁ o) (Gr.k)
the full subcategory of the constructible derived category of k-sheaves on Gr gen-
erated by the essential image of the functor
D®, o (Gr,k) — DP(Gr,k)
forgetting the equivariance. In other words, a complex of k-vector spaces A on Gr
belongs to D'(°L+G)(Gr7lk) if and only if for any n € Z and X\ € X, (T)" the sheaf
H"(Ag») is isomorphic to (kg )P for some m € Zxq. It is easily seen that the
perverse t-structure on DP(Gr, k) restricts to a t-structure on DE’LJrG) (Gr, k), which
will again be called the perverse t-structure. Its heart will be denoted

Perv(r+a)(Gr, k).
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It can be easily seen that Perv(;+q)(Gr, k) is the category of perverse sheaves on
Gr all of whose composition factors are of the form Ji.(A\) with A € X, (T)". By
construction, forgetting the equivariance provides a canonical functor

Pervy+c(Gr,k) — Perv(p+a)(Gr, k).

The general theory of perverse sheaves implies that this functor is fully faithful,
but something even better occurs here: this functor is an equivalence of categories.
In other words, a perverse sheaf all of whose composition factors are of the form
Ji«(N) is automatically Lt G-equivariant.

REMARK 5.3. If we work in the standard topological setting, then the cate-
gory D](OL+ G)(Gr,k) is just the constructible derived category associated with the

stratification (Gr* : A € X, (T)*).

5.2. Parity complexes and tilting modules. Let us now consider the set-
ting of Section 2 for the stratification (Gr* : A € X,(T)"). This theory provides us
with a collection (£* : A € X, (T)%) of normalized indecomposable parity complexes
in DE’LJrG)(Gr7 k).

The following theorem is due to Mautner and the author (see | ) in
full generality, after a proof under stronger assumptions (on char(k)) by Juteau—
Mautner-Williamson | ].

THEOREM 5.4. If char(k) is good for G, then £ is a perverse sheaf for any
Ae X, (T)T.

The proof of this theorem in full generality requires a comparison with a cat-
egory of equivariant coherent sheaves on the Springer resolution of the group Gy.
The proof in | ] is more elementary: it proceeds by an explicit check in some
“simple” cases (more explicitly when A is either minuscule or quasi-minuscule), and
then a proof that these cases suffice to imply the theorem for all A. This second
step is where stronger assumptions are necessary.

If the complex £ is perverse (which, by Theorem 5.4, is always true if char(k)
is good for G), the comments at the end of §5.1 show that this object “lifts”
canonically to the category Pervy+g(Gr, k). One can therefore ask the question of
understanding its image under the equivalence of Theorem 5.2. The answer turns
out to be easy, and very interesting, as shown in | , Proposition 3.3].

PROPOSITION 5.5. Let A € X,(T)*. If the complex £ is perverse, then its
image in Rep(GyY) is T(N).

PRrROOF. Using Propositions 4.1-4.3 in Chapter A, to prove that the image of
EX is tilting it suffices to prove is that

EthgervL+G(Gr,ﬂ<)(‘c")\7 T (H’)) =0= EXtI%ervL_'_G(Gr,ﬂ()(m(:u)’ 5>\)

for any p € X, (T)™", or equivalently (see §5.1) that
Ethgerv(L+G)(Gr,]k)(g)\a T« (M)) =0= Ethl-’erv(LJrG)(Gr,k) (u% (/’L)a ‘C/‘)\)

for any p € X,(T)". The general theory of t-structures guarantees that for any
A, B in Perv(y+g)(Gr, k) we have an identification

EXtIIDerv(L+G)(Gr,k) (A, B) = Hompy G)(Gr,]k)(AvB[l])'

(L+
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Hence what we have to prove is that
A 0 A
HomDE’LJrG)(Gr,Ik) (ENT(W1]) =0= HomD?Lm)(Gr,k)(j!(N)’ EM1])

for any p € X.(T)". In view of Lemma 5.1, it suffices to prove this when (2p, \)
and (2p, 1) have the same parity. We will prove the second equality (under this
assumption); the first one can be proved similarly, or deduced using Verdier duality.

Since the complex ji'kg[(2p, A)] is concentrated in nonpositive degrees, we
have a truncation triangle

A = % [(20,1)] = Ti(w) S

where A is concentrated in negative perverse degrees. We deduce an exact sequence

HomDE’L+G>(Gr,k) (Av 8/\) - HomDE’L+ (Gr,k) (j (:u)a SA [1]) -

G)

HomD:’L+ (Gr.k) (jlukGr“ [<2p7 /1‘>]7 g>\ [1])

&)

Here the first term vanishes by general properties of t-structures because A is
concentrated in negative perverse degrees and £ is perverse. As explained above
we assume that (2p,\) and (2p, u) have the same parity. To fix notation, assume
that these numbers are even. Then the complex j{'k¢.[(2p, u1)] is *-even, and EXM1]
is odd (hence !~odd). By Corollary 2.9(1) this implies that the third term in our
exact sequence vanishes, and finishes the proof of our claim.

We have now proved that the image of £ is parity. It is indecomposable

because so is £*. Since £ is supported on Gr* and has nonzero restriction to Gr’\,
its composition factors are of the form J.(u) with A — p a sum of positive coroots,
with the case A = p occurring (see (5.1)). We deduce that the composition factors
of its image are of the form L(x) with p as above, with the case u = A occurring.
Hence this image is T(A), as desired. O

In case char(k) is bad for G, then it is known that not all of the complexes
&N are perverse. But one can still consider, for any n € Z, the perverse sheaf
PH™(EN), which defines defines an object in Pervy i (Gr,k). The following result
was conjectured in [ ], and proved in [ ]

THEOREM 5.6. For any n € Z and A € X,(T)T, the image of the perverse
sheaf PH™(EX) in Rep(GY) is a tilting module. Moreover, any tilting module occurs
as a direct sum of direct summands of images of objects of the form PHO(EX) with

Ae X (T)*.

6. Mixed perverse sheaves and Koszul duality






CHAPTER 4

Tilting modules for reductive groups

In this chapter we will extensively use the notions and basic results about
highest weight categories recalled in Appendix A.

1. Tilting modules for reductive groups

1.1. Definition. We use the setting and notation of Chapter 1. In particular,
G is a connected reductive algebraic group over an algebraically closed field k of
characteristic p > 0, B C G is a Borel subgroup, and T C B is a maximal torus.

Recall from §1.3 in Chapter 1 the induced modules (N(A) : A € XT) and the
Weyl modules (M(\) : A € XT). By Theorem 2.3 from Chapter 1, these modules
define a structure of highest weight category on Rep(G), with weight poset (X, <).
As a special case of the theory recalled in Section 5 of Appendix A, one can consider
the tilting objects in Rep(G), i.e. the finite-dimensional algebraic G-modules which
admit both a costandard filtration, i.e. a filtration with subquotients of the form
N(A) (A € XT), and a standard filtration, i.e. a filtration with subquotients of the
form M(X) (A € XT). We will denote by Tilt(G) C Rep(G) the full subcategory
whose objects are the tilting G-modules.

As an application of Propositions 4.1 and 4.3 in Appendix A we obtain the
following characterizations.

PROPOSITION 1.1. Let M € Rep(G).

(1) The following properties are equivalent:
(a) M admits a costandard filtration;
(b) for any X € Xt and any n > 0 we have Extgeyq)(M(A), M) = 0;
(c) for any X\ € X we have Extéep(G)(M()\),M) =0.
(2) The following properties are equivalent:
(a) M admits a standard filtration;
(b) for any X € X* and any n > 0 we have Extge, ) (M, N(A)) = 0;
(c) for any X\ € XT we have Extéep(G)(M, N(\)) = 0.
(3) The following properties are equivalent:
(a) M is tilting;
(b) for any A € X+ and any n > 0 we have

ExtRepq)(M(A), M) =0 and Extgeyg)(M,N(A)) = 0;
(c) for any X\ € XT we have
Extiep(q)(M(A), M) =0 and  Extg,q)(M,N())) = 0.

REMARK 1.2. In the algebraic groups literature, costandard filtrations are often
called “good filtrations” (see e.g. [J3, §11.4.16]), and standard filtrations are often
called “Weyl filtrations” (see e.g. [J3, §I1.4.19]). In this book, since we mainly

169
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use the point of view of highest weight categories we have confined ourselves to the
case of finite-dimensional algebraic G-modules, but one can also consider analogous
notions for objects in Rep™(G). Namely, we say that an object M € Rep™(G)
admits a good filtration if there exists a filtration

O=MyCcM;CMyC---CM

by G-submodules such that M = J,,~, M, and each subquotient M, /M,_1 (n >
1) is of the form N(A) for some A € X*. If M € Rep™(G) satisfies
dim Homg (M(X), M) < 0o
for any A € X, it is still true that M admits a standard filtration iff
Ethep(G) ('\/I()\)7 M) =0

for any A € XT and n > 0, and that this condition is equivalent to the property that
Exthep(G)(M(/\), M) = 0 for any A\ € XT; see [J3, Proposition I1.4.16]. In particular,
an injective object of Rep®™(G) which satisfies the condition above (e.g. the module

O (G) with the action induced by left or right multiplication) always admits a good
filtration in this sense.

If M € Tilt(G), then for any A\ € X* the number of occurrences of the module
N(X) as a subquotient in a costandard filtration of M is independent of the choice
of filtration, and will be denoted (M : N())); in fact we have

(1.1) (M : N(A)) = dimy Homgep(a) (M(A), M),

see Exercise 7.6. With this notation, it is clear that in the Grothendieck group
[Rep(G)] we have

(1.2) [M] = > (M :NQ)- [N
AeX+

In particular, the coefficients in the expansion of the element [M] in the basis
(IN(X)] : X € XT) are nonnegative.

The multiplicities (M : M())) are defined similarly, considering now standard
filtrations instead of costandard filtrations. In this case we have

(M : M(X)) = dimg Homgep(a) (M, N(N)),
and
(1.3) [M] = )\ZX+(M :M(A)) - IM(A)]
in [Rep(G)]. Tn fact, since [M(A\)] = [N(\)] in [Rep(G)] (see §1.9 in Chapter 1),
comparing (1.2) and (1.3) we see that
(M :N(X)) = (M : M(}))

for any M € Tilt(G) and ) € Xt.
General considerations for highest weight categories (see Exercise 7.6) show
that for M and N in Tilt(G) we have

dimy, Hompgep(g) (M, N) = > (M : M(X)) - (N : N())).
AEXH
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In this setting we therefore also have

dimy, Homgep(g) (M, N) = > (M : N(X)) - (N : N(X)).
AeX+

1.2. Classification. As a special case of general results on highest weight
categories (see §5.1 in Appendix A), it is known that any direct summand of a
tilting G-module is tilting. Therefore any tilting module can be written (in an
essentially unique way) as a direct sum of indecomposable tilting modules. Hence,
to describe all tilting G-modules it suffices to describe the indecomposable ones.

The following theorem answers this question; it gathers the results from Sec-
tion 5 in Appendix A, specialized to the case of the category Rep(QG).

THEOREM 1.3. For any A € XT, there erists a unique (up to isomorphism)
indecomposable tilting G-module T(X) such that (T(X) : N(A)) =1 and

(TA) : N(p)) =0 unless u < A

Moreover, the assignment X — T () induces a bijection between X and the set of
isomorphism classes of indecomposable tilting G-modules.

The indecomposable tilting G-modules (T(\) : A € XT) will be the main object
of study in this chapter. Our goal will be to describe these modules in some simple
special cases, and explain why understanding these modules is relevant for the ques-
tion of computing characters of simple modules. Here, by “understanding” these

modules we mean computing their characters, or equivalently (see (1.2)) computing
the multiplicities (T(A) : N(u)) for A\, p € XT.

REMARK 1.4. It follows from definitions that if V' € Rep(G) is tilting, then so
is V*. Of course, if V' is moreover indecomposable then so is V*. In terms of the

parametrization in Theorem 1.3, weights considerations show that for any A € X+
we have T(\)* = T(—wp(N)).

1.3. Stability by tensor product. The following theorem provides impor-
tant properties of tilting modules, which are very useful when trying to construct
new tilting modules out of known ones.

THEOREM 1.5. (1) For any tilting G-modules M and N, the tensor prod-
uct M ® N is tilting.
(2) If M € Tilt(G) and L C G is a Levi subgroup, then the restriction My, is
a tilting L-module.

This theorem is sometimes stated as saying that the tensor product of two
modules admitting a costandard filtration (or the restriction to a Levi subgroup
of a module admitting a costandard filtration) admits a costandard filtration, or
similarly with standard filtrations. The various versions are in fact equivalent; see
e.g. Exercise 4.2.

This theorem admits several independent proofs:

(1) The first general proof was found by O. Mathieu [V[1], after earlier proofs
imposing some technical assumptions by Wang and Donkin. The proofs of
Wang and Donkin are based on a case-by-case analysis and some (clever)
explicit computations. On the other hand Mathieu’s proof is uniform,
and based on geometric methods (and more precisely Frobenius splitting
techniques); see e.g. [J3, §G.15] for an exposition.
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(2) Lusztig later proved in [L5, §27.3] a result of crystal bases for quantum
groups that has Theorem 1.5 as a corollary (see | ] for details).

(3) Another general proof based on the Geometric Satake Equivalence was
recently found by R. Bezrukavnikov, D. Gaitsgory, I. Mirkovi¢, L. Rider

and the author in | ], based on an idea of Juteau-Mautner—
Williamson | ]
See also [J3, §4.21] for other historical remarks. We will not review any of these

proofs here.

1.4. Tilting modules, blocks, and translation functors. For any A € X,
since the tilting module T()\) is indecomposable it must belong to the “block”
Rep(G)w, for some p € X (see §2.5 in Chapter 1). In fact, since we have

aff p

Hom(M(X), T(X)) # 0 (see (1.1)) we in fact have
T(/\) € Rep(G)Waff'pA'

In particular, this implies that (T(A) : N(g)) = 0 unless p € Wag - A.

As for the study of simple modules, the main tool we will use in the study of
indecomposable tilting modules are the translation functors. We begin with the
following general property.

PROPOSITION 1.6. For any A, € X, the functor
Tf : Rep(G)Waff.pA — Rep(G)Waff‘pu
sends tilting modules to tilting modules.

PRrROOF. This property can be obtained as a consequence of Theorem 1.5, since
by Remark 2.19 in Chapter 1 the functor 7%’ can be described as the tensor prod-
uct with the indecomposable tilting module with highest weight the dominant W-
translate of 1 — A, followed by projection on the block attached to Wag -p .

In case A\, € C (which is the most interesting setting), this property can be
proved more directly by observing that T} is exact and sends each N(w -, \) (with
w € Wag such that w-, A € X*) to a module which admits a costandard filtration,
and dually for Weyl modules; see Proposition 2.27(4) in Chapter 1. [

As far as indecomposable tilting modules are concerned, the following result due
to Andersen describes what happens when translating to or from a “more singular”
weight. For details and references, see [J3, §ILE.11].

PROPOSITION 1.7. Let \,u € C N X, and assume that pu belongs to the closure
of the facet of \. Let w € Wag such that w -, p € X, and assume moreover that
w -, A is mazimal among the weights of the form wx -, X with x € Stabgy, . . )(1t)-
Then we have

TRT(wp p) = T(wp ),
and T{T(w -, A) is a direct sum of #(Stabew,, . )(1)/Stabay,,..,) () copies of
T(wpp).

Using the results of §2.8 of Chapter 1, one can translate this proposition in
more Coxeter-theoretic terms.

PROPOSITION 1.8. Let A\, u € C N X, and assume that pu belongs to the closure
of the facet of A. Let w € fWég). Then we have

TRT(w -y p) = T(wp A),
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and T{T(w -, A) is a direct sum of #(Stabey,, ..\ (1)/Stabay,..,) () copies of
T(wp p).

REMARK 1.9. Let us note for later use the following extension of (part of) the
last claim in Proposition 1.8. Let A, u be as in the proposition, let w € fWég)

and let x € Stabgy,, . (1), and assume that wz € fWEEf/\f). If w' e fWQEg) and
x" € Stab(y, ..,y (1) are such that w'z" < wz, then w’ < w by | , Lemma 2.2]. In
particular, if N(y-, A) is such that (T(wz-pA) : N(y-p X)) # 0, using Proposition 2.37
in Chapter 1 we see that T{'N(y -, A) is either 0 or of the form N(y’ -, u) for some

y € fWég) such that ¢’ < w. We deduce that w is maximal (for the Bruhat order)
in

{z € W | (T{T(wz 5 A) : N(z - ) # 0},
which implies that T(w -, p) is a direct summand in T{'T(wz -, ).

Assume for instance that p > h, and that A € C. As explained in §2.8 of
Chapter 1, the weights in (W,g - p) N X are in a natural bijection with the
subset fWa(g) C Wag of elements w which are minimal in Ww and maximal in
wStab(Waff’.p)(,u). For such w, the element w -, A is maximal among the weights
of the form wz -, A with 2 € Stabgy, . )(1), so that Proposition 1.7 applies, and
moreover all the latter weights are dominant (see in particular Remark 2.33). We
deduce the following formula.

COROLLARY 1.10. Assume that p > h, and let A\ € CNX and p € CNX. Then
for any w,y € fWif;) and any x € Stabgy, . . ) (1) we have

(T(wp p) : N(y -p ) = (T(wp A) : N(yz - A)).
PRrROOF. We have

(1.1) ..
(T(wp ) : N(y -p 1)) =" dimy Homgep(c) (M(y +p 1), T(w +p 1))
= dimy Homgep(q) (T3 M(yz - A), T(w +p 1))
by Proposition 2.37 in Chapter 1. By adjunction we deduce that
(T(w p 1) : N(y -p 1)) = dimy Homgep(a) (M(y -p A), Tp T (w - 1))

The claim then follows from Proposition 1.7. (]

Corollary 1.10 provides an explicit recipe for the computation of all multi-
plicities (T(A) : N(u)) once one knows these data in the special case when A,y €
(Wag - 0) N XT (assuming that p > h).

1.5. First examples.
1.5.1. Minimal weights. As explained in §2.9.1 of Chapter 1, in case u € X is
minimal in (Wag -, ) N XT, we have isomorphisms

M(u) = L(u) = N(p).
In particular, this module is tilting in this case, and of course indecomposable. We
deduce that
T(p) = L(p)-
This applies in particular if 4 € C N XT, and if 4 = (p — 1)s in case there exists
¢ € X such that {¢c,a") =1 for any a € R®.
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1.5.2. The alcove above the fundamental one. Now, assume that p > h, so that
0 € C, and that G is quasi-simple. Recall the simple reflection s, € Sag \ .5,
see §2.9.2 in Chapter 1, and choose a weight p on the wall of C' associated with
So. Then p € X*, and the considerations above show that T(u) = L(u). By
Proposition 2.27(3) in Chapter 1, there exist short exact sequences

N(0) < TjL(x) — N(so - 0),
M(so -p 0) = T L(1) — M(0).
These exact sequences show that TJL() is tilting (which could also have been
deduced from Proposition 1.6). In view of the description of N(s, - 0) in §2.9
of Chapter 1, we also know that TJL(u) has length three, with a filtration with
successive subquotients L(0), L(s, -, 0), L(0). Since
Hom(T2L(1), L(s6 -5 0)) = Hom(L(x), T{'L(s0 -5 0)) = 0
(because T§'L(so + 0) = 0) and
Hom(TL(1),L(0)) = Hom(L(y), TH'L(0)) =k,
the module T L(x) has simple top (namely, L(0)), hence is irreducible. We have
thus proved that
T(s0 p0) = TIL(1).
(This could also have been obtained as an application of Proposition 1.7.) In
particular, the nonzero multiplicities (T(so -, 0) : N(X)) are
(T(s6p0) : N(s6 - 0)) =1=(T(s0 - 0): N(0)).
1.5.3. The alcove above the Steinberg weight. Let us now assume that there

exists ¢ € X such that (¢,a") =1 for any a € R®. Considerations similar to those
of §1.5.2 apply to show that

T(ps) = T(_1) Ll(p — 1)3),
that we have
(T(ps) : N((p = 1)s + z(c))) = 1
for any « € W, and that these are the only nonzero multiplicities (T(ps) : N(X)).
(Here again T(ps) has simple top and socle, isomorphic to L(ps — 2p).)

This tilting module plays a crucial role in the study of Soergel’s modular cate-
gory € in [S5], as explained in Section 3 in Chapter 1.

1.5.4. Tilting modules in the extended Steinberg block. We assume again that
there exists ¢ € X such that (s,a") = 1 for any a € . Recall our conventions
on representations of G(!) from §2.4 in Chapter 1. For any dominant weight p €
X*(TM), we will denote by T (u) the associated indecomposable tilting G(1)-
module. Recall also the equivalence

Rep(G(l)) ; RepStein(G)

considered in Corollary 2.42 of Chapter 1. Since this equivalence sends induced,
resp. Weyl, modules to induced, resp. Weyl, modules, it must send (indecompos-
able) tilting modules to (indecomposable) tilting modules. We deduce the following
claim.

PROPOSITION 1.11. For any p € X*(TW) dominant, we have
T((p — 1)<) ® Frg (T (w) = T((p — 1)s + Frp(u)).
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1.6. Examples for classical groups. We now describe some tilting modules
for classical groups.

1.6.1. Special linear groups. Let us consider the setting of §1.4.1 of Chapter 1.
In this case, for any i € {1,...,n — 1} we have seen that N(w;) = A'V, and that
this module is also isomorphic to M(w;) (see Exercise 1.6). It is therefore tilting.
Since it is indecomposable, we deduce that

See Exercise 4.3 for more details.

1.6.2. Symplectic groups. Now we consider the setting of §1.4.2 of Chapter 1.
The description of the induced modules explained there shows that for each m < n,
the module A"V admits a costandard filtrations. Since this module is self dual
(see (1.1) in Chapter 1), it also admits a standard filtration, hence is tilting. Con-
sidering highest weights we see that this module admits T(w,,) as a direct summand.

It is however not indecomposable in general. In fact, by | , Proposition 6.3.5]
we have
NV P Tw).
e€Y (m)
where

Y (m) = {ae{o,...,m}

o (23}

(In case e = 0, w, should be interpreted as 0.)

1.6.3. Odd orthogonal groups. We turn to the setting of §1.4.4 of Chapter 1. In
this case the modules A"V (m < n) are simple induced modules; they are therefore
tilting, and we have

/\mVE T(wm) ifm<n-—1;
B T(er+--+en) ifm=n.

1.6.4. Even orthogonal groups. Finally, in the setting of §1.4.3 of Chapter 1, as
in §1.6.3 we have

/\mVE T(wm) ifm<n-—2;
B Tler+-+éep_1) fm=n-—1

The case of A"V is a bit more subtle since this module is not simple, already in
the characteristic-0 setting (see [F'H, Theorem 19.2 and Exercise 24.43]). It can
however be treated as follows, following | , Remark 3.4]. The description
of this module in characteristic 0 and Weyl’s character formula (Theorem 1.21 of
Chapter 1) imply that we have

ch (/\"V) = ch(N(2wp_1)) + ch(N(2w,)).

In particular, this module has at least two composition factors, namely L(2w,_1)
and L(2w,). Now, choose an orthogonal decomposition

V=LoH
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where L is a line and H an hyperplane. Then the special orthogonal group SO(H)
associated with the restriction of our symmetric bilinear form to H is an odd or-
thogonal group which identifies with a subgroup of G, and as SO(H)-modules we

have
Nv=N"THo \'H

The considerations of §1.6.3 and duality imply that both direct summands in the
right-hand side are simple SO(H)-modules; therefore A"V has length 2 as an
SO(H)-module, hence has length at most 2 as a G-module. Combining these two
facts we deduce that this module has length 2, with composition factors L(2w,_1)
and L(2w,,), and that N(2w,_1) and N(2w,,) are simple. We therefore have

N(2w,,) = M(2wy, ),
and using Proposition 2.5 of Chapter 1 we deduce that
Extgep(a) (L(2wn), L(2wp—1)) = 0.
It finally follows that
ANV 2 L(2wn_1) & L(2ws) 2 T(2wn—1) & T(2wy).

2. Tilting G-modules and injective bounded modules

In this section we explain the proof of a result of Jantzen [J1] which is the
key to the relation between characters of indecomposable tilting modules and of
simple modules. Our proof is essentially the same as that of [J1], rephrased in the

language of highest weight categories (which, in our opinion, makes it clearer).

2.1. Representations of the group scheme G;. Recall the Frobenius mor-
phism Fr : G — G, see §2.4 in Chapter 1. The Frobenius kernel G, is the
scheme-theoretic kernel of Fr. Then G; is a finite affine group scheme over k; in
other words its algebra of functions &'(G1) is a finite-dimensional Hopf algebra over
k. In fact this Hopf algebra has a very concrete description, as follows. Consider
the Lie algebra g of G. As any Lie algebra of a group scheme over a field of char-
acteristic p, g has a “restricted p-th power” operation, denoted X — X! sce [
§1.7.10]. (This operation is a nonlinear map from g to itself.) In the universal
enveloping algebra g, the elements of the form X? — X[Pl with X € g are central;
they generate a subalgebra Zp, canonically isomorphic to &(g*(")). The restricted
enveloping algebra Uypg of g is the quotient of Ug by the ideal generated by the
elements X? — X[P! with X € g. It is a finite-dimensional algebra, of dimension
pdim(G)  Moreover, the natural Hopf algebra structure on Ug induces a Hopf algebra
structure on Upg, and there exists a canonical isomorphism of Hopf algebras

(2.1) 0(G1) = (Uog)";

see [J3, §1.9.6].

We will denote by Rep(G1) the category of finite-dimensional Gi-modules. In
fact representations of the group scheme G are the same as comodules over 0(G1),
which in turn are the same as modules for the algebra (G1)*, hence (by (2.1)) as
modules over the (finite-dimensional) algebra Upg. In particular, in this category
we can consider the socle socg, (M) (i.e. the largest semisimple submodule) and the
top topg, (M) (i.e. the largest semisimple quotient) of a module M, and each simple
object N admits an injective hull characterized as the unique (up to isomorphism)
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injective module Iy such that socg, (In) = N, and a projective cover characterized
as the unique projective module Py such that topg, (Py) = N.

Since Gj is a subgroup scheme of G, there exists a canonical “restriction”
functor from Rep(G) to Rep(G1), which will be denoted M + M|g,. Using the
isomorphism (2.1), this functor can alternatively be described as follows. Differ-
entiating the G-action we obtain, for any V' € Rep(G), an action of Ug on (the
underlying vector space of) V. The elements of the form X? — X [Pl act trivially for
this structure; this action therefore factors through an action of Upg. The associ-
ated Gi-module structure is the same as the one obtained by restriction along the
embedding G; C G. Below we will use the important observation that for M in
Rep(G) the socle socg, (Mg, ) is stable under the G-action, hence a G-submodule.

By [J3, Proposition 1.9.5] the Frobenius morphism Frg induces an isomorphism
of k-group schemes

G/G; = GW,
In particular, a G-module is of the form Frg (V) for some G(M-module V if and
only if its restriction to Gy is trivial.

One can classify the simple Gi-modules in a way similar to the case of G,
replacing the Weyl modules by the baby Verma modules. Namely, let BT be the
Borel subgroup of G opposite to B with respect to T, and let b™ be the Lie
algebra of BT. (In this way, the nonzero T-weights of b™ are the positive roots.)
As for G, we can consider the restricted enveloping algebra Uyb™ of b*, and we
have a canonical injective algebra morphism Uob™ — Upg. For any A € X the 1-
dimensional B*-module kg+ (\) defines, by differentiation, a Uyb*-module ky+ (A),
which depends only on the image of A in X/pX. (Below this image will simply be
denoted A.) The baby Verma module associated with X is

Z()\) = Upg Qb+ ky+ ()\)7

seen as a Gi-module via the identification (2.1).
For the following theorem, we refer to [J3, Proposition II.3.10].

THEOREM 2.1. For any A € X, the top L1(\) of Z(X) is simple. Moreover, L1(X)
only depends on the class of A in X/pX, and the assignment X — L1(X\) induces a
bijection between X/pX and the set of isomorphism classes of simple Gi-modules.

Recall the subset X, C X* of restricted dominant weights defined in §2.4 of
Chapter 1. The relation between the simple G-modules and the simple G{-modules
is provided by the following classical result due to Curtis. (For a proof, see [J3,

Proposition 11.3.15].)

THEOREM 2.2. For any X € X{_, the Gi-module L(\)|g, is simple, and iso-
morphic to Ly(\).

In case 2(G) is simply connected, the composition X, — X — X/pX is
surjective. (This follows from the existence of “fundamental weights,” i.e. weights
(wa : a € R°) such that (w,,BY) = dap for o, € M) In this case, any
simple Gi-module is therefore the restriction of a simple G-module. Under this
assumption, one can in fact describe the restriction of any simple G-module to Gy
as follows. Let A € XT, and write A = p+ pr with p € X{,. (Such a decomposition
indeed exists, as explained in §2.4 in Chapter 1.) Then we have v € XT. Moreover,
the map Fri : X*(T™) — X given by the pullback under the Frobenius morphism

Frr is injective, with image pX; it follows that there exists U € X *(T(l)) such that
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pv = Fr(D). Since v is dominant, so is o (for the conventions chosen in §2.4 of
Chapter 1). By Steinberg’s tensor product theorem (Theorem 2.9 in Chapter 1) we
then have

L(A) = L(n) @ Frg (LY (@),
which implies that

L(V)ja, = Li(p) @ LY (#),

where G acts trivially on L(V(?). In particular, L(\)|g, is always semisimple (and
more precisely a direct sum of copies of a single simple Gi-module).
For later use, we note the following consequence.

LEMMA 2.3. Assume that 2(G) is simply connected. For A\ € X, the G-
module L(\)|g, is simple iff X € X

Proor. If A € X{,, then L(\)|g, is simple by Theorem 2.2. On the other
hand, let A € X* be such that L(\)|g, is simple. Write A\ = p + pv as above, so

that
LN e, = Li(p) @ LO(@).

Then our assumption implies that dim(L(") (7)) = 1. In view of Lemma 1.19 in
Chapter 1 this implies that (v, ") = 0 for any « € R, hence that A € X, O

res”

REMARK 2.4. If G is semisimple and simply connected the map X}t — X/pX

res
considered above is a bijection. In general, this map induces a bijection

X /pIl =5 X/pX,

res

where IT := {\ € X | Va € R®, (\,a") = 0} and pII acts on X, by addition. (Here,
restriction to T induces an isomorphism between the lattice of characters of G and

L)

REMARK 2.5. An important difference between the representation theory of G
and that of Gy is that the set X/pX of labels of simple Gi-modules has no partial
order having a representation-theoretic meaning. For instance, it is known that for
any w € W the Gi-modules Z(\) and Z(w -, A) have the same composition factors
(with multiplicities), see [F11, Theorem 2.2]. One way to fix this problem is to work
with G;T-modules; see Remark 2.8(1) below.

For A € X we will denote by Q(A) the injective hull of the simple Gi-module
L1(A). (Once again, up to isomorphism, this module only depends on the class
of A in X/pX.) As a special case of a general result on finite group schemes,
it is known that there exists an isomorphism of Gi-modules 0(G1) = 0(G1)*,
see [J3, Lemma 1.8.7]; as a consequence, a Gi-module is injective if and only if
it is projective. More precisely, by [J3, Equation I1.11.5(4)], for any A € X the
Gi-module Q(A) is also the projective cover of L()).

2.2. Representations of G;T. The considerations of §2.1 have analogues
for the larger subgroup scheme G;T, defined as the preimage of T(!) under the
Frobenius morphism Frg : G — G (or, in other words, the subgroup scheme
generated by G; and T). Namely, the datum of a G;T-module structure on a
k-vector space V is equivalent to that of a Gi-module structure (in other words,
an action of Upg) together with a T-module structure (i.e. an X-grading) such that
the restricted enveloping algebra Uyt of t acts on the A-graded part of V' via the
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character Uyt — k defined by the differential of A\, for any A € X. In particular,
each GiT-module has an action of T, hence we can speak of its T-weights.

The category of finite-dimensional representations of G T will be denoted
Rep(G1T). We have natural “restriction” functors

Rep(G) — Rep(G1T), Rep(G1T)— Rep(Gy),

which we will denote by V' + V|g, T, resp. V + V|g,. In terms of the description
above, the second functor corresponds to forgetting the T-action, i.e. the X-grading.
In this category we can again consider the socle socg, (M) and the top topg, (M)
of a G1T-module M, and each simple object has an injective hull and a projective
cover characterized as in the case of Gi. Below we will use the fact that for
M € Rep(G1T) we have

(2.2) socg, (Mg, ) = soca, t(M)|a,,

see [J3, Remark in §11.9.6].
For any A € X the baby Verma module Z(\) can be “lifted” to a G1T-module
Z(\), defined also as

Z(\) = Uog Cutyor Ko (V),
where T acts on ky+ (A) via the character A\, and Upg by multiplication on the left.

~

Now the G1T-module Z()\) really depends on A, and not only on its class in X/pX.
In fact, for any A € X and p € X*(T() we have a canonical isomorphism

Z(\ + Frip(p) = Z(0) ® ko (1),
where k) (1) is seen as a G1T-module via the canonical morphism G; T — NON
The following theorem is an analogue of Theorem 2.1 and Theorem 2.2. For a
proof, see [J3, Proposition I1.9.6].

THEOREM 2.6. (1) For any A € X, the top E()\) of 2()\) is simple. More-
over, for any X\ € X and p € X*(TM) we have a canonical isomorphism
(2.3) L+ Frip(u) = L) @ kg (),

and the assignment \ — E()\) induces a bijection between X and the set of
isomorphism classes of simple G1T-modules.
(2) For any A € X, we have an isomorphism E()\)‘Gl > (N).
(3) For any X € X{,, the G1T-module L(\)|g,T is simple, and isomorphic to
L(A).

Let us note the following consequence for later use.

COROLLARY 2.7. For any A € Xt we have L(A)* = L(—wo())).

res

PRrROOF. This follows from Theorem 2.6(3) and the corresponding isomorphism
for G-modules, see (1.4) in Chapter 1. O

As in §2.1, in case Z(QG) is simply connected, using Theorem 2.6 one can
describe the restriction to G1T of any simple G-module. Namely, let A € XT, and
write A = p + pv with g € X, and v € X. Then there exists a unique dominant

weight 7 for G() such that pv = Fri (), and we have
LVjerr = L) & LY @)z,
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where G T acts on L(l)(ﬂ)|T(1> via the morphism GiT — T induced by Frg.
(In other words, Upg acts trivially, and the X-grading is obtained from the action of
T® on LM (%) by pullback along the map X*(T™) — X induced by Frr.) Again,
this implies in particular that L()\)|q, is semisimple.

REMARK 2.8. (1) Essentially, the representation theory does not change
when replacing G; by G1T, except for the fact that the labelling set
X/pX is replaced by X. This replacement corrects the difficulty mentioned
in Remark 2.5, in that the order =< also has a representation-theoretic
meaning for G1T; for instance, all the composition factors of 2()\) are
of the form E(u) with 4 < A. But this fact creates other difficulties, in
particular because the poset (X, <) does not admit any minimal element.

(2) Any GiT-module is in particular a T-module, hence has a character.
If X C X is such that the composition X — X — X/pX is surjective,
the isomorphisms (2.3) reduce the question of determining the characters
of all simple G;T-modules to the case of modules parametrized by an
element in X. Assuming that 2G is simply connected, and using this
observation in case X = X, Theorem 2.6 shows that the question of
determining the characters of all simple GjT-modules is equivalent to
the question of determining the characters of the simple G-modules L())
for A € X, which is itself equivalent to the question of determining
characters of all simple G-modules by Steinberg’s tensor product theorem
(see §2.4 in Chapter 1).

We note the following fact for later use.

~

LEMMA 2.9. For any A € X, the simple G1T-module L(2(p — 1)p — N)* is a
composition factor of Z(\) with multiplicity 1.

PROOF. By construction, 2()\) admits A —2(p — 1)p as a minimal weight (with
multiplicity 1). Hence /Z\(/\)* admits 2(p — 1)p — A as a maximal weight, so that
there exists a nonzero morphism of Uyb™-T-modules ky+ (2(p — 1)p — X) — Z(A)*
Inducing to Uyg we deduce a nonzero morphism of G;T-modules

Z2(p—1)p—AN) = Z(\)*.

This implies that the top E(Q(p — 1)p — A\) must appear as a composition factor
of Z(A)* (with multiplicity 1 since the weight 2(p — 1)p — A has multiplicity 1).
Dualizing, we deduce the desired claim. O

~

For any A € X we will denote by Q(\) the injective hull of the simple G;T-

module E()\) in the category Rep(G1T); by [J3, §11.11.3] we then have

~

(2.4) QN)ja, =Q(A).
Moreover, for A € X and g € X*(T™) we have a canonical isomorphism
(2.5) QA+ Frip() = QM) @ kra (),

and (5()\) is also the projective cover of E()\) in the category of GjT-modules.
These objects behave in a way similar to injective objects in highest weight cate-
gories, as shown by the following result due to Humphreys. (For a proof, see [J3,
Proposition I11.11.4].)



2. TILTING G-MODULES AND INJECTIVE BOUNDED MODULES 181

PROPOSITION 2.10. For any A € X, the G;T-module (5()\) admits a filtration
with subquotients of the form 2(,u) with p € X. Moreover, the number of occurrences
of Z(u) in such a filtration does not depend on the choice of filtration, and is equal
to the multiplicity [Z(1) : L(\)] of L(\) as a composition factor of Z(y).

~

The multiplicity in Proposition 2.10 is denoted (Q(A) : Z(M))

Below we will also use the following property, for which we refer to [J3, Propo-
sition 11.10.2]. Here we assume (as e.g. in §2.10) that there exists a weight ¢ € X
such that (¢,a¥) =1 for any o € R®.

PROPOSITION 2.11. The Steinberg module L((p—1)s) is injective and projective
as a Gi-module and as a G1T-module. As a consequence we have

Q(p — 1)¢) = Z((p — 1)¢) = L((p — 1)<) = L((p — 1)¢) a1

2.3. Existence of a G-module structure on injective hulls. For the rest
of this section we assume that Z(QG) is simply connected, and we fix a weight ¢ € X
such that (¢, ") =1 for any o € R®.

The following definition is ad-hoc, and will be used only in the current chapter.
(This notion is taken from [J1], although our definition is slightly different.)

DEFINITION 2.12. We say that a G-module V is p-bounded if for any weight
of V and any dominant short root o we have (u, a¥) < ((2p — 1)s, V).

REMARK 2.13. The coroots of the form o with @ a dominant short root are
exactly the coroots which are maximal (for the standard order). There are as many
such coroots as irreducible components in the root system of (G, T), and for such
a the integer {¢,a") + 1 is the Coxeter number of the corresponding component.
The main property we will use is that if A € Xt N ZR, then we have (A, V) > 2
for some dominant short root «. (In fact, the nonzero dominant weights A such
that (\,a¥) € {0,1} for any o € KT are the minuscule dominant weights. It is
a standard fact that these weights are representatives for the nontrivial cosets in
X/ZR; in particular, none of them belongs to ZR.)

We will denote by X,‘f the subset of X* consisting of the dominant weights
which satisfy (u,a") < ((2p — 1)s,a") for any dominant short root o. We will
also denote by Repy(G) the category of finite-dimensional p-bounded G-modules,
i.e. the Serre subcategory of Rep(G) generated by the simple modules L(u) with
W e Xf}r The subset Xg C X* is an ideal for =; therefore the category Rep, (G)
has a natural highest weight structure, see Lemma 1.4(2) in Appendix A. Moreover,
each block in Rep(G) has only finitely many p-bounded simple modules; therefore
this category has enough injective (and projective) objects, see Theorem 2.1 in
Appendix A. For A € X", we will denote by R(A) the injective hull of L(A) in
Rep,,(G).

Note that if X is a restricted dominant weight then (\,a") < ((p — 1), a") for
any simple root, hence for any positive root. As a consequence, we have X;‘;S C Xg .

The main result of the present subsection is the following.

THEOREM 2.14. Assume that p > 2h — 2. For any A € X[, we have an
isomorphism of G1-modules

RA)ja, = Q).

In particular, Q(N\) admits a structure of G-module.
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2.4. Preliminaries. We start with some preliminary results. As in §2.4 of
Chapter 1, in addition to G-modules we will consider GM-modules, and we will
use the same conventions and notation as in this subsection. We will also denote by
R ¢ X*(TW) the root system of (G, TM), by pV) the halfsum of the positive
roots, by CY € R®@z X *(T(l)) the corresponding fundamental alcove, and W;f?
the associated affine Weyl group. Here the Weyl group of (G, T()) identifies
canonically with W, so that we have Wéflf) =W x ZRW,

Let M,N € Rep(G). Then the vector space Homg, (M, N) admits a natural
structure of module over G/G = GV, By the linkage principle (see Corollary 2.14
in Chapter 1) for the group G(!), we have a canonical decomposition as G-
modules

Homg, (M,N) = b Homg, (M, N)
veCHNX*(TW)
where all the composition factors of Homg, (M, N) are of the form L1 (\) with A

in the orbit of v under the dot-action of ng). Of course, we then have an inclusion
Homg (M, N) = (Homg, (M, N))¢" ¢ Hom& (M, N).
The following lemma is the key step for the later proofs in this section.

LEMMA 2.15. Assume that p > 2h — 2. Let M, N € Rep(G), such that M ‘s
p-bounded and socg, (N), resp. topg, (N), is simple. Then the embedding

Homg (M, N) C Homg, (M,N), resp. Homg(N, M) C Hom¢, (N, M),
is an equality.

PROOF. We explain the proof of the first variant; the other variant follows by
duality (or directly by similar arguments). We therefore assume that socg, (V) is
simple. As explained in §2.1, this socle is a sub-G-module of N, which has to be
simple as G-module, hence isomorphic to L()) for some A € X*. By Lemma 2.3 we
have A € X, and then by Theorem 2.2 and Theorem 2.6 (see also (2.2)) we have

res?
soca, (N) 2 L1(A), socg,m(N) = L(A).
‘We have
Homg (M, N) = (Homg, (M, N))S" = (Hom%, (M, N))¢";

since L(Y)(0) has no nontrivial self-extensions (as follows e.g. from Proposition 2.5 in
Chapter 1), to prove our claim it therefore suffices to show that all the composition
factors of the G™M-module Hom¢, (M, N) are isomorphic to L()(0). Assume the
contrary; then this module admits a composition factor of the form L™ (u) with
e W(flf) - 0~ {0}. Write u = (¢,,v) -, 0 with ¢/ € ZR® and v € W. Then

al
the considerations of §2.8 in Chapter 1 show that p’ is dominant and nonzero. By
Remark 2.13, it follows that (u/, ") > 2 for some short dominant root a of G().

We deduce that
(2.6) (u,0") = (pu’ +vpM — pM) V)
>2p+ (pM v laY) — (oM, a¥) > 2p — 2(pM), a¥),

because v 1aV is a coroot in the same component as o .
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On the other hand, the T-module HomOGI(M ,N) has a nonzero weight space
for the weight Fri(wo(p)) = wo(Frp(u)). Hence there exists a nonzero morphism
of G1T-modules M @k, (wo()) — N. The image of this morphism must contain
socg, T(NN); therefore M admits a nonzero vector of T-weight A — woFrp(p). The
image of M) under the embedding Friy : X*(T™) — X is pR. If we denote by
B € R the dominant short root such that Friy(a) is p3, then the image of 3¥ under
the morphism X, (T) — X,(T™) is paV. Since M is p-bounded, we then have

(A = woFrp(p), —woBY) < (2p = 1)(p, —woB").

Since A is dominant, we deduce that

plp, o) = (Frip(u), 8Y) < 2p—1)(p, 8Y) = 2p — D) (p", ).
This inequality contradicts (2.6) as soon as p > 2(p™"), aV), which is automatic if
p > 2h — 2 (since the Coxeter number of G(!) is the same as that of G). O

The first consequence of Lemma 2.15 we will consider is the following.

COROLLARY 2.16. Assume that p > 2h — 2. Let M be a p-bounded G-module,
and assume that M admits a unique simple sub-G-module, isomorphic to L(\) for
some A € X{.. Then socg, (M) = Li(N\); in particular, M is indecomposable as a
G1-module.

PROOF. Our assumption implies that any nonzero sub-G-module of M admits
a unique simple submodule, hence is indecomposable. This applies in particular to
the submodule socg, (M) (see §2.1). If we choose a subset A C X of representa-

tives for the quotient X/pX which contains A (see Remark 2.4), then as G-modules
we have

socq, (M) = @) Home, (L(1), M) & L(n)
HEA
=@ @  Homg, (L), M)® L.

HEA LecMnx*(TW)
By indecomposability, there exists exactly one pair (u,r) such that
Hom, (L(12), M) # 0.

Since Homg (L(A), M) # 0, this pair must be (A,0), and by Lemma 2.15 (in its
second variant) we have

Homg;, (L(A), M) = Homg(L(A), M) = k.
The claim follows. O
2.5. Proof of Theorem 2.14. We can now give the proof of Theorem 2.14.

PROOF OF THEOREM 2.14. We assume that p > 2h — 2, and fix A € X{_. Let
us assume that there exists a G-module M which is p-bounded, which contains
L(A) as a G-submodule, and which is injective as a Gi-module. Then since R(\)
is injective in Rep, (G) the embedding L(A\) — R(X) factors through a G-module
morphism M — R(X). On the other hand, since M is injective as a Gq-module and
contains L(\) in its socle as a Gi-module, it contains Q(A) as a direct summand.

Consider now the composition Q(A) < M — R(A), a morphism of Gi-modules.
This morphism is injective on the Gi-socle of Q()), hence is injective. Since Q(A)
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is injective, its image must be a direct summand of R(A) as a Gi-module. On the
other hand, it follows from Corollary 2.16 that R(\) is indecomposable as a Gi-
module; hence our morphism Q(A) — R(A) is an isomorphism, which proves the
desired isomorphism.

To finish the proof, it remains to show the existence of a G-module M as above.
Since A € X, we have (p — 1)(2p — <) + woA € XT. Hence we can consider the
G-module

M =L((p—1)(2p = <) +wo) @ L((p — 1)5).

We claim that this module satisfies the desired properties. Indeed we have

Home (L(A), M) = Homg (L(A) ® L((p — 1)s = A), L((p — 1)5))
= Homg (L(A) @ L((p — 1)s — A). ks ((p — 1)s))
by Frobenius reciprocity, since L((p — 1)s) = N((p — 1)<) (see §2.10 in Chapter 1).
Now (p—1)s is maximal among the T-weights of L(A) ® L((p—1)s — A); hence there
exists a nonzero morphism of B-modules L(A)®@L((p—1)s—\) = kg ((p—1)s), from

which we obtain a nonzero (hence injective) morphism of G-modules L(A) — M.
On the other hand, for any p € wt(M) and any dominant short root o we have

(n, ) < (2(p = Dp+woA, @) <{(2p — 1)p, )
since A is dominant, so that M is p-bounded. Finally, M is injective as a Gi-module

because so is L((p — 1)s), see Proposition 2.11. O

REMARK 2.17. In the proof above, the morphism of G-module M — R(}) is
surjective, so that each weight of R(A) is also a weight of M. Using the choice of
M considered in this proof, we deduce that

pewt(R(AA) = p=x2(p—1)p+wo
Once Theorem 2.14 is proven we obtain the following slightly more precise

claim.

COROLLARY 2.18. Assume that p > 2h — 2. For any A € X}, we have an
isomorphism of G1T-modules

ROt = Q).

PROOF. Since R()) is injective as a Gi-module by Theorem 2.14, it is also in-
jective as a Gy T-module (see [J3, Lemma I1.9.4]). Since there exists an embedding
of G-modules L(A\) < R(\), in view of Theorem 2.6 there also exists an embedding

of GyT-modules L(\) — R(A)|g, T, so that R(\)|g, T contains Q(\) as a direct
summand. Finally, since

dim(R())) = dim(Q(X)) = dim(Q())
(see (2.4)), we deduce the desired claim. O

2.6. Relation with tilting modules. We now explain the connection of
Theorem 2.14 with the main topic of this chapter, namely tilting modules.

For any \ € le , since the object R()\) is injective in the highest weight category
Rep, (G), it admits a costandard filtration, and satisfies the reciprocity formula

(R(A) : N(w)) = M(p) = L(A)]
for any p € Xf; , see Theorem 2.1 in Appendix A.
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The subset X; C X* is stable under the operation y — —wop. In view of (1.4)
in Chapter 1, the subcategory Rep, (G) C Rep(G) is therefore stable under the
duality operation V — V*.

LEMMA 2.19. Assume that p > 2h — 2. Let M € Rep,(G) and p € X}, and
assume that we have M|g,t = Q(u). Then M = R(u) (as G-modules).

PROOF. Since M|g,T = Q(u), we have M|g, = Q(u) (see (2.4)), and in par-
ticular socg, (M) is simple. By Lemma 2.15 (in its first variant) we deduce that

Home (L(s), M) = Homl%, (L(s), M), Homg(R(u), M) = Homl, (R(x), M).

Since M is injective as a Gi-module, the embedding L(x) < R(p) induces a sur-
jection
Homg, (R(n), M) — Homg, (L(1), M),

hence a surjection
Homg, (R(u), M) — Homg, (L(k), M),
so that finally the induced morphism
Homg (R(p), M) — Homg (L(p), M)

is surjective. Now since the socle of M as a GiT-module is E(u) = L(u)g, T
this G-module contains a unique simple sub-G-module, isomorphic to L(x). The
surjectivity proved above implies that the embedding L(x) < M factors through a
morphism of G-modules R(x) — M. Since this morphism is injective on the unique
simple submodule L(p) of R(u), it is injective; comparing the dimensions of R(u)
and M we conclude that it is an isomorphism, which finishes the proof. O

COROLLARY 2.20. Assume that p > 2h — 2. For A € X}, we have RI\)* &

Proor. Fix A € X{,. Since, by Corollary 2.18, R()\) is isomorphic to 6()\) asa
G1T-module, R(A)* is the projective cover of L(A)* = L(—wyA) (see Corollary 2.7)

as a GiT-module, hence is isomorphic (as a G;T-module) to Q(—wpA), see §2.2.
By Lemma 2.19 we deduce that R(A)* = R(—wgA), as desired. O

We finally obtain the desired relation between the modules considered above
and tilting modules.

PROPOSITION 2.21. Assume that p > 2h — 2. For any A € X, the G-module

R(A) is tilting, and isomorphic to T(2(p — 1)p + woA).

Proor. Fix A € X{,. As explained at the beginning of this subsection R(\)
admits a costandard filtration. On the other hand, it follows from Corollary 2.20
that R(A)* admits a costandard filtration; hence R(\) admits a standard filtration,
and is therefore tilting. This G-module is indecomposable by assumption; hence to
conclude it only remains to determine its highest weight.

First, we have observed in Remark 2.17 that all the weights p of R(\) satisfy
@ = 2(p—1)p+woA. On the other hand, we have R(\) & (AQ( A) as G1T-modules by
Corollary 2.18. By Lemma 2.9, the baby Verma module Z(2(p—1)p+wo)) admits
L(—woA)* as a composition factor. Now we have L(— W)™ = L(\) by Corollary 2.7.

By reciprocity (see Proposition 2.10) we deduce that Z(2(p — 1)p + wo)) appears

res’?



186 CHAPTER 4. TILTING MODULES FOR REDUCTIVE GROUPS

as a subquotient in a filtration of 6(/\), hence that 2(p — 1)p + woA is a T-weight
of Q(A). Corollary 2.18 then implies that 2(p — 1)p + woA occurs as a T-weight of
R(A), hence is its highest weight, which finishes the proof. O

2.7. Donkin’s conjecture. Combining Proposition 2.21 and Theorem 2.14,
resp. Corollary 2.18, we obtain that for A € Xt , if p > 2h — 2 we have

res)

(2.7) TP —1)p+wod)ja, = QN),
resp.
(2.8) T(2(p — 1)p + woN)ja,r = Q).

(In fact, since we know a priori that CAQ()\) has highest weight 2(p — 1)p + woA, see
the proof of Proposition 2.21, these two properties are equivalent.)

It has been conjectured by Donkin in [D1] that (2.7) holds for any A € X/,
for any value of p. This conjecture was believed to be true for a long time, until
a counterexample was been found by Bendel-Nakano—Pillen-Sobaje | ] for
the simple group of type G4 in characteristic 2. In fact it is always true, and easy to
see, that for any p € (p—1)s + X* (hence, in particular, when p = 2(p —1)p +wo
for some X\ € X)) the restriction T(iu)q, is injective: this follows from the fact

that the tensor product
T(h—(p-1)@T((p— 1))

is tilting by Theorem 1.5, and has p as its highest weight, hence admits T(u) as
a direct summand. Now this tensor product is injective as a Gi-module because
so it T((p — 1)) = L((p — 1)s) (see §1.5) by Proposition 2.11, hence the same
holds for T(u). The more delicate question is wether or not T(2(p — 1)p + woA) is
indecomposable as a Gi-module when X\ € X[ ; the precise condition on p which

guarantees that this property holds is unclear at this point.

REMARK 2.22. (1) As explained above, it is expected that the isomor-
phisms (2.7)—(2.8) still holds for some prime numbers p < 2h—2. However
Theorem 2.14 no longer holds in this case, as noticed by Humphreys (and
explained in [J1, §4.6]).

(2) The question of the validity of the isomorphism (2.7)—(2.8) has been stud-
ied intensively in a series of paper by Bendel-Nakano—Pillen—Sobaje. In
addition to the counterexamples in small characteristic mentioned above,
these authors have improved in [ ] the bound that guarantees its
validity to p > 2h — 4, and in | , Proposition 2.4.1] they show
that, assuming p > h, this formula follows in general if one proves it when
A€ (Wag -5 0) NXH

res”

3. Applications

In this section we continue to assume (for simplicity) that 2G is simply con-
nected, and fix a weight ¢ € X such that (¢,a") =1 for any o € R°. Our goal is to
explain some applications of the results of Section 2.
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3.1. Donkin’s tensor product formula. The first application we will con-
sider is some sort of analogue of Steinberg’s tensor product formula (Theorem 2.9
in Chapter 1), due to Donkin. Here we continue with our conventions on represen-
tations of G() from §1.5.4 and §2.4 in this chapter, and §2.4 of Chapter 1.

THEOREM 3.1. For any A\ € X, and any p € X*(TW) dominant, the G-
module

T((p— 1)s + A) @ Frig (TH ()

is tilting, of highest weight (p—1)c+A+Frip(pn). If T((p—1)s+ ) is indecomposable
as a Gi-module, then we have

T((p—Ds+X) @Frg(TO () = T((p— 1)s + A+ Frip(p)).

REMARK 3.2. (1) For g € X*(TW) dominant, it is not true in general
that Frig (TM () is tilting; it is only its tensor product with each T((p —

1)s + A) (A € X)) which has this property.
(2) Asexplained in §2.7, the assumption in the second sentence of Theorem 3.1

is known to be satisfied in all cases when p > 2h — 4.

ProoF. By Theorem 1.5 the module T((p—1)s)®T(A) is tilting, and its admits
(p—1)s+ X as its highest weight; it must therefore admit T((p—1)s+ \) as a direct
summand. Now we have

T((p— 1) T @ Frg (T (1) = T((p — 1)s + Frp(n) @ T(V)

by Proposition 1.11, and the right-hand side is tilting by Theorem 1.5. It follows
that T((p—1)s+\) @Frg (TM (1)) is tilting, as desired. Tt is clear that this module
has highest weight (p — 1)s + A + Frp(u).

Now, let us assume that T((p — 1)s + A) is indecomposable as a Gi-module.
Then we have algebra isomorphisms

Endg (T((p — 1)s + A) @ Frg (TO ()
— (Endg, (T((p — 1)s + A) @ Frg (T (w)))

= (Endg, (T((p — 1)s + ) ® Bndy (T (1))

(1)
)G

felty

because G acts trivially on Frg (T (u)). Our assumption implies that the algebra
Endg, (T((p—1)s+))) is local, hence that its Jacobson radical is a nilpotent G(1)-
stable ideal which satisfies Endg, (T((p — 1)s + X)) =k - id ®I. We deduce that

(Endg, (T((p— 1)s + \)) ® Endk(T(l)(M)))G(l)

— Bndgo (TO(1) @ (I ® Ende(TO(12))) ¢,
where (I ® Endk(T(l)(u)))G(l) is a nilpotent ideal. Since Endga) (T™ (1)) is local,
this implies that Endg(T((p — 1)s + A) @ Frg(TM (1)) is local, i.e. that T((p —
s+ \) @ Frg(TM () is indecomposable, as desired.

Finally, if p > 2h — 2, the module T((p — 1)s + A) is indecomposable as a G-
module by (2.7). (Note that {2(p — 1)p+wop : p € X} ={(p—1)s+A: X €
Xt} = {re X [Vae®, p—1<(ma¥)<2p- 1)} 0
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As noted above, Theorem 3.1 can be considered as an analogue of Steinberg’s
tensor product formula. There is however one important difference: while Stein-
berg’s formula reduces the determination of characters of simple modules to the
case the highest weight is restricted, which only involves a finite number of clo-
sures of alcoves (see §2.4 of Chapter 1), the analogous comment does not apply to
tilting modules; in fact this formula reduces the question of describing characters
of indecomposable tilting modules to the case when the highest weight belongs to
Xt N ((p— 1)s + X*), which involves infinitely many closures of alcoves unless G
is of type A;.

3.2. The case when G = SLy(k). In this subsection we consider the case
G = SLy(k), and use the notation from Example 2.10 of Chapter 1. In particular,
we identify G(1) with G in the natural way. In this case h = 2, so that the condition
p > 2h — 2 in Theorem 3.1 is always satisfied, and this result does allow to describe
all indecomposable tilting modules, as we will explain.

Recall that we have X* = {rw; : r € Z>1}. The considerations of §1.5.1 show
that for r € {0,...,p — 1} we have

T(rwy) = N(rwy) = L(rwy),
so that this module is described in §1.4.1 of Chapter 1.
Next, the considerations of §1.5.2 show that we have an exact sequence
N(0) = T((2p — 2)w1) = N((2p — 2)w1).
Using an appropriate translation functor, we deduce that for any j € {0,...,p—2}
the module T((p + j)wy) fits in a short exact sequence
(3.1) N((p—2—j)m1) = T((p+j)@1) = N((p + j)=1).
ExAMPLE 3.3. In case j = 0, one has an even more explicit description of
T(peop): one can easily check that
T(pw1) = N(w1) @ N((p — L)1).
If now r > 2p—1, we can write r = (p— 1) + s+ pt with s € {0,...,p—1} and
t € Z>o. Theorem 3.1 then says that
(3.2) T(ro) 2 T((p— 1+ 8)w1) @ T(twr) W,
where T((p — 1+ s)wy) is described above and T(tw;) can be considered known

since t < r. This provides an inductive description of tilting modules.

REMARK 3.4. If r € {0,...,p—2}, then dim T(rw;) = r + 1; in particular this
dimension is not divisible by p. On the other hand, we have dim T((p — 1)w;) = p,
and if j € {0,...,p — 2} the exact sequence (3.1) shows that

dmT((p+j)m)=@+j+1)+(-2-j+1)=2p
in particular, this dimension is divisible by p. Once this is known, (3.2) implies
that p divides dim T(rw;) for any r > p— 1. In conclusion, p divides dim T(rw;) if
and only if r > p— 1. This property is in fact a special case of a result of Georgiev—
Mathieu saying that for a general connected reductive group G, if p > h then
dim(T())) is divisible by p if and only if A ¢ C; see [M2, Lemma 9.3] or | )
Proposition 7.9].

To make this description more explicit, one proceeds as follows, following [EEH].
Let us start with an elementary combinatorial lemma.
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LEMMA 3.5. (1) Any n € Z>o can be written uniquely as

n:Znipi withp—1<mn; <2p—2 forie{0,....,7—1} and 0 <n, <p-—1.
i=0
(2) Writen =3 _,nip" withp—1<n; <2p—2 forie{0,....,r — 1} and
0 <n, <p-—1. Then the numbers of the form
r—1
m = Zmip’ + n.p"
i=0
with m; € {n;,2p—2—mn;} fori € {0,...,r—1} are all distinct for distinct
choices of the m;’s.

PROOF. (1) Let us first prove existence by induction. If n € {0,...,p—1} we set
r =0 and ng = n. Then if n > p — 1 one writes n = s + pb with s € {0,...,p — 1}
and b € Z>;. If s = p—1 one sets nyp = p — 1 and uses the decomposition of
b. Otherwise we write n = (s + p) + p(b — 1), choose ng = s + p, and use the
decomposition of b — 1.

For unicity, we again argue by induction. If n € {0,...,p — 1}, it is clear that
the only possible choice is » = 0 and ng = n. Then if r > 1, ng is determined by
the remainder of n modulo p, and the claim follows.

(2) Again, we argue by induction on n. First, assume that p # 2. If n €
{0,---,p— 1} there is only one such integer. If » > 1 and ny = p — 1, then there is
only one choice for mg, and we conclude using the claim for (n—ng)/p. If ng # p—1,
then there are two choices for mg. But ng and 2p — 2 —ng have different remainders
modulo p, so that the numbers produced out of these choices must be distinct, and
again we conclude by induction.

Finally, assume that p = 2. In this case, there is one choice for m; (namely,
m; = 1) if n; = 1, and two choices (namely, m; = 0 or m; = 2) if n; = 2. What we
have to observe is therefore that for any finite subset I C Z>(, the numbers of the
form .., m;2" with m; € {0,2} are all distinct, which is clear. O

Writing n = Y.;_,np" with p—1 < n; < 2p—2fori e {0,...,r — 1} and
0 < n, <p—1, the formula (3.2) implies that

T(nw;) = ® T(ni - wy)@.
i=0

To deduce information about multiplicities, we will use the following lemma.

LEMMA 3.6. Let n € Zxy.

(1) We have T((p — 1)e1) @ N(nw1)® 2 N((p — 1 + pn)w).
(2) Foranyj € {0,...,p—2} there exists a short exact sequence of G-modules

N((p—2—j+pn)m) = T((p+j)w1) ® N(nw) D — N((p + j + pn)w1).

PROOF. The isomorphism (1) is a special case of Proposition 2.40 in Chapter 1,
since T((p — 1)w1) = N((p — 1))

To deduce (2), one notes the following. The W,g-orbits in X are parametrized
by XNC = {~w1,0,---,(p—1)w;}. Let us denote by o the permutation of this set
defined by o(jwi) = (p—2—j)w;i. Then by Remark 2.15(4) we have the following:
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e if n is even and M belongs to Rep(G)w, ., then M @ N(nw;)™ belongs
to Rep(G)w.;2;
e if n is odd and M belongs to Rep(G )., then M ® N(nw;)™) belongs
to Rep(G)Waff_a(A).
This claim implies that for A € XN C and M in Rep(G)(p—1)w,, in case n is even
we have
T, 1y (M @ N(neoy) M) 2 T (M) @ N(nwy) W,
and in case n is odd we have

T°N(M @ N(nwy)M) = T (M) @ N(nzoy) M.

—w1 (p—1)w1

Now we fix j € {0,...,p — 2}. Using this observation and the fact that T((p +
J)w) = T((;:lz);jl)wlT((p — 1)@o1) by Proposition 1.7, we obtain that

(p—2—j)w . .
) T N —1+pn if n is even;
T((p +])W1) ® N(nwl)(l) >~ (jpw—l)wl ( ((p p )wl)) . 1 v
T77  (N((p — 1 4+ pn)wy)) if n is odd.

—w1

We conclude using Proposition 2.27(3) in Chapter 1. d

We can finally deduce the desired multiplicities, as follows.

PROPOSITION 3.7. Let n € Z>o, and write n = Z;O ngp* withp —1 < n; <
2p—2 forie{0,...,r—1} and 0 < n,. <p—1. Then for m > 0 the multiplicity
(T(nwy) : N(mwoy)) is 1 if

r—1
m=> mp +n;p"
i=0
with m; € {n;,2p — 2 —n;} for alli € {0,...,r — 1}, and is 0 otherwise.

Proor. If n € {0,...,p—1}, then T(nw;) = N(nw1), so that the claim holds.
Otherwise we have r > 1. We set n/ = Z:;Ol nit1p’, so that n = ng + p’. By (3.2)
we have

T(nwy) = T(new) @ T(n'w)W.
By induction, T(n'w;) has a costandard filtration, with subquotients N(m'zz,) for

r—2
m' = mipt 4’

i=0
with m; € {n;,2p —2 —n;} for all ¢ € {1,---,r — 1}. We deduce a filtration
of T(nw;) with subquotients T(ngw;) ® N(m'w;)") with m’ as above. Now, by
Lemma 3.6, T(ngw;) ® N(m'ww;)) has a costandard filtration with subquotients
N((mo + pm’)w1) with mg € {ng,2p — 2 — ng}. Since the numbers my + pm’ are
distinct for distinct choices of (mg,m’) as above by Lemma 3.5, we deduce the
desired claim. O

1

For a picture illustrating this proposition, see | , Figure 1]. For an appli-
cation of this description of tilting modules to the determination of dimensions of
some simple modules for symmetric groups, we refer to [Er].
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3.3. Tilting characters determine simple characters: first method.
We now explain (following Andersen) how the results of Section 2 can be used to
compute characters of simple G-modules, provided we know the characters of the
indecomposable tilting G-modules. In fact there are two different ways of making
this computation, which we explain in this and the next subsection.

We will assume that p > 2h — 2. (Then p > h since h > 2 unless G is a torus.)
Let us consider the bijection

()7 (p—Ds+ X" = X7

defined as follows. Let A € (p — 1)s + X, and write A = (p — 1)s + py + 7, where

€ X{, and v € X*. (This is always possible, although not uniquely if G is not
semisimple.) Then the weight (p — 1)s + py + won does not depend on the choice of
7 and -, and is chosen as the definition of AY. The inverse bijection will be denoted
= p*. (It can be easily seen that these bijections do not depend on the choice
of ¢.)

EXAMPLE 3.8. Assume that u € X . Then the weight wo(u — (p — 1)) also
belongs to X ; it follows that

pt = (p—1)s+wo(p— (p—1)5) =2(p — 1)p + wop.
Let us consider the subset X]‘fb C XT consisting of weights A which satisfy
(A a¥) < (p—1),a”)

for any dominant short root a. Then Xg‘b is an ideal with respect to the order =<,
and we have
+ +
X C X{f, C X,
where X,‘f is as in §2.3.
The main result of the present subsection is the following.

PROPOSITION 3.9. For any A\, u € leb we have
[M(A)  L(w)] = (T(u*) - N(V)).

This proposition implies that if we know the characters (ch(T(u4)) : p € X{,),
or in other words the multiplicities ((T(u4) : N(A)) : p € X, : A € XT), then we
can in theory determine the characters of all simple G-modules. In fact, assume
more specifically that we know the multiplicities (T(u4) : N())) for any A, p € X} ;
then using Proposition 3.9 we obtain the multiplicities ([M(X) : L(p)] = Ap €
ng). Note that ng is an ideal with respect to the order <. Hence, inverting
the appropriate matrix we can then express the characters of the modules (L(u) :
p € X{,) in terms of those of the modules (M()) : A € X{,), which are given by
Weyl’s character formula (see §1.9 in Chapter 1). Since Xg‘b contains X, one can
then deduce characters of all simple G-modules using Steinberg’s tensor product
formula (Theorem 2.9 of Chapter 1).

REMARK 3.10. (1) The bijection A — A4 sends regular weights to regular
weights. Hence, assuming we only have an explicit formula for the char-
acters of the tilting modules T(v) with v € X regular of the form p* with
ne X'b"b, the method above still provides a way to compute characters of
simple modules with a regular highest weight.
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The proof of Proposition 3.9 given below shows that the characters of the
modules T(p4) with p € ng can be computed provided we know them
in the special case when u € X1 _.

The formula of Proposition 3.9 is stated in [A2] under the assumption
that © € X[, and A € X;". Indeed it is true in this generality, and the
proof below simplifies drastically in this case. However, as was pointed
out to us by Jantzen, from the equalities in this case one cannot a priori
deduce characters of simple modules, because the subset X, C X* is not

res
an ideal for the order <.

We now explain how to deduce Proposition 3.9 from Proposition 2.21. As
explained above Xg‘b is an ideal with respect to the order =, so that the Serre
subcategory Repy, (G) generated by the simple modules L(\) with A € X} has
a natural structure of highest weight category, see Lemma 1.4(2) in Appendix A.
Moreover, by Proposition 3.2 in Appendix A, the natural functor

admits a right adjoint +®. This functor sends the induced module N()) to itself
if A € X,‘fb and to 0 otherwise; in particular it sends any object of Rep(G) which
admits a costandard filtration to an object of Repy;, (G).

Proposition 3.9 will be deduced from the following claim.

LEMMA 3.11. For any p € X, 1B(T(ub)) is the injective hull of L(u) in
Repy,;,(G).

PROOF. Write = po+pu1 with po € Xt and g € X+, Then b = pud +ppus.
If « is a dominant short root, then we have

hence

plur +<,0Y) < (ua”) +ps,a") < (2p—1)(,a"),

(1 +c,0v) < 2(c,a") <2(h—1) <p.

If iy € X*(TM) is the only dominant weight such that Fri(ji;) = puq, then ji
belongs to the fundamental alcove of G(1), so that

M (i) = N i) = L (i) = T ),

see §1.5.1. Using Donkin’s formula (Theorem 3.1) we deduce that

T(u*) = T(ud) © Frg (LY (7).

On the other hand we have u8 = 2(p — 1)p + wopo, see Example 3.8, hence

T(ug) = R(po)

by Proposition 2.21. We deduce that

T(u*) = R(po) ® Frg (LY ().

We claim that T(u*) admits a unique simple submodule, isomorphic to L(u).
Indeed, for A € XT, written as A = X\ + pA\; with g € Xt and \; € X, if we
denote by A; € X*(T(M) the only dominant weight such that Frix(A;) = pA;, using
Steinberg’s tensor product formula (Theorem 2.9 in Chapter 1) we see that

Home (L(A), T(1*)) & Home (L(Ao) ® Frg (L™ (A1), R(so) @ Frg (L™ (1))

> Homg (L (A1), Home, (L(A), R(uo)) © LY ().
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Here Theorem 2.14 implies that Homg, (L(Ag), R(10)) = 0 unless A\g and po have
the same image in X/pX, i.e. unless there exists n € X such that (n,a") = 0 for
any o € R and po = Ao +pn (see Remark 2.4). Let us assume that this condition is
satisfied. Then there exists a unique character 77 of G() whose restriction to T(!)
has pullback pn, and

Homg, (L(Ao), R(ko)) = kg (7).
We deduce that
Homg (L(A), T(1*)) = Homgo (LY (M), LY (i +17));
here the right-hand side vanishes unless A = i1 + 17, and is equal to k in this case.
If this further condition is satisfied we have
A=Xo+ph = (ko —pn) +pA = po + pua = p,

which finishes the proof of our claim. Using adjunction, this claim implies that
1R (T(u4)) also has a unique simple submodule, which is isomorphic to L(x).

To conclude the proof, it now suffices to show that +%(T(u4)) is injective in
Repy,(G). However, if A € X{, we have

Exthep,, (c) (LA 0¥ (T(114))) 2 Extrep(a) (L), T(1*))
> Extep(a) (L(N); R(1o) @ Frg (LM (fin)))
= Extgep(a) (L(Y) @ Frg (LY (—wofin)), R(uo))-

Now L(\) @ Frig (LY (—wojiy)) has highest weight A + p(—wou, ), and for any dom-
inant short root o we have

(A +p(—wopn), ) < (p—1){s, ") + p{ur,a’) < 2(p — 1){s,a”),
hence L(\) ® Frg (LW (—woji1)) belongs to Repy, (G), so that

Extep(c) (LY @ Frg (LD (—wofin)), R(uo)) = 0.

The proof is now complete. O
We can finally give give the proof of Proposition 3.9.

PROOF OF PROPOSITION 3.9. Let A, u € X{,. Since 1®(T(u4)) is the injective
hull of L(1) in Rep,,(G), we have

IM(A) : L(p)] = dimy Hom(M(X), 22 (T (u))) = dimy Hom(M()), T(u*)).

Now the right-hand side is equal to (T(u4) : N(A\)) by (1.1), hence the desired
equality is proved. (I

3.4. Tilting characters determine simple characters: second method.
We now explain another way of deducing a character formula for simple G-modules
out of a character formula for indecomposable tilting modules. In fact this second
method only uses the property (2.8), hence might work under an assumption weaker
than p > 2h — 2; see §2.7. Instead of working with G-modules, in this case we work
with GjT-modules.

In fact, assume that we know the characters ch(T(2(p — 1)p + wpA)) for any
A € X}, Then using (2.8) we know the character of the injective G1T-module

res”®
~

Q(A) for any A € X, hence for any A € X using (2.5). The characters of baby

res?
Verma modules are easy to compute (see Exercise 4.8), hence this knowledge is
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equivalent to that of the multiplicities of baby Verma modules as subquotients of
a filtration of an injective G1T-module as in Proposition 2.10, or in other words of
the multiplicities

(2O L) A ex) .

Now we claim that if we know these multiplicities then we can compute the charac-

ters of all the modules L()), hence of all the simple G-modules by Remark 2.8(2).
Indeed, by the same remark one can assume that A € X}.. In this case L()) is

the restriction of a G-module by Theorem 2.6, hence its cllrrle;racter is W-invariant.
It follows that to determine the character of E()\) it suffices to compute dim E()\) "
when p € XT. Now for any v € X, all the T-weights of i(u) are =< v, so that the
multiplicity [2(1/) : E(n)] vanishes unless n < v (and is equal to 1 in case v = 7).
Using this property, from the datum of the multiplicities ([Z(v) : L()] : v,n € X)
one can obtain an expression

ch(L(N) = > my - ch(Z())+ Y mi - ch(L(v))

for some finite subsets X,,Y) C X and some integers m,,, m!, € Z, such that there
exists no dominant weight p such that p < v for some v € Y). Then we have

dim(CA),) = Y my - dim(Z(v),.)

veXa
for any p € X+,

REMARK 3.12. In [So] the author presents an improvement of the method
above, that allows to compute characters of simple G;T-modules from the knowl-
edge of characters of indecomposable tilting modules, without any assumption on

p-

4. Andersen’s conjecture

4.1. Statement. Let us consider the constructions of §3.2 of Chapter 4 in the
case W, S) = (Wag, Sat), with I = S (so that W; = W). Recall that in this case,
the subset of minimal elements has already appeared in §2.8 of Chapter 1, and is
denoted fW,g € W,og. We will also write NVyg for the corresponding antispherical
module,

(Ny :w € fWaff)
for its standard basis,
(Mw LW e fWaff)
for its Kazhdan—Lusztig basis, and
(ny,w . fWaff)

for the associated Kazhdan-Lusztig polynomials. If we consider Z as a Z[v,v~!]-
module with v acting as the identity, then we can consider the right module

N = Z[v,v" ] @z Nagr.

over Z[v, v @z Hag = Z[Wag), see (4.4) in Chapter 1. Setting NJ :=1® N,,, in
view of (3.1) in Chapter 3, the action of Z[W,g]| if determined by the following rule
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for w € "W, and s € S.g:

NO + N0 if ws € TWg;
0 otherwise.

(4.1) N2 - (1+5s) = {

Now assume that Z2G is simply connected, that p > h, and fix A € CNX.
Recall that the Grothendieck group [Rep(G)w,,.,A] has as basis ([N(u)] : u €

X+ N (Wag -p A)), and that X+ N (Wag -p A) is identified with fW.g via w +— w - A,
see §2.8 in Chapter 1. In particular, we have a Z-module isomorphism

(4'2) NSE = [Rep(G)Waff'pA]

which identifies N with [N(w -, )] for any w € fW,g.

Now, fix for any s € S,z a weight p, € X on the wall of C' associated with s.
(Such a weight always exists, see Remark 2.28 in Chapter 1.) Then we can con-
sider the endomorphism [T} T{*] of [Rep(G)w,-,2] induced by the (exact) functor
T:‘STfS. The considerations of §2.8 in Chapter 1 show that for w € fW,g, the
weight w -, s is dominant iff ws belongs to {W,g. With this in mind, the formulas
in Proposition 2.27 in Chapter 1 show that for w € fW,g we have

IN(w - )] + [N(ws -, \)]  if ws € TWag;

Ty T4 (N(w - A))] =
[ ust A (N(w -, A))] {0 otherwise.

Comparing with (4.1), we deduce that via the identification (4.2) the endomorphism
[T, T§*] identifies with the (right) action of 1+ s.

Inspired by Lusztig’s conjecture (see Conjecture 4.6 in Chapter 1) and work of
Soergel in the setting of quantum groups at a root of unity (see [S4]), Andersen has
proposed in [A 2] the following conjecture, which compares the basis ([T(w -, )] :
w € "Wag) of [Rep(G)w,y.,1] with the basis of N; obtained as the image of the

a

Kazhdan-Lusztig basis (N, : w € {We.g) of Nag.

CONJECTURE 4.1 (Andersen’s conjecture). Assume that p > h, and let \ €
C NX. Then for any w € 'Weg such that

(wp \,a¥) < p* for any a € RT
and any y € TWag we have
(4.3) (T(wp A) : N(y - A) = ny,w(l).

This conjecture is still open for all reductive groups not of type A;. In fact,
we will explain in §4.2 below that, if p > 2h — 2 and 2G is simply connected,
this conjecture implies Lusztig’s conjecture (Conjecture 4.6 in Chapter 1). As
explained in §4.4 in Chapter 1, it is now known that the latter conjecture cannot
be true under any assumption on p involving a polynomial in h, so the same is
true for Conjecture 4.1. But it is not known whether this conjecture holds in “large
characteristics” (in the same sense as for Lusztig’s conjecture). In §2.1 of Chapter 6
we will introduce a modification of this conjecture which does hold as soon as p > h.

4.2. Andersen’s conjecture implies Lusztig’s conjecture. In this sub-
section we assume that 2G is simply connected and that p > 2h — 2. Our goal
is to explain that in this setting, if Conjecture 4.1 holds, then Lusztig’s conjecture
(Conjecture 4.6 in Chapter 1) holds.
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More specifically, consider the set
WE = {w € Wag | w-, 0 € X}

Then W;}'f is a finite subset of Wag, contained in fW,g, and independent of p. For
any w € fWaf-f, we denote by w4 € W,g the unique element such that (w p 0)* =
wh -, 0.

PROPOSITION 4.2. Assume that for any w,y € WE? we have

(T(w* -, 0) s N(y - 0)) = ny s (1).
Then for any w € Wh? we have
[L(w P 0)] = Z <_1)e(w)+é(y)hwoy,wow(1) ’ [N(y P O)]
Y Wagr

To justify the claim at the beginning of the subsection, we observe that for w

as in the proposition the weight w* -, 0 = (w -, 0)* satisfies
(w5 0)*,a") <2(p—1){,a”) <2(p — 1)(h — 1)

for any dominant short root .. Since p > 2h — 2, the element w4 therefore satisfies
the assumption of Conjecture 4.1. Assuming that the latter conjecture holds, we

therefore obtain the formula in Lusztig’s conjecture for any w € Wh?. Since Xf)rb
contains X, results of Kato (see §4.4 in Chapter 1) then imply that the formula

res’

applies to all w’s as in the conjecture.

PROOF OF PROPOSITION 4.2. By Proposition 3.9, our assumption implies that
for any w,y € W:f'fa we have

[M(y 5 0) : L(w - 0)] = my,wa (1).
To deduce an expression for [L(w -, 0)] we need to invert the matrix ([M(y -, 0) :
L(w -, 0)] : y,w € WER). However, the result of this inversion is given by [S3,
Theorem 5.1], and precisely gives the formula in Lusztig’s conjecture.

More specifically, in [S3, Theorem 3.6] (see also [S3, Proposition 3.4]) Soergel
introduces some polynomials (m¥® : y,w € fW,g) which satisfy

Z(il)e(Z)Jrg(y)mLzhwoy,woZ = 596724

for z,y € fW,g. In terms of these data, [S3, Theorem 5.1] implies that for y,w €
fW.g we have
mY (1) = ny wa(1).
If we set for w € WEP
L, = Z (_l)z(w)M(y)hwoy,wow(l) “[N(y - 0)],
yEf Wage
then we deduce that for any y € Wgﬁ we have

> nyas(l) L= Y mV"(1)- Ly

bb bb
weW g weW g

= Z Z (_1)£(w)+£(2)my’w(1)hw027’w0w(1) ' [N(Z P /\)} = [N(y P O)]:

wWEWDR 2€f W

which show that L,, = [L(w -, 0)] for all w € WEP and finishes the proof. O
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4.3. Character formulas for G;T-modules. In §§3.3-3.4 we have explai-
ned that, given a character formula for (some) indecomposable tilting modules,
one can derive in a certain form a character formula for simple objects. These are
however general procedures, and there is still some work required to make the cor-
responding formula explicit. We have seen in §4.2 that, in the case of the procedure
of §3.3, this work is in fact settled by a formula for Kazhdan—Lusztig polynomials
attached to Wyg found in [S3], and that in the end we recover Lusztig’s character
formula. One might wonder what formula one can get using the procedure in §3.4,
i.e. what kind of character formula in G;T-modules one can get corresponding
to Lusztig’s character formula in G-modules. It turns out that this formula was
already known, and is the subject of another conjecture of Lusztig, known to be
equivalent to Conjecture 4.6 in Chapter 1.

This formula is expressed in terms of the Kazhdan—Lusztig basis of another
module over the affine Hecke algebra H,.g, namely the periodic module. To explain
this construction we assume that G has simply connected derived subgroup. Recall
from §2.7.2 in Chapter 1 the vector space V = X®7 R. We now consider the action
of Wag on 'V defined by

(taw) - v =w(v) + A

for A € ZR, w € W and v € V, where W acts in the obvious way. This action
does not coincide with the action -, of §2.7.2 in Chapter 1. The two actions are
however easily related: they differ by conjugation by a certain affine invertible
transformation of V. We will denote by A the set of connected components of the
complement in V of the union of the affine hyperplanes

(4.4) {veV]{v,a")=n}

for « € R and n € Z. (Hence A is in a natural bijection with the set of alcoves in
the sense of §2.7.2 in Chapter 1.) Considering the subset

Ag={veV|VaeR 0< (v,a¥) <1},

we obtain a bijection
Wag — A,

given by w — w(Ap). Transferring the obvious right action of W,g on itself (by
multiplication on the right) via this identification, we obtain a right action of Wg
on A, that will be denoted (A, w) — Aw.

If F' is a hyperplane as in (4.4), the complement of F in V has two connected
components; the one which intersects all translates of the “dominant Weyl chamber”

{v €V |VaeRT, (v,a¥) >0}

will be denoted F'T. Then for A € A and s € S, the subsets A and As are separated
by exactly one of these hyperplanes F'; we set As < Aif A C F*, and A < As if
As C FT.

With this notation, it is explained in [S3, Lemma 4.1] that there exists a unique
Z[v,v~-linear right action of H.g on

P = @ Zv,v™ 1A

AcA
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(the free Z[v,v~]-module with basis .4) which satisfies

AH, = As+vA if A< As;
: As+v7tA if As < A.

(The definition of this module is due to Lusztig in [L.2], motivated by earlier work
of Jantzen.)
Next, for A € X we set

E\ = Z v @) (A 4 w(Ap)),
zeW
and we denote by P° C P the right Hag-submodule of P generated by the elements
E,. Then, as explained in [S3, Theorem 4.3], there exists a unique involution 7
on P° which satisfies .7 (E)) = E, for any X € X, and

LF(P-H)=."(P)-u(H)
for any P € P° and H € H.g, where ¢ is as in §4.2 of Chapter 1. (Once again
this construction is initially due to Lusztig.) With this notation we can then state

an analogue of Theorem 4.3 of Chapter 1 and Theorem 3.1 in Chapter 3, due to
Lusztig [L2] (see also [S3, Theorem 4.3]).

THEOREM 4.3. For any A € A there exists a unique element P, € P° such
that
F(Py) =Py, PypeA+ Z vZ[v]B.
BeA

The elements (P, : A € A) form a Z[v,v"1]-basis of P°, called the Kazhdan—
Lusztig basis of P°.

The periodic Kazhdan—Lusztig polynomials are the polynomials (pp 4 : A, B €
A) defined by the equalities

Py=> ppa-B
BeA

for A € A. The name “periodic” commes from the following property. Given
u € X, for any A € A the subset A + p is again an element of A. Consider the
automorphism (—) + p of P defined by

<ZxA~A>—|—,u: Z:EA-(A—I-,U).

AcA AcA
Then, as observed in [S3, Comments before Proposition 4.18], for any A € A and
1 € X we have
(1.5 Patp=Pay

This formula reduces the determination of the elements (P4 : A € A) to the case
A is contained in

O={veV|VaeR, 0< (v,a’) <1}

REMARK 4.4. (1) Tt is easily checked that if p > h and if A € CNX
(where we use the notation of §2.7 in Chapter 1), for w € Wog we have
w(Ap) C ¢ if and only if w -, A € X[}

res”*
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(2) As explained in [S3, Proof of Proposition 4.16], there is at least one ele-
ment of the basis which is easy to compute: we have

Py = Z 0" @) . z(Ag).
zeW
(3) There is an intriguing formula relating the Kazhdan-Lusztig basis (P, :
A € A) to the spherical Kazhdan—Lusztig basis attached to the Coxeter
system (Wag, Sasr) and its parabolic subgroup W (in the sense of §3.2 in
Chapter 3). Namely, denote the latter module by Mg, and its Kazhdan—
Lusztig basis by (M, : w € 'W.g). (Le., we omit the superscripts to
lighten notation.) Then there exists a unique morphism of right H.g-

modules
n: Mug — P
which satisfies 7(1 ® H) = P4 - H for any H € Hag. Then with our
notation and conventions, [L.2, Theorem 5.2] states that for any w € Wg
such that Ag - w C { we have
(46) BA(yw = n(Mw)

We consider the operation on A defined as follows. Let A € A, and consider
elements p € Xand B C ¢ such that A = wo(B)+p. Then we set A* = B+p. (Here
1 is not uniquely defined, but this operation is well defined. One can also check
that, with the notation of §4.2, for any w € fWag we have (w(Ap))* = wA(4y).)
With this notation, Lusztig conjectured at the end of the introduction of [L2] that
if p> h, for any w,y € W,g and A € C N X we have

~ ~

(4.7) (Q(w p A) 1 Z(y p A)) = Py(Ao).(w(Ao))a (1)-

(See the comments following Proposition 2.10 for the notation.)

REMARK 4.5. (1) In view of (2.5) and (4.5), if p > h is fixed, to prove
the formula (4.7) for all w,y € W,g it is enough to prove it under the
assumption that w(Ag) C ¢, or under the assumption that y(Ag) C 0.

(2) There are analogues of the translation functors of §2.7 in Chapter 1 for
G;T-modules, see [J3, §9.22]. Using these functors, one sees that, for any

~ ~

given p > h and any w,y € Wag, the multiplicity (Q(w -p A) : Z(y -p A)) is
independent of the choice of A € C'NX. We might therefore as well take
A=0.

(3) Asin §3.4 one sees that, for any p > h, from the datum of the multiplicities

~ ~

(Q(w -5 0) : Z(y - 0)) for all w,y € Wag one can obtain the characters of
all simple G;T-modules, or equivalently of all G-modules.

It is proved in [F'2] (assuming that G is quasi-simple and p > h) that, for
any given A € C'N X, the formula (4.7) holds for all w,y € W,g if and only if the
formula (4.8) in Chapter 1 holds for all w € W,g such that w(Ap) C ¢. It can
also be deduced from the results of | | that, assuming p > max(h,2h — 4), if
the formula (4.3) holds for all w € W,g such that w(Ag) C ¢ + ¢ (and any fixed
A € CNX), then the formula (4.7) holds for all w,y € W,g. (Here, as usual, ¢
is a fixed choice of element in X which satisfies (¢,a¥) = 1 for all @ € R°. The
restriction on p comes from the fact that this implication relies on Theorem 3.1.)






CHAPTER 5

Williamson’s counterexamples

In this chapter we explain the main construction of [W3], which provides ex-
amples of symmetric groups &,, and prime numbers p such that the p-canonical
basis (PH,, : w € &,,) associated with the Cartan matrix of type A, 1 (see §2.14 of
Chapter 2) does not coincide with the Kazhdan-Lusztig basis (H,, : w € &,). Us-
ing the constructions of Soergel considered in Section 3 of Chapter 1 (see also §1.11
of Chapter 2), this provides counterexamples to the expended bound in Lusztig’s
conjecture (Conjecture 4.6 in Chapter 1).

Unless indicated otherwise, all the results in this chapter are taken from | ]
or [W3].

1. Multiplicities and intersection forms

1.1. Intersection forms and multiplicities in Krull-Schmidt catego-
ries. In this subsection we briefly discuss a way to compute multiplicities of inde-
composable objects in a Krull-Schmidt' category. For a more thorough discussion
of this subject, see | , Appendix 2 to Section 11].

We consider a field k. Recall that if V7, V5 are finite-dimensional vector spaces,
the datum of a bilinear form V; x V5 — k is equivalent to the datum of a linear
map Vi — (V2)*, or to the datum of a linear map Vo — Vi*. (If the bilinear form
is denoted b, the associated linear maps are respectively vy — (vg — b(v1,v2)) and
vy +— (v1 = b(v1,v2)).) The ranks of these two linear maps coincide and are by
definition the rank of the given bilinear form. More concretely, if (eq,...,es) is a
basis of V4 and (f1,-- -, ft) is a basis of V4, then the rank of a bilinear form b is the
rank of the matrix

(bles, f5)) 1<i<s-
1<G<t
We now consider a Krull-Schmidt k-linear category A such that, for any X,Y €
A, the k-vector space Hom 4(X,Y") is finite-dimensional. Consider an object X € A
such that End 4(X) =k, and an arbitrary object Y € A. (Note that X is necessarily
indecomposable.) We associate to these data the bilinear form
bx,y : Hom4(X,Y) x Hom4(Y, X) — Enda(X) =k
defined by b(f,g9) = go f.
LEMMA 1.1. The rank of bx y is the multiplicity of X in Y.
PRrROOF. Choosing a decomposition Y =Y; & --- @Y, as a sum of indecompos-
able subobjects, we obtain decompositions

Hom4(X,Y) = @ Homa(X,Yi), Homu(Y,X) = @) Homa(Y;, X),

=1 i=1

1See §1.1 of Appendix A for a brief reminder on this notion.

201
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with respect to which the bilinear form bx y is block-diagonal. This reduces the
proof to the case Y is indecomposable. In case Y = X, it is clear that the vector
spaces involved are 1-dimensional, and that the form has rank 1. In case Y is
indecomposable and not isomorphic to X, then the bilinear form vanishes because
X is not a direct summand in Y, which finishes the proof. (I

In general, the indecomposable objects in A might not have 1-dimensional
endomorphism rings, so that this proceduce cannot be applied directly. We will
however see in §1.2 below how this difficulty can be circumvented in the case of
categories of (diagrammatic) Soergel bimodules.

REMARK 1.2. In | , Appendix 2 in Chap. 11], the authors call the bi-
linear forms bx y composition pairings. In the setting related to Soergel bimodules,
they are usually called intersection forms; this terminology is justified by the fact
that, in the cases where Soergel bimodules can be related to parity complexes (see
REF in Chapter 3), these forms can be described as intersection forms in Borel-
Moore homology; see | , §3] for details. This was in fact one of the original
motivations for studying these forms in this context, and was suggested by work of
de Cataldo—Migliorini around the proof of the Decomposition Theorem for perverse
sheaves; see [W 3, Footnote 5] for some details.

1.2. Application to Soergel bimodules. We now explain how the con-
siderations in §1.1 can be used to attack the problem of computing multiplicities
of indecomposable objects in Bott—Samelson objects in the categories D(V, W) of
Section 2 of Chapter 2 (in the case of field coefficients). For more on this topic,
see in particular | , Appendix 2 in Chap. 11], | , §27.3], [ , Sec-
tion 3], [W3, §4] or | , §§2.9-2.11].

We fix a Coxeter system (W, S), a field k, and a realization V' of (W, S) over k
which satisfies the technical conditions required for the category D(V, W) to be well
behaved. This category is Krull-Schmidt, and the objects (By,(n) : w € W, n € Z)
form a complete collection of (pairwise nonisomorphic) indecomposable objects.

We fix an element w € W, and consider the problem of computing the multi-
plicity of B,, in objects of D(V,W). In order to reduce to the setting of §1.1 one
proceeds in a way similar to what we considered in §2.11 of Chapter 2. Given objects
X,Y in D(V, W), we denote by Hom,,(X,Y’) the quotient of Homp v,y (X,Y) by
the subspace spanned by morphisms which factor through objects all of whose in-
decomposable summands are of the form By(n) where y < z. It is clear that for
X,Y,Z in D(V, W), composition induces a morphism

Hom ., (Y, Z) x Homy,,(X,Y) — Homy,, (X, Z),

and that this operation is associative in the obvious sense. One therefore has a
category D(V, W)** whose objects are those of D(V, W), and the morphisms from
X to Y are given by Homg,,(X,Y). One also has a natural functor D(V, W) —
D(V,W)#* which kills all objects B,(n) with y < x, and D(V,W)** is Krull-
Schmidt with finite-dimensional morphism spaces.

For X,Y in D(V, W) we set

Hom?,, (X,Y) := @D Hom 4y (X, Y (n)).
nez
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It follows from the considerations in §2.11 of Chapter 2 that for any expression y,
the R-module Hom%,, (B, B,,) is free and spanned by (a choice of) light leaves mor-
phisms LL, . where e runs over the subexpressions of y expressing w; in particular
we have

(1.1) Hom?%,,(Bw,Bw) = R,

hence
HOm{w(Bw, Bw) =k.

We are therefore in the setting of §1.1.

We claim that the images of the objects (B, (n) : y € W such that y £ w, n €
Z) form a complete collection of (pairwise nonisomorphic) indecomposable objects
in D(V,W)#*. In fact, it is clear from definition that any object in D(V, W)*¥ is
a direct sum of such objects, that these objects remain nonzero in D(V, W)ﬁw, and
since a quotient of a local ring is local they are also indecomposable. It therefore
only remains to see that they are pairwise nonisomorphic. However, if B, (n) and
B, (n’) become isomorphic in D(V, W)*¥, then there exist morphisms f : B, (n) —
B, (n') and g : B,/ (n") — By(n) such that the image of go f in Hom ., (By(n), By(n))
is the identity. Then go f is invertible, which implies that B, (n) is a direct summand
of By/(n'), and finally that (y,n) = (y',n’).

This fact implies that, for any object X in D(V, W), the multiplicity of B,, in
X is equal to the multiplicity of the image of B,, in D(V,W)*¥ in the image of X
in D(V,W)#®. In view of Lemma 1.1, it follows that this multiplicity is the rank
of the bilinear form

by x : Homzy (Bu, X) x Homyy (X, By) — Homyy (Bu, By) = k.

In fact, one can reduce the size of the spaces involved a bit, as follows. The
equality (1.1) and degree considerations show that the bilinear from b;)’ x van-
ishes on morphisms in the spaces Homy,, (B, X) or Homy,, (X, B,,) of the form
f - where f € R is homogeneous of positive degree. One can therefore con-
sider the quotients Hom g, x (B, X) and Hom, 1 (X, By) of Homy,, (By, X) and
Homy,, (X, B,,) by these spaces, and the induced form

bw,X : HOHl{w,k(Bw,X) X HOHl{w,]k(X, Bw) — k.

The rank of this form coincides with that of b;h y, hence equals the multiplicity of
B, in X.

This form can also be obtained in a slightly different way, as follows. Consider
the R-bilinear map

bu,x : Hom?,,(By, X) x Hom%,, (X, By) — Hom?%,,(By,By) = R
given by composition. (Here, both Hom-spaces are free over R; the proof of this
fact reduces to the case X = B, for some expression y, which was explained above.)
Then b, x is the form obtained from l;w’X by applying k ® (—).

We will be mainly interested in the case X = B,(n) where y is an expression
and n € Z. In this case, as explained above the spaces on which Zw)By(n) is defined
can be made explicit: Hom z, x(B,(n),B,,) has a basis consisting of (images of)
morphisms LLy@(—d(g)) where e runs over subexpressions of y expressing w such
that d(e) = —n, and Hom 4, x(By, By(n)) has a basis constructed similarly using
images under ¢ of light leaves morphisms. (Here we use the notation of §2.10 in
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Chapter 2. See Lemma 2.20 in Chapter 2 for the definition of ¢.) For examples of
computation of the bilinear form above in such bases, see [J W, Section 3], | ,
§27.3] or | , §§2.9-2.11]. These considerations are the starting point for an
algorithmic procedure for computing multiplicities of indecomposable objects in
D(V, W), discussed in more details in [JW, ]

1.3. A criterion to determine when the p-canonical basis coincides
with the Kazhdan—Lusztig basis. In this subsection we specialize our setting
to that considered in §2.14 of Chapter 2. We therefore choose a generalized Cartan
matrix A, a prime number p, and a Kac-Moody root datum (X, (o; : 7 € I), (o) :
i € I) associated with A. In case p = 2 and A has a column consisting only of
even numbers, we assume that the conditions considered in §2.14.1 are satisfied.
We take as our Coxeter system (W, S) the one associated with A.

We can then consider two different realizations of (W, S) associated with these
data: one with underlying vector space F, ®z XV, such that the combinatorics of
the category D(F, @z XY, W) gives rise to the p-canonical basis (PH,, : w € W),
and one with underlying vector space Q ®z XV, such that the combinatorics of the
category D(Q ®z XV, W) gives rise to the Kazhdan—Lusztig basis (H, : w € W),
see Proposition 2.43 in Chapter 2.

Given an element y € W and an expression y, we will write bfl’)@n for the bilinear

w

form by, g, (n) computed in D(F, ®z XY, W), and bgj)yyn for the same bilinear form
computed in D(Q ®z XY, W). The following proposition shows that the ranks of
these forms “control” the possible coincidence of the bases (PH,, : w € W) and

(H, :weWw).

PRrROPOSITION 1.3. The following conditions are equivalent:
(1) for any w € W we have PH,, = H,,;
(2) for any w € W, any expression y and any n € Z, the forms bﬁ),g,n and

0 .
b,y have the same rank;

(3) there exists a family F of expressions, which contains at least one reduced
expression for any element in W, and such that for any w € W, any
y € F, and any n € Z, the forms b{;’g’n and b%@n have the same rank;

(4) there exists a family F of expressions, which contains at least one reduced
expression for any element in W, and such that for any w € W and any

y € F, the forms bﬁ;,g,o and b%’%o have the same rank.

PRrOOF. The implications (2) = (3) = (4) are clear. Now, we assume that (1)
is satisfied, and prove (2). Given w € W, an expression y and n € Z, as explained
in §1.2 the rank of the form bP is the multiplicity of the object B,, as a direct

w,yY,n

summand of B, (n) in D(F,®zX", W). But by the categorification theorem (see §2.8
in Chapter 2) “this multiplicity can also be computed as the coefficient of ?H. w 11
the expansion of the element v" - H, in the Z-basis (v™ -PH, : m € Z, x € W) of
Hw,s)- Similar considerations apply to bg,yyn, replacing the p-canonical basis by
the Kazhdan-Lusztig basis. By assumption these bases coincide, so that the forms
must have the same rank.

To finish the proof, we show the contrapositive of the implication (4) = (1).
So, we assume that the p-canonical and Kazhdan—Lusztig bases differ, and choose

w of minimal length such that PH, # H . Choose also s € S such that sw < w.
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In D(F, ®z X", W), we know that B, is a direct summand in B,B,,, whose class in
the Hecke algebra is H ;- H,,, by our minimality assumption. Now by Exercise 5.3
the coefficients of the decomposition of H, - H,,, in the Kazhdan-Lusztig basis are
nonnegative integers. Hence we have

PH,=H,+ Y a,.H,

y<w

for some nonnegative integers a, .,, which moreover are not all zero by assumption.
If w is a reduced expression for w in F and y < w is such that a, ., # 0, the forms
by o and 52@,0 will then have different ranks, because the multiplicity of By in By,
will be stricly smaller in D(F, ®z XY, W) than in D(Q ®z XV, W). O

REMARK 1.4. We insist that we do not claim that, for a fixed w and an expres-
sion y, the fact that b},  , and b), , 0 have different rank implies that PH,, # H.,,.

Knowing all the values of the ranks of the forms b, . for a family F as in the

statement would allow to determine the basis (PH,, : w € W), but these values
can be determined only in very small cases. The construction of | ] explained
below allows only to determine, for some cases where W is a symmetric group,
one example of a pair (w,y) such that sz,y,o and b?y,y,o have different ranks. By
the proposition, this will show that the p-canonical basis cannot coincide with the
Kazhdan-Lusztig basis in this case, but will not tell us much about which elements
in these bases differ.

1.4. Stabilization of the p-canonical basis. In this subsection we explain
how the considerations above allow to give a diagrammatic proof of Proposition 2.45
in Chapter 2. So we consider a generalized Cartan matrix A, a Kac-Moody root
datum (X, (o; : @ € I), (e : i € I)), and the associated realization (see §2.2.2 in
Chapter 2) over Q or F, where p is an odd prime number. Then we consider an
element w € W, and a reduced expression w for w. There are only finitely many
elements in W which are smaller than w for the Bruhat order, hence there exists
only finitely many pairs (y,n) € W X Z such that the spaces on which the bilinear
form by g, (n) is defined are nonzero. As explained in §1.2 these spaces admit bases
given by choices of light leaves morphisms; these morphisms are defined over Z[%],
hence we can consider “the same” choices of light leaves bases for all coefficients.
Then our bilinear forms are base changes of bilinear forms defined over some free
Z[3]-modules (of finite rank). If p > 0 the versions over F, have the same rank as
the version over QQ, which implies that the expansion of H,, in the p-canonical basis
for these prime numbers has the same coefficients as the expansion in the Kazhdan—
Lusztig basis. In view of the positivity claim in Corollary 2.44 in Chapter 2, this
implies that all the p-canonical basis elements that appear in this expansion coincide
with their counterparts in the Kazhdan—Lusztig basis. This is the case in particular
for PH ,,, which completes the proof.

1.5. The nil-Hecke algebra. Our goal in the rest of this section is state
and explain a formula due to He-Williamson [ | that allows to determine some
values of the intersection forms. In this subsection we introduce the nil-Hecke
algebra, which is a ring in which this answer is formulated.

We consider a generalized Cartan matrix A, a Kac-Moody root datum (X, (o :
i€1),(ay :i€1I)), and the associated realization (see §2.2.2 in Chapter 2) over

K2
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some field k. We will assume that for any ¢ € I the maps
a;:V—k and o :V* =k

are nonzero (i.e. surjective). We have the associated graded polynomial ring R and,
for any ¢ € I, the Demazure operator Js, (see §2.4 in Chapter 2).

ExXAMPLE 1.5. Below we will mainly consider the case where the (generalized)
Cartan matrix A is the Cartan matrix of type A,,_1, and the (Kac-Moody) root
datum under consideration is that of the group GL,, (and its canonical maximal
torus and Borel subgroup). In this case the graded ring “R” is

Rm = k[xlu e ,.’L'm],
with the natural action of the group &,, (i.e. we have w(x;) = ;) for w € &,, and
i € {1,...,m}). The Coxeter generators consist of the transpositions s; := (i,i+1)
for i € {1,...,m — 1} (see Exercise 1.12), and we have a; = x; — ;1. We will

denote by NH,,, the associated nil-Hecke algebra.

The nil Hecke algebra NH associated with these data is a graded k-algebra
defined as follows. Let @ be the localization of R at the elements w(a;) (for i € I,
w € W), which we endow with the natural grading and the natural action of W.
Consider the smash product @«W, i.e. the free @-module with a basis (e, : w € W)
and multiplication determined by

(fem)(gey) = fx(g)emy

for f,g € @ and x,y € W. This algebra has a natural grading, where each e, has
degree 0. The unit is the element e;q (which will be denoted 1 below).

For i € I we set
1

581‘ - a; (]- eSi)?
and define NH as the R-subalgebra in @ *W generated by the elements d5,. In fact,
it is easily seen that these elements satisfy the following properties:
o for any ¢ € I we have dg, - J5, = 0;
e the §,,’s satisfy the braid relations, namely, if ¢,j € I are distinct and if
5;5; has finite order m; ;, then we have

5Si63j e = 53,-5&' s
N—— N——
m; ; terms m;,; terms

e for any i € [ and any f € R, we have

Hence Matsumoto’s lemma in the theory of Coxeter systems ensures that it makes
sense to define, for any w € W, the element

b =0, 0,

Siq

where w = s;, -+ - 8;, is any reduced expression (i.e. the product on the right-hand
side does not depend on the choice of reduced expression), and moreover we have

NH = @ R-65,.
weW

This subalgebra is graded, in such a way that the element §,, has degree —¢(w).
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REMARK 1.6. (1) If y,w € W are such that £(yw) < £(y) + £(w), then
dy - 0w = 0. In particular, for any y,w the product d, - d,, is either zero
or an element of the form ¢,. In fact this can be proved by induction on
{(y) as follows. The situation cannot occur if £(y) = 0, so we assume that
L(y) > 0, and write y = sy’ for some simple reflection s and some g’ such
that ' < y. Then 6, = 60,/ If £(y'w) < £(y’) + ¢(w), then by induction
we have d,/6,, = 0, hence §,0,, = 0. Otherwise we must have sy'w < y'w.
We then have

(Sy’éw = 6y’w = (;sésy’un
so that
00w = 050y 0y = 050505y = 0,
which finishes the proof.
(2) The algebra @ * W has an anti-involution which fixes all elements in R
and sends each e, to e,,—1. It restricts to an anti-involution on NH, which
fixes all elements in R and sends each d,, t0 d,-1.

The algebra @ * VW acts naturally on ), and the action of the subalgebra NH
preserves R. This action is compatible with the gradings on NH and R in the
natural way. For w € W, we will denote by J,, the action of §,,.

REMARK 1.7. The nil Hecke ring associated with a Kac-Moody algebra was
defined by Kostant—Kumar in [KKK], using the realization as in §1.2.3 of Chapter 2.
The ring considered above is a slight extension of this definition.

1.6. The He—Williamson formula. We continue with the setting of §1.5.
Fix an expression w = (s, --,8;.), and subexpressions el and e? of w which
express the same element y € W. To e', resp. e?, is associated a sequence
(X1,...,X}), resp. (X3,...,X2), of labels in {U0,U1, DO, D1}, see §2.10 in Chap-
ter 2.

We associate to these data an element f(w, g17g2) in NH as follows: we set

flw,e',e?) = fi--- f;
where
o, ifX;:Xf:UO;
fi=11 if exactly one of X}, Xj2 is UO;
O y otherwise.

i

Then we denote by c(w, e', e?) € R the coefficients of §, in the R-basis (6, : z € W)
of NH. The following statement is the main result of | ].

THEOREM 1.8. Consider data as above, and assume that no X} or ij is equal
to D1. Then we have

l~)y13w (LLy e1, LLy, 2) = c(w, et gz).

REMARK 1.9. (1) As explained in §2.10 in Chapter 2, light leaves mor-
phisms usually depend on some choices. In case no D1 appears among
the labels associated to the subexpression, they are in fact canonically
defined, as explained in | , §5.2].

(2) In | ], the authors in fact work with a realization which is either a
Cartan realization as above, or the geometric realization (see §2.2.3 in
Chapter 2). We will not consider the latter case here.
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ExAMPLE 1.10. Consider the case where A is the Cartan matrix of type Az,
with the root datum of the group GLg (and its canonical maximal torus and Borel
subgroup). Then W is the symmetric group &g, with the Coxeter generators con-
sisting of the simple reflections s; = (i, + 1) (i € {1,...,7}), see Example 1.5.
Consider the expression

w = (83, 52, 51, 85, 54, 53, 52, 56, S5, 54, 53, 57, 56, 55)
and the subexpression
e=(1,1,0,1,0,1,0,1,1,0,0,0,0,0).
The element expressed by this subexpression is
Y = 535253555655

(i.e. the longest element in the parabolic subgroup of &g generated by so, s3, s5
and sg), the corresponding sequence of symbols is

(v, v1i,Uo0,U1,U0,U1,D0,U1,U1,U0, D0, U0, DO, DO),

and we have d(e) = 0. In fact, e is the unique subexpression of w expressing y of
defect 0. We have

f(M,Q; Q) = 553582 (xl - x2)585 (x4 - x5)533652586655 (1’4 - $5)653 ($7 - $8)656585'

To compute this element in NHg, one uses the relation d,(x; — 22) = (21 —
x3)0s, — 1 to see that

fw,e,e) = 05y (v1 — 23) 05,055 (T4 — T5)05505, 054055 (T4 — 5) 055 (27 — T8)ds40s5

— 533535 (334 — 1‘5)533582(556535 (l‘4 — l‘5)533 ($7 — 568)536(555.
Here in the first term, if we use the relation ds, (z1 — x3) = (x1 — x4)0s, — 1, We
will obtain an element of the form (x; — x4) - b, where b has degree —14, and is
an R-linear combination of elements §, where x belongs to the subgroup of &g

generated by so, s3, S5, 5¢. For degree reasons, this element vanishes. Using also
the relation ds, (x4 — x5) = (24 — 26)ds, — 1, we find that

f(w» €, Q) = _552555 ($4 - x5)553552586655 ({IJ4 - 1}5)553 (1’7 - -T8)556585
- 683 ($4 - x6)685653652656685 (56‘4 - 1‘5)(553 (1‘7 - x8)656655
+ 583533682656635 (]J4 — x5)583 (337 — 338)586(555.

Here the third term vanishes, and using the relation ds, (z4 — z6) = (23 — 26)dss — 1
and the same considerations as above we obtain that

f(ﬂ) €, Q) = _682685 (334 - x5)583682656685 (1‘4 - 375)533 ($7 - x8)685685
+ 585 533582656 655 (1‘4 - 1‘5)5% (I7 - 938)556655-

Then, when using the relation d, (24 — 5) = (24 — x6)ds; — 1, once again the term
coming from (z4 — x6)ds, will vanish, so that

f(w, e, €) = 05,05,05,0560s; (x4 — 25)d5, (w7 — 28)d5, 05,
+ 05505505,0540s; (Ta — @5)0s, (7 — T8) 5405, -

5
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We next use the relation (x4 —x5)ds, = 05, (23 —25) — 1. In the first term, the term
involving d,, (23 — z5) will vanish because s38352565553 < S25352565; we therefore
find that

(W, e,€) = —0s,055 05,056 05 (T7 — 5)d560s5
+ 05505505,0550550s5 (X3 — T5) (X7 — T8) 5405,
— 0550550550505 (27 — 8)055 05
One can easily see that the third term here vanishes.
For the first term, we use the relation (z7 — x5)ds, = 0s, (26 — x5) — 1 to see

that
652 553 552 656555 (:1;7 - x8)6se 655 = 632 553552 656555 556 (xﬁ - 1“8)5357
and then the relation (rs — zg)ds, = ds, (x5 — x5) — 1 to see that
05505505,0560s5 (T7 — £8)05,0s55 = —055055055056055 05 -
For the second term, we use that (x3 — x5) (27 — 28)0s, = 055 (3 — T5)(xs — Tg) —
(x5 — x5) to obtain that
655653682655635683 (373 - 1‘5)(557 - x8)686(585 = _685683652556685653 (IL'3 - -775)655’
and then the relation (z3 — x5)ds; = s, (23 — 26) — 1 to obtain that
055055055056055 054 (X3 — T5)(T7 — 8) 56055 = 0550550550560550s5-
Finally we obtain that
flw, e e) =24y,
so that

by By (LLue, LLy ) = 2.
Applying Proposition 1.3 in this case, we deduce that the 2-canonical basis and
Kazhdan-Lusztig bases in the Hecke algebra of Gg differ. As explained in §2.15.3
this is the first example of this phenomenon in type A, and it was found (in a

geometric language) by Braden.

2. The construction

2.1. Some computations in the nil-Hecke algebra of type A. In this
section we fix m € Z>1, and consider the setting of Example 1.5.

For any subset I C {s1, -, 8m—1}, we will denote by (I) the parabolic sub-
group in &,, generated by I, and by w; the longest element in (I). (Since we
work with symmetric groups, these elements can be described very explicitly using
Exercise 1.12.)

LEMMA 2.1. Assume that m = a + n + b for some a,n,b € Z>q, and let
N = {Sa+t1,Sa+2, -+ Satn—1}. Let wy,...,w, be elements of (N), and f1,..., fr
be homogeneous elements in R, such that

S deg(f) = > w).

Assume that there exists i € {1,...,1} such that f; = g;h; for g;,h; € R, homoge-
neous, where g; is (N)-invariant and of positive degree. Then

6wrf7' T '5w1f1 . 5wN =0
in NH,,,.
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PROOF. Since g; is (IV)-invariant, it commutes with all d,,;’s, so that we have

6w,,.fr e 6w1f1 . 611)1\7 =g;- (6w,,vfr e 6th’L e 6w1f1 . 6wN)~
Now the element 9y, fr - 6w, hi - -+ dw,y f1 - 0w, belongs to @w€<N> R,, - 04, and its
degree is strictly smaller that —2¢(wy). It therefore vanishes, which implies our

claim. 0

Below we will also require the following fact from the Coxeter combinatorics of
G

LEMMA 2.2. (1) Let g€ {2,....,m—1}. Ifje{q¢—1,....m—1} and z
is a reduced expression for an element in ({Sq, Sq41,--->Sm—11), then the
expression

(Sj7 Sj—1s---5 Sq_l)g
is reduced.
(2) Let g€ {1,....,m—2}. If j € {1,...,q+ 1} and z is a reduced expression
for an element in ({s1,...,84}), then the expression
(Sj, Sj4lye--s Sq+1)§
is reduced.

PRrOOF. The two cases are similar, so we only prove (1). In this case, it suffices
to treat the case 5 = m — 1. Recall that the length in the group &,, is given by
the number of inversions, see Exercise 1.12. Let = be the element which has x as

a reduced expression, and set ¥ = S;—1Sm—2 - Sq—12. Then if i € {1,...,m} we
have
i ifi <q—1;
y(i) =< m ifi=q—1;

z(i)—1 ifi>gq.
Hence the inversions for y are the inversions for = (which are pairs of the form
(i1,42) where ¢ <14y < is < m), together with the pairs (¢ —1,4) for i € {q,...,m}.
Hence £(y) = £(z) + m — g + 1, which proves the desired claim. O

2.2. Construction of some expressions. We now fix an integer n > 1, and
collections aq,...,a, and by, ..., b, of nonnegative integers such that, for any i, we
have either a; = 0 or b; = 0, but not both. We set

a=a +--+a., b=b+---+b,,
and work in the symmetric group G444 We set

A= {81, S92y .y Safl},

N ={Sa+1,Sa+2,- -+ Satn—-11},

B = {Satn+1;Satn+2s- -+ Satntb—1)-

We have the associated parabolic subgroups (A), (N), (B) in S44nip generated
by these subsets. (Concretely, (A) identifies with the subgroup &, C Guqpnib, (N)
identifies with the subgroup of permutations of {a+1,...,a+n}, and (B) identifies
with the subgroup of permutations of {a +n + 1,...,a +n + b}.) We also fix a
collection wy, ..., w, of reduced expressions in G444 chosen as follows:

o if b; = 0, then w, belongs to the following list:

(2.1) D, (Sa+1), (Sat+258a+1)s 5 (Satn—1,Sa4n—2,- - Sa+2; Sat1);
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e if a; = 0, then w; belongs to the following list:

@7 (8a+n71), (sa+n72a 3a+n71)7 Ty (saJrla sa+27 ceey 3a+n727 8a+n71)~

For i € {1,...,r}, we will also denote by w; the element of &, p which has w;,
as reduced expression. We will assume that

ié(wi) =a+b.
i=1

REMARK 2.3. Set N' = N \ {sq11} and N’ = N \ {sq+n—1}. Using Ex-
ercise 1.12, one checks that w; is a minimal coset representative for (N)/(N') if
b; = 0, and a minimal coset representative for (N)/(N"} if a; = 0, and moreover
that any such element can occur in this way.

ExXaMPLE 2.4. To make things more concrete, we consider an important ex-
ample from [W3]. Here we have n =4, r = 6 and

a1 =2, a3=0,a3=1,a4=0,a5 =1, ag =0,
b1 =0, bo =2,b3=0,b4=2,05 =0, bg = 2,
so that a = 4 and b = 6 (hence a +n + b = 14). We therefore have
A= {s1,82,53}, N = {s5,56,57}, B = {50,510, 511,512, 513}
We also choose

w; = (85), Wy = (S6,57), Wy = (85), wy = (S¢,57), W5 = (85), wWg = (55,56, 57).

Forie{l,...,7} weset a<; := a1 +---+a;. We also set a<g := 0. We consider
the expressions u, ..., u, where
u; = (Sa; DR Sa—ag,-—i—lz Sayeees Sa—agi-&-Qa sy Say ey Sa—agi,l—la Saye--s Sa—agi,l)-

(In other words w; is the concatenation of a; lists; in the first one the indices decrease
from a to a — a<; + 1, in the second one they decrease from a to a — a<; + 2, etc.,
and in the a;-th list they decrease from a to a — a<;—1. In case a; = 0, u,; is the

empty expression.) In a symmetric way, for i € {1,...,r} we set b<; := b1 +---+;,
and b<g := 0. We then consider the expressions v, ...,v, where
Qi = (Sa+n7 ey 5a+n+b§i717 Sat+nsy s Sa+n+b§i727 ce oy Satn,
<oy Satntbei_141sSatns - 5a+n+b§i,1)'

(In other words v, is the concatenation of b; lists; in the first one the indices increase
from a+n to a+n+b<; —1, in the second one they increase from a to a+n+b<; —2,
etc., and in the b;-th list they increase from a 4+ n to a +n 4 b<;—1. In case b; = 0,
v, is the empty expression.)

Finally, let w be a reduced expression for the longest element wy in (N), and
consider the expression

LEMMA 2.5. The expression w is reduced.

PROOF. The expression w is obtained from wy; by successive left concatenation
with expression w,;u,; (in case b; = 0) or w,v; (in case a; = 0). These operations

are themselves repeated applications of the constructions considered in Lemma 2.2,
hence they preserve the property of being reduced, which proves the lemma. [
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EXAMPLE 2.6. We continue with the setting of Example 2.4. In this case we
have

u; = (54753554)7 Uy = Q, Uz = (54753a52)7 Uy = Q’ Us = (54553752551)a Ug = Q,
and
yl = Qv 92 = (88789788)7 Q3 = @7 Q4 = (88789781078117887 897810)7

95 = ®7 QG = (8878975107511a512a81338878938107811) 812)-

We therefore have

w = (55,36757,38759,810,811,812,813,88,397510781175127 S5 , 54,83, 82, 51,
—— ~~
We Vg ws Uy

S6, 57,58, 59,510, S11, 58, S9, S10, S5 , 54,53, 52, 56, S7, 58,59, S8,
—— ~—~ N N——

ws Ug wy Uy

Wy Uy

S5 ,54,83,54,57,56,57,55, 56, 87)'
~—

wy Uy Wy

2.3. Determination of a subexpression. We continue with the setting con-
sidered in §2.2.

We consider a slight modification of the notion of defect from §2.10 in Chap-
ter 2 as follows. Given an expression y = (s;,...,5;,) and a subexpression
e = (e1,...,eq), we consider the sequence yo,...,y, where yo = id and y; =
(Sigp1_;)att=iy; for 1 < j < g. Then we write

Ul ifegr1—;j=1and Sigi1_;Yji—1 > Yj—1;
U0 ifeqr1-5=0and s; ., yj-1>Yyj-1;
! D1 ifegj=1and s; ., y;j—1 <Yj1;

DO if €g+1—; = 0 and Sigr1_;Yi—1 < Yj—1,

and set

d(e) = #{j € {L,....q} | Y; = U0} — #{j € {1,....q} | ¥; = Do}.
(In other words, compared to §2.10 in Chapter 2, we “read” the subword from right
to left rather than from left to right.)
Our goal in this subsection is to prove the following claim. Here we consider

the element waunup = WaAWNWE € Syqnib, where we use the notation introduced
in §1.5.

PROPOSITION 2.7. There exists a unique subexpression e of w which erpresses
the element waunup and satisfies d'(e) = 0.

ProoF. Write w = (si,,...,5;,). First, we claim that if e is a subexpression
of w which expresses waunup, then we have e; = 0 if s;; € {54, 541n} and ¢; =1
if s, € AU B. We will prove the part of this claim regarding A U {s,} assuming
a > 1; the other parts are similar. In fact, the indices under consideration are
those corresponding to the subwords u;. Note that s; occurs only once in w. Since
waunup does not fix 1, the corresponding coefficients in e must be 1. To the
left of this index, the remaining simple reflections in A U {s,} are s4,84—1, ..., 52
(appearing as the leftmost entries in the last nonempty u;). Since waunup(1l) = a,
the corresponding values of e must be (0,1,...,1). There is one other occurence
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of sy in w, which is on the right of these indices, and it appears in a subword
SasSa—1,---,52. Considering the image of 2 we see that the corresponding entries
in e must be (0,1,...,1). Continuing in this way we see that the values of e
corresponding to each subword u,; should be of this form, which finishes the proof
of the claim.

Now we prove the proposition. We consider a subexpression e satisfying the
conditions in the proposition. As explained above we have e; = 1 if s;; € AU B,
and e; = 0 if s;, € {84, 5a4n}. In the latter cases, the corresponding values of “Y”
are U0, and there are a + b such indices; to conclude the proof it therefore suffices
to show that there is a unique subexpression f of

[
w _wr...wl

expressing wy and such that d'(f) = —a —b. Now w’ has length £(wy) +a + b; in
order for f to express wy, it must have at most a +b zeros. If we furthermore want
d'(f) = —a — b the corresponding values of “Y” should always be D0. Since wy is

a reduced expression, this forces the entries of f corresponding to wy to be 1, and
then all the entries corresponding to the w;’s to be 0, which finishes the proof. O

2.4. Computation of a bilinear form. We now work in the setting of §1.3,
with the Cartan matrix of type A,qnip—1 and the (Kac—Moody) root datum as-
sociated with the group GLg44n+5, see Example 1.5. Using our assumption that
iy l(w;) = a+ b and degree considerations, we see that the element

. a, b, ar_1 _br_1 al by
K= 6Ufr (l‘a-ri-lxaii-nawrfl (Ia—o—l Lotn - 8w1 (Ia—i-l‘ra—i-n))) € Ra-l—n-i—b

is a scalar. Let us note the following for later use.

LEMMA 2.8. With the data as above, in NHy 4,45 we have
Qr br Qr—1 b’r—l ai bl _
571)7- “Lat1Latn 671)7'71 “Lag1 Lagn =" 671)1 Lo 1layn 61111\7 = kK- 6wN'
PRrROOF. In R,4n4+p We can write

an, b, ar—1,_ br_1 ai by _ §
6w7‘ ' xa—&-lxar-‘rn : 5’wr—1 : $a+l xa-{-n e 5’1111 : za+1xa+n - f’wéw
we(N

)
for some homogeneous elements f,, € Ry4n4p. For degree reasons, we have fiq € k.
Letting this element act on 1 € Rg4n4p We see that fig = k. Multiplying on the
right by d,,,, we deduce the desired formula, in view of Remark 1.6(1). O

We can now prove the main result of the section.

PROPOSITION 2.9. For any field k, the bilinear form b has matrix

((=1)* - k) in appropriate bases.

wAUNUByBH

PRrROOF. Considering the autoequivalence discussed in Remark 2.21 in Chap-
ter 2, we see that the bilinear form b,y 5,8, agrees with by, i p5.B.-, Where w"
is obtained from w by reversing the order of the factors. By Proposition 2.7 this
bilinear form is defined on a vector space of dimension 1, and the explicit descrip-
tion of the subexpression in the proof of that proposition shows that we are in the
setting of Theorem 1.8. This statement shows that the only entry in the bilinear
form under considerations (in the appropriate light leaves bases) is the coefficient
of 0w, nup ID the expansion of the element

ENGIF B\ Gy Iy By -+ GLFE,
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where:
e we have Ey = 0y, and E} =4, 1 for j € {1,...,7};
J
e for j € {1,...,r} we have
Fi= (8

Sa—ac;_y T 6$a—1aa) T (5Sa—asj+1 e 68(1710‘&)

o for j € {1,...,r} we have
G, = (0

j Satntbeo; g 5sa+n+1aa+n) U (6Sa+n+b§jfl e 6sa+n+1aa+n)'

Applying the anti-involution of Remark 1.6(2), what we have to compute is the
coefficients of ¢ in the expansion of the element

E.F.G,---E1F1\G1EN

WAUNUB

where:
e we have Ex = 0y, and E; = 0y, for j € {1,...,7};
o for j € {1,...,r} we have
F; = (ads,_, - '65a7agj+1) e (@gls,_y v '55(,7%].71)
e for j € {1,...,r} we have

Gj = (aa+n58a+n+1 T 5sa,+w,+b<j—l) U (aa+n68a+n+1 T 55a+n,+b<j71 )

This elements belongs to @wG(AuNUB) Ryt ntb6w, and its degree is

2(—(wy) = > L(w;) +a+b—l(wa) — Lwp)) = —20(waunus)-

It therefore belongs to k - dy, n,s- 10 compute this element we use the rela-
tions fds, = s;(f)ds, + 0s,(f) with s; € AU B in the F;’s and G;’s; in each case
the term involving s, (f) will not contribute since it will belong to the submod-
ule EBwe(AuNuB>\{wAuNUB} Rotn+b0w and have degree —2¢(waunup), hence will
vanish. We deduce that our element equals

0w a0wp (5wr’)’r7;) < (Ouy 7171)5101\7

where each ;, resp. fy§, is a product of a; roots of the form xj —x441 with k < a+1,
resp. of b; roots of the form z,4, — z with £ > a 4+ n. Using Lemma 2.1 we can
simplify this element to

0w a 0w (Ouw, (_$a+1)%x23rn) o (Owy (—Tag1)™ xZin)%N'

Then the desired claim finally follows from Lemma 2.8. O

3. The counterexamples

3.1. Main result. Consider some integers n € Z>; and r € Z>(, and col-
lections of nonnegative integers (ai,...,a,) and (by,...,b.). (We no longer put
vanishing conditions on these integers.) As in Section 2, set @ = a1 + -+ + a,
b= b1+ -+0b,, and consider the corresponding subsets A, N, B of &, ,+5. Choose
also some arbitrary elements wy, ..., w, in (N) which satisfy

Zf(wj) =a+b.
j=1
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Then, as in §2.4, the element

b r—1 by b
K= aﬂ)r (wgllxar—i-nawr—l (fUZHl xa—}-nl e awl (xgirlxal—i-n))) € RaJrTLer

is a scalar.

THEOREM 3.1. Choose data as above, and assume that K # 0. Then for any
prime number p which divides k, there exists w € Sqynip Such that PH, # H,, in
the Hecke algebra of type Aqinib—1-

PROOF. We explain how to reduce the above situation to that studied in Sec-
tion 2. First, using Remark 1.6(1) we can assume that there is no j such that
aj = b; = 0. Next, inserting some operators diq between z.’, and mZ{m if
needed, we can assume that in each case we have either a; = 0 or b; = 0. Fi-
nally, using the fact that the operator 0,, commutes with multiplication by x4 if
W E (Sq+2,- -+ Satn—1), and with multiplication by xq4p, if w € (Sa41,- -+, Satn—2),
we can assume that w; is minimal in w;(sq41, ..., Se4n—2) if a; = 0, and that w; is
minimal in w;(sqy2,...,Satn—1) if b; = 0. In view of Remark 2.3, we can therefore
choose for any j a reduced expression w,; for w; which satisfies the condition in
Section 2. Proposition 2.9 then gives us an example of an intersection form for
S41n+p which has different ranks in characteristic 0 and in characteristic p, so that
the claim follows from Proposition 1.3. (]

REMARK 3.2. (1) The element & is defined in terms of the symmetric
group S,4pn4p and its action on Rgyp4p, but the only variables involved
are Tgii,--.,&qrn. This computation therefore only really involves the
symmetric group &,, (identified with (N)).

(2) In order to compute the element x more efficiently one can use the follow-
ing remarks. Consider the setting of §1.5, and denote by ((R,,)$™) C Ry,
the ideal generated by homogeneous S,,-invariant elements of positive
degree. Since all the operators d,, commute with multiplication by an
&, -invariant polynomial, the action of NH,,, on R,, induces an action on
the associated coinvariant algebra

Cm = Rm/<(Rm)fm>'

(This algebra has already occurred in §1.9 of Chapter 2.) Then the quo-
tient morphism R,, — (), is NH,,-invariant, and an isomorphism on
degree-0 components; the element k can therefore be computed in the
finite-dimensional algebra C), rather than in R,,.

It is a standard fact that the algebra C,, identifies with the coho-
mology of the flag variety of the group GL,,; it therefore possesses a nice
basis (X, : w € &,,) consisting of Schubert classes. Concretely, if wy is
the longest element in &,,,, the element X, is the class of the polynomial
(x1)™ Hw2)™ 2 21, and for any w € &,, we have

Xw = Swwo * Xuwg-

In view of Remark 1.6(1) these elements satisfy

X, if s;w < w;
(Ssi . Xw _ S;w 2 .
0 otherwise.
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If f € R, is homogeneous of degree 2, we also have the Chevalley formula

[ Xy = > (f, ) Xew
teT,
L(tw)=C(w)+1

where T,, C &,, is the subset of transpositions, and if ¢t = (4,7) with

1<i<j<mweseta =¢e;—¢c; where (€1,...,6,) is the basis dual to
(@1, ., ).

The study of these classes is part of the “Schubert calculus” that
occurs in the titles of | ] and [W3].

(3) For any integer ¢ > a+n+b, S,y is a parabolic subgroup of &,. Hence,
given data as in Theorem 3.1, the p-canonical basis and the Kazhdan—
Lusztig basis will differ in all types A, withg>a+n+b—-1.

3.2. Application to the counterexamples. Recall the setting considered
in §3 of Chapter 1, in the special case G = SL,,. In this case we have h = m —1, so
we assume that p > m. We will also assume that p > 5. Under these assumptions,
as explained in §2.14.2 of Chapter 2, if the formula (4.11) in Chapter 1 holds,
then the p-canonical basis in the Hecke algebra of type A,,_1 coincides with the
Kazhdan—Lusztig basis. Hence, if we manage to find data as in Theorem 3.1 for
this value of p and with m = a + n + b, we will conclude that this formula does
not hold in this setting. In particular, if p > 2m — 2 this will contradict Lusztig’s
conjecture, see Remark 4.9 in Chapter 1.

The first example of this setting which allows to construct a value of £ which
is not —1, 0 or 1 occurs when n = 4. In this case, consider the degree-0 element

F =044, -13-0s, -x1 € NHy.
Then, for the action of NH4 on R4 we have
F-x1=21—x4

and

F - (7134) = —T9 — T3 — T4.
Hence, using the notation of Remark 3.2(2), and denoting by X and Y the images
of x1 and —x4 respectively in C; we have

F-X=X+4+Y, F-Y=X.

(Here, X is the Schubert class X, , and Y is the Schubert class X,.) Denoting by
(F;)i>o the Fibonacci sequence (so that Fy = Fy = 1, and Fj4o = Fj41 + Fj for
j > 1), one deduces by induction that for any j > 1 we have

FI . X =Fj1 X+ FY,
hence
(51 'Fj X1 = Fi+1~

This shows that Fi; is an integer that can be produced by the method of §3.1,
withn =4, a =741 and b = 2j. In particular, if p is a prime divisor of Fj; then
the p-canonical basis of type As;;4 differs from the Kazhdan-Lusztig basis.

EXAMPLE 3.3. The case considered in Example 2.6 is obtained from the setting
above with j = 3. The corresponding value of x is therefore Fy = 3.
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For instance, we have Fj; = 89, which is a prime number. Hence the 89-
canonical basis of type Aj4 differs from the Kazhdan—Lusztig basis. In this case
we have h = 35, hence 2h — 2 = 68, which contradicts Lusztig’s conjecture. More
generally, this construction gives the following.

PROPOSITION 3.4. There does not exist any positive integers c,d such that the
formula (4.11) in Chapter 1 holds for the group SL,, and every prime number
p>cm+d.

ProoOF. By Carmichael’s theorem, if n > 12, then F,, has at least one prime
divisor that does not divide any integer F,, with m < n. In particular, there
are at least n — 13 distinct prime numbers that divide one of Fy, Fy, ..., F,. By
Remark 3.2(3), for all these prime numbers, the p-canonical basis and Kazhdan—
Lusztig basis of type As,y1 differ. By the prime number theorem, one of these
prime numbers at least is of the order of nln(n), which implies the proposition. O

In the appendix to [ ], Kontorovich, McNamara and Williamson prove a
much stronger statement, using the same ideas but a different element in NHy,.
Namely, for m € Zx1, denote by P(m) the smallest integer such that, for any
prime number p > P(m), the p-canonical basis and the Kazhdan—Lusztig basis
coincide in type A,,_1. (It follows from Proposition 2.45 in Chapter 2 that such
an integer indeed exists.) Then the results these authors prove imply in particular
that there exist positive real numbers ¢, d such that P(m) > d - ¢™ for any m.

In [W3, Section 5], Williamson gives other examples of pairs (p, m) such that
p is a prime number, m € Zx;, and the p-canonical and Kazhdan-Lusztig bases
differ in type A,,_1, obtained using Theorem 3.1 and (computer) computations
using the action of NH; on Cs.






CHAPTER 6

Tilting modules and the p-canonical basis

In this chapter we explain a more recent approach to the question of computing
characters of indecomposable tilting modules for G (as studied in Chapter 4), first
suggested by G. Williamson and the author, and which leads to a character formula
involving the (antispherical) p-Kazhdan—Lusztig polynomials of §2.14 in Chapter 2.
This approach was initially motivated by some ideas related to the “categorifica-
tion” philosophy, which we explain in Section 1, but the character formula now
admits a proof which is independent of these considerations, as we explain in REF.

1. Hecke action on regular blocks

1.1. Regular and subregular blocks. We consider the setting of Chapter 4,
assuming in addition (for simplicity) that G has simply connected derived subgroup
and that p > h (so that regular weights exist, see §2.7 of Chapter 1), and p # 2.
We fix a weight A € C N X, and set

Repy(G) := Rep(G)w,g-pA-

As explained in §2.6 of Chapter 4, this category admits a canonical structure of
highest weight category, with weight poset ((Waff pA)NXT, T). In fact, as explained
in §2.8 of Chapter 4, there exists a canonical bijection

Wag = (Wag - \) NXT

which identifies the order 1 on the right-hand side with the (restriction of the)
Bruhat order on the left-hand side. To simplify notation, for w € fW,g we will set

Ny :=N(w-p A), My :=Mw-pA), Tyu:=T(w-,A),

and consider Rep,(G) as a highest weight category with weight poset fW,g, stan-
dard objects (M, : w € fW,g), and costandard objects (N, : w € fW,g).

On the other hand, recall that the walls contained in C are in a canonical
bijection with S,g. For any s € S,g, it is known that there exists a weight us, € X
which belongs to the corresponding wall, see Remark 2.28 in Chapter 1. We fix
such a weight, and set

Rep,(G) := Rep(G)w, - pp. -
As explained in §2.6 of Chapter 4, this category admits a canonical structure of

highest weight category, with weight poset ((Waff'p ps)NXT, T). In fact, as explained
in §2.8 of Chapter 4, setting fW:H = fWégs), there exists a canonical bijection

Wag = Wag - ps) NXF

which identifies the order 1 on the right-hand side with the (restriction of the)
Bruhat order on the left-hand side. In more concrete terms, we have

f jﬁz{waWaﬁ-|ws<w};

219
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in particular, this set does not depend on the choice of us. To simplify notation,
for w € fWaSH we will set

NG, == N(w - ps), My i=Mw-p ps), Ty i=T(w-p ps),

and consider Rep,(G) as a highest weight category with weight poset fW;ff7 stan-
dard objects (M3, : w € fW5;), and costandard objects (N3, : w € fW5g).
We then have translation functors

T° := T} : Repy(G) — Rep,(G), T, = T[L\S : Rep,(G) — Repy(G).

We set
@s = Ts oT*: RepO(G) - RepO(G)

REMARK 1.1. As explained in Remark 2.19 in Chapter 1, translation functors
are defined only up to isomorphism. In this section we fix arbitrary choices for the
functors T° and T.

Recall from §4.1 in Chapter 4 that there exists an action of the Hecke algebra
Hag on the Grothendieck group [Repy(G)] such that H, acts via the morphism
induced by the functor ©4 for any s € Sa¢. (Of course, this action factors through
the algebra morphism H.g — Z[Wa.g| sending v to 1.) The basic idea that underlies
the constructions of the present section is that this action “lifts” to the categorical
level (in other words, “categorifies”), and that this has strong implications for the
structure of the category Rep(G).

1.2. The Hecke category. We will now consider a particular Hecke category
(in the sense of Chapter 2) associated with the Coxeter system (Wag, Sag), over
the field k. To define the associated realization, we will use the fact that the
roots and coroots of (G(), T™) are in a canonical bijection with those of (G, T).
Namely, there exists a unique isomorphism X = X *(T(l)) which identifies the
pullback morphism X*(T(") — X*(T) with the morphism A + pA. Under this
isomorphism, the roots and coroots of (G, T(M) coincide with those of (G, T).

The Hecke category we will consider is that associated with the Cartan realiza-
tion of (Wag, Sagr) (in the sense of §2.2.2 in Chapter 2) over k produced from the
Kac—Moody root datum defined as follows:

e the Z-module “X” is ZRY;

e if s €S C Samr, the “root” a; € ZRY (resp. “coroot” oY € Homgz(ZR,Z))
attached to s is the image of the simple coroot (resp. root) of (G(1), T(1)
associated with s;

e if s € Sy .9, then the image of s under the natural projection Wog — W
is a reflection s., for some positive root v for (G, TM); the “root”
as € ZRY (resp. “coroot” oY € Homgz(ZRY,Z)) is defined as the image
of —vV (resp. of —7).

Since we have assumed that p # 2, this realization satisfies Demazure surjectivity.
As explained in §2.2.2, it also satisfies all the technical conditions one needs to
define the associated Hecke category.

Note that the realization is “degenerate” in the sense that the action of W, on
k ®z Homyz(ZRY,Z) is very far from faithful: in fact it factors through the natural
action of W (identified with the Weyl group of (G, T(1))) .
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The Hecke category associated with this realization (see §2.5 in Chapter 2) will
be denoted DaBg‘, and the Karoubian closure of its additive envelope will be denoted
Dag-

REMARK 1.2. (1) In view of the “barbell” relation in the Hecke cate-
gory, the morphisms in DB are generated by the upper and lower dot
morphisms, the trivalent morphisms and the 2m, ;-valent morphisms. In
other words, one does not need to consider the “box” morphisms: they
can be expressed in terms of the other generating morphisms.

(2) The definition of the realization in terms of characters of T!) rather than
T is mainly a matter of esthetics. Of course it is not necessary to make
sense of the definition above, but we believe that this is the most natural
way to think about it. (This feeling is somewhat justified by the discussion
of the Finkelberg—Mirkovi¢ conjecture in §3.2 below.)

(3) There are other “natural” choices for the realization used in the construc-
tion of DE}%7 which give rise to different Hecke categories but the same
canonical basis, and for which Conjecture 1.3 below seems reasonable. For
instance, one could take the realization associated with the Kac—-Moody
root datum with X = X, (T™). Our choice is so that the Hecke category
is “as small as possible,” so that the requirement in Conjecture 1.3 is as
mild as possible. For instance, if one denotes by D_f’f?’ the Hecke cate-
gory defined using the Kac-Moody root datum with X = X, (T™), then
there exists a canonical faithful monoidal functor DB — DB’ (induced
by the natural morphism S(k ®7 ZRY) — S(k @z X.(TM)), see §2.12.4
in Chapter 2), so that any action of ng' gives rise to an action of Df’g.

Recall (see §4.3 in Chapter 1) that the Hecke algebra of (Wag, Sag) is denoted
Hag. Recall also (see §2.8 in Chapter 2) that there exists a canonical algebra
isomorphism

(1.1) Hat — [Dasile

(where in the right-hand side we consider the split Grothendieck ring of the additive
monoidal category D,g) which sends, for any s € S,g, the element H, to the class
[Bs]. Recall also that there exists, for any w € Weg, a canonical object B,, € D.g
such the assignment (w,n) — B,,(n) induces a bijection between Wog x Z and the
set of isomorphism classes of indecomposable objects in D,g. The classes

(Bu] : w € Wag)
then form a Z[v, v~ !]-basis of [Dag]s. By definition (see §2.14 in Chapter 2), the
p-canonical basis (PH,, : w € W,g) is the inverse image of this basis under the iso-
morphism (1.1), and the p-Kazhdan-Lusztig polynomials (Phy, ., : y, w € Wag) are
the coefficients that appear when expressing elements of this basis in the standard
basis of H.g.

1.3. The categorical conjecture. The following is a slight variant of a con-
jecture formulated and studied in | ]

CONJECTURE 1.3. Assume that p > h and p # 2, and let A € C. There exists
a right action' of the monoidal category ng‘ on the category Repy(G) such that:

1By an action of a monoidal category A on a category C we mean a monoidal functor from
A to the category EndoFunc of endofunctors of C. By a right action of A on C we mean an action
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(1) the “shift” functor (1) acts by the identity.
(2) for any s € Sag the object By acts via a functor isomorphic to O.

REMARK 1.4. (1) In Conjecture 1.3 we required the existence of a right
action of DBS. The reason for that is that it makes the comparison with
the combinatorics of tilting G-modules transparent, as we will see below.
However, the existence of a left action or of a right action is equivalent,
since Dfﬂsr admits an equivalence which switches the order in products and
fixes each of the generating objects (see Remark 2.21 in Chapter 2).

(2) The original formulation of this conjecture in | , §5.1] included a re-
quirement that the images of the dot and trivalent morphisms are provided
by fixed choices of adjunctions (7%, Ts) and (T, T®). Although it seems
very natural, this condition is in fact not needed for the main application
of this construction, as noted in | , Remark 5.1.2(3)] (and as we will
see below). In practice, this extra condition is not always easy to check.

In Section 2, we explain how this conjecture (if true) solves the question of
computing characters of indecomposable tilting G-modules. In Section 3 we discuss
several proofs of this conjecture and of its main application.

2. Consequences on tilting characters

2.1. The tilting character formula. Recall the subset {W,g C W,g of el-
ements in W,og which are minimal in their right coset relative to the parabolic
subgroup W C Wag (see §2.8.1 in Chapter 1). Relative to this choice of parabolic
subgroup we consider the “antispherical” p-Kazhdan—Lusztig polynomials

Pryw:y,w € fWaff)

as introduced in §3.3 of Chapter 3, which are related to the p-Kazhdan—Lusztig
polynomials by the following formula:

Py w = Z (=0)*® P, . fory,w e W,g.
zeW
(Here, for simplicity we omit the superscript “S” that should appear if we follow
the conventions of §2.8.1 in Chapter 1.) Recall also the indecomposable tilting
modules (T(A) : A € XT) introduced in Chapter 4.

Assume now that p > h, and fix A € CNX. We have explained in Chapter 4 the
importance of determining the multiplicities (T(w -p A) : N(y - A)) for y,w € Wag
such that w-, A and y -, A are dominant, i.e. (see Proposition 2.30 in Chapter 1) for
y,w € ‘W,g. The following conjecture (first stated in [ ]) proposes an answer
to this question.

CONJECTURE 2.1. Assume that p > h, and let \ € C. For any y,w € "Wog we
have

(T(w 5 A) : Ny p A) =Pny,w(l).

As we will see below, Conjecture 2.1 is in fact a consequence of Conjecture 1.3.
However, due to its importance (in fact this consequence was the main motivation
behind the formulation of Conjecture 1.3), and since it can be attacked by other
methods, we state this formula as an independent conjecture.

of A° on C, where A° is the monoidal category with the same underlying category as A, and
monoidal product e defined by Ae B =B - A.
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Of course, the formula in Conjecture 2.1 looks quite similar to that in Ander-
sen’s conjecture (Conjecture 4.1 in Chapter 4). There are however two important
differences. The first one is that it involves the p-Kazhdan—Lusztig polynomials
rather than the “ordinary” Kazhdan—Lusztig polynomials. The second one is that
it does not require any bound on the elements y, w. This is related to the fact that
the p-Kazhdan—Lusztig basis “sees” all iterations of Donkin’s tensor product for-
mula (see §3.1 in Chapter 4), which is not the case of the ordinary Kazhdan—Lusztig
basis. (For elaborations on this idea, see | 1)

REMARK 2.2. Recall that for fixed y, w € 'W,g, for p > 0 we have Pny, ,, = ny 4
where the right-hand side is as in §4.1 in Chapter 4. Hence, for fixed y, w € fW,g,
the formula in Conjecture 2.1 implies the one in Andersen’s conjecture for large p.
However, it is not the case that Conjecture 2.1 implies Andersen’s conjecture for
large p. This is due to the fact that the number of elements w which satisfy the
bound in Andersen’s conjecture grows with p.

2.2. A singular variant. Since it involves a regular weight, the statement of
Conjecture 2.1 makes sense only under the assumption that p > h. We now explain
how a modification of this conjecture makes sense for any value of p. Namely, let
us drop the assumption on p. As explained in §2.7.2 in Chapter 1, the set C N X
is a set of representatives for the W,g-orbits in X. Fix g € C N'X; as explained
in §2.8.1 in Chapter 1, the set (Wag -, ) N XT is then in a canonical bijection with

fWég). (This subset only depends on the facet containing p.)

The following conjecture is a “singular” variant of Conjecture 2.1, which makes
sense for any p, and gives (if true) a general answer to the question of computing
characters of all indecomposable tilting G-modules. (This variant was also stated

in [RW1].)
CONJECTURE 2.3. Let p € CNX. For any y,w € fWég) we have

(T(w-p ) s Ny -p ) = Py (1)

REMARK 2.4. Tt is clear that Conjecture 2.1 is the special case of Conjecture 2.3
when p € C. In fact, it is not difficult to check that if p > h, and if Conjecture 2.1
is known for one value of A, then Conjecture 2.3 follows from any p. (This is the
content of Exercise 6.1.)

Let us comment on the history of these conjectures. As explained above they
were formulated by Williamson and the author in | ], where it was also proved
that Conjecture 2.1 is a consequence of Conjecture 1.3, and that the latter conjec-
ture holds when G = GL, (k) and p > n. (The proof of the former fact is explained
in §2.9 below, and that of the latter fact is discussed in §3.1.) Later, in | 1,
the first proof of Conjecture 2.1 for a general reductive group was given by Achar,
Makisumi, Williamson and the author, under the assumption p > h. That proof
is discussed in §3.3; it does not involve Conjecture 1.3. Later, Conjecture 1.3 was
proved (again, under the assumption that p > h) independently in | | (by
Bezrukavnikov and the author) and in [Ci] (by Ciappara). These proofs are briefly
discussed in §3.5. Finally, a proof of Conjecture 2.3 was given by Williamson and
the author (without any assumption on p) in | ]. This proof is briefly discussed
in §3.4.
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2.3. Application to G;T-modules. Recall the setting of §4.3 in Chapter 4.
(In particular, as in this subsection we assume that G has simply connected derived
subgroup.) As in this subsection, one might wonder what kind of character (or
multiplicity) formula for G;T-modules one can deduce from Conjecture 2.1. This
question was tackled in [ ], where Williamson and the author give an answer
valid under the assumption that p > max(h,2h — 4).

This answer involves a p-canonical version of the Kazhdan—Lusztig basis of the
periodic module P, whose definition is based on a modification of Formula (4.6)
in Chapter 4. (Once again the construction of this p-canonical basis might seem
arbitrary at first sight, but the fact that one obtains character formulas using this
basis seems to be a good indication that this is the correct definition.) Namely,
consider the spherical module Mg as in Remark 4.4(3). In §3.3 of Chapter 3 we
have explained how to define a p-canonical basis (PM, : w € {W,g) of this module.
For any w € W,g such that Ag - w C ¢ we set

pEAO w = 77(pr) .

Then for any A € A there exist p € X and B € A such that B C ¢ such that
A = B+, and we set PP 4, = PP p+p. The periodic p-Kazhdan-Lusztig polynomials
are then defined by the equality

PPy = Z "pp.A(v) - B.
BeA

With this notation, it is proved in [ ] using the formula in Conjecture 2.1
(which, as explained above, is known) that, if p > max(h,2h—4), for any A € CNX
and any w,y € Wog we have

~ ~

(Qw p A) : Z(y p N)) = PPy(ao).(w(an)s (1)-

REMARK 2.5. The assumption that p > 2h — 4 is needed because the proof
uses Theorem 3.1 in Chapter 4. In | ] it is assumed that p > 2h — 1, which is
equivalent to the properties that p > 2h — 2 and p > h, because at the time when
it was written the formula in Conjecture 2.1 was known only when p > h, and the
property discussed in §2.7 of Chapter 4 was known only when p > 2h — 2.

2.4. Translation functors and V-sections.

2.4.1. Setting. The rest of this section is devoted to the proof that Conjec-
ture 1.3 implies Conjecture 2.1, following [ , Part I]. The statements in the
next three subsections are independent of any conjecture. They could have been
stated (and proved) in Chapter 4; however, since their only application so far is
to the question considered in the present chapter, we have chosen to explain them
here. They are suggested by the construction of the light leaves basis in §2.10 in
Chapter 2, although we will not establish any precise connection between these two
procedures.

We assume that p > h, and consider the highest weight categories introduced
in §1.1. We start with some generalities regarding the V-sections (defined in §5.4 of
Appendix A) for these categories. We will also consider the categories Rep,(G)Z%
involved in this definition (for any w € fWg).

First we fix some data, for any s € Sag. By Proposition 2.20 in Chapter 1,
there exist adjunctions (T, T®) and (7%, T). For simplicity, we fix a choice for such
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adjunctions; this gives rise to adjunction morphisms

adj adj

(2.1) id — T°Ts, id — T,T°.
For any w € f &, by Proposition 1.8 in Chapter 4 we have
(2.2) TsTE =Ty

We fix a choice of such an isomorphism. Similarly, by Remark 1.9 in Chapter 4,
T3, is a direct summand in T°T,s. In fact the considerations in this remark show
that T, is a direct summand with multiplicity 1, and that all other indecomposable
direct summands have a label y which satisfies y < w. We fix a split embedding
and a split surjection

(2.3) Tfu = TTys, T°Tys —> TZ}‘

2.4.2. Translation to a wall. We now fix an object M € Repy(G) which admits
a costandard filtration, a V-section (IL, e, (pr : m € IT)) of M, and s € Sax. We set

Il := {7 €| e(n)s € Wag}.

We also define a map

eI — T
by defining ¢’(7) as the maximal element in {e(n),e(r)s}. (Here, by definition of
IT' both elements belong to {IW,g, so that the maximal element among them indeed
belongs to fW;ﬂ,) Next we explain how to define, for any 7 € II', a morphism

¢W:Tel T — T°M.
(7)

e First, let us assume that e(m)s < e(7). Then e'(7) = e(n), and we have an
isomorphism TSTz'(w) = Te(m), see (2.2). We define ¢, as the composition
T:’(ﬂ') a—dj> TSTST:’(W) =TTe(m Ts‘Pw; 1°M,
where the first morphism is as in (2.1). In other words, 1, is the image
of ¢, under the series of isomorphisms

Hom(Te(r), M) = Hom(TT7 (), M) = Hom (T, (), T°M).

e Next, assume that e(m) < e(m)s. Then €'(7) = e(m)s, and we have a split
embedding Tj,(ﬂ) — T°T (), see (2.3). In this case, we define 1) as the
composition

T2y = T T ey 25 T M.
PROPOSITION 2.6. The triple (Il', €/, (¢ : m € I')) is a V-section of T°M.

Proor. We will prove the proposition in 3 steps: first if M = N,, for some
w € "W,g, then if M is a direct sum of copies of an object N, for some w €
fW.g, and finally in general. (The general case will be reduced to the special case
treated before using the “truncation” functors considered in Exercise 7.8 and some
compatibility property of our construction with respect to these functors.)

First, we assume that M = N,,. In this case a V-flag of M consists of one
nonzero (hence surjective) morphism f : T,, — Ny. If {w,ws} NTW2; = @, then
T°M = 0 by Proposition 2.37 in Chapter 1, and the datum constructed above is
empty, so that the claim is clear. Next we assume that {w,ws} N fW,jH # &, and
denote by y the largest element among w and ws. Then T°M = Nj (again by
Proposition 2.37 in Chapter 1), and the datum constructed above consists of one
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morphism Ty — T*M. What we have to prove is that this morphism is nonzero.
If y = w then this is clear since our morphism is the image of f under some
isomorphism. If y = ws, we use the fact that 7°f is surjective (hence nonzero)
by exactness of 7. Since its restriction to any indecomposable direct summand of
T°T,, distinct from T$ _ vanishes (because the multiplicity of M% | in such a module
is 0), its restriction to T$ . is nonzero, as desired.

Next, we assume that M is a direct sum of copies of N,,. In this case, e(r) = w
for any w € II. Fixing a surjection p : T,, — N, each ¢, factors through p, this
collection determines an isomorphism

M = (N,,)",

and our V-section consists of a union of V-sections of each factor. This reduces
this case to the one treated above.

Finally we consider the general case. What we have to prove is that for any
w € TW2, the image of the collection (¢ : 7 € (¢/)~!(w)) forms a basis of

Homge, (G)zw (T4, T°M). Here we have
()" Hw) = e Hw)Ue H(ws).

Fix such a w, and choose an ideal Q C fW,g such that

o QN {w,ws} = {ws};

o (V' :=Q~ {ws} is an ideal;

o " :=QU{w} is an ideal.
(For instance, one can take Q = {y € {W,g | y < w}.) Then we have embeddings
(2.4) Fo(M) = Tq(M)—Tao(M)— M

where we use the notation of Exercise 7.8. Let us denote by eq and eq the
restrictions of e to e71(2) and e~1(Q"”) respectively. By Exercise 7.9, if 7 € e~1(Q),
resp. ™ € e 1(2"), then ¢, factors through a morphism

(p? : Te(fr) — FQ(M), resp. (pgzu : Te(ﬂ') — FQ// (M),

1"

and the collection (e~(R),eq, (¢ : 7 € e71(Q))), resp. (e 1), eqr, (¢ 7 €
e 1(2"))) is a V-section of I'q(M), resp. Tar (M).
By exactness, applying 7 to (2.4) we obtain embeddings
TS(FQ/<M)) — TS(FQ(M)) — TS(FQ//(M)) — TS(M)

By construction, if 7 € e71(Q), resp. m € e~ 1(Q”), then the morphism v, factors
through a morphism
YT = T2 (ToM), resp. ¢ T — T°(Tar M).
Moreover, these morphisms coincide with those obtained by the procedure above
applied to the V-section (e71(Q2),eq, (¢ : 7 € e71(Q))) of Tq(M), resp. to the
V-section (e (), eqn, (¢ : 7w € e 1(Q"))) of Dgn (M).
Note that
(T*(M/Tqn(M)) : N3) =0,

so that the natural morphism

HomRepS (G)zw (wa T° (FQ// (M))) — HomReps(G)Z“’ (Ti), T° (M))
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is an isomorphism. As a consequence, to finish the proof it suffices to check that
the image of the family (¢! : 7 € e~ (w)Ue ! (ws)) is a basis of the vector space
HomReps(G)zw (T:u’ Te (M))
Next, if m € e !(ws), resp. 7 € e~ (w), we consider the composition
Q

P T s S5 To(M) — To(M)/Tor (M),

resp.
" S\L//
(pg oy s Tw &r—% FQ//(M) — I'qr (M)/FQ(M)
Again by Exercise 7.9, if we denote by e, : e~} (ws) — {ws}, resp. e, : e~ Hw) —
{w} the unique map, then the collection (e~!(ws), €ws, (P : 7 € e Y ws))),
resp. (e H(w), ew, (02 : 1 € e~ H(w))), is a V-section of Do (M) /T (M), resp. of
Tqar(M)/Tq(M). Moreover, the morphisms obtained by the procedure above ap-
plied to these V-sections are the compositions
, Q
P22 T8, L5 T (T M) — T (T (M) /To (M),

resp.

YT ) S T (Dan M) — T* (Do (M) [To(M)).
Note that T'q(M)/Tq/ (M), resp. I'gr(M)/Tq(M), is isomorphic to a direct sum
of copies of N, resp. N,. By the special case treated above, we deduce that the
images of the families (2% : 7 € e=1(ws)) and (22 : 7 € e~ (w)) are bases of
the vector spaces

Homgep (G)zw (T3, T°(Ta(M)/Tao (M)))
and

Homge, (g)zw (T3, T°(Dar (M) /To(M)))
respectively.

Finally, if 7 € e~!(ws), resp. m € e~!(w), we consider the composition
Q,Q’

P2 T F To(M) /Ty (M) < T (M) /Tor (M),

resp.
ﬂ”

VY T, LT T (M) — Tan (M) /Tor(M).
Once again these morphisms constitute a V-section of T'gr(M)/Tq/ (M), and the
procedure above provides morphisms

1pQ”,Q/ . TZ} — TS<FQ//(M)/FQ’<M))

s

for 7 € e~V (ws) e Y (w). If e(r) = ws then " is the composition of 2
with the embedding

T°(To(M)/Tq(M)) — T°Tq(M)/Ta (M)),
and if e() = w then the composition of ¥2"?" with the surjection
TS(FQ//(M)/FQ/(M)) — TS(FQ// (M)/FQ(M))

. "
is 292,
Consider the exact sequence

Fo(M)/Ta/(M) < Lan(M)/Ta (M) — Par(M)/To(M)
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and the exact sequence

Homgep, Gz (T3, T°(Fa(M)/Tar (M)))
— HomReps(G)Zw (T3, T* (P (M) /T (M)))
— Homge,, (G)2w (T3, T°(Par (M) /Ta(M)))

obtained by applying the functor Homgep () (Ts,, 7°(—)). (This sequence is ex-
act because the image of T2, resp. T°(T'o (M) /T'q/(M)), admits a standard, resp. co-
standard, filtration in the highest weight category Rep,(G)=*.) Here we have the
family (2" : 7 € e '(ws) Ue '(w)) in the middle term. By the comments
above, the part of this family parametrized by e~!(ws) is the image of a basis of
the first term, and the part parametrized by e~!(w) maps to a basis of the third
term. This family is therefore a basis.
To conclude, we remark that we have

(T*(Tar (M)) : N,) =0,
hence the natural morphism
Homge, (G)zw (T3, T°(Tar (M))) = Homgey (g)zw (T3, T° (Lar (M) /Tor (M)))
is an isomorphism. This isomorphism sends the image of the family (1/)753” t T E
)

e 1 (w) U e Hws)) to the image of the family (¢ : 7 € e (ws) U e (w)
which implies that the former image is a basis and concludes the proof. ([

)

2.4.3. Translation from a wall. We now fix s € S,g, an object M € Rep,(G)
which admits a costandard filtration, and a V-section (II, e, (¢x )rem) of M. We set
I :=1I x {0,1},
and define a map ¢ : II' — fW,g by setting e'(r,¢) = e(r)s'~¢ for e € {0,1}.

Finally, for = € IT we define the morphisms %, gy and ¥ 1) as follows.
e Since ¢'(m,1) € fW3;, we have a fixed isomorphism TSTZ,(Tr 1y = Te(m),
see (2.2). We define (. 1) as the composition

Tortmn) =TT —25 T, M.

e In (2.3) we have fixed a split surjection T°Te (r 0y = Te(r). We define
Y(r,0) a8 the composition

Te’(7r70) iﬂ]—) TSTST@'(TI’,O) —» TsTe(‘n-) M} TSM’

where the first morphism is as in (2.1). In other words, ¥, o) is the image
of the composition

T Termo) = Te(n) = M
under the isomorphism
Homgep (@) (T Ter(r,0), M) = Hompgep, () (Ter(x,0), Ts M)
provided by adjunction.
PROPOSITION 2.7. The triple (II', €', (Yr' )nerr) is a V-section of TsM.

The proof of Proposition 2.7 is very similar to that of Proposition 2.6. It will
use the following easy lemma.
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LEMMA 2.8. For any M in Rep,(G) which admits a costandard filtration and
any y € Wag, if (TsM : Ny,) # 0 then {w,ws} N W3 # @.

PROOF. This property follows from the exactness of the functor T and Proposi-
tion 2.37(2) in Chapter 1. d

PRrROOF OF PROPOSITION 2.7. We first consider the case when M = Nj, for
some w € fW3;. Then the V-section consists of a single nonzero (hence surjective)
morphism f : T3, — N7,. By Proposition 2.37 in Chapter 1, there exists an exact
sequence

Nuys < T M — Nwa

and it is easily seen that the natural morphisms
HomRepO(G) (Twsa Nws) — HomRepo(G)Zws (Tw57 Nws) — HomRepO(G)Z“’S (Tw57 TSM)
are isomorphisms, as well as the natural morphisms
HomRepO(G)zw (Tw, TSM) — HomRepo(G)zw (Tw, Nw)
and
HomRepo(G) (Tw, Nw) — HomRepo(G)zw (Tw, Nw)7
and that all of these spaces are 1-dimensional. Our construction provides morphisms
g:Tyws = TsM and h:T, — T:M.

Since Hom(Ts,Ny,) = 0 (because (Tys : My) = 0), g must factor through a
morphism ¢’ : T,s — Nus, and we denote by A’ the composition of h with the
surjection TsM — N,,. With this notation, to conclude it suffices to prove that ¢’
and h' are nonzero. By construction h’ is surjective, hence nonzero. On the other
hand ¢ is nonzero, as the image of a surjective (hence nonzero) morphism under an
isomorphism, which implies that ¢’ is nonzero as well.

Once this case is known, we deduce the case when M is isomorphic to a direct
sum of copies of some module N3, as in the proof of Proposition 2.6.

Finally we treat the general case. We need to show that for any w € fW,g, the
image of the family (¢, : 7 € (¢/)~!(w)) forms a basis of Homgep (G)zw (Tw, TsM).
If {w,ws} N W2 = & then we have

dimy Homgep (g)zw (Tw, TsM) = (TsM :N,) =0
by Lemma 2.8, and (¢/)~!(w) = &, so that there is nothing to prove in this case.

We will now show that for any w € {W2; the claim holds both for w and for ws.
Here, by construction we have canonical bijections

e w) S (&) Hw) and e H(w) = ()N ws)

given by m — (m,1) and 7 — (7, 0) respectively.
Let Q C f ¢ be an ideal containing w and in which w is maximal. Then
Q' = Q~ {w} is also an ideal in {W3;. We have embeddings

FQ/(M) ;)FQ(M) ;)M,

and T'q(M)/Tq/ (M) is a direct sum of copies of N$. By Exercise 7.9, for any
7 € e !(w) the morphism ¢, factors through a morphism

O TS 5 To(M),
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and moreover the compositions

, Q
P2 TS T Do(M) — Do(M)/Tar (M)

for 7 € e7(w) constitute a V-section of 'q(M)/T'q/(M). By the case treated
above, applying the construction above we obtain morphisms

w&% : T — Ts(Do(M)/To (M))
whose images constitute a basis of Homge, (gyzw(Tw, Ts(Pa(M)/T'o/(M))), and
morphisms

Uyt Tws = To(Ta(M) /T (M))

whose images constitute a basis of Homgep (q)>ws (Tws, Ts('a(M)/Tar (M))).
Now we have

(Ts(Tar (M) : Nu) = (Ts(M/To(M)) : Noy) = 0,
so that the natural morphisms
HOmRepD(G)zw (Tw, Tg (FQ (M))) — HOmRepO(G)Zw (Tw, TSM)
and
Homgep, (G2 (Tw, Ts(Fa(M))) = Homgey (qyzw (Tw, Ts(T'a(M) /T (M)))
are isomorphisms. From the construction we see that under the identification
HomRepo(G)zw (Tw, TSM) = HomRepo(G)Zw (Tw, TS (FQ(M)/FQ/ (M)))

the image of the family (¢Y(r1) : 7 € e~ 1(w)) corresponds to the image of the

family (d)gﬁ; : € e~ (w)), so that the former family constitutes a basis. Similar
arguments prove the desired claim for ws, which concludes the proof. O

2.5. Bott—Samelson type tilting modules and morphisms between
them. If w = (s1,...,s,) is a word in S,g (i.e. an ezpression in the terminol-
ogy of Chapter 2), we set

Ty =0, 0---004 (T(N).
(Notice the inversion of the order!) This object is a tilting module by Proposition 1.6
in Chapter 4. Recall that the Grothendieck group [Rep,(G)] identifies with N,
and that through this identification the morphism induced by O, corresponds to

right multiplication by H_, see §4.1 in Chapter 4. For a tilting module M €
Repy(G), under this identification we have

(2.5) M= )" (M:N,)-N,.

YE Ware
We deduce that the multiplicity of N, in [T,] is equal to the coefficient of N in
the expansion of the element

Ng'ﬂsl'("')'H

=5,

in the basis (N? : 2 € fW,g). In particular, if w is a reduced expression for
some element w € fW,g, the indecomposable tilting module T,, appears as a direct
summand of T,, with multiplicity 1, and all the other direct summands are of the
form T, with y € fW.a which satisfies y < w.
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PROPOSITION 2.9. Let z and y be words in Sag, and assume that z is a reduced
expression for some element © € "W,g. Let also s € Sag.

(1) Assume that x < ws, and that s € Wag. Let (fi : i € I) be a fam-
ily of morphisms in Hom(T,,T,) whose images span the vector space
Homgep, (2= (Tas Ty), and let (g; : j € J) be a family of morphisms
in Hom(T s, Ty) whose images span HomRep (G)zes (Tas, Ty). There exist

morphisms fi : Ty — Tus (fori€ 1) and g : Ty — Tyss (for j € J) such
that the images of the compositions

O, (fi)

T, 5T =01, 2% 0,1,

and the compositions

CF (g]

To 2 Tags = O,Tae —2% 0,T, = Ty,

span Homgep (G)z= (Ta, Tys)-

(2) Assume that x = zs for some word z, and let z € W,g be the element
expressed by z. (This element necessarily belongs to 'Wag by Lemma 2.31
in Chapter 1.) Let (f; :i € I) be a family of morphisms in Hom(T,, T,)
whose images span the vector space Homge, (Gyz+(Tx, Ty), and let (g
j € J) be a family of morphisms in Hom(T,, T,) whose images span the
vector space Hompep (== (T2, Ty). There exist morphisms fl: Ty — Tas
(fori € 1) and g; : T, — Ty (for j € J) such that the images of the
compositions

Os(fi)

T, 25T =0T, 2Yh 0,1, =T,

and the compositions

T—)Tx—@T @Ty—Tys
span Homgep (G)ze (Ta, Tys)-

PROOF. (1) Here we have zs € fW3;. Omitting some of the morphisms we
can assume that the image of (f; : ¢ € I) is a basis of Homge, (2= (Tz, Ty) and
that the image of (g; : j € J) is a basis of Homge, (gyzes (Tass Ty). As explained
above, T, is a direct summand of T,; we can therefore choose a split embedding
T, — T. Similarly, we can choose a split embedding T,; — T4s. Then, since these
embeddings are isomorphisms in Rep,(G)=% and Rep,(G)=%* respectively, we can
complete the compositions

T, Te 5T, and T.oo Ty 5T,

to a V-section of T,. Starting with this V-section, Proposition 2.6 provides a V-
section of T°T, whose morphisms TS, — T°T, are parametrized by I U J in such
a way that the morphism corresponding to i € I factors through the morphism
T°(f;) : T°Ty — T°T, and the morphism corresponding to j € J factors through
the morphism Ts(gj)i T°Tgs — T°T,. Next we apply Proposition 2.7, which
provides a V-section of T,7°T, = =Tys Whose morphisms T, — Ty, are parametrized
by I UJ in such a way that the morphism corresponding to i € I factors through
the morphism ©,(f;) : Tzs — Tys and the morphism corresponding to j € J factors
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through the morphism ©,(g;) : Tgss — Tys. Composing these morphisms with a
split surjection T, — T, and forgetting the rest of the V-section, we obtain the
desired data.

(2) The proof is similar. In this case we have z = zs € ‘WS. Omit-
ting some morphisms we can assume that the images of our families are bases of
Homgep, (g)2= (Tas Ty) and Homge, (qy>: (T2, Ty) respectively. Then we compose
these morphisms with some split embeddings

Ty =T, and T, =T,

and complete these data to a V-section of T,. Applying Proposition 2.6 and then
Proposition 2.7 we obtain a V-section of 'Irys whose morphisms T, — T,, are
parametrized by I Ll J in such a way that the morphism corresponding to i € I
factors through ©,(f;) and the morphism corresponding to j € J factors through
©,(g;). Finally, forgetting the rest of the data and composing our morphisms with
a split surjection T, — T, we obtain the desired claim. O

2.6. More preliminaries. This subsection and the next one gather a number
of technical statements that will be required below. We start with a few statements
that are independent of Conjecture 1.3.

LEMMA 2.10. Let w € ijff. If y € "Wag satisfies y < ws, then the image of
Os(Ly) in Repy(G)Z" vanishes.

Proor. We have a surjection N, — Ly; it follows that to prove the claim it
suffices to prove that the image of ©4(N,) in Repy(G)="* vanishes. However, by
Proposition 2.37 in Chapter 1, if ©4(N,) is nonzero then y and ys both belong
to fWog, and this object admits a filtration with subquotients N, and N,s. None
of these objects admits a composition factor of the form L, with z > ws; they
therefore vanish in Repy(G)Z*¢, which implies our claim. O

LEMMA 2.11. Let w € fW§H. The morphism
Homgep, (@) (Muws, Os(Muws)) = Homgey (G)zws (Muws, Os(Muws))

induced by the quotient functor is an isomorphism, and both spaces are 1-dimen-
stonal.

PrOOF. By adjunction and Proposition 2.37 in Chapter 1, we have
HomRepO(G)(Mwsa @s(Mws)) = HomRepO(G)(Min M;)

The right-hand side is 1-dimensional, hence so is the left-hand side. On the other
hand, since M,s has head L., the image of any nonzero morphism with domain
M,s admits L,s as a composition factor. We deduce that for any object M the
morphism

HomRepO(G) (Mys, M) — HomRepo(G)Z’w (Mys, M)
induced by the quotient functor is injective. To conclude, it therefore suffices to
prove that

(2.6) dimy Hompgep (g)zws (Muws, ©s(Mys)) = 1.
Let us fix some nonzero morphisms

M’LUS —» L'UJS — NUJS'
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Lemma 2.10 implies that the images in Rep,(G)=%* of the induced morphisms
@s(Mws) - @s(st) — @s(Nws)

are isomorphisms. They therefore induce isomorphisms

HomRepo(G)zws (Mwsa GS(M’LUS)) :—> HomRepo(G)ZwS (Mwsa Gs(l—ws))
l) HomRepo(G)Zws ('\/st7 @S(Nws)).

Now, by Proposition 2.37 in Chapter 1, ©4(N,s) admits a costandard filtration
with subquotients N,, and N.,s. Using Lemma 3.1 in Appendix A we deduce a
similar claim in the highest weight category Rep,(G)="*, which implies (2.6) and
finishes the proof. O

2.7. Even more preliminaries. From now on, and until the end of this
section, we assume that Conjecture 1.3 holds. We therefore have an action of the
monoidal category DES on the category Repy(G), given by a bifunctor

Repy(G) x DB — Rep,(G)
which we will denote by (M, B) — M - B, and we can consider the functor
W : DB — Repy(G)

defined by
U(B)=T(\)-B.
By construction, this functors satisfies
‘I’(By) =Tw

for any word w in Sug.
Since the category Repy(G) is additive and Karoubian (as an abelian category),
the functor ¥ can be “extended” to an additive functor

Dag — Repy(G),

which will still be denoted ¥. Since any direct sum or direct summand of tilting
modules is tilting (see Exercise 7.4), this functor takes values in the full subcategory
whose objects are the tilting modules.

Consider the morphism

(2.7) [Datt]e — [Repo(G)]

induced by ¥ on Grothendieck groups. Here the left-hand side has been identified
with Hag, see (1.1), and the right-hand side has been identified with N, see §2.5.
The morphism (2.7) therefore defines a morphism

(2.8) Harr = Nogr-

Here both sides have natural structures of right H.g-modules. The functor ¥
satisfies
\I/(B : Bs) = GG(\II(B))

for any B in D,g and any s € S,g by assumption. It follows that (2.8) commutes
with the actions of each element H_ € H,g. It also commutes with the action of v
(because o (1) = ¥), hence is a morphism of right H.g-modules. In view of (2.5),
we deduce the following property.



234 CHAPTER 6. TILTING MODULES AND THE p-CANONICAL BASIS

LEMMA 2.12. For any B € Dag and any y € "Wa.g, the multiplicity (V(B) :
Ny) is the coefficient of Ny in the expansion of the element N - [B] in the basis
(NO : x € 'W,g), where [B] is the class of B in [Dagle = Hag-

The following statement involves the notion of rex move from §2.9 in Chapter 2.

LEMMA 2.13. Let w € fWaff, and consider a rex move in 'y, from w to w'.
Then the tmage of the associated morphism B,, — By under the composition of ¥
with the quotient functor Repy(G) — Repy(G)ZY is an isomorphism, with inverse
the image of the morphism induced by the reversed rex move.

Proor. Consider the reversed rex move, and the associated morphism B, —
B,. By Proposition 2.29 in Chapter 2, there exist words z,,...,z, of length at
most ¢(w) — 2 and morphism fi,..., fr : By, = By, where each f; factors through a
shift of B, such that the composition

Bw — Bu — By

equalsid+ "', f;. For any ¢, by Lemma 2.12 the costandard objects occuring in a
costandard filtration of ¥(B,, ) have labels of length at most £(w)—2; it follows that

the image of ¥(B,) in Repb(G)z“’ vanishes. Hence the image of our morphism

By — By in Rep,(G)=" is the identity. Similar comments apply to the composition
of our morphisms in the other order, which proves our claim. O

LEMMA 2.14. Let M € Repy(G) be an object such that ©3(M) # 0. Then the
morphism

M — ©4(M)

induced by the lower dot morphism

I : Bz — Bs(1)
18 NONZETO.
PRrROOF. Recall from Exercise 2.12 that we have an adjunction
((=)-Bs, (=) By),

which is defined by morphisms By — Bgs and Bgs — By constructed using the dot
and trivalent morphisms. Using our action on Repy(G) we deduce morphisms

id = 0,0,,, 0,0, —id

which define an adjunction (65, ©). Since O4(M) # 0, the first of these morphisms
induces a nonzero morphism

M — ©,04(M).

This morphism factors through the morphism considered in the statement; the
latter morphism is therefore nonzero. [
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2.8. A surjectivity claim. The crucial observation we will need is the fol-
lowing.

PROPOSITION 2.15. For any words z,y in Saft, the morphism
Hom'DS,f% (Bg, Bg) — Homgep, () (Tz; Tg)

induced by the functor ¥ is surjective.

The proof of this proposition will rely on the following more technical statement.

LEMMA 2.16. Let x,y be words in Sag, and assume that z is a reduced expres-
sion for some element x € ‘W,g. Then the morphism

Homf)fg (Bg, Bg) — Homgep, (G)z= (Tg, Tg)

>

induced by the composition of U with the quotient functor Repy(G) — Repy(G)=
18 surjective.

Note that in the setting of Lemma 2.16, by the comments at the beginning
of §2.5, the image of T, in Repy(G)=? coincides with the image of T,. As a
consequence, and in view of the comments in §5.4 of Appendix A, we have

(2.9) dimy Homgep (G)z+ (T2, Ty) = (Ty : Na).
We start by proving some particular cases.

LEMMA 2.17. Let w € fWafH, and let z be a reduced expression for ws. Then
Lemma 2.16 holds when

(z,y) € {(z,29), (2, 285), (25, 25), (28, z55) }.
ProOOF. By Lemma 2.22 in Chapter 2 there exists an isomorphism
Bgss = Bgs(l) S2) B§8<_1)

This isomorphism reduces the proof to the cases of the pairs (z,zs) and (zs, zs).
The case of (zs, zs) is obvious, since the codomain of our morphism is spanned by
the identity morphism (see (2.9)).

We now consider the case of the pair (z,zs). In this case we will show more
explicitly that Homge, (g)>ws (T2, Tzs) is 1-dimensional, and spanned by the image
of the morphism

idg, - 4 : B, — By(1).

Fix a nonzero (and necessarily injective) morphism f : My, — T,. We then have
morphisms

HomRepO(G)Zws (Ti’ TES) (—)of
\

HomRepO(G)zws (Mw57 Tzs),

o)
HomRepO(G)Zws(MwsaGs(Mws)) s

and the images of the morphisms induced by the lower dot morphism in the spaces
in the left column coincide. The images of f and O,(f) in Repy(G)Z¥* are isomor-
phisms: for f this is clear, and for O4(f) this follows from Lemma 2.10. It follows
that both morphisms in our diagram are invertible.
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These comments show that our desired claim is equivalent to the claim that
Homgep (G)zws (Muws, ©s(Mys)) is 1-dimensional, and spanned by the morphism
induced by the lower dot morphism. These facts follow from Lemma 2.11 and
Lemma 2.14. [

Proor oF LEMMA 2.16. To simplify notation, if z,y are as in the statement
we will denote by

Yy Homf)fﬁ (Bg, Bg) — Homgep, (c)(Tz; Tg)

the morphism induced by W. We will prove by induction on the length of y that
the statement holds for all reduced expressions x. B

First, if y is the empty word, then T, = T(A) = L(A), and the image of this
object in Repy(G)=% vanishes (so that the claim is obvious) unless z = e. On the
other hand, if z = e then z is the empty word, and the claim is clear in this case
too.

Now, we assume that y has positive length, and write y = zs for some word z
and some s € Syg. We also assume that the claim is known for the word z. Let x
and x be as in the statement. We distinguish three cases.

Case 1: {z,xs} N'W2; = @. In this case, by (2.9) and Lemma 2.8 the right-
hand space vanishes, so that there is nothing to prove.

Case 2: xs € 'W?2;. By induction there exists a family (f; : i € I) of elements
of Homgep, (@) (Tx, Tz) which belong to the image of v, . and whose images span
Homgep (G)z+(Ta: T2), and a family (g; : j € J) of elements in Homgep, (@) (Tzs: T2)
which belong to the image of ;5 . and whose images span Homgep (q)zes (Tg, T2).
Then by Proposition 2.9(1) there exist morphisms f/ : T, — T, (for ¢ € I) and
g i Te = Tass (for j € J) such that the images of the compositions

T, 5 T=0,T, 22U 0,1, =T,

and the compositions

T 2 Taes = 0. Tes —9h 0T, =T,

span Homgep ()= (Tz, Ty). By Lemma 2.17, for any i € I there exists a morphism
fi' + Tz = Tgs in the image of 7, zs Whose image in Homgep (g)>= Tz, Tas) coin-
cides with that of f;, and for any j € J there exists a morphism g7 : T, — Ty in
the image of 7, 455 Whose image in Homge, (G)>+ (T, Tuss) coincides with that of
gj- Then the family

{0:(fi) o fi' i € I} U{Bs(gj) 0 9] : 5 € T}

consists of morphisms in the image of v, ,, and its image spans the vector space
Homgep (G)z=(Ta; Ty). We deduce the desired surjectivity.

Case 3: x € fW:H. Since xs < x, x admits a reduced expression z’ which
finishes with s. Since the rex graph of x is connected (see §2.9 in Chapter 2), there
exists a rex move from z and z’. Choosing such a rex move we obtain morphisms
B, — B, and B, — B,, whose images in Rep,(G)=? are inverse isomorphisms by
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Lemma 2.13. We deduce a commutative diagram

Hom'DBf% (By,By) =——= Hom'Dstf (Bar, By)

l |

HOInRepO(G)Z‘C (Tlv Tg) <~ HornRepO(G)Z“c (T&’u Tg)

where the vertical arrows are the morphisms of the lemma for the pairs (z,y) and
(z',y) and the lower horizontal arrows are inverse to each other. It therefore suffices
to prove the statement for the pair (z',y).

The rest of the proof is similar to Case 2. Write 2’ = vs; then v is a reduced
expression for an element in fW,g by Lemma 2.31. By induction there exists a
family (f; : i € I) of elements of Homgep, () (T, Tz) which belong to the image of
Ya',» and whose images span Homgep )2+ (Ta, T2), and a family (g; : j € J) of
elements in Homgep, () (Ty, T,) which belong to the image of v, , and whose images
span Homge, (G)2+(Ty, Tz). Then by Proposition 2.9(2) there exist morphisms
fi+Tw = Ty, (fori€)and g : Ty — Ty (for j € J) such that the images of
the compositions

fi

Tg' LN Tg/s _ @sTg’ Os(fi)

—h 0, T, =T,

and the compositions

T Ty =0T, 29 o1, =7,

span Homge, (G)z=(Ta, Ty). By Lemma 2.17, for any i € I there exists a morphism
fi' + Te — Ty, in the image of 4,/ 45 whose image in Homge, ()= (Tars Tars)
coincides with that of f/, and for any j € J there exists a morphism g7 : Ty — Ty
in the image of v, ,» whose image in Homge, (G)z=(Ta, Tar) coincides with that
of gj. Then the family

{Os(fi)o fi' 11 € I} U{O(gj) 095 1 j € T}

consists of morphisms in the image of v, ,, and its image spans the vector space
Homgep ()=« (Ta, Ty). We deduce the desired surjectivity. O

We can finally prove Proposition 2.15.

PRrROOF OF PROPOSITION 2.15. We proceed by induction on the length of the
word z. If this length is 0, then z is the empty word, and our claim is a particular
case of Lemma 2.16.

Now, assume that x has positive length, and write x = zs for some word z and
some s € Sug. Assume that the claim is known for the word z (and any word y).
Consider the morphisms B

Y 'By — By and * :B(s.s) = Bo.

As explained in the proof of Lemma 2.14, these morphisms define an adjunction
((=) - Bs,(—) - Bs), and their images define morphisms of functors

id— 0,0, and 06,0, —id
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which satisfy the zigzag relations, hence define an adjunction (0, ). Using these
adjunctions we obtain the horizontal isomorphisms in the following diagram:

HOm.DBfo (Bgv BE) — Hom.DBg (BQ BES)

l l

Homgep,(c)(Te; Tg) — Homgep, () (Tz, Tgs)'

Here the vertical morphisms are induced by the functor ¥. This diagram commutes,
and its right vertical arrow is surjective by assumption. We deduce that its left
vertical arrow is surjective as well, which finishes the proof. [

2.9. Completion of the proof. We finally prove Conjecture 2.1, under the
assumption that Conjecture 1.3 holds. Recall the indecomposable objects (B, :
w € Wag) in Dag, which are such that the class [By]| in [Dagle = Hagr is PH,,;
see §1.2. On the other hand, by definition of the module N,g, for any y € fW,g
and z € W we have

N, - Hyy = (—v)"@N,.

It follows that for any w € fW,g we have

Ne-PH, = > Pnyuw-Ny,
YyE Wage
hence finally that
Ny -PH, = > Pnyw(1)-Ny.
YE W
This formula and Lemma 2.12 show that the formula in Conjecture 2.1 will follow
from the following statement.

PROPOSITION 2.18. Let w € Wog. We have

¥(B,) = Tw ifw e Wag;
“2 700 otherwise.

PRrOOF. First we treat the case w ¢ 'W,g. In this case w admits a reduced
expression w whose first letter s belongs to S. The object B, is a direct summand
of By, and ¥(B,,) = 0 since ©4(T(A)) = 0. It follows that ¥(B,,) = 0, as desired.

We will prove the case w € {W,g by induction on ¢(w). The case £(w) = 0 is
obvious since ¥(B,) = ¥(Bg) = T(\) = Te.

Now, consider some w € fW,g with ¢(w) > 0 and assume that the claim is
known for shorter elements. Choose a reduced expression w for w. Then B, is a
direct summand of B,,, and all the other direct summands of this object are of the
form B, (n) with ¢(y) < ¢(w). By induction, ¥(B,,) is therefore the direct sum of
¥(B,,) and some objects T, with y € !W,g which satisfies £(y) < £(w). On the
other hand, it follows from Lemma 2.12 that

(T(By) : Ny) = 1.

Since (T,,Ny,) = 0 for any y € 'W,g such that £(y) < £(w), we deduce that
(U(By) : Nyy) = 1; in particular, ¥(B,,) # 0. Similarly, for any z € {W,g we have

(P(Byw):N,)#0 = z<w.
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‘We deduce that
(P(By):N,)#0 = z<w.

These properties show that if ¥(B,,) is indecomposable, then it is isomorphic to T,,.
To conclude the proof, it therefore suffices to prove that ¥(B,,) is indecomposable.
It follows from Proposition 2.15 that the morphism

Homp . (Bw,Bw) — HomRepo(G)(\Il(Bw)7 U(By))

is surjective. Since ©4(T(X)) = 0 for any s € S, in view of Remark 1.2(1) this
morphism factors through the quotient morphism

HOHI.DaH(Bw, Bw) —» HOHl.Daff(Bw7 Bw) ®S(k®ZZ%V) k

where in the right-hand side k is the trivial S(k ®z ZR")-module. The right-hand
side is a finite-dimensional graded k-algebra whose degree-0 component is local
(since it is a quotient of the local algebra Homp_,, (B, By)). By [GG, Theorem 3.1]
this algebra is therefore local (as a non-graded algebra). We deduce that the algebra
Homgep, (@) (¥(Bw), ¥(By)) is local, hence that ¥(B,,) is indecomposable, which
finishes the proof. O

REMARK 2.19. One can make Proposition 2.15 more precise, by showing that
the kernel of the morphism involved in this statement is the subspace spanned by
morphisms which factor through an object of the form B,(n) where z is a word
in Sue starting with an element of S and n € Z. In fact, since O4(T(A\)) = 0 for
s € S, these morphisms belong to the kernel of this morphism. What remains to be
proved is that the dimension of the quotient of Hom.ng(B@ Bg) by this subspace
is at most dim Homgep (G)(Tz, Ty). (Here the latter dimension can be expressed in
terms of the combinatorics of the Hecke algebra using Exercise 6.5.) This is checked
in [ , §4.5] using diagrammatical considerations.

3. Proofs of the tilting character formula

3.1. The case of GL(n). First we consider the case G = GL,(k), assuming
that p > n > 3. In this case, Conjecture 1.3 was proved in | , Part II] using the
theory of categorical actions of Lie algebras due to Rouquier | ] and Khovanov—
Lauda | , ]. (The two definitions given—almost simultaneously—by
these authors are similar but a priori different. The fact that they give rise to the
same category was later proved by Brundan [Br2].) In this subsection we outline
this proof.

3.1.1. The Lie algebra EIN and its natural module. We start by giving a (slightly
non-standard) definition of the Lie algebra gly. Let N > 3. First we set

sly :=sly (C[t,t7]) @ CK @ Cd
which we endow with the Lie bracket defined by

[ @t y@t"] = [2,y] @ t" " + My, _n Tr(zy) K,
[d,z®@t™] =mz@t™,

~

[K,H[N} = 0.
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Then we set gl = sly BC, with (0, 1) identified with the identity matrix in gl (C).
Denote by b C gl (C) the Cartan subalgebra of diagonal matrices, and set
h:=bh dCK @ Cd.

Let us denote by €1, -+ ,en the obvious basis of hf. Any element A € hf can be
“extended” to a linear form on h by setting (A, K) = (\,d) = 0. If we denote by
K™, resp. §, the linear forms on h that vanish on hs and satisfy

K*(K)=6(d) =1, K*(d)=4K)=0,

then we have
h* =bf ® CK* @ Co.

REMARK 3.1. The Lie algebra gA[N is the Kac-Moody algebra associated with
the Dynkin diagram

0
/O\
o o —— ©
3 N-—-2 N-1

o
2

i
and the realization with underlying vector space h, with simple roots
ag=0—(ey—¢€1), a;=¢€i41—¢; (i€{l,...,N—1})
and simple coroots
ho=K-+ei1—enn, hi=eit1+1—€; (t€{l,...,N—1}).

(Here, e; ; is the matrix unit with coefficient 1 in position (i, 7).)

o~

We define “Chevalley elements” in gly by setting, for ¢ € {0,..., N — 1},

€it1, ifi>1; €341 if i > 1;
e = =
' tey;,ny ifi=0, ’ t~len, ifi=0.

~

We now define the “natural” representation naty of gly. Let
A=C" = ®1<i<nCa;
be the natural representation of gl (C). We set
naty = A ®c C[t,t ']
with 5A[N acting via
(z@t™) - (a®t") =x(a) @t™" for z € sly(C), a € A, m,n € Z;
d-(a®t")=na®t" fora€ A, ne€Z;
K- -(a®t")=0 foraec A, neZ.
IfAeZ, write \=uN +v with py € Zand 1 <v < N, and set
my = a, Q@ t".
Then
naty = ®rezCmy,
where m) is a weight vector with weight ¢, + pud, with the convention above.
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3.1.2. Representations of GL, (k). We now fix n > 3, and assume that p > n.
We set G = GL,,(k), and choose as T, resp. B, the maximal torus of diagonal
matrices, resp. the Borel subgroup of lower triangular matrices. We have a canonical
identification

X=2z",
where (A1,...,\,) corresponds to the character sending a diagonal matrix with
coefficients z1, ..., z, to [], a:f" With this identification we have

XP={(A, .., ) €27 [ X > > M)
We set V' = k" (the natural representation of G) and define
E :=V @k (—) : Rep(G) — Rep(G),
F:=V"®g (—): Rep(G) = Rep(G).

These functors are naturally adjoint to each other. We define an endomorphism
X € End(E) as follows: for M € Rep(G), the G-action induces a morphism

V'eVeM=gl,(k)@M— M;
by adjunction we deduce a morphism
Xy EM=VeoM-—->V®M=FEM.

Then we have a decomposition of E into generalized eigenspaces for the action of
X:

E = @aekEw
Since F' is right adjoint to F, the endomorphism X of F also determines an endo-

morphism of F. With respect to this endomorphism, we similarly obtain a decom-
position into generalized eigenspaces:

F= ®a6]kFa;

and the adjunction (E, F') induces adjunctions (E,, F,) for any a € k.
The following proposition is due to Chuang—Rouquier, see [CR, §7.5]. (See
also [ , Proposition 6.3.4] for a review of the proof.)

PROPOSITION 3.2. (1) We have E, = 0 and F, = 0 unless a belongs to
the prime subfield Fp, C k.
(2) The isomorphism of C-vector spaces

C @z [Rep(G)] = /\” nat,
sending [M(X\)] to
M, AMxy—1 A= Ay, —n—1

identifies the action of [E,], resp. [F,], on the left-hand side with the action
of eq, Tesp. fa, on the right-hand side, for any a € {0,...,p—1} =T,.

(3) Under the isomorphism above, the decomposition of C®z[Rep(G)] induced
by the linkage principle (see Corollary 2.1/ in Chapter 1) corresponds to
the weight space decomposition of \" nat,,.
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3.1.3. Categorification. It turns out that the picture presented in §3.1.2 “lifts”
to the categorical level, as follows. We view the Dynkin diagram of gl as a quiver
with the following orientation:

Then we set

{1 if i = 4,
lij = i
1 otherwise
and
P={ eb":(h,\) ez Vie{0,1,...,N —1}}.

As mentioned above, Rouquier and Khovanov—Lauda have defined a “categori-
cal incarnation” of each Kac—Moody algebra. Here we will follow the notations and
conventions of Brundan | ].? In the particular case under consideration, and
with the appropriate choice of structure constants, we obtain the strict additive
k-linear 2-category

U(gly)
defined by generators and relations as follows. Its objects consist of P, its 1-
morphisms are generated by E;1 : A — A+ «; (which we will depict as an upward
arrow decorated by A in the right region) and F;1x: A — A — oy (which we will
depict as a downward arrow decorated by A in the right region), and its generating

2-morphisms are
X e (Y
) / ) U A : .

i i g ¢
(As in Chapter 2 these diagrams are to be read from bottom to top. Hence these
morphisms are morphisms from £;1y to itself, from F;E;1y := (E;lxiqa,) o (£51))
to E;E;ly, from idy to F;E;1y, and from E;F;1, to idy respectively.)
These 2-morphisms are required to satisfy the following 4 sets of relations. Here
we write i —j if i — j or j — 4, and ¢ /j if neither i — j nor j — i.

A FA A /‘A Yt =g
LS

i g i i g i J 0 otherwise,
0 if i = j;
\
)A B A if i # j and i -/ j;
= i J
i tij % A4ty T o ifi—j,
i J )

2In fact, we have even followed this reference in copying its source file for most of the drawings
below...
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N\ /7

B )t | if i = k and k—j;
/ A \)\ - v J k
i J k i J k 0

otherwise.

Finally, one has to impose that certain 2-morphisms are invertible. These 2-
morphisms involve the new diagram

7

\\A = mA :EjFZ'].,\—)FiEj].)\.
J Y

J
With this notation the following 2-morphisms are required to be isomorphisms:

\\A tEjFiL = FiE;1y if i #j,

J
7 (hi,\)—1 A
><A o P "f\;EiFilA%FiEilA@li“hW if (hy, \) >0,
7 n=0

—(hi,A)—1

7 n=0

(Here, a dot with a nonnegative integer n means n successive dots. By “are required
to be isomorphisms” we mean that we take an additional generating morphism in
the opposite direction, and add the relation that the appropriate compositions are
equal to the identity morphisms.)

REMARK 3.3. It is important to note that the 2-morphisms in IU(QT[N) are not
invariant by isotopy of diagrams.

The following theorem is essentially due to Chuang—Rouquier. For the details
of its proof, we refer to | , Theorem 6.4.6].

THEOREM 3.4. There exists an action of the 2-category U(é\lp) on the category
Rep(G) such that A is sent to the “block” of Rep(G) corresponding to the A-weight
space in /\” nat, (see Proposition 3.2), each E;1x acts via the functor E;, each F;1y
acts via the functor F;, and the morphisms

o 0

are sent to the unit and counit morphisms of the natural adjunction (E;, F}).

REMARK 3.5. The image of the other generating morphisms can also be de-
scribed explicitly; see | , §6.4.7] for details.
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3.1.4. Application to the proof of Conjecture 1.5. Now that the required data
have been introduced, we can outline the proof of Conjecture 1.3 in this case. It
will consist in 2 steps.

Let

w=e¢e;+--+e, €P
Under the action of Theorem 3.4, the weight w is mapped to the block corresponding
to the (Wag, -p)-orbit of
Ao = (n,...,n) e X,
a regular block. With this choice of weight “A,” the category Repy(G) is therefore
a “weight space” for the action of U(glp).

Step 1: Restriction of the action to gA[p to a[n In addition to the Lie algebra gA[p
(and its associated 2-category) considered in Theorem 3.4, let us now also consider
the Lie algebra gl,, (and its associated 2-category). To distinguish the 2-cases, for

o~

gl,, the “affine” vertex of the Dynkin diagram will be denoted co. We set

P, = {Zniei—kmé:ni € Z>p s.t. Zni:n, meZ}.

i=1 =1
These weights are weights for both gA[p and gA[n We also denote by Rep[”](G) the
sum of the “blocks” in Rep(G) corresponding to weights in P,.
In | , Theorem 7.4.1] it is shown that one can “restrict” the action of QTIP
on Rep(G) to an action of gl,, on Rep™ (G) by sending:
e ) to the “block” as before if A € P,,, and to 0 otherwise;
o E; to
E; if1<i<n-1,
EyE,_1---E, ifi=o0;
e I} to
F; ifl1<i<n-1
E, - Fp,1Fy ifi=o0;
e cach 2-morphism not involving co to the 2-morphism corresponding to the
same diagram in a[p;
e the 2-morphism corresponding to

, resp. , resp.

e the 2-morphism

9]
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to

e the 2-morphism

to

REMARK 3.6. This step of the proof is a special case of a result of Maksimau
on restriction of certain actions of 2-Kac—-Moody algebras; see [Ma].

Step 2: Relating [U(gA[n) to the Hecke category. Let us now denote by U™ (gA[n)
the quotient of U(gA[n) by the span of 2-morphisms which contain a weight not in
P,. Clearly, the action of I[J(g[n) on Rep™(G) considered in Step 1 factors through
an action of UM (gA[T,)

In | , Theorem 8.1.1] it is shown that there exists a strict monoidal functor

D — Endy g (W)-

Explicitly, this morphism is constructed as follows. It sends the object B(;, .. ; (k)
to the functor l T

i1 i1 i i
(Here we identify Sa,g with {1,...,n — 1} U {oo} in the obvious way.) It sends the
morphism

I resp.

7

ﬂ”, resp. Uw,

*—-.

to

7

and the morphism
, resp.
to

, Tresp.

(N
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Fori,j € {1,...,n— 1,00} with ¢ /j, the functor sends

/
/

i J

to

J /1/\
/ w
/Y

Finally, for i,5 € {1,...,n — 1,00} with j — 4, the functor sends

| N

J

to

N \\' //

K3

REMARK 3.7. This step of the proof is closely related to (and inspired by) the
earlier works | , , ]

For both steps, the proof consists of manipulations with the diagrams in U(g[p)

or U(g[n) Combining these two steps one obtains an action of DE}% on the category
Repy(G), and one can easily check that each object B; acts via a wall crossing
functor associated with the wall corresponding to ; see | , §6.4.8] for details.
This provides the desired proof of Conjecture 1.3 in this special case.

3.2. The Finkelberg—Mirkovié¢ conjecture. Before discussing the other
proofs of the conjectures above we explain an important conjecture due to Finkel-
berg-Mirkovié¢ [FIVI] which predates this story and was highly influential.

3.2.1. Statement. Consider a connected reductive algebraic group G over an
algebraically closed field F of characteristic ¢, with a choice of Borel subgroup
B C G and maximal torus 7' C B. Consider the groups LG, L*G and I and the
affine Grassmannian Gr as in Sections 4-5 of Chapter 3. As in Chapter 3 we work
either in the “topological case” where F = C (and then consider sheaves for the
analytic topology) or in the “étale case” (and consider étale sheaves). Next, let k
be an algebraic closure of a finite field of characteristic p # £. (In the “topological”
setting, k can in fact be an arbitrary algebraically closed field.) Then we can
consider the category Pervy+q(Gr,k) of LT G-equivariant k-perverse sheaves of Gr,
which admits a natural structure of monoidal category with monoidal product 1+ -
As explained in §5.1 of Chapter 3, the geometric Satake equivalence provides an
equivalence of monoidal categories

Sat : (Pervi+(Gr k), *+q) — (Rep(Gy), ®)
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where GY is a split connected reductive algebraic group over k, with a maximal
torus 7, whose lattice of characters is the lattice X,.(T') of cocharacters of T, and
such that the root datum of (GY,7}’) is dual to that of (G,T). (In other words,
G}/ is Langlands dual to G.) We will also denote by By C G}/ the Borel subgroup
whose roots are the negative coroots of (G,T) (with respect to our choice of B,
considered as a negative Borel subgroup in G).

We will assume that the data as in Chapter 1 are chosen so that

GH =gy, BW=pRY, TW =1

We will identify the character lattice X = X*(T) with X*(TM) = X,(T) in such
a way that the pullback under the Frobenius morphism T — T corresponds to
the morphism A — pX on X. In this way the root system R of (G,T) identifies
with R, the coroot system RV identifies with R, and the subset X* C X of dom-
inant weights identifies with the subset X.(T)* C X.(T) of dominant coweights.
Similarly, the Weyl group of (G,T) identifies naturally with W, the affine Weyl
group Wag identifies with W x ZRY, and the extended Weyl group Wey; identifies
with W x X,(T), so that the notation of Chapter 1 matches that of Sections 4-5
of Chapter 3.
It will also be convenient to consider the quotient

Gr' .= LTG\LG,
with its action of LG induced by multiplication on the right in LG. Of course we
have a canonical isomorphism
Gr' = Gr

L which commutes with the actions of LTG on

induced by the assignment g — g~
both sides.

Let I, be the prounipotent radical of I, i.e. the preimage of the unipotent radical
of B under the canonical morphism LTG — G; then the I,-orbits on Gr’ coincide
with the I-orbits, and are in a canonical bijection with the subset Wy C Weye of
elements w which have minimal length in the coset Ww. (Here we use the notation
and constructions discussed in Remark 4.5 and Remark 4.7(2) in Chapter 1.) Recall
also that multiplication in Wy induces a bijection

W x QO = Ty,

Let us assume now that p > h, and fix a weight A € C. For technical reasons, we
will assume that the stabilizer of A in Wex, (for the action -,) intersects 2 trivially.?
Then we consider the extended principal block

Repp)(G)

in the category Rep(G), namely the Serre subcategory generated by the simple G-
modules of the form L(w -, A) with w € Wexi. In terms of the “blocks” considered
in §2.5 of Chapter 1, we have

Rep[o](G) = @ Rep(G)WdH.p(w.p,\).
wEN

(Here we have {w - A : w € Q} = C'N (Wexs p A), and this set is in bijection with
Q by assumption.)

3By Exercise 1.15, this condition is satisfied e.g. if X, (T)/ZRY has no p-torsion, which is
automatic if p > h. But it fails e.g. for G = PGL, in characteristic p.
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On the other side we consider the category Pervy, (Gr',k) of I,-equivariant k-
perverse sheaves on Gr'. By Example 1.3 in Appendix A (suitably extended to ind-
varieties), this category admits a canonical structure of highest weight category,
with weight poset W+ endowed with the Bruhat order. We will denote by Ay,
resp. V., the standard, resp. costandard, object attached to w € Wy, and by
ZC, the corresponding simple object (i.e. the intersection cohomology complex
associated with the constant local system on the I,-orbit labelled by w). We have
a natural convolution product

Dr(Grk) x Dp (Gr', k) — Dy (Gr',k)

which defines an action of the monoidal triangulated category (Dy (Gr,k), *1+¢)
on D}’H(Gr/,]k). As in the case of the geometric Satake equivalence, it turns out
that this bifunctor is t-exact on both sides, hence defines an action of the monoidal
abelian category (Pervy+q(Gr,k),*p+¢) on Pervy (Gr' k). (One way to prove this,
due to Gaitsgory, is to interpret the convolution bifunctor in terms of nearby cy-
cles, and use general properties of nearby cycles functors. For details, see | ,
Corollary 3.3.3].)

CONJECTURE 3.8 (Finkelberg-Mirkovié¢ conjecture). Assume that p > h and
that Stab(q . y(A) = {e}. There exists an equivalence of categories

FM : Pervy, (Gr', k) = Repyg (G)

which satisfies the following properties:

o for any w € "W we have
FM(ZCy,) = L(w -p A), FM(A,) ZM(w-p A), FM(Vy) = N(w - A);

e for F in Pervy, (Gr'.k) and G in Pervy,+o(Gr,k) there exists a bifunctorial
isomorphism

FM(G *1+¢ F) = FM(F) ® Fr* (Sat(G)).

REMARK 3.9. (1) The Finkelberg-Mirkovié conjecture is sometimes sta-
ted in terms of I -equivariant perverse sheaves on Gr rather than Gr’. The
formulation involving Gr’ allows to avoid the “swapping” equivalence sw
from | , Conjecture 1].

(2) Using translation functors one sees that the choice of A in the conjecture
does not matter: a proof of this conjecture for any choice of A implies it
for any other choice. The most natural choice is A = 0.

(3) In | |, Bezrukavnikov and the author give a proof of Conjecture 3.8
under the assumption that p > h and that, moreover, p # 19 if G admits
a component of type E7 and p # 31 if G admits a component of type Eg.

A particularly nice aspect of Conjecture 3.8 is that it makes the formula in
Lusztig’s character formula (see Conjecture 4.6 in Chapter 1) completely trans-
parent. Namely, assume that the conjecture is known, and consider the induced
isomorphism

[Pervy, (Gr', k)] = [Repjq (G)]

on Grothendieck groups. It is a standard fact that the classes ([Ay] @ w € TWey)
form a basis of the left-hand side, and moreover that for any perverse sheaf F we
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have
Fl= > (=D @x(F)- Ay,
YEf Woxe
where x,(F) is the Euler characteristic of the stalk of F at any point of the orbit
corresponding to y. In particular, for any w € fW we deduce that

Liw-p M= D (=1 @y, (ZCu) - M(y -, N)].

YE Wt

As explained in Chapter 3, for any fixed w, if p > 0 the dimensions of the stalks
of the complex ZC,, on the orbit corresponding to y are given by the coefficients of
the Kazhdan-Lusztig polynomial Ry, wew, Which implies that

Xy(ZCuw) = (= 1) sy g (1)-

Hence we recover exactly the formula in Conjecture 4.6.

More specifically, since only finitely elements have to be considered in order to
prove Conjecture 4.6 (see §4.4 in Chapter 1), this shows that Conjecture 3.8 implies
Lusztig’s conjecture in large characteristic (with no explicit bound), and that, for
any characteristic p, it reduces the proof of this conjecture to proving that, for any
w € fWex such that w -, A is restricted, we have x,(ZCu) = (= 1) hyyoy wow(1).

REMARK 3.10. It follows from Proposition 3.5 in Chapter 3, using the fact that
smooth pullback sends intersection cohomology complexes to (cohomological shifts
of) intersection cohomology complexes, that, for any given w € fWey, if PH,, = H,,
then we have x,(ZC,) = (fl)z(w)hwoy,wow(l) for any y € fWey.

3.2.2. A “singular” version. The formulation of Conjecture 3.8 requires the
assumption that p > h. One can however state a “singular” variant which makes
sense in larger generality. Namely, recall that X, (T') identifies with X. We consider
some u € CNX, and assume that Stab. )(n) = {e}. Let also A C S.x be
the subset consisting of the elements fixing p, which is a finitary subset of S,g.
Consider the subgroup If as in §4.3 of Chapter 3, and the local system X'4. Then
we can consider the (I4, X4)-equivariant derived category D'(i’I A XA)(GH ,k), and its
subcategory Perv(If7XA)(Gr',k) of perverse sheaves. The I{;‘—orbits on Gr’ are in a
natural bijection with W, and those which admit a nonzero (I, X4 )-equivariant
local system are the ones whose label belongs to the subset

ch()l(Lt) = |_| fwi;'p/i) . w.
weN
For w € fngt), we will denote by A}, resp. V2, the l-extension, resp. *-extension,

of the shift by £(w) of the rank-1 (I#, X4)-equivariant local system on the orbit
corresponding to w. These objects are perverse sheaves, and the simple objects

in Perv(InyXA)(Gr’,k) are in a natural bijection with ch(f:t), via the map sending

w to the image ZC: of the unique nonzero morphism A4 — VA, A variant of
Example 1.3 in Appendix A shows that Perv(ia x,) (Gr', k) has a canonical structure

of highest weight category, with weight poset ) (for the Bruhat order), and

ext

standard, resp. costandard, objects given by (A% : w € WY resp. (VA w €

ext

fV[/e()’:t)). Here again, convolution defines an action of the monoidal abelian category

(Pervi+ g (Gr,k), x,+g) on Perv(IGx,XA)(Gr', k).
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One the other hand, denote by Repy,(G) the Serre subcategory in Rep(G)

generated by the simple G-modules of the form L(w -, ) with w € fWe()’:t). In terms
of the “blocks” considered in §2.5 of Chapter 1, we have

Rep[,u](G) = @ Rep(G)Waff'p(w'p/t)'
weN

CONJECTURE 3.11 (Singular Finkelberg—Mirkovié¢ conjecture). Let u € XN C,
and assume that Stab(q,. )(1) = {e}. There exists an equivalence of categories

FMH : Perv(1§7XA)(Gr',k) l) Rep[u}(G)
which satisfies the following properties:

o for any w € fWé,ft) we have

FM(ZC,) = L(w ), FM(AJ) = M(w -, ), FM(V) = N(w - p);

o for F in Perv(Ié,XA)(Gr',]k) and G in Pervy+g(Gr,k) there exists a bifunc-
torial isomorphism

FM;},(g *L+G .7:) = FMM(]:) ® Fr* (Sat(g))

Of course, in case p > h and A € C, Conjecture 3.11 boils down to Conjec-
ture 3.8. As far as we know, the only cases of this conjecture is when \ € C
(see Remark 3.9(3)) and in the “most singular case” (when A = 5), as we explain
in §3.2.3.

3.2.3. The Iwahori—Whittaker model of the Satake category. In this subsection
we assume that there exists ¢ € X such that

<§7 av> =1

for any o € RV (see Remark 2.36(2) in Chapter 1 for comments on this assumption),
and we consider the case u = —¢. We have A = S, and the facet of —¢ has
the smallest possible dimension. The assumption that Stabiq. )(—s) = {e} is
automatic, since W acts trivially on —¢ and the projection W — X is injective on
Q.

The category Rep;_j(G) has been studied in §2.10 of Chapter 1. (It was
denoted Repg;.;, (G) there.) As explained in Corollary 2.42 of Chapter 1, the functor
V= L((p—1)s) @ Frg (V) induces an equivalence of highest weight categories

Rep(Gﬂ¥> ; RepStein(G)'
On the other hand, as in (2.13) in Chapter 1 we have
W) = {tawo 1 A € ¢+ XT).

ext

Since Rep(Gy) identifies with Pervy+g(Gr, k) by the geometric Satake equiva-
lence (Theorem 5.2 in Chapter 3), the singular Finkelberg—Mirkovié conjecture in
this special case predicts an equivalence of highest weight categories

Pervy+(Gr, k) = Perv(is, xs) (Gr',Kk);

in fact, the compatibility of this equivalence with the geometric Satake equivalence
forces this functor to be given by

F s Foprg ICY

tewo
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The fact that this functor is an equivalence is the main result of | ]. (Here
the element ¢{.wq is minimal in fWe();g), so that that we have Aiwo = ICiw0 =
A

3.3. Proof of the tilting character formula via Koszul duality. The
first proof of Conjecture 2.1 for a general reductive group was obtained (under the
assumption that p > h) in [ ], building on the earlier works | , ,

]. This proof is very indirect, and inspired by work of Bezrukavnikov and
several collaborators on representations of Lusztig’s quantum groups at a root of
unity (see in particular [ , ]). More specifically we will assume that G is
semisimple and simply-connected” (which is sufficient to imply the general case).
In this case, the idea is to rephrase the question by building functors as follows:

(31)  D"Rep(G) <= D"Coh™ *Em (N) =5 D™ (Gr' k) = D&y ) (Fl, k).

In the next few paragraphs we explain the meaning of each of these categories and
functors, and why they allow to solve our problem.

3.3.1. The functor F. The variety N is the Springer resolution of Gy = GO,
i.e. the cotangent bundle to its flag variety Gy/B,’. This variety admits a natu-
ral action of G}/ induced by the obvious action on G)//B;/, and an action of the
multiplicative group Gy, by dilation along the cotangent direction of the cotangent
bundle. (More precisely, z € kX acts by multiplication by 22 on each cotangent
fiber.) The category

Coh% *Gm (A7)
is the abelian category of (G} X Gy, )-equivariant coherent sheaves on N , 1.e. coherent
sheaves endowed with isomorphisms between their pullbacks under the two natural
morphisms
(GY X Gp) x N > N

(namely, the action and projection morphisms, respectively) which satisfy a natural
cocycle condition. (We refer to | , Appendix| for details and references on
equivariant coherent sheaves.) We have a natural “shift” autoequivalence

(1) : DPCoh® XCm (A7) =5 DPCoh®x *Cm (A7)
given by tensoring with the tautological G,-module. For any n € Z, we will denote
by (n) the n-th power of (1).
The functor F' in (3.1) is a triangulated functor which is not an equivalence
of categories, but it is “as close as possible to an equivalence given the structural
difference between the categories involved.” Namely, it is a “degrading functor”

with respect to the autoequivalence (1)[1], which means that there exists a canonical
isomorphism F o (1)[1] = F such that

e for any F,G in DPCohC¥ ¥Gm (J\7 ), the functor F' induces an isomorphism
€D Hom(F,G(n)[n]) = Hom(F(F), F(G));
neEZ

o the essential image of F' generates the category DbRep[o](G) as a trian-
gulated category.

4In fact, the results described in §3.3.1-3.3.2 are proved in [ ] for reductive groups with
simply-connected derived subgroups.
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This functor is also compatible with the natural actions of Rep(GY ), in the sense
that for any F € DPCoh®s *Cm (N) and V € Rep(G)/) there exists a bifunctorial
isomorphism

F(FeV)2 F(F)®Fg(V).

The construction of this functor proceeds in 2 steps, called the “induction the-
orem” and the “formality theorem,” and follows a pattern similar to that in | ]
(although some of the proofs require different arguments). We refer to the intro-
duction of | | for an overview.

The Weyl and induced modules in Repjq, (G) are images under F of the standard
and costandard objects involved in the construction of the “exotic t-structure” on
DPCohG xCm (N). (The definition of this t-structure is due to Bezrukavnikov.
See | | for a review of its main properties.) The heart of this t-structure has
a canonical structure of highest weight category, so in particular there is a notion
of indecomposable tilting objects in this category, but these are not sent to tilting
modules under the functor F. In fact, the indecomposable tilting modules are
images of the objects characterized by some parity vanishing conditions similar to
those involved in the definition of parity complexes in Chapter 3. (This fact was
not explicitly stated in [ ]; it was made explicit later in | ].) The functor
F therefore “sends parity objects to tilting objects,” which is a property one should
expect from a “Koszul duality functor” in a context of representations in positive
characteristic; see | ] for more on this point of view.

3.3.2. The middle arrow. Let us now consider the middle arrow in (3.1). Here
the category D{‘:iX(Gr/, k) is the “mixed derived category of I,-equivariant sheaves
on Gr',” defined more formally as the homotopy category of the category of I,-
equivariant parity complexes on Gr'. We want to think of this category as a “mixed
version” of the derived category D}’U(Gr',k). In fact there exists no formal rela-
tion between these two categories (in particular, from the definition we do not
have any “natural” forgetful functor D™™(Gr',k) — Dp (Gr',k)), but the cate-
gory D™ (Gr',k) has the same kind of structure as Dp (Gr',k) (in particular, a
“perverse” t-structure, whose heart Pervi’:ix(Gr’, k) is a graded highest weight cat-
egory”), plus a “Tate twist” autoequivalence (1). Such categories were introduced
and studied (in a larger generality) in | ]

The second arrow in (3.1) is an equivalence of triangulated category

® : DPCoh® *C= (N) =y DP™(Gr', k)

endowed with an isomorphism of functors ® o (1) & (1)[—1] o ®, and which sends
the standard, resp. costandard, objects involved in the construction of the exotic
t-structure to the standard, resp. costandard, objects involved in the construction
of the perverse t-structure on Dﬁix(Gr’,k). Again it can be thought of as some
example of “modular Koszul duality” in that it sends the (normalized) indecom-

posable parity complexes in DPCohC¥ *Gm (J\~/ ) to the (normalized) indecomposable

tilting objects in DﬂiX(Gr’, k). This construction has two variants: on constructed
in [ ], and the other one in | ]. The latter construction provides a func-

tors which is compatible with the Satake equivalence in the sense that for a natural

5We will not give the definition of a graded highest weight category; informally, this a highest
weight category endowed with a compatible “grading shift” autoequivalence.
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action xp+¢ of the category Pervi+g(Gr,k) on DP"™(Gr',k) we have a bifunctorial
isomorphism
O(F ®Sat(G)) 2 (F) *p+a G

for F € DPCoh®¥ xCm (N) and G € Pervi+(Gr,k). (The former construction
has other advantages; in particular, it is involved in the proof of Theorem 5.4 in
Chapter 3 under the optimal assumptions.)

Combining the two steps reviewed so far, we obtain a triangulated functor

Di"™(Gr', k) — D"Repjy(G)
which is degrading with respect to (1), and sends standard objects to Weyl modules

and costandard objects to induced modules. It is easy to see that such a functor is
necessarily t-exact, hence restricts to an exact degrading functor

(3.2) Perv{r‘:ix(Gr',k) — Repjg) (G).

This functor is compatible with the Satake equivalence in an appropriate way; this
construction therefore produces a “mixed analogue” of Conjecture 3.8.

3.3.3. Koszul duality and proof of the tilting character formula. The functor
considered in (3.2) sends tilting modules to tilting modules. Being a degrading
functor, it also sends indecomposable objects to indecomposable objects by | ,
Theorem 3.1]. The question of computing multiplicities of standard objects in
indecomposable tilting modules in Repjp(G) is therefore reduced to the similar

problem in the category PervﬂiX(Gr/, k).

This question is solved in | ], by constructing a “Koszul duality” equiv-
alence
(3.3) D™ (Gr', k) = DS ) (FI, k),

where the right-hand side is defined as for the left-hand side, in terms of the bounded
homotopy category of the category of parity complexes. It has the same structure
as DﬁiX(Gr/, k); in particular we have a perverse t-structure, and standard and co-
standard objects. This equivalence exchanges standard, resp. costandard, objects
in both categories, intertwines the equivalence (1) on the left-hand side with the
equivalence (—1)[1] on the right-hand side, and sends normalized indecomposable
tilting perverse sheaves to images of normalized indecomposable parity complexes
in DE‘I‘;" XS)(FI, k). This implies that multiplicities of standard objects in indecom-
posable tilting objects in D{’;i"(Gr’7 k) can be expressed as dimensions of stalks of
parity complexes in D?I 5| XS)(FI,]k), which are known to be given by antispherical
p-Kazhdan—Lusztig polyunomials, as explained in §4.3 of Chapter 3. This therefore
solves the question considered in Conjecture 2.1.

The equivalence (3.3) is a “parabolic-singular” analogue of a similar Koszul
duality equivalence

D™ (FI', k) = D™ (Fl,k)

where FI' = I,\ LG, which has similar properties. This construction has variants for
flag varieties of Kac—Moody groups (also treated in [ ]). At the combinato-
rial level, it shows that multiplicities of standard objects in indecomposable tilting
objects in mixed derived categories of sheaves on flag varieties are also computed
by p-Kazhdan—Lusztig polynomials. The ideas behind this construction go back
to [ ], which treated the case of characteristic-0 coefficients for flag varieties of
reductive groups. This construction was later generalized to arbitrary Kac—-Moody
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groups in [BY], and to the modular setting (but still for flag varieties of reductive
groups) in [ ].

REMARK 3.12. As explained above, there is a priori no formal relation between
the categories D}’:ix(Fl,k) and D?U(Fl,k), and similarly for flag varieties of Kac—
Moody groups. Therefore, the computation of multiplicities of standard objects
in indecomposable tilting objects in these two contexts are distinct problems. We
however expect the two questions to give the same answer. In the case of affine
flag varieties, this can be deduced from the results in | | under appropriate
assumptions on the coefficients.

3.4. Proof of the tilting character formula via Smith—Treumann the-
ory. A second proof of Conjecture 2.1, which in fact establishes Conjecture 2.3
for any group in any characteristic, was later found in | ]. This proof is in a
sense more direct. It relies on the geometric Satake equivalence (Theorem 5.2 in
Chapter 3), or more specifically on the composition of this equivalence with that
presented in §3.2.3. Namely, composing these equivalences we obtain an equivalence
of highest weight categories

Rep(Gy) = Perv(ia x4 (Gr', k).

Y

One next applies “Smith—Tremann theory” in the right-hand side, which produces
some kind of “localization functor” relating sheaves on Gr’ to sheaves on the fixed
points under the group of p-th roots of unity in F (acting via loop rotation). One
then observes that these fixed points identify with a disjoint union of partial flag
varieties for the “p-dilated” loop group of GG, and that the localization functor is fully
faithful on tilting modules. This allows to compute dimensions of morphism spaces
between indecomposable tilting modules, and hence to compute multiplicities using
the ideas of Exercise 7.10. In practice this involves many ingredients not covered
in this book, so that we will not explain it more, and will instead refer to [R 2] for
an overview.

3.5. Constructions of the categorical action. Conjecture 1.3 also has 2
independent proofs for simply-connected semisimple groups, both assuming that
p > h.

3.5.1. Hecke category action via completed Harish-Chandra bimodules. One of
these proofs was found in | ]. The idea there is to consider a larger category,
involving equivariant modules over the universal enveloping algebra Ug of the Lie
algebra g of G. Before explaining this, we need to recall a few facts about the struc-
ture of the center of Ug (valid for semisimple groups in very good characteristic).
First, as in the characteristic-0 setting, the subalgebra

Zuc = (Ug)®
is central in Ug, and identifies canonically with the algebra
O(t"/(W,e)) = O(t7) ")
of functions on the quotient t*/(W,e), where t is the Lie algebra of T and the
action e of W on t* is defined by w e & = w(& + p) — p where we still write p for the

diffierential of this character of T. (This subalgebra is called the “Harish-Chandra
center”). On the other hand, we have the “Frobenius center”

ZFr C Uga
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which is generated by elements of the form z? — zP! with 2 € g. (Here, () is the
restricted p-th power map, which is available on the Lie algebra of any algebraic
group defined over a field of characteristic p.) This subalgebra can also be described
geometrically: it identifies with
og ).

(Here, ()" is the Frobenius twist of k-schemes, as defined in §2.4 of Chapter 1.)
This subalgebra has the property that if M is a G-module, then for the Ug-action
obtained by differentiation the subalgebra Zg, acts via the “trivial character”

o(g") =k

corresponding to the 0-vector in g*(). Another important property (which follows
from the Poincaré-Birkhoff-Witt theorem) is that g is finite as a module over
Zgy.

Denote by Modg(Ug) the category of finitely generated G-equivariant Ug-
modules, i.e. finitely generated G-equivariant i/g-modules M endowed with a struc-
ture of (rational) G-module such that

g-(x-m)=(g-2) (g-m)
for g € G, x € Ug and m € M. There exists a natural fully faithful functor
Rep(G) — Modg (Ug),

which sends a G-module to itself, with the Ug-action obtained by differentiat-
ing the G-action. (In fact, the essential image of this functor exactly consists
of G-equivariant Ug-modules which have the property that the Ug-action is the
differential of the G-action.)
We will also set
U:= (Ug) @z, UL)*",

endowed with the diagonal action of G, and consider the category Modf(g;' (U) of
finitely generated G-equivariant U-modules. We will call Harish-Chandra bimodule
an object of Modf(;' (U) such that the differential of the G-action is given by the
restriction of the U-action along the “diagonal embedding”

Ug — U

induced by the assignment z — (z® 1) — (1®x) for € g. The full subcategory of
Modf(é'(U) consisting of Harish-Chandra bimodules will be denoted HC. The tensor
product functor

(=) ®ug (—) : Mod§ (U) x Modg (U) — Modg; (U)

defines a monoidal structure on the category Modfcé' (U), with unit object the natural
module Ug, and the subcategory HC is monoidal. Moreover, the tensor product

(=) ®ug (=) : ModgZ (U) x Mod§ (Ug) — Modg; (Ug)

defines an action of Modg(U) on Modg(Z/lg), and the action of the subcategory

HC C Modg(U) stabilizes the subcategory Rep(G) C Modg(Ug).

To proceed further one needs to consider characters of the Harish-Chandra
center. Namely, if A € X, by differentiation we deduce a linear form on t, hence a
character of £'(t*), and finally of Zyc. The kernel of this character will be denoted
my. We now assume that A € C, and denote by Modf(;;')\(b{g) the full subcategory

of Modfcg(l/{ g) consisting of modules on which my acts nilpotently. It is easy to see
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that the image of the principal block Rep,(G) (defined with respect to the character
A) in Modg(Z/{g) lies in the subcategory Modg)\(b{g).
The algebra U is an algebra over Zyc ®z,onze, Zuc. Let us denote by
U:\’j‘

the tensor product of U with the completion of Zyc ® 2400z Zuc With respect to
the ideal

my - (Zuc @ zuenze, Zuc) + (Znc @zgcnze, Zuc) - M.
Then UM is a noetherian algebra, endowed with a structure of rational G-module.
We can therefore consider the category

Modg (UM)
of G-equivariant finitely generated modules over this algebra, and the full subcat-
egory
HCM
of Harish-Chandra bimodules. These categories can be endowed with structures of
monoidal categories, and with actions on the category Modg, \Ug).
It turns out that for any s € S,g the action of the functor ©4 on Repy(G) is

the restriction of the action on Modf(;’ y\(Ug) of a certain Harish-Chandra bimodule
P;. To prove Conjecture 1.3 it therefore suffices to construct a monoidal functor

DES — HCM
which intertwines the shift functor (1) with the identity functor, and sends for any
s € Saf the object B to the bimodule P;. The construction of such a functor is
the main result of | ]

The proof uses in a crucial way Abe’s bimodule incarnation of the Hecke cat-
egory (see Section 3 of Chapter 2). Namely, using a variant of the “localization

theory” of | ] one relates the category HCM* with a certain category of repre-
sentations of a group scheme defined in terms of the “universal centralizer” for g.
One then observes that the “extra data” attached to bimodules in Abe’s category
exactly encode an action of this group scheme, which provides the desired functor.
One next has to check that the image of each B; is the corresponding bimodule
P,. This is checked relatively explicitly in case s € S (using “singular” variants of
the same theory), and the general case is reduced to this one using in particular
Exercise 1.14.

3.5.2. Hecke category action via Smith—Treumann theory. A completely differ-
ent proof of Conjecture 1.3 was found (more or less simultaneously) by J. Ciappara,
see [Ci]. This proof is based on the construction presented in §3.4. Namely, these
constructions provide an action of DBf on the principal block, but it is not clear at
first that the object B acts via the wall crossing functor ©,. Checking this fact is
the main result of [Ci].



APPENDIX A

Highest weight categories

The theory of highest weight categories was initially developed by Cline—Par-
shall-Scott in connection with the theory of quasi-hereditary algebras, see | ]
However, in this book we prefer to use a different, more “categorical,” point of
view introduced in | , §3.2]. In this appendix we gather references or proofs
for some standard results on these categories using this point of view. (These
results are sometimes available in the literature only in the Cline—Parshall-Scott
setting, which seems to justify a complete treatment from the Beilinson—Ginzburg—
Soergel perspective.) For a detailed treatment of these questions from the original
“algebraic” point of view, see e.g. [D2, Appendix A]. For a more general theory of
“highest weight categories,” see [BS].

1. Definitions

1.1. Krull-Schmidt categories. Recall that an additive category C is called
Krull-Schmidt if any object X has a decomposition X = X7 @ --- @ X,,, such that
each X; is indecomposable with local endomorphism ring. We refer to | ,
Appendix A] or | , Appendix 1 to Section 11] for a review of this notion.
In particular, note that by [ , Theorem A.1]:

e an additive category C is Krull-Schmidt if and only if any idempotent in
C splits, and End¢(X) is semiperfect for any X € C;

e if C is Krull-Schmidt, any object has a unique (up to order and isomor-
phism) decomposition as a direct sum of indecomposable objects.

In particular, given an indecomposable object X € C and an arbitrary object Y € C,
we can then define the multiplicity of X in Y as the number of factors isomorphic
to X in any decomposition of Y as a direct sum of indecomposable subobjects.
(This number will not depend on the choice of decomposition.) Moreover, the split
Grothendieck group [C]g has a basis consisting of the classes of indecomposable ob-
jects, the coefficients of a class [M] with M € C in this basis is given by multiplicities
of indecomposable objects in M.

1.2. Highest weight categories. From now on we let k will be a field, and
A be a finite-length! k-linear abelian category such that Hom4 (M, N) is finite-
dimensional for any M, N in A. Note that such a category is Krull-Schmidt,
see [ , Remark A.2].

Let . be the set of isomorphism classes of irreducible objects of A. Assume
that .7 is equipped with a partial order <, and that for each s € .% we have a fixed
representative simple object Ls. Assume also we are given, for any s € ., objects

1By a finite-length abelian category we mean an abelian category in which every object has
finite length.
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Ay and Vg, and morphisms Ay — Ly and Ly — V. For 7 C &, we denote by
A7 the Serre subcategory” of A generated by the objects L, for t € .7, i.e. the full
subcategory whose objects are those all of whose composition factors are labelled
by elements of 7. We write A<, for Afc. (i<}, and similarly for A_,. Finally,
recall that an ideal of . is a subset 7 C .¥ such that if t € . and s € . are
such that s < ¢, then s € 7.

DEFINITION 1.1. The category A (together with the above data) is said to be
a highest weight category if the following conditions hold:

(1) for any s € ., the set {t € . | t < s} is finite;

(2) for each s € ., we have Hom 4(Ls, Ls) = k;

(3) for any s € . and any ideal J C .% such that s € J is maximal,
As — L, is a projective cover in A5 and Ly — V, is an injective envelope
in Ag;

(4) the kernel of Ay — Lg and the cokernel of Ly — V belong to A«g;

(5) we have Ext? (A, V) =0 for all s,t € ..

In this case, the poset (., <) is called the weight poset of A.

If A satisfies Definition 1.1, the objects Ay are called standard objects, and
the objects V, are called costandard objects. We say that an object M admits a
A-filtration, resp. admits a V -filtration, if there exists a finite filtration of M whose
subquotients are isomorphic to standard objects, resp. costandard objects. We will
sometimes use the terms “standard filtration” and “costandard filtration” in place
of “A-filtration” and “V-filtartion” respectively.

From the axiom (4) we deduce in particular that

(1.1) Ay and V, belong to A<, and satisfy [Ag: Ls] = [V, : Ls] = 1.

REMARK 1.2. (1) The axioms in Definition 1.1 are exactly those in | ,
§3.2], except that we replace the condition that . is finite by the weaker
condition (1).

(2) In [ ] we used the term quasihereditary category instead of highest
weight category. We now believe that the latter term is more appropriate
than the former, and we changed our terminology in | ,

(3) The axioms in Definition 1.1 can be easily modified to define a gmded
highest weight category, where we consider in addition a “shift” autoequiv-
alence (1) of A; see | , Appendix A] for details. All the statements
below have analogues in this context, but for simplicity we will not state
them explicitly.

ExAMPLE 1.3. As explained in Chapter 1, categories of representations of con-
nected reductive algebraic groups over algebraically closed fields admit a natural
structure of highest weight category. Another family of examples that is encoun-
tered in this book is the following. Let F be an algebraically closed field, and let X
be an algebraic variety over ' endowed with a finite stratification

X = usE&’Xs

where each X is a locally closed algebraic subvariety which is isomorphic to the
affine space Ap* for some n, € Z>o. For any s € . we denote by js : Xy = X

2A Serre subcategory of an abelian category is a nonempty full subcategory stable under
subquotients and extensions.
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the embedding. Let k be a field of coefficients, and consider the bounded derived
category D% (X,k) of complexes of sheaves F such that, for any s € . and any
n € Z, the sheaf H"((js)*F) is constant. (If F = C we work with sheaves with
respect to the analytic topology, and k can be any field. Otherwise we work with
étale sheaves, and k is either a finite field of characteristic p, a finite extension of
Qp, or an algebraic closure of such a field. Here p is a prime number invertible in
F.) We will assume that for any s,¢t € ¥ and any n € Z the sheaf

H"((Ge)" (Js)+kx,)

is constant. (For instance, this assumption is automatic if the stratification is given
by orbits of the action an algebraic group on X). Then D% (X, k) is endowed with
the perverse t-structure, whose heart will be denoted Pervs (X, k), and since each
js is an affine morphism, for any s € . the complexes

Ag = (js)!sz [ns] and V,:= (]s)*ng [ns]

are perverse sheaves by Artin’s vanishing theorem, see [Ac, Corollary 3.5.9]. The
general theory of perverse sheaves ensures that the simple objects in Perv (X, k)
are in a canonical bijection with .#, via the map sending s to the image of the
unique (up to scalar) nonzero morphism Ay — V. It is explained in | , §83.3]
that these data define a highest weight structure on Perv s (X, k), for the order on
.# defined by s < t if and only if X, C X;.

1.3. First properties. In this subsection we let A be a highest weight cat-
egory, with weight poset (., <), standard objects (As : s € %) and costandard
objects (Vs : 5 € 7).

LEMMA 1.4. (1) The category A°P is a highest weight category, with wei-
ght poset (7, <), standard objects (Vs : s € ), and costandard objects
(As:s€.S).

(2) If 7 C &% is an ideal, then Az is a highest weight category with weight
poset (T, <), standard objects (As : t € T) and costandard objects (Vs :
te 7).

PrOOF. Part (1) is clear. In part (2), the only axiom which might not be
clear is (5). However, this axiom for Az follows from the similar axiom for A
using | , Lemma 3.2.3]. O

LEMMA 1.5. For any s,t € ., we have

k ifs=t;

0 otherwise

Hom 4(A,, V) {

and

ExtY(As, Vi) = 0.

PROOF. If s £ t, then s is maximal in the ideal .7 = {u € . | u < s or u < t},
and both Ag and V, belong to Az by (1.1). Then we have Hom4(A,, V) =
Hom 4, (A5, V) and Exti‘(As, Vi) = Exti\q(As, V:), and the claim follows from
axiom (3) and (1.1). L

If s < t, then ¢ is maximal in the ideal .7 = {u € ¥ | u < t}, and both
A, and V; belong to Az by (1.1); then the claim follows again from axiom (3)
and (1.1). O
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From Lemma 1.5 we see that if M is an object of A which admits a A-filtration,
then for any s € . the number of times Ay appears as a subquotient in such a
filtration is equal to dimyg(Homu(M,Vy)). In particular this number does not
depend on the filtration, and will be denoted (M : A;). Similarly, if M admits a
V-filtration, then for any s € . the number of times V4 appears as a subquotient
in such a filtration is well defined, and will be denoted (M : V).

2. Existence of projectives and some consequences

The following result is proved in | , Theorem 3.2.1 & Remarks following
the theorem]. (This proof is proposed as Exercise 7.3.)

THEOREM 2.1. Let A be a highest weight category with weight poset (., <) and
assume that .7 is finite. Then A has enough projective objects, and any projective
object admits a A-fitration. Moreover, if Py is the projective cover of Lg, we have

(2.1) (Ps: Ay) = [V Lgl.

REMARK 2.2. The formula (2.1) shows that in the setting of Theorem 2.1, for
s,t € . we have
Pyt A)#0 = s<t

This observation shows that one can “detect” some indecomposable direct sum-
mands of a projective object from its standard multiplicities. More explicitly, if P
is projective and if s is minimal among the elements ¢ € .% such that (P : A;) # 0,
then P; is a direct summand of P, with multiplicity (P : Ay).

Applying Theorem 2.1 to the category A°P (see Lemma 1.4(1)), we see that
if % is finite, then A also has enough injective objects, and any injective object
admits a V-filtration.

COROLLARY 2.3. Let A be a highest weight category with weight poset (7, <).
Then for any s,t € ¥ we have

k ifs=tandi=0;

0 otherwise.

EXti‘(AS, Vt) - {

PROOF. The case when i € {0, 1} is proved in Lemma 1.5, so that we only have
to prove the vanishing statement when ¢ > 2.

First, we assume that .# is finite, and prove the claim by descending induction
on s. If s is maximal in ., then A; is a projective cover of Lg in A by axiom (3),
and the claim follows. In general, consider the projective cover P, of L;. By
Theorem 2.1, this object admits a A-filtration. Moreover, the last term in such a
filtration must be Ay, since the top of P, is L. In particular, we have an exact
sequence

ker — Ps; — A

where ker admits a A-filtration. Moreover, (2.1) and (1.1) imply that if (ker : A;) #
0, then t > s. Then the desired vanishing follows from induction and a long exact
sequence consideration.

Now we prove the general case. Let i > 2, and consider a morphism f : Ay —
V.[i] in DP(A). This morphism is represented by a diagram

Ay &M 2 v,
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where M is a bounded complex of objects of A, h is a quasi-isomorphism of com-
plexes, and g : M — V,[i] is a morphism of complexes. Choose a finite ideal
" C . which contains s, t, and the isomorphism classes of all composition factors
of nonzero terms of M. (Such an ideal exists thanks to axiom (1).) Then our
diagram above defines a morphism in D?(A ), which must be the 0 morphism by
Lemma 1.4(2) and the case of finite weight posets. We deduce that f is also 0 in
DP(A), which concludes the proof. O

REMARK 2.4. Let A be a highest weight category with weight poset (7, <).
Let < be the preorder generated by the relation

s=t if [A¢:Ls]#0or [Vy:Ls] #0.

Then (1.1) implies that < is an order such that < refines <. We claim that A is
also a highest weight category for the poset (., <). Indeed, the only axiom which
might not be clear is (3). However, as in the proof of Corollary 2.3, to check this
axiom we can assume that .7 is finite. Then A4 has enough projective objects by
Theorem 2.1, and the reciprocity formula (2.1) ensures that, if P; is the projective
cover of L; in A4, then we have an exact sequence

(22) ker — Pt — At

where ker admits a A-filtration such that if (ker : A;) # 0, then s > ¢. Now
if u € .7, considering the long exact sequence associated with (2.2) we obtain a
surjection
Hom 4 (ker, L) — Ext (A, Ly,).

Hence if Ext’ (A4, L,) # {0} then Hom 4 (ker, L,) # {0}, so that there exists s € .
such that (ker : A;) # 0 and Hom4(As, Ly,) # 0. Then u = s, so that u > ¢. From
this it is easy to see that if .7 is an ideal in (., <) in which ¢ is maximal, then A,
is projective in Az, hence the projective cover of L;.

More generally, the same considerations show that if <’ is any order which
satisfies

s=<t = s<'t,

then A is a highest weight category for the poset (., <’). These comments show
that it makes sense to say that a category is highest weight without specifying the
order < (if one specifies the standard and costandard objects).

3. Ideals and associated subcategories and quotients

3.1. Serre quotients of abelian categories. The next property we will
see uses the notion of Serre quotient of an abelian category. Before stating this
property, let us recall this construction.

Let A be an abelian category, and B be a Serre subcategory of A, see [Gal.
Then the objects of the quotient category A/B are defined as those of A. Given
objects M, N in A, the morphism space Hom 4,3(M, N) is defined as the inductive
limit

lim Hom4(M', N/N’

r gN / Al /N)
where M’ runs over the subobjects of M such that the quotient M/M’ (in the
abelian category A) belongs to B, and N’ runs over the subobjects of N which
belong to B. The composition law is defined as follows. Consider objects M, N, P
in A, and morphisms f: M — N, g: N — P in A/B. By definition, there exist
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subobjects M € M, N',N” Cc N, P C P such that M/M’', N, N/N" and P’
belong to B, and such that f, resp. g, is the image of a morphism f : M’ — N/N’,
resp. § : N” — P/P'. Let M” be the preimage by f of the image (N’ + N”)/N’
of N in N/N’; then M/M" belongs to B (because it embeds in N/(N'+ N"),
which is a quotient of N/N"), and f induces a morphism f": M” — (N’ +N")/N".
Similarly, the image g(N'NN") of N'NN" under § belongs to B, hence so does the
sum P” := g(N'NN")+ P’, and g induces a morphism g’ : N”/(N'NN") — P/P".
We can finally consider the composition
M// f_> (N/+N/I)/N/ o~ NI//(NIQNH) g_> P/P//,

one can check that the class of this morphism in Hom 4,5(M, P) does not depend
on the choice of f and g (but only on their classes f and g), hence can serve as
the definition of the composition g o f. It can also be checked that the operation
o is associative, and that the class of idy; is an identity for the object M; this
construction therefore indeed defines a category A/B. We also have a canonical
functor IT : A — A/B, sending an object M to itself and a morphism f: M — N
to its class in Hom 4,3(M, N).

As explained in [Ga, Proposition 1 on p. 367], the category .A/B is abelian, and
the functor II is exact. Moreover, these data have the following universal property
(see [Ga, Corollaire 2 on p. 368]): if C is an abelian category and F': A — C is an
exact functor such that F(M) = 0 for any M in B, there exists a unique functor
G : A/B — C such that F' = G oIl. In this setting, the functor G is moreover exact
by [Ga, Corollaire 3 on p. 369].

3.2. Statements. The following results show that highest weight categories
satisfy some “gluing” formalism which turns out to be very useful to run inductive
arguments.

LEMMA 3.1. Let A be a highest weight category, with weight poset (7, <),
standard objects (Ag : s € ) and costandard objects (Vs : s € ). If T C &
is an ideal, then the Serre quotient A/ Az is a highest weight category with weight
poset (S \ T, <), standard objects (17 (As) : s € S\ T), and costandard objects
(r7(Vs):s €S NT), where 7 : A — A/ Az is the quotient functor.

PROOF. It is clear that the category A/ Az and the data above satisfy ax-
ioms (1), (2) and (4).

Now we check axiom (3) in the case of Ag; the case of Vg is similar. First, we
claim that for any s € .\ 7 and N in A, the morphism

(3.1) HOIIIA(AS7N)—)HomA/Ag(Wg(AS),Wg(N))

induced by 7 is an isomorphism. Indeed, consider a morphism f : 7o (A;) —
7 (N). By definition, this morphism is represented by a morphism f' : M’ —
N/N'’in A, where M’ C A; and N’ C N are subobjects such that A,/M’ and N’
belong to Ag. Since the head of A is Ly and s ¢ 7, we have necessarily M’ =
A,. And since Exty(A,, N') = 0, the morphism f’ factors through a morphism
f" Ay — N. These arguments show that (3.1) is surjective. Since the image of
any nonzero morphism from Ay to N contains L, as a composition factor, its image
under 7~ is nonzero, hence the image of the morphism itself is nonzero. This shows
that (3.1) is also injective, hence an isomorphism.



3. IDEALS AND ASSOCIATED SUBCATEGORIES AND QUOTIENTS 263

Now, let Z C . .7 be an ideal, and let s € % be maximal. The isomor-
phisms (3.1) show that the top of 77 (A;) is 7 (Ls). It remains to prove that
this object is projective in (A/Agz)q. If f: 1m2(M) — w7 (N) is a surjection
with 7o (M) and 7o (N) in (A/Ag)%, then M and N belong to A7, and f
is represented by a morphism [’ : M’ — N/N’ in A whose cokernel C belongs to
Az, where M’ C M and N’ C N are subobjects such that M/M’ and N’ belong
to Az. Then using isomorphisms (3.1) we see that we have

HOIH_A/A‘(Y (Wg(AS), Wg(M)) = HOHl_A/Ag (WQ(AS),WQ(M/)) = HOII]A(AS, M/)

and

Hom g/ 4, (77 (As), m7(N)) = HomA/Ag(ﬂ'y(As),ﬂ'y(N/N/))
= Hom(As, N/N'),

and that the morphism
Hom g4, (17 (As), 77 (M)) — Hom a4, (17 (As), 77 (N))
induced by f coincides with the morphism
HOmA(As, M/) — HOmA(As, N/N/)

induced by f’. Hence the desired surjectivity follows from the facts that Aj is
projective in Ag 7 and that Hom4(Ag, C) = 0.

Finally, we need to check axiom (5). For this we first assume that .# is finite.
Then A has enough projective objects by Theorem 2.1. Moreover, the proof of
Corollary 2.3 shows that to prove the desired vanishing it suffices to prove that
for any s € ¥ \  there exists a projective object P in A/ Az and a surjection
P — 77 (A;) whose kernel admits a filtration with subquotients 7o (A;) with ¢ > s.
We claim that P = 7o (Py) satisfies these properties. In fact, the only property
which is not clear is that P is projective. If this were not the case, there would
exist a non-split and non-trivial surjection f : 7 (M) — w5 (P;) for some M in A.
This morphism is represented by a morphism f': M’ — P,/N’ whose cokernel D
belongs to Az, where M’ C M and N’ C Py are subobjects such that M /M’ and
N’ belong to Ag. Now D is a quotient of Py; hence if it belongs to A it must be 0,
so that f’ is surjective. Since Py is projective, there exists a morphism ¢’ : Py — M’
such that f’ o ¢’ is the quotient morphism Pg — P,/N’. Then wo (f') o w7 (g’) is
an isomorphism in A/ Az, so that 74 (f’) is split. This is absurd, and finishes the
proof of axiom (5) in the case . is finite.

Property (5) in the general case follows from the same property for finite weight
posets using the same arguments as in the proof of Corollary 2.3. O

PROPOSITION 3.2. Let A be a highest weight category with weight poset (.7, <)
and let T C .7 be an ideal.
(1) The functor 1o : DP(Ag) — DP(A) induced by the embedding Ay — A
is fully faithful.
(2) The quotient functor 1z : A — A/Agz induces an equivalence of cate-
gories

D"(A)/D*(Az) = D"(A/Az),
where DP(A)/DP(Ag) is the Verdier quotient.
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(3) The functor 1z and the quotient functor Iz : D(A) — D®(A)/DP(Az)
admit (triangulated) left and right adjoints 1%, % and 1%, TI% respec-
tively. Moreover, we have isomorphisms

B 01y idpva,) = 101y

and Iz oIS 2 idpo(a)/pray) = g o1l
for any s € S T we have

MY oMz (Ay) 2 A, % olls(V,) =V,

15 (As) =0, 5(Vs) =0,
and for any M in DP(A) there exist functorial distinguished triangles
MY 0 Iy (M) = M — 1z 0d (M) 2

and 17 01 (M) — M — % o5 (M) 1,

where the first and second morphisms are induced by adjunction.

PROOF. This result is proved in | , Lemma 2.2]. Here we explain the
construction in more detail.

For part (1), we remark that the category D(Az) is generated (as a triangu-
lated category) by the objects {A; : t € T} as well as by the objects {V; : t € T}.
Hence to prove the claim if suffices to prove that for s,¢ € 7 the morphism

EXti\g (As, Vt) — EXtil(As, Vt)

induced by 15 is an isomorphism. This follows from Corollary 2.3 (applied to A
and Az).

Then we prove part (3). Consider the full triangulated subcategory DY, of
DP(A) generated by the objects V4 with s € .\ 7. Then for M in D*(Az) and
N in DY, by Corollary 2.3 we have Hompu(4)(M,N) = 0. From this one can
deduce that, for any M in DP(A) and N in DY, ., the morphism

Home(A)(M, N) — HOme(A)/Db(Ag)(Hg(M)7Hg(N))

induced by Il & is an isomorphism.

Now the category DP(A) is generated, as a triangulated category, by (the es-
sential image of) DP(Az) and by DY, . Using the octahedral axiom, we deduce
that for any M in DP(A) there exists a distinguished triangle

(3.2) M =M

where M’ belongs to D”(A ) and M” belongs to DY, . Moreover, | , Propo-
sition 1.1.9] implies that this triangle is unique and functorial.

These facts show that the restriction of Il to ’D;\ 7 1s an equivalence, and
that if we define II% : DP(A) — DP(A)/DP(Az) as the composition of the inverse
equivalence with the embedding DY, _, — D"(A), then II% is right adjoint to 5.
(In more concrete terms, II% sends an object M to the object M" in (3.2).)

Finally we define the functor z% as the functor sending an object M to the
object M’ in (3.2). Again, it is easily checked that this functor is right adjoint to 2.

The isomorphisms 15015 = idpv (4, L7 oIl% 2 idpe(a)/pr(as), 15 oll7 (V) =
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V, and 1% (V,) = 0, and the existence of the functorial triangles 15 o +%% (M) —

M — TI% oIl (M) ﬂ>, are clear from the construction of II% and +%%.

The construction of the functors II% and +% is completely similar, using the
full triangulated subcategory ’Dé\g generated by the objects A; with s € .\ .
instead of DY, _ .

Finally we prove part (2). The universal property of the Verdier quotient
guarantees the existence of a natural functor D*(A)/DP(A#) — DP*(A/Ag), and
what we have to prove is that this functor is an equivalence of categories. Both
DP(A)/DP(Az) and D°(A/ A7) are generated, as triangulated categories, by the
images of the objects A, with s € ¥\ 7, as well as by the images of the objects
Vs with s € .\ 7. Hence what we have to prove is that for any s,t € &%\ .
the induced morphism

Hompy(4)/pv(a5) (I (As), Iz (Vi)[i]) — Hompy(aya,) (17 (As), 72 (Vi)]i])

is an isomorphism. However we have

Homp (404 (117 (A.). T (V1)[i]) 2 Homp (A, T T (V1))
=~ HOme(A)(As; Vili]),

and then the claim follows from Corollary 2.3 applied to the highest weight cate-
gories A and A/ Az, see Lemma 3.1. a

REMARK 3.3. Assume that .# is finite; in this case we can consider the inde-
composable projective objects (Ps : s € .), see Theorem 2.1. Remark 2.2 implies
that if s € .7, then (P; : A;) = 0 for any ¢ € 7. Proposition 3.2(3) therefore
implies that for any s € . the natural morphism

% oo (Py) — Py

is an isomorphism, which using adjunction implies that for any M € A the functor
II 7 induces an isomorphism

HOHI_A(PS, M) l) HOHIA/AQ (H(Q(PS),HkQ(M)).

Since any exact sequence in A/ Az is the image under II of an exact sequence
in A (see [Ga, Corollaire 1 on p. 368]) this shows that I (P;) is projective. This
property also implies that IT o (Py) is indecomposable; it is therefore the projective
cover of Il (Ls).

4. Criterion for the existence of standard and costandard filtrations

4.1. Costandard filtrations.

PROPOSITION 4.1. Let A be a highest weight category with weight poset (<, <),
and let M be in A. Then the following conditions are equivalent:

(1) M admits a V-filtration; _
(2) for any s € & and i € Lo, we have Ext’y(As, M) = 0;
(8) for any s € ., we have Ext(A,, M) = 0.

REMARK 4.2. It follows in particular from Proposition 4.1 that a direct sum-
mand of an object which admits a V-filtration also admits a V-filtration.
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PRrROOF. The fact that (1) = (2) follows from Corollary 2.3, and the implication
(2) = (3) is clear. It remains to prove that (3) = (1). For this we can assume that
. is finite, and argue by induction on #.#, the case #. = 1 being obvious.

Assume that #.% > 1, let t € . be a minimal element, and let 7 = {t}. Let
M be an object in A such that Ext}A(AS,M) = 0 for all s € .. Then for any
s € Y\ 7, using Proposition 3.2 we see that

Exty 4, (m7(As), 77 (M)) = Hompo( ) po(a) (I (As), o (M)[1])
= Hompn(4)(IT% o Tz (A), M[1]) 2 Ext 4 (A, M) = 0.
Hence, by induction, 7o (M) admits a V-filtration in the highest weight category
A/Az. Using again Proposition 3.2, it follows that II% o II-(M) belongs to A,
and admits a V-filtration.
Consider now the distinguished triangle

(4.1) 17 00 (M) = M — II% o T (M)

provided once again by Proposition 3.2. Since the second and third terms belong
to A, the first term can have nonzero cohomology objects only in degrees 0 and 1.
Moreover, we have

Hom po 4y (A¢, 17 0 25 (M)([1]) = Hompe () (15 0 17 (Ar), 25 (M)[1])
= Hompo () (A, W (M)[1]) = Hompy(4)(A¢, M[1]),
hence
(4.2) Hom p(4) (A, 0 015 (M)[1]) = 0.

We claim that 2 o /% (M) belongs to A. Indeed, consider the truncation
distinguished triangle

H(15 0B (M)) = 15 0B (M) = H (15 0% (M))[~1] 125 .

Since the category Az is semisimple, this triangle is split. Hence if H (15 0% (M))
were nonzero there would exist a nonzero morphism A;[—1] — 15 0% (M), which
would contradict (4.2).

Finally, since the functor ¢ is exact and does not kill any object (since it is
fully-faithful), we deduce that 1% (M) belongs to Az, hence that 15 o % (M) is
a direct sum of copies of V;. Then the distinguished triangle (4.1) is an exact
sequence in A, and shows that M admits a V-filtration. (]

4.2. Standard filtrations. Applying Proposition 4.1 to the opposite category
A°P (see Lemma 1.4(1)), we obtain the following “dual” statement.

PROPOSITION 4.3. Let A be a highest weight category with weight poset (.7, <),
and let M be in A. Then the following conditions are equivalent:
(1) M admits a A-filtration; 4
(2) for any s € . and i € Zo, we have Ext'y (M, V) =0;
(8) for any s € .7, we have Ext' (M, V) = 0.

5. Tilting objects
In this section we fix a highest weight category A with weight poset (.7, <).
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5.1. Definition. The following definition is due to Ringel [Rin].

DEFINITION 5.1. An object M in A is said to be tilting if admits both a A-
filtration and a V-filtration.

It follows from Remark 4.2 that any direct summand of a tilting object is tilting.
Since A is Krull-Schmidt, this implies that any tilting objects is a direct sum of
indecomposable tilting objects.

5.2. Classification. The main result of this section is the following theorem,
which provides a classification of the indecomposable tilting objects.

THEOREM 5.2. For any s € ., there exists (up to isomorphism) a unique
indecomposable tilting object T such that

(5.1) [Ts:LsJ=1 and [Ts:L]#0 = t<s.

Moreover there exists an embedding As — T whose cokernel admits a A-filtration,
and a surjection Ts — Vs whose kernel admits a V-filtration. Finally, any inde-
composable tilting object is isomorphic to T, for a unique s € ..

Our proof is inspired by the proof of [S4, Proposition 3.1] (where the author
considers a much more general setting). We begin with the following preliminary
result.

LEMMA 5.3. For any s € .7, there exists a tilting object T endowed with an
embedding Ay — T whose cokernel admits a A-filtration with subquotients A, with
t<s.

PROOF. We proceed by induction on #{t € . | t < s}. If s is minimal then
we can take T = A; = V. Otherwise, consider some minimal ¢ € .% with t < s.
We set 7 = {t}. By induction, we have an object M in A/ Az with the desired
properties, and we consider M’ := HLy(M) Using Proposition 3.2, we see that
there exists an embedding from Ay = ITI% oI5 (A,) to M’, whose cokernel admits
a A-filtration with subquotients A, with v < s. Moreover, for any u # ¢t we have

Exty (Ay, M') = Hompu( 4y (1% o 7 (A,), M'[1])
= Hompo(ay/pb () (M7 (Au), Tz (M')[1])
= Hompo () /pr(a) Tz (Au), M[1]) = 0.
Now, consider the vector space E := Exth(At, M), which is finite-dimensional
by Exercise 7.2, and the image of idg in
Homy (E, F) = E* @y E = Exty(E ®x Ay, M').

This element corresponds to a short exact sequence
(5.2) M — T - E®; A

Clearly, there exists an embedding Ay — T whose cokernel admits a A-filtration
with subquotients A,, with u < s. Hence to conclude our construction we only have
to prove that T' also admits a V-filtration. By Proposition 4.1, for this it suffices
to prove that

Ext4 (A, T) =0
for any u € .. If u # ¢, this property follows from the similar vanishing for M’
proved above and the fact that ExtY (A,, A;) = Ext! (A, V) = {0}. And to prove
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it for u = t we consider the following part of the long exact sequence obtained by
applying Hom 4 (A, —) to (5.2):

Hom4(A¢, E @i Ay) — ExtYy (A, M') — Extl (A, T) — Exth (A, E @k A).

Here by construction the first morphism is the identity of F, and the fourth term
vanishes; hence the third term also vanishes, as desired. O

Now we prove Theorem 5.2.

PRrROOF OF THEOREM 5.2. For any s € .% there exists an indecomposable tilt-
ing object T4 endowed with an embedding A; < T, whose cokernel admits a A-
filtration with subquotients A; with ¢ < s. Indeed, Lemma 5.3 provides an object
T with such properties, which is not necessarily indecomposable. But then 7' ad-
mits an indecomposable direct summand Tg with (Ts : Ag) = 1. The composition
Ag — T — Ty is still injective, and its cokernel still admits the required filtration,
since there exists no nonzero morphism from A, to any other direct summand of
T.

We fix such objects (and the corresponding embeddings), and now prove that
any indecomposable tilting object is isomorphic to T, for some s € .%. In fact,
let T be an indecomposable tilting object, and choose ¢t € . and an embedding
A — T whose cokernel admits a A-filtration. Consider the diagram

A“—— T —— coker

|
‘
Y

Ay—— T, —> coker’.

Since coker admits a A-filtration and T, is tilting, we have Ext(coker, T;) = 0.
Hence there exists a morphism ¢ : Ty — T which restricts to the identity on A;.
Similarly, there exists v : T" — T, which restricts to the identity on A;. Then
o1 is an element of the artinian local ring End 4(7) which is not nilpotent, hence
invertible by Fitting’s lemma. Similarly ¥ o ¢ is invertible, hence ¢ and 1 are
isomorphisms.

We have proved that the objects (Ts : s € ) constructed above provide
representatives for all isomorphism classes of indecomposable tilting objects in .A.
Among these objects, it is clear that T, is characterized by (5.1). Hence to con-
clude it suffices to prove that there exists a surjection T4 — Vs whose kernel admits
a V-filtration. However, Lemma 5.3 applied to A°P guarantees the existence, for
any s € ., of a tilting object T/, with a surjection T, — V, whose kernel ad-
mits a V-filtration with subquotients of the form V,; with ¢ < s. Moreover, as
above this object can be assumed to be indecomposable. This object satisfies the
conditions (5.1); hence it must be isomorphic to Ts. O

REMARK 5.4. The proof of Theorem 5.2 shows also that if 7' is an indecom-
posable tilting object in A, then the first term in any A-filtration of T"is Ay, where
s is the (unique) maximal element of . such that [T : L] # 0. In particular this
first term does not depend on the chosen A-filtration, and characterizes T' up to
isomorphism.
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5.3. Describing a highest weight category in terms of its tilting ob-
jects. We denote by Tilt(A) the additive full subcategory of A whose objects are
the tilting objects. The following is an easy but very useful observation.

PRrROPOSITION 5.5. The natural functor
KPTilt(A) — D°(A)
is an equivalence of triangulated categories.
PROOF. The category DP(A) is generated as a triangulated category by the
objects Ay for s € 7, hence also (using Theorem 5.2) by the tilting objects. So, to

prove the proposition it suffices to prove that our functor is fully-faithful. However,
this follows directly from the observation that

Exty (T, T") =0 foralli>0
if T and T" are tilting objects, as follows from Corollary 2.3. d

5.4. V-sections. We now fix, for any s € .%, an indecomposable object T as
in Theorem 5.2. The following notion was introduced (using a slightly different ter-
minology) in [ ]. (This definition has antecedents in the literature; see | )
Remark 2.3.3] for references.) Here, for s € . we consider the ideal {t € . | t 2 s},
and the quotient category

A7 = A/A{teyuzs}-
DEFINITION 5.6. Let X be an object in .4 which admits a costandard filtration.
A V-section of X is a triple (I, e, (¢, : m € II)) where
e Il is a finite set;
o ¢: Il —» . is a map;
e for each 7 € II, ¢, is an element in Hom4 (T (), X)
such that for any s € . the images of the morphisms

(pn:Te = X :mce l(s))
form a basis of the k-vector space Hom 4> (T, X).

In this definition and below, we omit the notation for the obvious quotient
functor A — AZ°. Note that, since s is minimal in .7 \ {t € % | t # s}, the
images of the objects A,, Vg, L and T, in AZ* all coincide. In particular, for any
X in A we have

Hom 4>:(Ts, X) = Hom 4> (As, X).
On the other hand, by Exercise 7.7, if X admits a costandard filtration the natural
morphism
Hom 4(Ag, X) — Hom 4>- (Ag, X)
is an isomorphism. Finally, after a choice of a (necessarily injective) morphism
A; — Tg, the induced morphism

HOmA(TS,X) — HOmA(AS,X)

is surjective (because the cokernel Y of the morphism Ay — T admits a standard
filtration, which implies that ExtY (Y, X) = 0). These comments show that any
object which admits a costandard filtration admits a V-section: more specifically,
a choice of such a datum is equivalent to a choice, for any s € ., of a family of
vectors in Hom4(Ts, X) whose image in Hom 4(Ag, X) is a basis. (This family is
necessarily of cardinality (X : V), where we use the notation of Exercise 7.6.)






APPENDIX B

Exercises

1. Exercises for Chapter 1

EXERCISE 1.1 (Representations of SLy). This exercise aims at proving the
Steinberg tensor product formula “by hand” for the group SLa(k). The reader is
supposed not to use the general theory to treat it.

Consider the ring k[z,y] of polynomials in two variables. The group SLs(k)
acts on this ring by linear substitutions in the variables:

(& 0) o) = flaa -+ byco +dy).

C

Let M,, C k[z,y] be the space of homogeneous polynomials of degree n (i.e., the
span of the polynomials 2", 2" 1y, ...,y"). This space is preserved by the action
of SLa(k). Let p be the characteristic of k. Let L,, denote the irreducible SLo(k)-

representation of highest weight n - w;.

(1) Show that if 0 < n < p, then M, is irreducible, so L,, = M,,. In particular,
we have

chl,=e"4+e ™2 4. . ;¢ if0<n<np.

(2) (Frobenius twist) For any representation V, let V(1) be the representation
on the same underlying vector space, but with a modified action of SLs (k)

given by
a b aP bP
c d ‘new U = Cp dp ‘old V-

Show that if V is irreducible, then V() is irreducible. Show that L =
Lyn.
(3) (Steinberg tensor product theorem) Show that if 0 < a < p, and if n is

any nonnegative integer, then L, ® L%l)

La & L7(11) == La+pn~
(4) (Character formula) Now let n be any nonnegative integer. Write down
its “p-adic expansion” as

is irreducible. As a consequence,

n= Zaipi where 0 < a; < p for each i.
i>0

Then show that

ch L, = [J(ch La,)lory oo -
i>0

EXERCISE 1.2 (Root system of GL,,(k)). Let k be an algebraically closed field.
We fix n > 1, and consider the group G = GL,, (k) of invertible n x n-matrices.

271
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(1) Let T C G be the subgroup of diagonal matrices. Show that T is a
maximal torus in G.

(2) Fox i € {1,---,n} we denote by &; : T — k* the character sending an
invertible diagonal matrix to the i-th entry on its diagonal. Show that the
root system of (G, T) is

= (g —gj:i#jE{L...,n}),

and describe the corresponding root spaces in the Lie algebra of G.

(3) Fox i € {1,...,n} we denote by €/ : k* — T the cocharacter sending
t to the diagonal matrix with i-th coefficient ¢, and all other (diagonal)
coefficients equal to 1. Show that the coroot system of (G, T) is

PV = (62/—63/1#_]6{177”})

(4) Show that @4 :={e; —¢; : 1 <i < j <n} is a positive system in .

(5) Determine the basis of ® associated with @, and write every root as a
linear combination of simple roots.

(6) Determine the highest root in ®.

(7) Determine the positive and negative Borel subgroups associated with our
choice of ®*, and their respective unipotent radicals.

(8) Describe the standard parabolic subgroup of G (with respect to the neg-
ative Borel subgroup) associated with each subset of the set of simple
roots.

(9) Determine the Weyl group of (G, T).

(10) Fori € {1,...,n} we set w; := > "_, ;. Show that the dominant weights
for the choice of @, as above are the weights of the form

klwl +---+ knflwnfl + knwn
with kl, ey kn_1 € ZZO and k, € Z.

EXERCISE 1.3 (Root system of Sp,,, (k)). Let k be an algebraically closed field.
We fix n > 1, and consider the matrix

(5 5)
(of size 2n). In this exercise we consider the group G = Sp,, (k) of matrices
X € SLay, (k) which satisfy *XJX = J. Its Lie algebra is
g = 5Py, (k) = {X €slan(k) | 'XJ+JX =0}
(1) We let T C G be the subgroup of diagonal matrices. Show that
T = {diag(t1, ..., tn,t7 5oyt t) sty by € KXY,

and that T is a maximal torus in G.
(2) Show that the matrices

Eij—Enijnyi (1<i,j<n),
Eintj+ Ejnti (1<i<j<n),
EnijitEnpiy (1<i<j<n)

form a k-basis of g.
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(3) For i € {1,...,n}, we denote by &; : T — k* the character sending a
matrix to its i-th diagonal entry. Using the preceding question, show that
the root system ® of (G, T) consists of the characters

€ —&j (l#]), Ei+‘€j (’L<])7 _(5i+5j) (Z<])7 25i7 _251’
with 4,7 € {1,...,n}.

(4) Fox i € {1,...,n}, we denote by &/ : k* — T the cocharacter sending ¢
to the diagonal matrix with i-th coefficient ¢, n + i-th coefficient ¢!, and
all other (diagonal) coefficients equal to 1. Show that the coroot system
of (G, T) consists of the cocharacters

51\‘/_5}/ (7’7&])7 5;/—|—€}/ (Z<])a —(E;/—l-&}/) (7’<])a gz\'/7 _E;/
with 4,5 € {1,...,n}.
(5) Forie {1,...,n} we set
€ — €1 ifi#mn
o =
") 26 if i = n.
Show that (aq,...,a,) is a basis of ®.

(6) Determine the system of positive roots associated with the basis of the
preceding question, and the associated positive and negative Borel sub-
groups.

(7) Determine the Weyl group of (G, T).

(8) Fori € {1,...,n} weset w; := > "_, ;. Show that the dominant weights
for the choice of basis of ® as above are the weights of the form

kiwi + -+ 4+ kpwn
with k1,..., &k, € Z>o.

EXERCISE 1.4 (Root system of SOsy,(k)). Let k be an algebraically closed field
of odd characteristic. We fix n > 1, and consider the matrix

(2%
(of size 2n). In this exercise we consider the group G = SO3,(k) of matrices
X € SLay, (k) which satisfy *X.JX = J. Its Lie algebra is
g = 502, (k) = {X € sla, (k) | ‘X J + JX = 0}.
(1) We let T C G be the subgroup of diagonal matrices. Show that
T = {diag(t1, ..., tn,t7 5ot 1) sty by € KX,

and that T is a maximal torus in G.
(2) Show that the matrices

Eij—Enyjn+i (1<4,5<n),
Einyj—Ejnyi (1<i<j<n),
Entji—FEnyiy (1<i<j<n)

form a k-basis of g.
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(3) For i € {1,...,n}, we denote by &; : T — k* the character sending a
matrix to its i-th diagonal entry. Using the preceding question, show that
the root system ® of (G, T) consists of the characters

ei—¢g (1#7]), ete (i<j), —(ei+e) (i<))
with 4,7 € {1,...,n}.
(4) Fox i € {1,...,n}, we denote by &/ : k* — T the cocharacter sending ¢
to the diagonal matrix with i-th coefficient ¢, n + i-th coefficient ¢!, and

all other (diagonal) coefficients equal to 1. Show that the coroot system
of (G, T) consists of the cocharacters

e —gj (i#]), & +¢] (<)), —(f +¢f) (i<])

with 4,7 € {1,...,n}.
(5) Forie {1,...,n} we set

€ —€&ip1 ifiFmn
o =

En_1+e, ifi=n.

Show that (aq,...,a,) is a basis of ®.

(6) Determine the system of positive roots associated with the basis of the
preceding question, and the associated positive and negative Borel sub-
groups.

(7) Determine the Weyl group of (G, T).

(8) Fori e {1,...,n} we set

POy ifi<n—2;
wi=qsEr+ e —e,) ifi=n—1;

2
er+ - Fenm1+e,) ifi=n

Show that the dominant weights for the choice of basis of ® as above are
the weights of the form

klwl +--+ knwn
with ky,...,ky, € Z>o and ky,_1, k,, of the same parity.

EXERCISE 1.5 (Root system of SOaz,41(k)). Let k be an algebraically closed
field of odd characteristic. We fix n > 1, and consider the matrix

0 I, O
J=1|1I, 0 0
0 0 1

(of size 2n 4 1). In this exercise we consider the group G = SOg,,4+1(k) of matrices
X € SLop41(k) which satisfy *X JX = J. Its Lie algebra is

g= 502n+1(k) = {X S 5[2n+1(k) ‘ t)(J +JX = 0}
(1) We let T C G be the subgroup of diagonal matrices. Show that
T = {diag(t1, ..., tn,t7 5oyt 1) sty .oty € KXY,

and that T is a maximal torus in G.
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(2) Show that the matrices

Eij—Enyjnyi (1<4,5<n),

Einyj—Ejnyi (1<i<j<n),

Entji—Enyiy (1<i<j<n),
Eion+1 — Eoptinyi (1 <i<n),
Entiont1 — Eant1: (1 <i<n)

form a k-basis of g.

(3) For i € {1,...,n}, we denote by &; : T — k* the character sending a
matrix to its i-th diagonal entry. Using the preceding question, show that
the root system ® of (G, T) consists of the characters

ei—e; (1#7), ete (i<j), —(eiteg) (i<j), e -—&
with 4,7 € {1,...,n}.

(4) Fox i € {1,...,n}, we denote by &/ : k* — T the cocharacter sending ¢
to the diagonal matrix with i-th coefficient , n + i-th coefficient t~!, and

all other (diagonal) coefficients equal to 1. Show that the coroot system
of (G, T) consists of the cocharacters

62/ 76;'/ (Z #])7 6;/ +€;/ (7’ <j)a 7(52/ +€;/) (7’ <j)a 252/7 7251\'/

with 4,7 € {1,...,n}.
(5) Fori e {1,...,n} we set

€i — Ei+1 if 4 7é n;
o =
B P if i = n.
Show that (aq,...,a,) is a basis of ®.

(6) Determine the system of positive roots associated with the basis of the
preceding question, and the associated positive and negative Borel sub-
groups.

(7) Determine the Weyl group of (G, T).

(8) Forie {1,...,n—1} weset w; := >’ ¢, and for i = n we set

1
Wy, 1= 5(514—---—1—5").

Show that the dominant weights for the choice of basis of ® as above are
the weights of the form

k1w1 + 4 anwn
with ky,...,k, € Zzo.

EXERCISE 1.6 (Some induced and Weyl modules for SL, (k)). In this exercise
we consider the setting of Example 1.1, and denote by V' = k" the natural module
for G = SLy, (k).

(1) For any i € {1,...,n — 1}, show that the only element A € X* such that
A <w;is A =w;.
(2) Deduce that for ¢ € {1,...,n — 1} we have
wt(N(w;)) = {ww; : w € W}.
(Hint: use Lemma 1.12 from Chapter 1.)



276 CHAPTER B. EXERCISES

(3) For any i € {1,...,n — 1}, show that there exists a unique (up to an
invertible scalar) nonzero morphism of G-modules

AV = N(w)),
and that this morphism is an isomorphism.
(4) Show that for i € {1,...,n — 1} we also have

M(wi) = L(w;) = N'V.

EXERCISE 1.7 (Divisibility of dimensions). This exercise is taken from [M2,
Lemma 10.1]. Here we assume that p > h.

(1) Show that if A € X, we have p | dim(N(\)) iff X is regular. (Hint: use
the formula from Remark 1.22.)

(2) Deduce that if p € X is singular, then p | dim(M) for any module M in
Rep(G)w,

EXERCISE 1.8 (Coxeter groups). We recall that if W is a group and S C W is
a subset consisting of involutions generating W, then (W, S) is a Coxeter system iff
it satisfies the exchange condition, i.e. iff for any reduced expression s; --- s of an
element w € W and any s € S such that ¢(sw) < ¢(w), there exists i € {1,---,k}
such that sw = s - k- (For this, see e.g. [Mi, Theorem 4.2].)
Let W be a group and S C W a subset consmting of involutions generating W.
Let also (D; : s € S) be a set of subsets of W such that
(1) e € D, for any s € S;
(2) DsNsDy = @ for any s € S,
(3) if 5,8 € S, w € Dg and ws’ ¢ Dy, then ws' = sw.
Show that (W, S) is a Coxeter system and that moreover for any s € S we have
D, ={we W | {(sw) > l(w)}. (Hint: if w € W~ Dsand w = sy - - s is a reduced
expression, by considering the smallest ¢ such that s; ---s; ¢ D, show that there
exists j such that sw = sy --- 5 --- s, so that in particular {(sw) < ¢(w). Deduce
that (W, .S) satisfies the exchange condition.)

EXERCISE 1.9. Let (W, S) be a Coxeter system. Let w,z,y € W be such that
L(wy) = L(w) + £(y) and L(xy) = £(x) + £(y). Show that w < z if and only if
wy < zy (for the Bruhat order). (Hint: Use the characterization of the Bruhat
order in terms of reduced expressions and the exchange condition.)"

Wate phe+

EXERCISE 1.10. Show that if w € fW,g and if y € Wag satisfies wy < w, then
wy € fWag. (Hint: argue by induction on /(y) and use Lemma 2.31.)

EXERCISE 1.11 (Dihedral groups). Let n > 2, and let W be the set of symme-
tries of the regular n-gon in R2.
(1) If S € W consists of two reflections whose axes differ by an angle of Z
show that (W, .S) is a Coxeter system.
(2) Write all the elements of W as products of simple reflections, and deter-
mine the longest element in W.
(3) If n is twice an odd integer and S = {s,t}, show that (W, {s, wot,wo}) is
also a Coxeter system.’

IThis statement can be found in | , Lemma 2.1].
2In particular, this example shows that given a group W, there might exist essentially different
subsets S C W such that the pair (W, .S) is a Coxeter system.
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(4) Show that for any w € W we have
ﬂw — Z Ue(w)_e(x)Hw.

r<w

(For this question, in case of difficulties the reader might consult [H4,
§7.12].)
(5) Decompose, for any s € S and w € W, the element H, - H, in the
Kazhdan—-Lusztig basis.
(6) Show that
e(bs by - by---) € 1+ 0°Z[?.
~—_—

2n terms

EXERCISE 1.12 (Coxeter groups of type A). Let W = &,, be the symmetric
group on n letters.

(1) Let S = {s1,...,8n—1}, where s; is the permutation that swaps ¢ and
i+ 1. Show that (W,S) is a Coxeter system. (Hint: Use the criterion
from Exercise 1.8 above with Dy, = {w € W | w™ (i) <w™(i +1)}.)

(2) Recall that for w € W = &,,, an inversion of w is a pair (i, j) € {1,...,n}>
such that ¢ < j and w(i) > w(j). Show that, for the set of Coxeter
generators as in the preceding question, ¢(w) is the number of inversions
of w. (Hint: proceed by induction, using the description of Ds, in terms
of length proved in Exercise 1.8.)

(3) Show that the permutation 7 defined by 7(i) =n+1—ifori e {1,...,n}
is the longest element in W. Determine its length, and show that the
following is a reduced expression for 7:

T=(8p—18n-2"""81)(Sn—15n—2--82) *** (Sn—18n-2)8n—1-
(4) Recall the notion of minimal elements in cosets for parabolic subgroups,
cf. §2.8. Here we consider the case when (W,S) is as above, and I =

{s1, -+ ,8n—2} (so that W; = &,,_1). Show that the following elements
are the minimal coset representatives for &,,/6,,_1:

id, sn—1, Sn—25n—1, Sn—35p—25n—1, -..,5152" " Sp_1.

EXERCISE 1.13 (Coxeter groups of type B). We continue with the notation
W = Gn, S; = (i,i+ 1)

(1) Let W act on (Z/2Z)" by permuting the coordinates, and let W' =
W (Z/2Z)". Show that W' can be identified with the “group of permuta-
tions with sign changes,” i.e., the group of bijections o : {£1,...,tn} —
{%1,...,£n} such that o(—i) = —o(i).

(2) Let so be the element (—1,1,...,1) € (Z/27)", regarded as an element
of W', and let S" = {sg,...,8p—1}. Show that (W’,S’) is a Coxeter
systrem. (This group is the Weyl group of SOs,4+1 or of Spy,,.) (Hint:
Use the criterion from Exercise 1.8 above with Dy, = {w € W' | w™1(i) <
w~t(i + 1)}, where by convention w(0) = 0 for any w € W'.)

(3) What is the longest element in W'?

EXERCISE 1.14 (Conjugacy of simple reflections in Weyt). Show that if G has
simply-connected derived subgroup, every element in S,g is conjugate in Wey to
an element in S. (Hint: you might check the case when G is quasi-simple and
simply connected by case-by-case considerations, then deduce the case when G is
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semisimple and simply connected, and finally the general case using restriction to
the derived subgroup. In case of difficulties, consult | , Lemma 3.1].)

EXERCISE 1.15 (Elements of length 0 in Wex). In this exercise we consider the
group (2 of Remark 2.26.

(1) Show that the composition
Were — X — X/ZR

restricts to an isomorphism Q = X/ZR.
(2) Show that if X/ZR has no p-torsion, then the action of Q on X (via -}) is
free.

EXERCISE 1.16 (Kazhdan-Lusztig element associated with the longest ele-
ment). Let (W,S) be a Coxeter system such that W is finite, and let w, be the
longest element in W. We set

R= Z ptwo)—L(y) -H,.
yew
(1) Show that
{heHws) |Vs€S, h-Hy=w+v") h}=Zv,v '] R
(2) Deduce that R is stable under the Kazhdan-Lusztig involution, and then
that R=H,, .
EXERCISE 1.17 (Longest representatives and the Kazhdan—Lusztig basis). Let
, e a Coxeter system. For h € H(y s) we denote by a,, the coetlicient o
W,S) beaC For h € Hiw,s) d b h) th ffici f
H in the basis (H, : w € W), so that h =", aw(h) - Hy.
(1) Show that if s € S and w € W we have
H .

—S

o Hy, +vH, if sw > w;
Y | Hyw + v H,,  if sw < w.
(2) For s € S we set
How,s) = {h € Howsy | Hy - h = (v+v"")h},
Show that for h € Hy sy we have h € *Hy ) iff for any y € W such
that sy > y we have ay(h) = v - agy(h).

(3) Deduce that “Hw,s) = H, - How,s)-
(4) Our goal now is to show that

How.s) = @ Z[v,v""] - H,,.

wew
sw<w

(a) Show that in the formula (4.6), if p,(0) # 0 then y < w and sy < y.
(b) Show that for any y € W such that sy < y we have H, € *Hys).
(Hint: proceed by induction).
(¢) Conclude.
(5) If I C S is a finitary subset (i.e. a subset such that Wy is finite) we set

Hows) =[] How.s)-
sel

We also denote by W C W the subset of longest right coset representa-
tives; in other words, ‘W = {w € W | Vo € Wi, 2w < w}.
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(a) Show that for h € H(y,s) we have h € THy ) iff for any y € W
and z € Wy we have a,,(h) = v/@ - a,(h).
(b) Show that

I,H(W’S) = @ Z[U,U_l] -H,.
welw

(¢) Show (without using Exercise 1.16) that we have

H, = o' H,,.
TEWT

(d) Show that "H sy = H,, - How,s)-

EXERCISE 1.18 (Alcoves). For the indecomposable root systems of rank 2 (i.e. of
type Az, By or Ga):

(1) draw the roots in the plane R?, and the corresponding hyperplanes;

(2) choose a basis («, 8), and write p in terms of « and f;

(3) draw the corresponding decomposition of X ®7 R into facets (in the spirit
of Examples 2.22-2.23);

(4) determine C' N X (depending on p);

(5) determine the facets contained in C', and which of them contain elements
of X (the answer will depend on p).

EXERCISE 1.19 (Translation functors and quotient functors). Let A, u € C, and
assume that p belongs to the closure of the facet containing .
(1) Denote by Rep(G)w,.,» the quotient of Rep(G)w, ., » by the Serre sub-
category generated by the simple objects L(w -, A\) where w € W,g is such
that w -, A € X and w -, u does not belong to the upper closure of the

facet of w -, A. Show that there exists a unique functor

Tl; : Rep(G)w.

aff 'p

A — Rep(G)w,

aff "p

such that the composition
—
Rep(G)Waff'p/\ — Riep(G)Waff'p)\ T—/\> Rep(G)Waff'pu
(where the first arrow is the canonical quotient functor) is T¥'.
(2) Show that T is exact, and that it does not kill any object.
(3) Deduce that T is faithful.

4) We now restrict to the case G = SLa, A = 0 and g = p—1. Our goal in this
question is to show that in this case the functor Tﬁ is not a equivalence
of categories.

(a) Show that the object T}, (L(p — 1)) is indecomposable of length 3,
with socle and top L(0), and the “middle” composition factor being
L(2p — 2). (Hint: use Proposition 2.27(3).)

(b) Deduce that

dim Endgep(q) (Tgﬁl(L(p — 1))) =2,
and that the morphism
Endgep(a) (T,?—l(l-(p - 1))) - EndRTp(@WaH_po (T;l())—l(L(p - 1)))

induced by the quotient functor is an isomorphism.
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(c) Show that
TP (L(p— 1)) = L(p — 1)¥2,
and deduce that
dim Endgep(c) (T571T£_1(|—(P -1)) =4
(d) Conclude

EXERCISE 1.20 (A weak form of the strong linkage principal®). Consider a k-
algebraic group H, and the action of H on itself by left multiplication. Let h be
the Lie algebra of H. Recall that for any open subvariety V' C H the space &(V)
has a canonical structure of Uh-module such that the restriction morphism

OH) — O(V)

is Uh-equivariant (where Ubh acts on ¢ (H) via the differential of the H-action). For
instance, if V' is the principal open subvariety defined by an element f € ¢(H),
then (V) = ﬁ(H)[%], the action of Uh on O(H) is by derivations, hence it extends
naturally to an action on &(V) by derivations.

(1) Let K C H be a subgroup. Show that for any M € Rep™ (K) and for any
open subvariety V' C H/K, the space T'(V, Z4/k (M)) admits a natural
structure of U/h-module.

(2) Fix an open affine cover i of the noetherian separated scheme H/K, and
recall the associated Cech cohomology groups H(4,.%), see [Ha, §IIL4].
Show that for any M € Rep™(K) and i > 0 the space H*(4, Lk (M))
has a canonical structure of U/h-module, and that we have a canonical
isomorphism of U/h-modules

R'Ind (M) = H (4, Lk (M)).

(3) Show that if the center Z(H) of H is contained in K, then each space
H? (84, L1/ (M)) also has a canonical structure of Z(H)-module, and that
the isomorphism in (2) is also Z(H)-equivariant.

(4) Now we assume that H = G and K = B. Show that for any A € X
and any open subvariety V' C G/B, the central subalgebra (U/g)< acts on
I'(V, Z\) via the character defined by the image of the differential of A in
t*/(W,e). (Hint: use a variant of | , I1, §6, Corollaire 1.5].)

(5) Assume that the conditions considered in §2.5 are satisfied. Show that if
A€ X and i € Z, any composition factor of R’ Indg (kg()\)) is of the form
L(v) with v € Wag -p A

EXERCISE 1.21 (Computation of simple characters for SLy). This exercise will
use the following result: for each A € X, the Weyl module M()) of highest weight
A admits a finite decreasing filtration

M(A) = M) D M) D MA)2Z D -

such that
e we have
ZCh(M()\)i) = Z Z vp(mp) - X(Sa,mp p A)
>0 a€ER*T 0<mp<(A+p,aV)

3The argument in the exercise is adapted from the proof of [GS, Lemma 4].
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where v, is the p-adic valuation,

() = Swew (et
Zwewf (_1)4(w)ew(P)fp

and Sq,mp(p) = p — ((1, @) — mp)oy;
M(A)/M(A)E = L(N).
(This filtration is called Jantzen’s filtration. For the construction of this filtration,

and the proof of its properties, see [J3, Proposition 11.8.19].)
In this exercise we assume that G = SLy(k), and that p > 5. We denote by wy,
ws, ws the 3 fundamental weights, numbered in the obvious way. We will write

(r,s,t) for the weight rw; + swa + tws.
(1) Show that the restricted dominant weights in the dot-orbit of 0 are:
Ao =0, Al:(p73703p73)3 )‘2:(]7727172774)7
)\3:(p_4717p_2)7 >\4:(p_3727p_3)7 )‘5:(p_2727p_2)'
(2) Show that ch(L(Xo)) = x(Xo).
(3) Using Jantzen’s filtration, show that
ch(L(A1)) = x(M1) = x(M),  ch(L(A2)) = x(A2) = x(A1) + x(Xo),
ch(L(A3)) = x(A3) = x(A1) + x(No)
(4) Using the fact that [M(A4) : L(A1)] = [M(A3) : L(A1)] (which is a special
case of [J3, Proposition I1.7.18]) and Jantzen’s filtration, show that
ch(L(A1)) = x(A1) = x(A3) = x(A2) + x(A1) = 2x(Xo)-
(5) Using the fact that [M(Xs) : L(A3)] = [M(A\4) : L(A3)] and that [M(As) :
L(A2)] = [M(A\4) : L(A2)], prove that
ch(L(A5)) = x(Xs) = x(Aa) = x(X5) = x(A5) + x(As) + x(A2) = 2x(A1) + 3x(Mo),
where
0=(p0,p—4), Xg=(p—40p).

(Hint: Start by computing ch(L()\())) and ch(L(Ag)).)
(6) Check that these computations agree with Lusztig’s conjecture.

(In case of difficulties with this exercise, see [J3, §11.8.20].)

EXERCISE 1.22 (Characters of simple modules in rank 2). Using the method of
Exercise 1.21 above, for the groups of type By and G, and assuming that p > h,
compute the character of each simple module whose highest weight is restricted and
in the dot-orbit of 0, and compare with Lusztig’s formula.

EXERCISE 1.23 (Lusztig’s conjecture for SLs). We consider the case G =
SLa(k), and assume that p is odd.
(1) Show that

(Waff ‘p O) N XJr = {2]])@1 j S ZZO} U {(27]) — 2)@1 . Zzl}
(2) Show that Lusztig’s conjecture says in this case that for j € {0,..., 251}

we have
L(2jp)] = D> (IN(2ip)] — [N(2ip — 2)]) + [N(0)]

i=1
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and that for j € {1,--- ,1’2;1} we have

L(2jp —2) = IN(Zjp - 2)] - <Z([N(21p)] — [N(2ip — 2)D> = [N(O)].

=1

(Here the reader might want to use Exercise 1.11.)
(3) Show that these formulas indeed hold.
(4) Show that

dim(L(p? +p —2)) =2p — 2

and that
dim(N(p* +p — 2)) — i:(dim(N(%p)) — dim(N(2ip — 2))) | — dim(N(0))

is equal to p? — 1. Deduce that the formula (4.8) from Chapter 1 does
not hold when w = #(,41)w, s where s € W is the unique simple reflec-
tion. (In this case the condition (4.7) is not satisfied, so that there is no
contradiction here!)

2. Exercises for Chapter 2

The book | ] countains a large collection of exercises on the subject of
this chapter. Our advice to readers willing to understand this material better is to
try solving (part of) them.

EXERCISE 2.1. Consider the group &,,, with its standard set of Coxeter genera-
tors consisting of the transpositions (i,i+1) for i € {1,...,n—1} (see Exercise 1.12).

(1) Describe the reflections in this Coxeter group.

(2) Let k be an infinite field whose characteristic is not 2. Consider the
vector space k™, with canonical basis (e; : 4 € {1,...,n}), and the action
of &,, where 7-e; = e,(;. Show (without using any general result from
Chapter 2) that this representation is reflection faithful.

EXERCISE 2.2. Let (W,S) be a Coxeter system, and let V' be a reflection
faithful representation of W, with defining morphism ¢ : W — End(V). For any
t € T, we denote by V! the eigenspace of the action of ¢ for the eigenvalue —1.
The goal of this exercise is to show (following [S7, Bemerkung 1.6]) that for ¢,¢' € T
we have

vi=vt & 1=t.
Of course the implication “«<” is obvious. We therefore fix ¢,# € T such that
Vit=v-t,
(1) Show that tt’ acts trivially on V/V .
(2) Deduce that ker(p(tt’) — id) contains a hyperplane. (Hint: use that the
kernel of a matrix and of its transpose have the same dimension.)
(3) Show that ¢t ¢ T. (Hint: consider the determinant.)
(4) Deduce that tt’ acts trivially on V, and conclude.
(5) Similarly, for ¢ € T we denote by V! C V the subspace of vectors fixed by
t. Show that
vi=v' o t=t.
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EXERCISE 2.3. * Let (W, S) be a Coxeter system, and let (V, p) be a reflection-
faithful representation of (W,S) over an infinite field k of caracteristic # 2. We
denote by R the symmetric algebra of V' and, for s € S, by B the associated
Soergel bimodule.

We fix s € S.

(1) Show that for any graded R-bimodule M there exists an isomorphism of
graded R-bimodules
Bs ®r M =2 R®ps M(1).
and an isomorphism of graded (R?, R)-bimodules
Bs@r M= M(—1)® M(1).
(2) The goal of this question is to construct, for any graded R-bimodules M
and N, a natural isomorphism
Hom(B; ®g M, N) =2 Hom(M, Bs ®g N)
where the Hom spaces are spaces of graded R-bimodules. (In other words,
we will show that the functor M — B, ®@g M is self-adjoint.)

(a) Show that the map

F : Hom(Bs; ® g M, N) — Hom(M, B; g N)
given by

F(f)(m)=vs® f(lem)+1® f(1®vsm)
is well defined.

(b) Show that if g : M — B;®gr N is a morphism of graded R-bimodules,
there exist unique morphisms of graded (R®, R)-bimodules g1 : M —
N(1) and g2 : M — N(—1) such that for any m € M we have

g(m) = 1® gi(m) + vs @ ga(m)
where we use the identification of (1).
(¢) With the notation of the previous section, show that the map
G : Hom(M, B; ® g N) — Hom(Bs; ® g M, N)
sending a morphism g : M — B; ® g N to the morphism
Bs®r M =R®ps M(1) = N

given for r € Rand m € M by G(g)(r®@m) = r-ga2(m) is well defined.
(d) Show that G o F =id.
(e) Show that F o G = id.
(f) Conclude.

EXERCISE 2.4. We fix a Coxeter system (W,S), and set 7 = {zsz™! : z €
W, s € §}. We also fix a reflection faithful representation (V, p) of (W,S) over an
infinite field of caracteristic # 2, of (finite) dimension n > 1.
(1) Show that for w € W the following properties are equivalent:
(i) weT;
(ii) the endomorphism p(w) of V is diagonalizable, of eigenvalues 1 with
multiplicity n — 1, and —1 with multiplicity 1.

4The proof in this exercise is taken from [Lil].
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(iii) the endomorphism *p(w) of V* is diagonalizable, of eigenvalues 1 with
multiplicity n — 1, and —1 with multiplicity 1.

(2) Let s € S, and fix an eigenvector &, of p(s) associated with the eigenvalue

—1.

(a) Show that, for € R, the exists a unique element 9;s(r) € R® such
that r — &, - 05(r) € R*.

(b) Show that the map Js considered in the previous question defines a
morphism of graded R*-modules R — R*(—2), which restricts to a
linear form on V* C R.

(¢) Show that for £ € V* we have p(s)(§) = & — 204(&) - &s.

(d) Show that there exist morphisms of graded R-bimodules

fs:R%Bs(l)v gs:Bs%R(l)a
he: By — By @ Bo(—1), is: B, ®p By — By(—1)

which satisfy
f(D)=601+108&, g(rer)=r,
h(l@l)=10101, i(rorer’)=(rd(r) er"

pour .7, 7" € R, where we used the natural identification Bs; ®g
Bs = R®ps R®ps R(2).

(3) We fix now s,t € S such that s # ¢ and st has finite order m. We also
choose vectors & and & as in question (2) (for s and ¢), and we consider
the associated maps Jds and ;.

(a) Show that there exists up to scalar a unique nonzero morphism of
graded R-bimodules

st Bs QR By Qg -+ — By Qp Bs Qg « - -

m terms m terms

(Hint: use Exercise 1.11 and Remark 1.17(6).)

(b) Show that the restriction of ¢, to the components of degree —m
is an isomorphism. (Hint: use the fact that the component of the
indecomposable bimodule BE}S‘n_t in degree —m has dimension 1, where
ws ¢ is the longest element in the subgroup of W generated by s and
t; see (1.13).)

(c¢) In this question we assume that m = 2.

(i) Show that Bs ®g B; is indecomposable. (Hint: first show that
R is generated by R* and R, and then that B, ®pg B; is gen-
erated as a bimodule by its component of degree —2.)

(ii) Deduce that ¢, is an isomorphism.

(d) In this question we assume that m > 3.

(i) Show that O;(vs) # 0. (Hint : consider the endomorphism
p(stst).)

(ii) Show that BP™ is a direct summand in B>'™ @z BM'™ @  Bbim,
(Hint: use the morphisms of question (2d).)

(iii) Deduce that @+ is neither injective not surjective.

EXERCISE 2.5. Prove the inequality mentioned in Remark 1.24, and show that
this inequality can be strict. (Hint: consider the case of type As.)
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EXERCISE 2.6. Let (W, S) be a Coxeter system, and let V be a reflection faithful
representation of WW. Show that if w is the longest element in a finite parabolic
subgroup of W we have ¢(H,,) = [Bb™]. (Hint: use Exercise 1.16.)

EXERCISE 2.7. Check that the Kazhdan—Lusztig conjecture as stated in [Ac,
Remark 7.3.10] or | | is indeed equivalent to the formula (1.22).

EXERCISE 2.8. Let A be a commutative ring and ¢ : Z[z,y] — A be a mor-
phism. Show that if ¢([2][2],) = 4, then for any n > 0 we have

p([2n]e) = 0([2a) -n, @([2n]y) = @([2]y) -n,  @([2n +1]) =20+ 1.

EXERCISE 2.9. Prove Lemma 2.12. (Hint: check that the formulas in the
lemma produce morphisms which are killed by composition with (2.7) or (2.8).)

EXERCISE 2.10. Show that, under the assumption that the other 1-color rela-
tions hold, the needle relation (relation (8) in §2.5) is equivalent to the relation

o

(Hint: add a trivalent vertex under the diagram.)

EXERCISE 2.11. Let (W,S) be a Coxeter system, let k be a complete local
domain, and let (V,(as : s € S),(ay : s € S)) be a realization satisfying the
technical conditions of §2.4.

(1) Consider the functor ¢ of Lemma 2.20. Show that, under the isomor-
phism chp (see Corollary 2.24), the induced automorphism of [D(V, W)]g
identifies with the Kazhdan—Lusztig involution (see §4.2 in Chapter 1).

(2) Show that for any w € W we have satisfies ¢(B,,) = B,,.

(3) Deduce that for any w € W, the element chp(B,,) is fixed by the Kazhdan—
Lusztig involution, and that the integers in (2.14) satisfy by = by, _,,.

(4) In the setting of Remark 2.34, show that ay ., n = @y w,—n for any n € Z.

EXERCISE 2.12. Let (W, S) be a Coxeter system, and let (V, (a5 : s € S), (o) :
s € 8)) be a realization satisfying the technical conditions of §2.4. Show that for
any s € S the functor

(—) . BS : DBS(V; W) — DBs(Vv, W)

is canonically self-adjoint. (Hint: use the cup and cap morphisms to define adjunc-
tion morphisms.)

EXERCISE 2.13. Let A be a generalized Cartan matrix and (W, S) the associ-
ated Coxeter system.

(1) Consider the polynomials (Pay . )y<wew of Corollary 2.44. Show that if
y,w are such that Pa, ., # 0, and if s € S is such that sw < w, then
sy <y. (Hint: use (2.16) and Exercise 1.17(4).)

(2) Deduce that if W is finite and wy is its longest element we have PH,, =
H,,, for any p.

EXERCISE 2.14. (1) Show that for any p and for any expression w, the
coefficients of the expansion of the element H, in the p-canonical basis
are Laurent polynomials with nonnegative coefficients, which are moreover

invariant under the replacement of v by v=!.
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(2) Deduce that if w € W admits a reduced expression w such that H w=H
then PH,, = H,, for any p.
(3) Show that if w € W satisfies {(w) < 2, then PH,, = H,, for any p.
EXERCISE 2.15. In the case of Cartan realizations, write down explicitly the
Jones—Wenzl relations (see (12) in §2.5).

EXERCISE 2.16. Check the assertions of §§2.3.3-2.3.4 regarding Cartan realiza-
tions.

EXERCISE 2.17. Let V, W be as in §2.12.3, and assume that k is a field.
Recall the category Dps(V,W) defined in this subsection. Let also I C S be

a subset. We define EIBS(V, W) as the category with objects in bijection with

w

_ — =1
expressions (via w + B, ), and with morphisms from B, to B, by by the quo-
tient of HomBBS(V W) (Bw, Byw) by the subspace spanned by morphisms which factor

through an object B, where y is an expression starting by an element of I. Let also
D’(V, W) be the Karoubian envelope of the additive hull of Dyg(V, W).

(1) Show that there exists a canonical full functor p; : D(V, W) — EI(V, W).

(2) Show that if w € W~ W, then the image of B, under p; vanishes.

(3) Show that if w € W, then the image of B,, under p; is a nonzero inde-
composable object. B

(4) Show that the assignment (w,n) — pr(By)(n) induces a bijection between
W x Z and the set of isomorphism classes of indecomposable objects in
D' (v, W).

(5) Consider the antispherical module j\f(IW s) from §3.2 in Chapter 3. Show
that there exists a canonical isomorphism

D' (V. W)]e = Niw,s)-

The category BI(V, W) is an incarnation of the antispherical category associ-
ated to I. For more on this category, see | , §84.4-4.5] and [LW].

EXERCISE 2.18. Let (W,S) and V be as in Section 3. Show that if the W-
action on V is faithful, the functor of Remark 3.2 is fully faithful. Deduce analogues
of the results of §1.4 in this setting.

3. Exercises for Chapter 3

The topic of this chapter is also discussed in at length in Chapter 7 of [Ac]. We
recommend reading this other source, and trying to do the exercises given there.

Parity sheaves for parabolic stratifications.
Parity sheaves and pullback.
Affine Schubert varieties for SL2 are rationally smooth.

EXERCISE 3.1. Let 4 be a complex semisimple algebraic group with a choice
of Borel subgroup % and maximal torus .7~ C %A. Let W be the associated Weyl
group. Show that there exists a t-exact auto-equivalence of DE’B)(% ,k) sending
the simple perverse sheaf, resp. standard perverse sheaf, resp. costandard perverse
sheaf, resp. normalized indecomposable parity complex, labelled by w to the similar
object labelled by wowwg. (Hint: use an automorphism of ¢ exchanging % with
the opposite Borel subgroup; see [J3, Proof of Corollary 11.1.16].)
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4. Exercises for Chapter 4

EXERCISE 4.1. Show without using Theorem 2.2 or Steinberg’s tensor product
theorem that if V' € Rep(G) is semisimple, then V|g, is a semisimple G;-module.
(Hint: use that the socle of V' as a Gj-module is G-stable.)

EXERCISE 4.2. Deduce from Theorem 1.5 that if M, N are objects of Rep(G)
which admit a costandard (resp. standard) filtration, then so does M ® N. (Hint :
use Exercise 7.5 below.)

In case of difficulties, the reader might consult | , §85].

EXERCISE 4.3 (Tilting modules for SL,(k)). In this exercise we consider the
setting of Example 1.1, and denote by V' = k™ the natural module for G = SL,, (k).
(1) Show that for any ¢ € {1,...,n — 1} we have

T(w) = \'V.

(Hint: use Exercise 1.6.)
(2) Deduce that each indecomposable tilting module appears as a direct sum-
mand of a module of the form

VeR ® (/\ZV)% ® - ® (/\”*11/)

for some kyq,...,kn—1 € Z>o. (Hint: use Theorem 1.5.)
(3) Show that if p > |n/2], then the tilting modules for G are exactly the
direct sums of direct summands of tensor powers of V.

®Qkn—1

EXERCISE 4.4 (Tilting tensor product theorem for SL,,(k)). This exercise will
use the property that if A € X satisfies (A\,a¥) = —1 for some o € R°, then
R'Ind§()\) = 0 for any i > 0; see [J3, Proposition I1.5.4(a)]. Our goal in this
exercise is to prove Theorem 1.5 by elementary methods in the special case G =
SL, (k), assuming p > |n/2]|. (Only the last question will use the assumption on
p.)

(1) Let V = k™ be the natural representation of G. Show that for any A € X,
the module V®@N(\) admits a costandard filtration. (Hint: use the tensor
identity and Kempf’s vanishing theorem.)

(2) Deduce that for any n > 0, the G-module V®" is tilting.

(3) Conclude. (Hint: a look at Exercise 4.3 might help.)

EXERCISE 4.5 (Tilting modules for products of groups). (1) Show that if
G and G are connected reductive groups, then the indecomposable tilt-
ing G1 X Go-modules are exactly the modules Vi ® V4 where Vq, resp. Vs,
is an indecomposable tilting Gi-module, resp. Ga-module.

(2) In case G; = Gao(= G), deduce that for any tilting G x G-module M,
the restriction of M to the diagonal copy of G is tilting. (Hint: use
Theorem 1.5.)

EXERCISE 4.6 (Restriction of tilting modules to subgroups). This exercise is
taken from [Br1, Proposition 3.3].

(1) Let (G,H) be one the pairs
(SLzn (k), Spay (k)),  (SLan(k),SO2n(k)),  (SLant1(k),SOzn41(k))
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(for some n > 1). Show that for any tilting G-module M, the restric-
tion My is tilting. (Hint: use Exercise 4.3 and the examples in §1.6 of

Chapter 4.)
(2) Consider V = k" with its standard basis (ey,...,e2,). Fix m < n, and
write
V=Viol
where
Vi =span(e1, ..., €m, Ent1y-- -y ntm),
‘/2 = Span(em+17 s Cny Cndmtly - 6277,)~

Identifying Vi and Va with the spaces k" and k*("~™) with the standard
alternating form as in Exercise 1.3, this decomposition provides embed-
dings

Sp2m(k) X Sp?(n—m) (k) - SPQn(k) - SLQn(k)
and
SPaym (k) X SLa(y—m) (k) C SLam (k) X SLa(p—m) (k) C SLay (k).
(a) Show that for any tilting SLa, (k)-module M, the restriction

MSL (1) XLy ()
is tilting.
(b) Deduce that for any tilting Sp,,, (k)-module M, the restriction
Misp, ,(1)xSps ) ()

is tilting. (Hint: use (1), Exercise 7.4 below and the examples
in §1.6.2 of Chapter 4.)
(3) Assume that p # 2. Let V be a k-vector space endowed with a non-
degenerate symmetric bilinear form, and consider the associated special
orthogonal group SO(V). Consider an orthogonal decomposition

V=Vol,
and the corresponding embedding of groups
SO(V1) x SO(V2) € SO(V).
Show that for any tilting SO(V)-module M, the restriction

Miso(vi)xso(va)
is tilting. (Hint: use the same strategy as in (2).)

EXERCISE 4.7. Let G be a connected reductive algebraic group over k, and
let H C G be a connected reductive algebraic subgroup. Then one can consider
(co)standard modules both for H and for G. Show that the following properties
are equivalent:

(1) for any standard module V for G, Forg (V) admits a standard filtration;

(2) for any costandard module V for G, ForG(V) admits a costandard filtra-
tion;

(3) for any costandard module V for H, the G-module Ind§ (V) admits a
good filtration in the sense of Remark 1.2.

(Hint: use Remark 1.5 in Chapter 1.)
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EXERCISE 4.8 (Characters of baby Verma modules). Show that for any A € X

we have
1— e P

1—e '

ch(Z(\) = ]

aERT

EXERCISE 4.9 (GiT-modules for SLa(k)). In this exercise we assume that
G = SLa(k).
(1) Let n € Z, and let r € {0,...,p — 1} be the residue of n modulo p. Show
that if r = p — 1 then Z(nw;) is simple, and that otherwise there exists a
nonsplit short exact sequence

L((n —2r — 2)wy) = Z(nwy) — L(nwy).

(2) Let n € Z, and let r € {0,...,p — 1} be the residue of n modulo p. Show
that if = p — 1 then we have Q(nw;) = Z(nw,), and that otherwise
there exists a nonsplit short exact sequence

Z((n+2(p—r) — 2)w1) = Qnwy) - Z(nwy).

EXERCISE 4.10. This exercise is taken from [ , Lemma 5.6]. We assume
that 2G is simply connected and p > h, and fix ¢ € X such that {¢c,a") = 1 for
any a € R°. We will use the fact that for any A, u € X there exists an exact functor

T! : Rep(G1T) — Rep(G,T)
such that the diagram

el

T
Rep(G)Waff'p/\ — Rep(G)Waff'pu
l TIL i
Rep(G,T) 2 Rep(G1T)

commutes, and that for any A, u € X the functor f)’f is both left and right adjoint
to T}, see [J3, §9.22].

(1) Show that the G;T-module ffp_l)gi((p — 1)¢) is injective.

(2) Show that the socle of this module is L(ps — 2p).
(3) Deduce that T(gp_l)CZ((p —1)¢) 2 Q(ps — 2p).

~

(4) Show that T(ps), T = Q(ps — 2p).

EXERCISE 4.11 (Tilting characters and Kazhdan—Lusztig combinatorics for
SLa(k)). In this exercise we assume that G = SLy(k). Recall that in this case
Wag is the infinite dihedral group; the unique element in S will be denoted s, and
the unique element in S,g . S will be denoted sg.

(1) Show that for n > 1 we have
ﬂ(sos)" = H(sos)" + UH(SoS)”*lso + vﬂs(s[}s)ﬂfla
and deduce that
ﬂ(sos)" = N(sos)" + rUN(sos)”*lso-

(Hint: use Exercise 1.11.)
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(2) Show that for n > 1 we have
ﬂ(sos)nso = H(sos)”SO + UH(S(]S)" + ’Uﬂ(
and deduce that
N

¥ (spos)"s

(Hint: use Exercise 1.11.)

(3) Check Andersen’s conjecture (Conjecture 4.1) in this case using the for-
mulas above and Proposition 3.7.

(4) Show that T((p + 1)pwi) has 4 nonzero costandard objects in any of
its costandard filtrations, of highest weights (p? + p)w1, (p* +p — 2)w1,
(p* —p)w1 and (p* —p — 2)w.

(5) Show that the formula in Conjecture 4.1 does not hold for the weight
(p+1)pwy. (This weight does not satisfy the assumption in this conjecture,
so that there is no contradiction here.)

$S0)™?

0 = N(sos)’"so +'UN(505)"~

EXERCISE 4.12 (Dimensions). (1) Show that for any injective Gi-module
M, dim(M) is divisible by p#RT (Hint: use Proposition 2.10.)

(2) Let us assume that G is simply connected, and fix ¢ € X such that
(c,a) =1 for any a € R, Show that for any p € (p — 1)c + XT,
dim(T(p)) is divisible by p#%".

EXERCISE 4.13. Prove the statements asserted without a detailed reference
in §4.3.

5. Exercises for Chapter 5

EXERCISE 5.1. Check the properties of the elements d;, stated in §1.5.

EXERCISE 5.2. Reprove the description of the p-canonical basis elements dis-
cussed in §2.15 of Chapter 2 using the method explained in §1.2. Then, compute
more involved examples using this method (following e.g. [JTW, §5] or | , §2.10)).

EXERCISE 5.3. Let (W, S) be a Coxeter system. Show that if s € S and w € W
satify sw > w, then we have
H,-H,€)Y Zx-H,
yeW

EXERCISE 5.4. In Example 1.10, show that e is indeed the unique subexpression
of w expressing y of defect 0.

6. Exercises for Chapter 6

EXERCISE 6.1. Show that if p > h, Conjecture 2.1 implies Conjecture 2.3.
(Hint: use Corollary 1.10 in Chapter 4.)

EXERCISE 6.2. Show that if Conjecture 2.1 is true for one choice of A € C', then
it is true for any choice of such a weight.

EXERCISE 6.3. (1) Show that in Conjecture 1.3 one can equivalently re-
quire that there exists a left action of DBS on Rep,(G).
(2) Show that in Conjecture 1.3 one can equivalently require that there exists
a right action of DB on the subcategory of tilting objects in Repy(G).
(Hint: use Proposition 5.5 in Appendix A.)
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EXERCISE 6.4. Consider the case G = SLs with p = 3, and identify X with
Z in the natural way. Denote by s the unique element in S, and by sy the other
element in S,g. Show that

s0s-30=06, s9ssgs-30=12,

that
(T(12) : N(6)) =1,

and that

3

nsos,sossos(v) = 0; n8087508808(v) =1

(For the second case, use the computation in §2.15.2 of Chapter 2.) Discuss this
example in light of Andersen’s conjecture and Conjecture 2.1.

EXERCISE 6.5. Identify [Repy(G)] with N as in §2.5. Consider the bilinear
pairing (—, —) which satisfies

(Ng,N£> = 5w,y
for z,y € *W,g. Show that for M, N € Rep,(G) tilting we have
dimg Hom(M, N) = ([M], [N]).
(Hint: use Exercise 7.6.)

EXERCISE 6.6. Check the formula in Conjecture 2.1 for as many values of w as
you can. (Recall that the multiplicities of standard modules in tilting modules are
known in this case, see §3.2 in Chapter 4.)

7. Exercises for Appendix A

EXERCISE 7.1. Classify (up to equivalence respecting the highest weight struc-
ture) the highest weight categories with #.7 = 2.

EXERCISE 7.2 (Finiteness of Ext'-spaces in highest weight categories). Show
that if A is a highest weight category, then for any M, N € A the vector space
ExtL(M , N) is finite-dimensional. (Hint: Reduce to the case M, N are simple, and
then use the standard/costandard objects associated with these simple modules.)

EXERCISE 7.3 (Projective objects in highest weight categories). We consider a
highest weight category A with weight poset .. The goal of this exercise is to prove
that if . is finite then A has enough projective objects, and moreover that these
projective objects admit a standard filtration. The proof proceeds by induction on
the cardinality of .%; so we assume the result is known for highest weight categories
whose weight poset is strictly smaller than .. We fix s € .¥ maximal, and set
T =%~ {s}. Then by induction we know the result for the category Az.

(1) Show that Ay is a projective cover of Ly in A.

(2) Let t € .7, and consider a projective cover P} of Ly in A5. We consider
the finite-dimensional vector space E := Ext!(P/,A,) (see Exercise 7.2
above). The identity of E defines a canonical short exact sequence

0> E*"®@As =P, —P,—0
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for some object P, € A. We now want to show that P, is a projective
cover of L; in A. First, show that for r € .7 we have

1 ifr=t

d' H P 7L7' =
imy Hom 4 (Py, L) {0 otherwise

and that ExtY (P;,L,) = Ext% (P, L) = 0.

Show that Hom4(P,Ls) = 0. (Hint: Consider the long exact sequences
obtained from the exact sequence ker < A, — L by applying Hom(P, —)
and Hom(P}, —).)

Show that Exti\(Pt, A;)=0.

Deduce that ExtY (P, L) = 0. (Hint: Consider once again the long exact
sequence obtained from the exact sequence ker — A; — L, by applying
Hom(P;, —).)

Conclude.

For general s,t € ., show that the multiplicity of a standard object A
in a standard filtration of P; does not depend on the choice of filtration,
and equals [V, : Lg].

Show dually that (under the same assumptions) A has enough injective
objects, and that any injective object admits a costandard filtration.

EXERCISE 7.4 ((Co)standard filtrations and subobjects/quotients). Let A be a

highest weight category. Let M be an object in A, and let N C M be a subobject.

(1)
(2)
3)

Show that if N and M admit costandard filtrations, then so does M/N.
Show that if M and M/N admit standard filtrations, then so does N.
Show that if N is a direct summand of M, then M is tilting iff N and
M/N are tilting.

EXERCISE 7.5 ((Co)standard filtrations and tilting resolutions). Let A be a

highest weight category, with weight poset .7 .

(1)

The goal of this question is to prove that an object M of A admits a
costandard filtration iff it admits a “left tilting resolution”, i.e. iff there
exist tilting objects T1,...,T, and an exact sequence

0—-Ty—--—=1T,—>M—0.

(a) Show that if M admits a left tilting resolution, then it admits a
costandard filtration. (Hint: use induction on n and Exercise 7.4.)

(b) Let M € A be an object admitting a costandard filtration, and let
J C & be an ideal containing the labels of all costandard objects
appearing in a costandard filtration of M. Let s € 7 be maximal.
Show that there exists n € Z>o and a surjection M — VP" whose
kernel admits a costandard filtration, all of whose labels belong to
T~ A{s}

(¢) In the setting of (1b), show that there exists a tilting object T' and a
surjection T' — M whose kernel admits a costandard filtration, all of
whose labels belong to .7 \ {s}. (Hint: reduce the claim to the case
& is finite, and then use induction on #.7.)

(d) If M € A admits a costandard filtration, show that it admits a left
tilting resolution. (Hint: argue again by induction on #.7, where 7
is a finite ideal as above.)
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(2) Show dually that an object M of A admits a standard filtration iff it ad-
mits a “right tilting resolution”, i.e. iff there exist tilting objects 11, ..., T,
and an exact sequence

O—-M->T— - -=T,—0.
EXERCISE 7.6 ((Co-)standard multiplicities). Let A be a highest weight cate-

gory, with weight poset ..
(1) Show that if M admits a costandard filtration

oO=MycMyC---CM, 1CM,=M,
then for any s € . we have
#{ie{l,...,n} | M;/M;_1 =V} = dimy Hom4 (A, M).

In particular, the number in the left-hand side is independent of the choice
of filtration, and is denoted (M : V).
(2) Show that if M admits a standard filtration

OZM()CMlC"'CMn_lCMn:M,
then for any s € . we have
#{ie{l,...,n} | M;/M;—1 = As} = dimy Hom 4 (M, V).

In particular, the number in the left-hand side is independent of the choice
of filtration, and is denoted (M : Aj).
(3) Show that if M and N are tilting objects, then we have

dimy Homa(M,N) = Y (M : A,)- (N : V,).
ses
EXERCISE 7.7 ((Co-)standard filtrations and quotient functors). Let A be a
highest weight category with weight poset ., and let .7 C .% be an ideal. Consider
the quotient functor 7 : A — A/ Az, and the highest weight structure on A/ A >
considered in Lemma 3.1.

(1) Show that if X admits a standard, resp. costandard, filtration, then so
does w7 (X).

(2) Show that if X admits a costandard filtration, for any s € . \ J the
natural morphism

Homy(As, X) — Homy 4, (17 (As), 77 (X))

is an isomorphism.
(3) Show that if X, resp. Y, admits a standard, resp. costandard, filtration,
then the morphism

HOHI_A(X, Y) — HomA/.Ag (Wg(X),Wg(Y))
induced by the functor 7 is surjective.

EXERCISE 7.8 ((Co-)standard filtrations and ideals). Let A be a highest weight
category with weight poset (.7, <).

(1) Show that if s,¢ € .7 are such that Ext*(V,, V) # 0, then s > t.
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(2) Let X € A be an object which admits a costandard filtration, and set
U ={s e | (X : Vs # 0}. (See Exercise 7.6 for the notation
(X : Vs).) Choose an enumeration sp,--- , s, of the elements of % such
that s; < s; = ¢ < j. Show that there exists a filtration

0=XoCcX;C---CX,1CX, =X

such that for any i the object X;/X;_; is isomorphic to (V,)®X:Vsi),
(3) Show that if s,t € .7 are such that Hom(Vy, V) # 0, then ¢ < s.
(4) Let X € A be an object which admits a costandard filtration. Show that
for any ideal 7 C ., there exists a unique subobject I' #(X) C X which
admits a costandard filtration and such that

Ta(X):Vs)£0=>s€ T;
(X To(X): Vo) #0=s€ S\ 7.

(Note that in this setup X/I"#(X) automatically admits a costandard
filtration by Exercise 7.4.)

(5) Let . C .# be an ideal. Denote by Ay the full subcategory of A whose
objects are those which admit a costandard filtration, and by Ay, 7 C Ay
the full subcategory whose objects are those which satisfy (X : V) =0
for any s € .\ .7. Show that the assignment X — I' #(X) extends to a
functor from Ay to Ay, & which is right adjoint to the natural embedding
Av’g — Av.

(6) State and prove dual properties for standard filtrations.

EXERCISE 7.9. Let A be a highest weight category with weight poset (7, <).
Consider an ideal .7 C . and the functor I' & introduced in Exercise 7.8. We fix
an object M in A which admits a costandard filtration, and a V-section (II, e, (¢ :
7w € II)) for M.

(1) Show that for any t € .7 and any 7 € e~ !(¢) the morphism ¢, : Ty — M
factors through a morphism ¢/ : T — T'o»(M).

(2) Set Il = e *(7), and denote by es the restriction of e to IIz. Show
that (Ilz,eq, (¢ : m € 1) is a V-section of I' & (M).

(3) Set 17 := e~ (. \ .7), and denote by e” the restriction of e to II7.
For any 7 € IT7 | denote by ¢} the composition

Te—> M — M/T5(M).
Show that (IT7,e”, (¢! : w € 117 ) is a V-section of M/T #(M).

EXERCISE 7.10. Let A be a highest weight category with weight poset (.7, <).
Assume that A has a “duality”, i.e. that there exists an functor d : A — A which
satisfies d o d = id and d(Ag) 2 V, for any s € .7.

(1) Show that d(Ts) = T, for any s € ..
(2) Show that
(TS : At) = (TS . Vt)
for any s,t € ..
(3) Show that if (asy : s,t € ) is a sequence of integers such that a,; = 0
unless s <t, a5 s =1 for any s € ., and for any s,t € . we have

dimy HOI’HA(TS, Tf) = Z Ay, s Aoyt s
ue.s
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then for any s,t € . we have
(Tt : VS) = a’s,t-
To see this idea used in practice, see [AR1, §6.2] or [RW 3, Proof of Theorem 8.9].
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