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Preface

This book is an introduction to the study of representations of a special class
of finite groups, called finite reductive groups. These are the groups of rational
points over a finite field in reductive groups. According to the classification of
finite simple groups, the alternating groups and the finite reductive groups yield
all finite non-abelian simple groups, apart from 26 “sporadic” groups.

Representation theory, when applied to a given finite group G, traditionally
refers to the program of study defined by R. Brauer. Once the ordinary charac-
ters of G are determined, this consists of expressing the Brauer characters as
linear combinations of ordinary characters, thus providing the “decomposition”
matrix and Cartan matrix of group algebras of the form k[G] where k is some
algebraically closed field of prime characteristic £. One may add to the above
a whole array of problems:

blocks of k[G] and induced partitions of characters,

¢ relations with £-subgroups,

¢ computation of invariants controlling the isomorphism type of these blocks,
* checking of finiteness conjectures on blocks,

e study of certain indecomposable modules,

e further information about the category k[G]—mod and its derived category
D(k[G])).

In the case of finite reductive groups, only parts of this program have been
completed but, importantly, more specific questions or conjectures have arisen.
For this reason, the present book may not match Brauer’s program on all points.
It will generally follow the directions suggested by the results obtained during
the last 25 years in this area.

Before describing the content of the book, we shall outline very briefly the
history of the subject.

Xi
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The subject. Finite simple groups are organized in three stages of mounting
complexity, plus the 26 sporadic groups. First are the cyclic groups of prime
order. Second are the symmetric groups (or, better, their derived subgroups)
whose representation theory has been fairly well known since the 1930s. Then
there are the finite reductive groups, each associated with a power g of a prime
p,adimension n, and a geometry in dimension n taken in a list similar to the one
for Dynkin “ADE” diagrams. A little before this classification was complete,
Deligne-Lusztig’s paper [DeLu76] on representations of finite reductive groups
appeared. It introduced to the subject the powerful methods of étale cohomol-
ogy, primarily devised in the 1960s and 1970s by Grothendieck and his team
in their re-foundation of algebraic geometry and proof of the Weil conjectures.
Deligne-Lusztig’s paper set the framework in which most subsequent studies
of representations over the complex field of finite reductive groups took place,
mainly by Lusztig himself [Lu84] with contributions by Asai, Shoji and others.

The modular study of these representations was initiated by the papers of
Fong—Srinivasan [FoSr82], [FoSr89], giving the partition of complex charac-
ters induced by the blocks of the group algebras over a field of characteristic £
(€ # the characteristic p of the field of definition of the finite reductive group).
Meanwhile, Dipper [Dip85a—b] produced striking results about the decompo-
sition numbers (relating irreducible representations over the complex field and
over finite fields of order £¢) for finite linear groups GL, (p”), emphasizing the
role played by analogues in characteristic £ of concepts previously studied only
over the complex field, such as Hecke algebras and cuspidal representations.
These works opened a new field of research with numerous contributions by
teams in Paris (Broué, Michel, Puig, Rouquier, and the present authors) and
Germany (Dipper, Geck, Hiss, Malle), producing several new results on blocks
of modular representations, Deligne—Lusztig varieties, non-connected reductive
groups, and giving new impulse to adjacent (or larger) fields such as derived
categories for finite group representations, cyclotomic Hecke algebras, non-
connected reductive groups, quasi-hereditary rings or braid groups. Dipper’s
work was fully rewritten and generalized in a series of papers by James and
himself, linking with James’ study of modular representations of symmetric
groups, thus generalizing the latter to Hecke algebras of type A or B, and
introducing the so-called g-Schur algebra.

In 1988 and 1994, Broué published a set of conjectures postulating that
most correspondences in Lusztig theory should be consequences of Morita
or derived equivalences of integral group algebras. One of them was recently
proved by Bonnafé—Rouquier in [BoRo03]. It asserts that the so-called “Jordan
decomposition” of characters ([Lu84]; see [DiMi91] 13.23) is induced by a
Morita equivalence between group algebras over an ¢-adic coefficient ring.
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Their proof consists of a clever use and generalization of Deligne-Lusztig’s
most significant results, in particular a vanishing theorem for étale sheaves
supplemented by the construction of Galois coverings for certain subvarieties
in the smooth compactification of Deligne—Lusztig varieties.

The book. Our aim is to gather the main theorems around Bonnafé—Rouquier’s
contribution and the account of Deligne-Lusztig’s methods that it requires.
This makes a core of six chapters (7—12). After establishing the main algebraic-
geometric properties of the relevant varieties, we expound Deligne-Lusztig
theory and Bonnafé—Rouquier theorems. The methods are a balanced mix of
module theory and sheaf theory. We use systematically the notions and methods
of derived categories.

In contrast to this high-flying sophistication, our Part I gathers most of the
properties that can be proved by forgetting about algebraic groups and work-
ing within the framework of finite BN-pairs, or “Tits systems,” a framework
common to finite, algebraic or p-adic reductive groups. (There are not even
BN-pairs in Chapter 1 but finite groups possessing a set of subquotients sat-
isfying certain properties.) This, however, allows us to prove several substan-
tial results, such as the determination of simple modules in natural character-
istic ([Ri69], [Gre78], [Tin79], [Tin80]), the results about the independence
of Harish-Chandra induction in relation to parabolic subgroups in transversal
characteristics ((HowLeh94], [DipDu93]), or the theorem asserting that Alvis—
Curtis—Deligne—Lusztig duality of characters induces an auto-equivalence of
the derived category (transversal characteristics again, [CaRi01]). Chapter 5 on
blocks is a model of what will be done in Part V, while Chapter 4 gives a flavor
of sheaf theory and derived categories, topics that are at the heart of Part II.

Apart from in Part I, the finite groups we consider are built from (affine
connected) reductive F-groups G, where F is an algebraically closed field of
non-zero characteristic (we refer to the books [Borel], [Hum81], [Springer]).
When G, as a variety, is defined over a finite subfield of F and F: G — G is
the associated Frobenius endomorphism (think of applying a Frobenius field
automorphism to the matrix entries in GL,(F)), the finite group G’ of fixed
points is specifically what we call a finite reductive group.

Parts III to V of the book give proofs for the main theorems on modular
aspects of character theory of finite reductive groups, i.e. the type of theo-
rems that started the subject, historically speaking. Just as characters are a
handy computational tool for approaching representations of finite groups over
commutative rings, these theorems should be considered as hints of what the
categories OG’ —mod should look like (O is a complete discrete valuation
ring), either absolutely, or relative to OLY —mod or OW —mod categories for
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certain F-stable Levi subgroups L or Weyl groups W (see Chapter 23). The
results in Parts III to V are thus less complete than the ones in Part II.

The version we prove of Fong—Srinivasan theorems (Theorem 22.9) is our
generalization [CaEn94], introducing and using polynomial orders for tori,
and “e-generalized” Harish-Chandra theory [BrMaMi93]. This allows us to
check Broué’s “abelian defect” conjecture when ¢ = 1 (Theorem 23.12). As
for decomposition numbers, we prove the version of Gruber—Hiss [GruHi97],
giving the relation between decomposition numbers for the unipotent blocks of
G’ and the decomposition numbers of g-Schur algebras (see Theorem 20.1).
The framework is an extended “linear” case which comprises (finite) general
linear groups, and classical groups with the condition that both ¢ and the order
of ¢ mod. £ are odd.

Chapter 16 gives a full proof of a theorem of Lusztig [Lu88] about the
restriction of characters from G* to [G, G]”. This checking consists mainly in
a quite involved combinatorial analysis of conjugacy classes in spin groups.

The general philosophy of the book is that proofs use only results that have
previously appeared in book form.

Instead of giving constant references to the same set of books in certain
places, especially in Part I, we have provided this information in three appen-
dices at the end of the book. The first gathers the basic knowledge of derived
categories and derived functors. The second does the same for the part of al-
gebraic geometry relevant to this book. The third is about étale cohomology.
Subsections and results within the appendices are referenced using A1, A2, and
A3 (i.e. A2.12 etc.).

Historical notes, indicating authors of theorems and giving references for
further reading, are gathered at the end of each chapter.

We thank Cédric Bonnafé and Raphaél Rouquier for having provided early
preprints of their work, along with valuable suggestions and references.

To conclude, we should say that there are surely many books to be writ-
ten on neighboring subjects. For instance, we have not included Asai—Shoji’s
determination of the RE functor, which is a crucial step in the definition of
generic blocks [BrMaMi93]; see also [Cr95]. Character sheaves, Kazhdan—
Lusztig cells, or intersection cohomology are also fundamental tools for several
aspects of representations of finite reductive groups.



Terminology

Most of our terminology belongs to the folklore of algebra, especially the group
theoretic branch of it, and is outlined below.

The cardinality of a finite set S is denoted by [S|. When G is a group and
H is a subgroup, the index of H in G, i.e. the cardinality of G/H, when finite,
is denoted by |G : H|.

The unit of groups is generally denoted by 1.

Group actions and modules are on the left unless otherwise stated.

If G acts on the set S, we denote by S¢ the subset of fixed points {s € S |
gs = s forall g € G}.

The subgroup of a group G generated by a subset S is denoted by <S>.
In a group G, the action by conjugation is sometimes denoted exponentially,
that is "g = hgh™! and g" = h~'gh. The center of G is denoted by Z(G). If
S is a subset of G, we denote its centralizer by C;(S) :={g € G | gs = s¢
for all s € S}. We denote its normalizer by Ng(S) :={g € G | gSg~! = S}.
The notation H < G means that H is a normal subgroup of G. The notation
G = K ><1 H means that G is a semi-direct product of its subgroups K and H,
with H acting on K.

For g, h € G, we denote their commutator by [g, 1] = ghg~'h~'. If H,
H' are subgroups of G, one denotes by [H, H'] the subgroup of G generated
by the commutators [, k'] forh € H,h' € H'.

If 7 is a set of primes, we denote by 7’ its complementary set in the set
of all primes. If n > 1 is an integer, we denote by n, the biggest divisor of n
which is a product of powers of elements of 7. If G is a group, we denote by
G, the set of elements of finite order n satisfying n = n,. We call them the
m-elements of G. A m-group is any group of finite order »n such that n, = n.
The 7’-elements of G are sometimes called the 7 -regular elements of G. Any
element of finite order g € G is written uniquely as g§ = g, 8, = g-8»’ Where
gr € G and g € G,. We then call g, the w-part of g.

XV
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If n > 1 is an integer, we denote by ¢, (x) € Z[x] the nth cyclotomic poly-
nomial, defined recursively by x* — 1 = I1;¢4(x) where the product is over
divisors d > 1 of n.

Let A be a (unital) ring. We denote by J(A) its Jacobson radical. If M is an
A-module, we denote the head of M by hd(M) = M/J(A).M. We denote by
soc(M) the sum of the simple submodules of M (this notion is considered only
when this sum is non-empty, which is ensured with Artin rings, for instance
finite-dimensional algebras over a field).

Ifn > 1is aninteger, we denote by Mat, (A) the ring of n X n matrices with
coefficients in A (generally for a commutative A). We denote the transposition
of matrices by X — ‘X for X € Mat, (A).

We denote by A* the group of invertible elements of A, sometimes called
units. We denote by A°PP the opposite ring.

We denote by A—Mod (resp. A—mod) the category of A-modules (resp.
of finitely generated A-modules). Note that we use the sign € for objects in
categories, so M € A—mod means that M is a finitely generated A-module.

When M € A—mod, we denote by GL4(M) the group of automorphisms
of M. For a field F and an integer n > 1, we abbreviate GL,, () = GLp(I").

If A, B are two rings, an A-B-bimodule M is an A x B°P-module, that
is the datum of structures of left A-module and right B-module on M such
that a(mb) = (am)b for all a € A, b € B and m € M. Recall that M Qp —
then induces a functor B—Mod — A—Mod. When A = B, we just say A-
bimodule. The category of finitely generated A-B-bimodules is denoted by
A—mod—B.

If C is a commutative ring and G is a group, we denote by CG (sometimes
C[G]) the associated group ring, or group algebra, consisting of finite linear
combinations ), ¢ g of elements of G with coefficients in C endowed with
the C-bilinear multiplication extending the law of G. The trivial module for this
ring is C with the elements of G acting by Id¢. This C G-module is sometimes
denoted by 1.

The commutative ring C is sometimes omitted from the notation. For in-
stance, if H is a subgroup of G the restriction of a CG-module M to the
subalgebra C H is denoted by Resf,M . In the same situation, C G is considered
as a CG-C H-bimodule, so we have the induction functor Indf, defined by
tensor product CG Qcpy —.

Let O be a complete local principal ideal domain (i.e. a complete discrete
valuation ring) with field of fractions K and residue field k = O/J(O). Let A
be an O-algebra which is O-free of finite rank over O. Then O is said to be
a splitting system for A if A ®p K and A ®p k/J(A ®p k) are products of
matrix algebras over the fields K and k, respectively. Note that this implies that
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A ® K is semi-simple. For group algebras OG (G a finite group) and their
blocks, this is ensured by the fact that O has characteristic zero.

If G is afinite group and £ is a prime, a triple (O, K, k) is called an £-modular
splitting system for G if O is a complete discrete valuation ring containing the
|G|th roots of 1, free of finite rank over Z,, K denoting its field of fractions (a
finite extension of Q) and k its residue field (with || finite, a power of £). Then
O is a splitting system for OG, i.e. KG (resp. kG /J(kG)) is split semi-simple
over K (resp. k); see [NaTs89] §3.6. Note that if (O, K, k) is an £-modular
splitting system for G, it is one for all its subgroups.

Let G be a finite group. We denote by Irr(G) the set of irreducible char-
acters of G, i.e. trace maps G — C corresponding with simple CG-modules.
Generalized characters are Z-linear combinations of elements of Irr(G). They
are considered as elements of CF(G, C), the space of central functions G — C
of which Irr(G) is a base. Since finite-dimensional CG-modules may be re-
alized over Q[w] for w a |G|th root of 1, classically Irr(G) is identified with
the trace maps of simple K G-modules for any field K of characteristic zero
containing a |G|th root of 1. They form a basis of CF(G, K) (central functions
G — K).

Classically we consider on CF(G, K) the “scalar product” (f, f')g :=
G|~! deG F(g)f'(g~ ") for which Irr(G) is orthonormal.






PART I

Representing finite BN-pairs

This first part is an elementary introduction to the remainder of the book.

Instead of finite reductive groups G := G’ defined as the fixed points under
a Frobenius endomorphism F: G — G in an algebraic group, we consider finite
groups G endowed with a split BN-pair. This is defined by the presence in G of
subgroups B, N satisfying certain properties (see Chapter 2 for precise defini-
tions). Part I gathers many of the results that can be proved about representations
of G within this axiomatic framework. Though some results are quite recent,
this should not mislead the reader into the idea that finite reductive groups can
be studied without reference to reductive groups and algebraic varieties.

However, many important ideas are evoked in this part. We shall comment on
Harish-Chandra induction, cuspidality, Hecke algebras, the Steinberg module,
the duality functor, and derived categories.

The six chapters are almost self-contained. We assume only basic knowledge
of module theory (see, for instance, the first chapter of [Ben91a]). We also
recall some elementary results on BN-pairs (see, for instance, [Asch86] §43,
[Bour68] §IV).

A group with a split BN-pair of characteristic p is assumed to have parabolic
subgroups decomposed as P = Up > L, the so-called Levi decomposition,
where L is also a finite group with a split BN-pair. A leading rdle is played by
the G-L-bimodules

RG.e(Up)
where R = Z[p~'] and e(Up) = |Up|™" }_,y, 1, and their R-duals
e(Up).RG.

A first natural question is to ask whether this bimodule depends on P and not just
on L. We also study “Harish-Chandra induced” modules RG.e(Up) @1 M for
M simple kL-modules (k is a field where p # 0) such that (L, M) is minimal
with regard to this induction process. It is important to study the law of the
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“Hecke algebra” Endy(RG.e(Up) Qg M) and show that it behaves a lot like
a group algebra.
The RG-bimodules

RGe(Up) QRrL E(UP)RG
allow us to build a bounded complex defining an equivalence
D’(RG—mod) — D’(RG—mod)

within the derived category of the category of finitely generated RG-modules.

We see that the main ingredients in this module theory are in fact permutation
modules. In finite group theory, these are often used as a first step towards the
study of the full module category, or, more importantly, through the functors
they define. In our context of groups G := G, we may see the G-sets G/ Up
as O-dimensional versions of the Deligne—Lusztig varieties defined in G.



1
Cuspidality in finite groups

The main functors in representation theory of finite groups are the restriction
to subgroups and its adjoint, called induction.

We focus attention on a slight variant. Instead of subgroups, we consider
subquotients V <1 P of a finite group G. It is natural to consider the fixed point
functor Res(GP’V) which associates with a G-module M the subspace M" of
its restriction to P consisting of fixed points under the action of V. This is a
P/V-module. When the coefficient ring (we denote it by A) is such that the
order of V is invertible in A, the adjoint of

Res(GP’V): AG—mod — AP/V—mod
is a kind of induction, sometimes called Harish-Chandra induction,
Ind$ y: AP/V—mod — AG—mod

which first makes the given A P/V-module into a V-trivial A P-module, then
induces it from P to G.

The usual Mackey formula, which computes Resg Indg,, is then replaced by
a formula where certain non-symmetric intersections (P, V) NJ (P, V') :=
(PN PHV', (VN P)V')occur. This leads naturally to a notion of N -stable
A-regular sets £ of subquotients of a given finite group. For such a set of
subquotients, an L-cuspidal triple is (P, V, M), where (P, V) € Land M is a
V-trivial A P-module such that Res(PP/’V,)M = 0 for all (P’, V') € L such that
VSV CP CPand(P,V')#(P,V).

The case of a simple M above (for A = K afield) has remarkable properties.
The induced module Ind(GP’V)M is very similar to a projective A G-module. The
indecomposable summands of Indg,’V)M have a unique simple quotient, and a
unique simple submodule, each determining the direct summand that yields it.

A key fact explaining this phenomenon is the property of the endomorphism
algebra EndKG(Ind(GP'V)M ) of being a self-injective algebra. This last property

3
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seems to be intimately related with cuspidality of M. These endomorphism alge-
bras are what we call Hecke algebras.

Self-injectivity is a property Hecke algebras share with group algebras. To
prove self-injectivity, we define a basis of the Hecke algebra. The invertibility of
these basis elements is related to the following quite natural question. Assume
(P, V) and (P’, V') are subquotients such that P N P’ covers both quotients
P/V and P’/V' and makes them isomorphic. Then, the V-trivial P-modules
and the V'-trivial P’-modules can be identified. The “independence” question
is as follows. Are Indg,yv) and Ind(GP,,V/) tranformed into one another by this
identification? A positive answer is shown to be implied by the invertibility of
the basis elements mentioned above.

1.1. Subquotients and associated restrictions

Let G be a finite group. A subquotient of G is a pair (P, V) of subgroups of G
with V < P.

Definition 1.1. When V. < P and V' < P’ are subgroups of G, let
(P, V)N (P, V)= (P NPV, (VN P)V)

One denotes (P, V) < (P’,V))ifandonly if VCV C P C P,

One denotes (P, V)—(P’, V') ifand only if (P, V) N} (P', V') = (P', V')
and (P, VYN] (P, V)= (P, V).

Proposition 1.2. Keep the above notation. (i) If (P,V)—(P’, V'), then
VAP =V NP=VNV ad P/V=P/V ZPNP/VNV.

(ii) (P, V)N (P, V)—((P', V') N (P, V).

(iii) (P, V)—(P'", V') if and only if (P, V) N} (P', V') = (P, V') and
|P/V|=|P'/V'|

Proof. (1), (ii) are easy from the definitions.

(iii) The “only if” is clear from (i). Assume now that (P, V) N| (P’, V') =
(P', V') and |P/V|=|P'/V'|. Then (PN P").V' =P and VNP C V'
Then P’/V’ is a quotient of (P N P’)/(V N P’) by reduction mod. V’'. But
(PN PY/(V N P is asubgroup of P/V. Since |P/V| = |P’/V’|, all those
quotients coincide, so PN PNV =V N P and (P N P").V = P.This gives
(P',V'YN} (P, V) = (P, V) and therefore (P, V)—(P', V). 0

Notation 1.3. When V < P are subgroups of G, let A P/ V —mod be the cate-
gory of finitely generated A P-modules having V in their kernel (we sometimes
call them (P, V)-modules).
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Let
Res(p ): AG —mod — AP/V — mod

be the functor defined by Res(GPYV)(M ) = MV (fixed points under the action of
V) as A P-module.

Definition 1.4. When G is a finite group, A is a commutative ring, and V,
V' are two subgroups of G whose orders are invertible in A, let e(V) =
IVIT'Y oy u € AG. If VV' is a subgroup, then e(V)e(V') = e(VV'). In par-
ticular e(V) is an idempotent.

Proof. Clear.

Proposition 1.5. Let A be a commutative ring. Let V<1 P and V' < P' in G
with |V | and |V'| invertible in A. Let L C P be a subgroup suchthat P = LV .
Let N be a AP/ V-module identified with a AL/(L N V)-module. Denote e =
e(V).

(i) AGe is a G-L-bimodule and AGe @1 N = Indﬁ,’v)N by ge @ m —
g®mforge G,meN.

(ii) If M is a AG-module, then Res(GP‘v)M = eM. If moreover (P', V') <
(P, V), then Res{p, ) o Res(p ) = Res(p .

(iii) Indg and Res(GPYV) induce exact functors preserving projectivity of mod-
ules, and adjoint to each other between A P/V —mod and AG—mod.

(iv) If N' is a AP’/ V'-module, we have

Homyg (Ind§ N, Ind$ N')
~ P sp’ ’
=D, pccHomawney(Resp vy ) p.v) N2 ReS v, ) o vy N')
as A-modules.

Proof. (i) One has clearly AG @xp APe = AGe by g ® pe — gpe (g € G,
p € P).Soone may assume G = P.Then one has to check APe @y, N = N
by pe ® m +— pem. This is clear, the reverse map being m +— e @ m since
P=1LV.

(ii) It is clear that the elements of eM are V-fixed. But an element fixed by
any u € V is fixed by e. So eM = Resg{,’v)M as subspaces of Res% M. The
composition formula comes from e(V').e = e.

(iii) The right A P-module AGe is projective (as direct summand of AG,
which is free), so AGe® is exact. The image of AP/V is a projective
AG-module. So AGe® sends projective A P/V-modules to projective AG-
modules. Similarly, eAG is a projective right AG-module and a projective
left A P/V-module, so Resg,’v): AG—mod — A P/V—mod is exact and pre-
serves projectives. Concerning adjunction, the classical adjunction between
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induction and restriction gives Hom AG(Indg(N ), M) = Homp p(N, Resg(M )
and Homa (M, Ind$(N)) = Homy p(ResS (M), N) for all A P-modules N and
AG-modules M (see [Ben91a] §3.3). When, moreover, N is V-trivial one
may replace the Resg by fixed points under V since eN = N, (1 —e)N =0
and therefore for all A P-modules N’, Homp p(N’, N) = Homyp p(eN’, N) and
HomAp(N, N/) = HOII]AP(N, eN/).

(iv) Note first that the expression Homp (prsp (ResgP(P,‘V,) ny e.vyNs
Res?;: vy ny «p.vn*N') makes sense since P N P’ is a subgroup of the first terms
inboth & P’, V)N (P, V)and (P, V) NJ & P’, V'). The Mackey formula and
adjunction between induction and restriction give Hom(Ind§ N, Ind§, N') =
®pgrccHompprepy(Resh o N, Resirp *N'). Now, we may replace the sec-
ond term with its fixed points under V NéP’ (hence (V N8P’).8V’) since
N = e(V N3P’)N. Similarly, we may replace the first term with its fixed points
under P N8V’ (hence (P N8V’).V) since (1 — e(P N8V')SN' = 0. O

1.2. Cuspidality and induction

We fix A a commutative ring.

Definition 1.6. A G-stable set L of subquotients (P, V) is said to be A-regular
if and only if, for all (P, V) € L, V is of order invertible in A. One says that
L is N -stable if and only if L is G-stable, (G, {1}) € L, and, for all (P, V),
(P',V')e L, onehas (P, V)N (P, V') e L.

For the remainder of the chapter, we assume that G is a finite group,
and L is a A-regular, N| -stable set of subquotients of G.

Example 1.7. (i) When V <1 P are subgroups of the finite group G, and | V| is
invertible in A, it is easy to show that there is a minimal A-regular, N -stable
set of subquotients Lp vy such that (P, V) e Lpv). It consists of finite
N -intersections (with arbitrary hierarchy of parenthesis) of G-conjugates of
(P, V).

(i1) Let IF be a finite field, let G := GL,(IF') be the group of invertible matrices

Z 2 (a.b.c.d € F,ad — be # 0). Let B be the subgroup defined by ¢ =

0,1let U <1 B be defined by a = d = 1, ¢ = 0. Then the pair (G, {1}) along with
the G-conjugates of (B, U) is N -stable. This is easily checked by the equality

0 1 .
G = BUBwB forw = (1 O)’ and the (more obvious) fact that B = (B N

B¥)U with BN U™ = {1}.
The system just defined is A-regular as long as the characteristic of F is
invertible in A.
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(iii) In the next chapter, we introduce more generally the notion of groups
with split BN-pairs of characteristic p (p is a prime). These groups G have a sub-
group B which is a semi-direct product U.T where U is a subgroup consisting
of all p-elements of B. The subgroups of G containing B are called parabolic
subgroups. They decompose as semi-direct products P = V.L, where V is
the largest normal p-subgroup of P. The set of G-conjugates of pairs (P, V)
is N -stable (see Theorem 2.27(ii)) and of course A-regular for any field of
characteristic not equal to p.

The reader familiar with these groups may assume in what follows that our
system L corresponds with this example. The notation, however, is the same.

Definition 1.8. A AG-module M is said to be L-cuspidal if and only if
(G, {1}) e L, and Res(GP’V)M =0 for each (P,V) € L such that (P, V) #
(G, {1}). This clearly implies that, if some pair (P, {1}) is in L, then P = G.
When (P, V) e L and M is a AP/V-module, M is said to be L-cuspidal if
and only if it is Lp,v-cuspidal for Lp;y ={(P'/V,V'/V)|L> (P, V') <
(P, V)} (this implies that the only pair (P', V) < (P, V)in Lis (P, V)).

Remark 1.9. If £ is N -stable, A-regular, and (P, V) € L is such that there
is a cuspidal A P/V-module, then the condition

(P', V) < (P,V)implies P' = P

is a strong constraint. Applying it to the pairs (P, V)¢ N, (P, V), one gets that,
if g e Gissuchthat VSN P C V, then P = (P N P$).V.

Notation 1.10. A cuspidal triple in G relative to £ and A is any triple t =
(P, V, M) where (P, V) e L and M is an L-cuspidal A P/V-module.

When " = (P’, V', M") is another cuspidal triple, one denotes t—1t’ if and
only if (P, V)—(P’, V') and Resk,p, M = Resh . M’

Let I¢ = Ind§M. Then IS = IS forall g € G.

When A = k is a field, let cusp,(£) be the set of all triples t = (P, V, S)
such that (P, V) isin £ and S is a simple cuspidal k P/ V-module (one for each
isomorphism type).

Proposition 1.11. Assume that A = k is a field. Let M be a simple kG-module.
Then

(a) there exists a simple cuspidal triple
v’ € cuspy (L) such that M C soc(1S),

(a’) there exists a simple cuspidal triple
T € cuspy(L) such that M C hd(19).
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Proof. Let (P, V) € L of minimal |P/ V| be such that Resg,’V)M % 0 (recall
(G, {1}) € £). Let S be a simple component of the head of Resgg,v)M . There
is a surjection Resgl,’v)M — S. Forevery (P’, V') < (P, V), one has a surjec-
tion Res(p M — Res{p, S since Res(p, 1 is exact. Then Res(p, S = 0
when |P'/V’| < |P/V|by the choice of (P, V).So (P, V, S) € cusp,(£). This
gives (a). One would get (a') with 7/ = (P, V, §’) by considering S’ a simple
component of soc(Resggyv)M ). |

Remark. Assume (P, V)—(P’, V') in L. For each V-trivial k P-module M
there is a unique V’-trivial kP’-module M’ with the same restriction to
P N P’ as M. This clearly defines an isomorphism between k[P/V]—mod
and k[P'/V']—mod. Then M is simple if and only if M’ is so. Similarly one
checks that (P, V, M) is cuspidal if and only if (P’, V/, M) is so. Indeed, if
M"Y £ 0for(P”, V") < (P, V')in £, then M'P"V" = MP"" £ 0 and there-
fore MPVDV £ 0. But (P”, V)N (P, V) € Land (P, V, M) € cusp,(L),
so (P”,V"yn} (P, V)= (P, V). Along with (P”, V") < (P’, V')—(P, V),
this clearly implies (P”, V") = (P', V').

1.3. Morphisms and an invariance theorem

In the following, A is a commutative ring, G is a finite group and £ is a A-
regular, N -stable set of subquotients of G.

Definition 1.12. When t = (P, V, M), t/ = (P', V', M') are cuspidal triples
(see Notation 1.10), and g € G is such that t—38t', choose an isomor-
phism 0, . - Resh .., M = Res}.,,SM". It can be seen as a linear isomor-
phism 0 ¢ o M — M’ such that 0, ¢ /(x.m) = x8.04 ¢ -(m) for all m e M
and x € P N8P’ Assume 0, ;. = Idy.

When t—*51', define ag ; ITG — ITG, by ITG = AG Q@xrp M and

(D ag oo (1 @papm)=e(V)g @np Og v/ (m).

Proposition 1.13. Assume t—3%'. Let L be a subgroup such that P = LV,
8P’ = L8V’ (forinstance L = P N8P’'). Denote e = e(V), ¢ = e(V').

The equation (1) defines a unique AG-morphism 16 — If. Through
the identifications 1° = AGe ®, M and If(,; = Ig, = AG8 @ M’ (see
Proposition 1.5(i)) the map ag .. identifies with the map p ®p g ¢ -
AGe ®; M — AG%' ® M’ where u: AGe — AG¥' is multiplication by
8¢’ on the right.

Proof.  Since the morphism p is clearly a morphism of G-L-bimodules, it
suffices to check the second statement to have that a, . . is well-defined and
AG-linear.
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Let us recall that, by Proposition 1.5(1), AG @xp M = AGe @ M by
x@mr> xe@mforx e G,me M. Slmllarly 1S =18 = AG% ® *M'by
x(®)®@m' > xg ® m’ for x € G and m’ € M'. Now the map a, .- would
send the element corresponding with xe ® m to the one corresponding with
x.e.fe’ ® 0y ¢ (m). This is clearly the image by u @y 6, 7 1. O

Theorem 1.14. Assume A = k is a field. Assume that for each T, " in cusp, (L)
and T—1/', the map ay ; ': ITG — If, is an isomorphism.

Then, whenever (P, V)—(P’, V') in L, the map kGe(V) — kGe(V') de-
fined by x +— xe(V’) is an isomorphism (and therefore |V| = |V']).

We give a homological lemma used here in a special and quite elementary
case, but stated also for future reference.

Lemma 1.15. Let A be a finite-dimensional algebra over a field. Let X =
(.. din X; 4 X;_1—> ...) be a bounded complex of projective right A-
modules. That is, the d; are A-linear maps, d; od;y1 = 0 foranyi, and X; =0
except for a finite number of i’s.

Let M be a set of (left) A-modules such that any simple A-module is in some
hd(M) for M € M. Then X is exact (that is Ker(d;) = d;+1(X;y1) for all i) if
and only if

( d:+]®AM di@aM 1 1®AM )

X®AM: X®AM—>X,1®AM

is exact for any M € M.

Proof of Lemma 1.15. We use the classical notation H;(X) for the quotient
Ker(d;)/di+1(Xi+1)-

Suppose X is not exact, i.e. X ®4 A is not exact. Let iy be the maximal
elementin {i | H;_;(X ®4 M) = 0 for all M in A—mod]}.

By the projectivity of the X;’s, any extension 0 - M3z — M, — M| —
0 gives rise to an exact sequence of complexes 0 > X ®4 M3 — X @4
M, - X ®4 M) — 0 and then, by the homology long exact sequence (see
[Ben91a] 2.3.7), to the exact sequence

H;, (X ®4 M3) - H; (X ®4 M>) - H;(X ®4 M) = 0
=H;,_1(X ®4 M3).

Suppose first H; (X ® 4 M) # 0, then either H; (X ®4 M;) or H;)(X ®4
M3) # 0. This allows us to assume that there is a simple A-module S such
that H; (X ®4 S) # 0. Now, there is an extension with M; = S and M, € M.
Then H;,(X ®4 M») = 0 by the hypothesis, and the above exact sequence gives
H;,(X ®4 S) = 0, a contradiction. O
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Proof of Theorem 1.14. We apply the above lemma for

X=(..>0...50— X; =kGe(V)—>X,
=kGe(V)—>0...—0...)

where u(b) = b.e(V') and A = kG’ for G’ = P N P’/V N V' (isomorphic to
both P/V and P’/V’, by Proposition 1.2(i)). This tells us that u is an iso-
morphism if and only if © ® M is an isomorphism for each M in a set M of
kG’-modules satisfying the condition given by Lemma 1.15.

The kG’-modules can be considered as restrictions to P N P’ of V-trivial
k P-modules (resp. V’-trivial k P’-modules). By Proposition 1.11, a set M
may be taken to be the set of induced modules M; = Resh P,Ind(P p.vyyNi for
(P:, Vi, N;) € cuspi (L) and (P;, V;) < (P, V). Let t = (Py, Vo, No) be such a
triple. It is easily checked that (P’, V') N} (Py, Vo) = (Py, Vo) (see also Exer-
cise 3). Then Proposition 1.2(ii) implies (Py, Vo)— ((Po, Vo) N (P', V")) =
(PoN PV, (VoN P).V'). So let Nj be the (P, Vp) N (P, V')-module
defined by having the same restriction to Py N P’ as Ny.

Denote t’ = ((Py, Vo)N (P’, V'), Nj)—1.Now, recalling that 6, , . = Id,
Definition 1.12 implies that a; ; - is the map defined by

(D kGe(Vo) @ pynp No — kGe((Vo N P').V") @pnp Ny,
x@n— xe(VoNPHVHY®n
for x € kGe(Vp), n € Ny (see also Proposition 1.13).

The hypothesis of our theorem tells us that map (1) is an isomorphism.

Thanks to Lemma 1.15, we just have to check that u ® My is an
isomorphism, where M = Resf;mP,Ind(};O’VO)No = Indfp?rf}w.vomp/)NO =k(PN
P").e(Vo N P’) @ pynp Ny (see Proposition 1.5(i)). With this description of My,
U ® My is the map
2 kGe(V) ®pnp k(P N Pe(Vo N P') @pynpr No —

kGe(V) @pnp k(P N Pe(Vo N P') @pynpr No,
yRY @ne ye(VH®y @n
where y € kGe(V), y' € k(P N Pe(Vy N P'), n € Ny.

Note thate(V)e(Vy N P’) = e(Vy) by Definition 1.4 and since V.(Vy N P’) =
Vo N(V.(P N P")) = VyN P = V. Through the trivial G-(Py N P’)-bimodule
isomorphisms

kGe(V) @pnp k(P N PHe(VoyN Py — kGe(Vy), yQRYy + yy,
kGe(V") ®pap k(P N PYe(VoyN P') — kGe(V'.Vy N P,

7®7 = 27/,
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(for y € kGe(V), y € k(PN Pe(VoNP), z € kGe(V"), 77 € k(PN
Pe(Vy N P')), map (2) becomes the map

kGe(Vy) ®pjnpr No — kGe(V'.VoN P & pynp’ N(/),
Yy @ni> ye(V)y @n

with the same notation as above. But this is map (1) since we may take
y=ge(V)(g €G),y =e(Von P’), and we have yy' = ge(V)e(Vo N P') =
ge(Vp). So map (2) is an isomorphism. O

1.4. Endomorphism algebras of induced cuspidal modules

We keep the hypotheses of §1.3 above. We show that, under certain assumptions,
the elements introduced in Definition 1.12 give a basis of the endomorphism
algebra of the induced module 7°.

Proposition 1.16. Let t = (P,V, M), t' = (P, V', M’) be two cuspidal
triples (see Notation 1.10).
(i) The set of g € G such that t—3t’ is a union of double cosets in P\G/ P’.
(ii) Assume A is a subring of the algebraically closed field K and M ® K,
M’ ® K are simple. If t—21’, then the maps ag ;v and a, ;s differ by an
isomorphism IS — 18,

Proof. (i) is trivial. (ii) is clear from the definitions. O

We now study the modules Indgp,v)M for cuspidal triples (P, V, M) (see
Notation 1.10). We are mainly interested in the case where A is a field and M
is absolutely simple, but we may also need a slight variant where A is not a
field. When C is a set of cuspidal triples, one defines the following.

Condition 1.17. Either

(a) A is a splitting field for the group algebra AG and C C cusp (L),

or

(b) A is a principal ideal domain, subring of a splitting field K of KG,
C has a single element (P,V, M) such that (P,V,M ® K) € cuspg(L),
and, whenever g € G satisfies (P,V,M @ K)—(P,V, M ® K)8, then
(P,V,M)—(P,V,M)3.

Proposition 1.18. Let C be a set of cuspidal triples satisfying the above
Condition 1.17.
Consider the a, ; o+ of Definition 1.12 as endomorphisms of I := @, . I°.
(i) One may define a linear form f:Endag(l) — A by f(Homag(IC,
It(,;)) =0 when 1#1t, x(1®m)e f(x)(1QRm)+ @PgP#P APgP Q@M
when (P, V, M) € C, m € M and x € Endpg(Ind§ M).
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Then

(”) f(ag’,o,o’ag_f,f’) # 0 0nly lfvP/g/P > g_l, and (‘L" ‘L'/) — (OJ, O.)’.

(lll) |V/|'f(ag’],r’,rag,t,7:’) = |V|'f(ag,r,r’ag*1,r’,r) — A|gV/ 8 V|, where
egyfyf’eg’l.r/,r = )LIdeOV)L e A*.

Proof. (i) It suffices to check that, if (P, V, M) € C, x € Endpg(AG ®p M)
and m € M, then x(1®@m) € f(x)(1 ®@m)+@p,p.p APgP @M for a
unique scalar f(x) € A. The restriction to P of Indg(M) =AGQ®p M is
the direct sum of A P-submodules APgP ® M associated to the double
cosets PgP. Then there is 6 € Enda p(M) such that x(1 ® m) € 1 Q 6(m) +
@PgP#, APgP ® M for all m € M. But Endyp(M) = A by hypothesis,
hence our claim.

(i1)—(iii) The elements of Endag(/) are in the matrix form (x;.); rec
with x;p € HomAG(ITG, ITC;;). The linear form satisfies f((x;¢)r )=
Zr Sxeo).

One clearly has f(ag s0'ag ) =0 when (o, 0") # (7, 7).

Denote v = (P,V,M), v = (P, V/,M’). Let m € M. One
has ag vag (1 @ m) = ag’,r’,r(|v|_12uevug ® Ogr0(m)) =
|V|71|V,|712MEV, wev(ugu'g' @ 0y v 10, 1 (m)). Using the direct sum
decomposition AG ®p M = @ p,p APhP ® M, the projection on 1 ® M is
non-zero only if VgV’g’ N P # @. Thus (ii).

If in addition g’ = g~!, then VgV’g~!' N P =V by Proposition 1.2(i).
Thus ag1 0. (1@m)el@m' + @PxP#P APx® M where m' =
lV/|~lev N V0611, 0g,r,c(m). So, for all m e M, f(ag1 a0 )1 ®
m)= V|15V n V|1 ® Og-1 7/,20g 7,/ (m)). This gives us that O,-1 o 6y ¢ o
is ascalar, necessarily invertible, denoted by A and therefore f(a,-1 ¢ rag /) =
AV |I7H8V N V| € AX. Changing (g, 7, T') into (g ', 7/, T) gives the same A
since, if Oy-1 1/ 10y 7o+ = Aldy, then -1 v, = A(Gg,t,rr)’l and 0y ¢ 101 17 =
Aldy. Thus (iii). O

Let us recall the following notions (see [Ben91a] §1.6, [NaTs89] §2.8,
[Thévenaz] §6).

Definition 1.19. Let A be a principal ideal domain and let A be a A-free finitely
generated A-algebra.

A is said to be a symmetric algebra if and only if there exists f: A — A a A-
linear map such that f(ab) = f(ba) foralla,b € A, and a — (b — f(ab))
induces an isomorphism A — Homjy (A, A).

One says that A is a Frobenius algebra (see [Ben91a] §1.6) if and only if
A = K is a field, and there exists f: A — K a K-linear map such that, for all

a € A\ {0}, f(aA) # {0} and f(Aa) # {0}.
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Note that A is symmetric (resp. Frobenius) if and only if the opposite algebra
A°PP is symmetric (resp. Frobenius). Note also that, when A = K is a field, any
symmetric algebra is Frobenius.

Theorem 1.20. Let C be a set of cuspidal triples satisfying Condition 1.17.

(i)Lett = (P,V,M), 7" = (P’', V', M') € C. Take a representative in each
double coset PgP' such that t—=21'. Then the corresponding ag ;. form a
A-basis ofHomAG(IrG, IT(,;).

(ii) In case (b) of Condition 1.17 (whichimplies C = {ty}), the endomorphism
algebra End AG(Ig ) is a symmetric algebra.

(iii) In case (a) of Condition 1.17 (which implies A is a field), the A-algebra
Endac(ED, . ITG) is a Frobenius algebra.

(iv) In case (a) of Condition 1.17 and if L has the additional property that
any relation (P, V)—(P’, V') in L implies |V| = |V'|, then Ends (D, ¢ 1)
is a symmetric algebra.

Proof of Theorem 1.20. Consider the a, ; .- above as endomorphisms of / =
D, IS, Denote E := End,g(I). Having chosen representatives g € G for
each pair 7, t/ € C, denote by 7 the resulting set of triples (g, z, T’).

Lemma 1.21. E = A7 as a A-module.
Proof of Lemma 1.21. By Proposition 1.5(iv), one has

Homag (17, I77)
~ P gp’ /
= @pgpccHomp(prepr) (Resypr y nt ey MoReS G vy ) wpryn™M )

where the summand is zero unless (P, V)—3$(P’, V') by cuspidality of M and
M'’. By Condition 1.17 on C, the corresponding summand is isomorphic to A
if T—37/, zero otherwise. O

Returning to the proof of Theorem 1.20, take f as in Proposition 1.18.

Let Ky be the field of factions of A. Let x = Z(g’m/)eT Agrrlg v €
E ® Ky be a linear combination of the a, . .-’s with coefficients in Kg. Propo-
sition 1.18(ii) and (iii) yield

(1) )\g,r,r’ = f(xag”,r’,t)f(ag,r,t’ag”,t’,r)_l

(where f denotes also the extension of f to E ® Kj). This implies at once that
the a, . s for (g, 7, t') € T are Ky-linearly independent. Then the a, - ,’s
for (g, t,1') € T are a Ky-basis of E ® Ky by Lemma 1.21. But (1) above
and Proposition 1.18(iii) show that any x € E is a combination of the
(ag,7,v)(g,7,7)eT With coefficients in A. Thus (i) is proved.
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The a4 ; .’s for (g, 7,7') € T and the a,-1 .. .’s for (g, 7, t') € T are both
bases of E by (i). The formula in (1) also implies that f induces an isomorphism
between E and Hom(E, A), the basis dual to (a, ¢ 1), 7,77 being

-1
(f(ag*‘,r’.rag,t.r/) agfl,r’,r)(g,r,r/)eT-

This gives (iii). When, moreover, C has a single element, Proposition 1.18(ii)-
(iii) for T = 7’ (hence V = V') gives f(aa’) = f(a’a) for all basis elements,
hence for every a, a’ € E. This implies our (ii). A similar result holds if in £
the relation (P, V)—(P’, V') implies |V | = |V’|, whence (iv) is proved. O

Remark 1.22. The linear form f gives the coefficient on Id;¢ = a; .. (see
Definition 1.12) in the basis of Theorem 1.20(i).

Proposition 1.23. Let H be a subgroup of G and let M be a A H-module.
Then the subalgebra of EndAg(Indf,M ) consisting of f :Indf,M — Indf,M
such that f(1 @ M) C 1 ® M is isomorphic to Endyy(M) by the restriction
map f — fliom.

Let (P', V') C(P,V)bein L, and let t = (P’, V', N) be a cuspidal triple
satisfying Condition 1.17. Then the injection above sends a, ; ; € El’ldAp(IrP)
to the element denoted the same in End Ag(ITG ).

Proof. Writing IndfiM = AG ®y M = @ppemo/n AHg® M asa AH-
module, the summand My for g € H isisomorphic to M. Let E be the subalge-
braof End AG(Indf, M) of endomorphisms x suchthatx My € My . To show that
E is isomorphic to End, (M), it suffices to show that every y € End (M)
extends to a unique ¥ € E. The uniqueness is ensured by the fact that My
generates IndgM as a AG-module. The existence is just the functoriality of
Indg = AGQ®p. One takes y = AG Qg y, defined by y(g @ m) = g ® y(m)
form € M, g € G. This gives our first claim.

For the second, let us recall the defining relation for ag ; ;:dg (1 @p
n) =e(U")g ®p 6,(n) for any n € N. It is clear that a, ., stabilizes M =
AP ®p N when g € P and coincides with the element denoted a, ;. in
EndAp(ITP). O

1.5. Self-injective endomorphism rings and an equivalence
of categories

In the following, k is a field and A is a finite-dimensional k-algebra. One denotes
by A—mod (resp. mod—A) the category of finitely generated left (resp. right)
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A-modules. One has the contravariant functor M — MY = Homy(M, k) be-
tween them.

Notation 1.24. Let Y be a finite-dimensional A-module and let E := End(Y).
Let H be the functor from A-mod to mod— E definedby H(V) = Homyu(Y, V),
where E acts on H(V) by composition on the right.

Let A —mody be the full subcategory of A—mod whose objects are the
A-modules V such that there exist/ > 1 and e € End4(Y') with V = e(Y?).

Theorem 1.25. Let Y be a finitely generated A-module. Let E := Ends(Y)
and let H = Homu(Y, —) be as above. Assume that E is Frobenius (see
Definition 1.19). Then

(i) H is an equivalence of additive categories from A—mody to mod-E.
Assume moreover that all simple A-modules are in A—mody. Then

(ii) if M is in A—mody then it is simple if and only if H(M) is simple. This
induces a bijection between the simple left A-modules and the simple right
E-modules.

(iii) If Y’ is an indecomposable direct summand of Y, then soc(Y’), hd(Y")
are simple, and H(soc(Y')) = soc(H(Y")), H(hd(Y")) = hd(H(Y")).

(iv) If Y', Y are indecomposable direct summands of Y, then soc(Y') =
soc(Y”) (and hd(Y") = hd(Y")) if and only if Y = Y".

Over a Frobenius algebra, projective modules and injective modules coincide
(see [Ben91a] 1.6.2(ii)). Considering injective hulls, we get the following.

Lemma 1.26. If E is a Frobenius algebra, then every finitely generated E-
module embeds into a free module E' for some integer I.

We shall use the following notation.

Notation. If M € H(V),wedenote M.Y :=)_, _, m(Y)C V.
Assume that E is Frobenius.

Lemma 1.27. Let V be in A—mod.

(i) H(Y) = Eg (E considered as right E-module) and, ifl is an integer > 1,
H(Hom(Y', V) = Homg((Eg), H(V)).

(ii) If V = e(Y') for e € Ends(Y'), then H(V).Y = V.

(iii) Let] > 1and M € H(Y") = (Eg) be a right E-submodule. Then M.Y
isin A—mody and H(M.Y) = M, the latter being induced by the image by H
of the inclusion M.Y C Y'.

Proof of Lemma 1.27. (i) is straightforward.
(1) Writing V = e(YH fore € Enda(Y?), H(V) clearly contains e composed
with all the coordinate maps ¥ — Y/, hence H(V).Y = V.
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(iii) One has M.Y C Y! and M € H(M.Y) C (Eg)" as right E-modules.
The sum M.Y =}, _,, mY may be turned into a finite sum since M is finite
dimensional, so M.Y is a sub-A-module of some finite power of Y. Therefore
M.Y isin A—mody.

Let us assume H(M.Y)/M # 0. Then there exists a right E-module N such
that M C N € H(M.Y) C (Eg) and N/M is simple. By Lemma 1.26, N/M
injects into some (Eg)™. So there is a non-zero map f: N — Eg such that
f(M) = 0. By the self-injectivity mentioned above ([Ben91a] 1.6.2), the mod-
ule Eg is injective, so f extends into f (Eg) — Eg. But then ]?is in the
form f: H(e) where e € Hom, (Y, Y) (Lemma 1.27(i)). The hypothesis on
S implies e(M.Y) =0,e(N.Y)#0.But M.Y C NY C HM.Y).Y CM.Y,
so N.Y = M.Y, a contradiction. O

Proof of Theorem 1.25. (i) Let M be aright E-module, then M is a submodule
of some (Eg)' by Lemma 1.26. Then Lemma 1.27(iii) applies, so one gets
M = H(V)for V = M.Y, whichisin A—mody.

It remains to check that H is faithful and full. Let V, V' be A-modules in
A—mody; one must check that H induces an isomorphism of vector spaces
between Hom4(V, V') and Homg(H (V), H(V")).

Obviously H is linear. If f € Homyu(V,V’) is in its kernel, then
f(H(V).Y) = 0 by definition of H, but H(V).Y = V by Lemma 1.27(ii), so
f(V)=0and f =0.

In order to check surjectivity, one may assume that V = e(Y'), V' = /(Y')
for e, ¢ € End4(Y"). Then H(V) and H(V’) are submodules of (Eg)’. Let g €
Hompg(H(V), H(V')). By injectivity of (Eg), gextendsto g € HomE((EE)
(Eg)") which is H(HomA(Y] Y")) by Lemma 1.27(j). Theng = H(f) for f €
End,(Y'). We have f(V) C V' since f(V) = f(H(V).Y) =(g.H(V)).Y =
(g.H(V)).Y C H(V').Y = V'. Therefore g = H(f), where f:V — V’isthe
restriction of f

This completes the proof of (i).

Assume now that all simple A-modules are in A—mody.

(i1) Take V in A—mody and assume that H(V) is simple. One may assume
that there is some / such that V € Y/ and V = H(V).Y by Lemma 1.27(ii). Let
X be a simple submodule of V. Then X occurs in hd(Y), so H(X) # 0. But
H(X)<C H(V) so H(X) = H(V) and therefore X = H(X).Y = H(V).Y =
V,so V is simple.

Conversely, assume that V is a simple A-module. By the hypothesis on Y,
V is a submodule of Y. Let S be a simple submodule of H(V),then0 # S.Y C
H(V).Y = VbyLemma 1.27(ii). Then S.Y = Vand S = H(S.Y) = H(V)by
Lemma 1.27(iii).
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The equivalence of (i) then implies (ii).

(iii) Let Y’ be an indecomposable direct summand of Y, then H(Y’) is a
(projective) indecomposable direct summand of Eg, so its head and socle are
simple (see [Ben91a] 1.6).

Now it is clear by (ii) above that H(soc(Y’)) is a non-zero semi-simple
submodule of soc(H (Y’)), whence the first claimed equality.

By what we have just checked, soc(Y") is simple. We may now apply this to
YV since Ends(Y") = End,(Y)°PP. We obtain that the indecomposable direct
summands of ¥ have simple heads. To check the second equality of (iii), note
that we have a non-zero element in Homy(Y’, hd(Y’)) while both modules
are in A—mody, so by the equivalence of (i), there is a non-zero element in
Homg(H (Y'), H(hd(Y"))). The first module has simple head while the second
is simple by (ii) and what we have just said. So we have hd(H (Y')) = H(hd(Y"))
as claimed.

(iv) This follows from (iii) and the fact that this is true for indecomposable
direct summands of Ef. O

1.6. Structure of induced cuspidal modules and series

We take again a finite group G, k a field such that kG/J(kG) is split (i.e. a
product of matrix algebras over k), and £ a k-regular N -stable set of subquo-
tients of G. This allows us to consider the set cusp, (L)) of cuspidal triples (see
Notation 1.10).

Theorem 1.28. For each cuspidal triple (P, V, M) where (P, V) € L and M
is a simple cuspidal k P/ V -module, the induced module IndgM can be written
as a direct sum @, Y; where

(a) each Y; is indecomposable,

(b) soc(Y;) = soc(Y;) if and only if Y; = Y},

(b') hd(Y;) = hd(Y;) if and only if Y; = Y;.

(c) If moreover L has the property that any relation (P, V)—(P’, V') im-
plies |V| = |V'|, then soc(Y;) = hd(Y;) for all i.

Proof. LetY =P, Inng where T ranges over cusp,(£)). Theorem 1.20 tells
us that Endg(Y) is Frobenius. The H(Y;) are the indecomposable projective
E-modules. Any simple kG-module occurs in both hd(Y') and soc(Y’) by Propo-
sition 1.11. We may now apply Theorem 1.25 to the module Y.

When the condition of (c) is satisfied, Theorem 1.20(iv) tells us that E is
symmetric. This implies that hd(H (Y;)) = soc(H(Y;)) (see [Ben91a] 1.6.3),
whence (b) by Theorem 1.25(iv). O
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Notation 1.29. When 7, t’ € cusp, (L), we write T—¢t’ if and only if there
exists g € G such that t—5¢’.

When t € cusp, (L), denote by £(kG, t) the set of simple components of
hd(19).

One has £(kG, ) = E(kG,87) forall g € G.

Theorem 1.30. Assume that L has the property that any relation (P, V)—
(P’, V'yin L implies |V| = |V’|.

(1) Ureccusp, ) € G, T) gives all simple kG-modules.

(i) If EkG, 1) N EKG, ') # 0, then t—T'.

(iii) Assume L satisfies the hypotheses of Theorem 1.14. Then —¢ is an
equivalence relation on cusp,(L), and the union in (i) is a partition of the
simple kG-modules indexed by the quotient cusp,(L)/—g.

(iv) If S" is a simple composition factor of some ITG (t=(P,V,N) €
cusp,(L)), then S' € EkG,t") where ©" = (P',V',N’) and (P', V') N
(P,V)=(P,V) (and therefore |P'/V'| > |P/V]|). If moreover |P'/V'| =
|P/V|, then t—qgT'.

Proof. (i) is clear from Proposition 1.11.

(ii) Since the head and socle of each 1 yield the same simple k G-modules
thanks to Theorem 1.28(c) above, E(kG, t) N E(kG, T') # @ implies that there
is a non-zero morphism ITG — ITG,. Then 1— g1’ by Theorem 1.20(i).

(iii) When the hypotheses of Theorem 1.14 are satisfied, I¢ = IS when-
ever T—¢7’. Since the converse is true (see Notation 1.10), there is an
equivalence. Therefore — is an equivalence relation. Then we also have
EkG, 1) = E(kG, ') as long as T— T/, so the union in (i) is a partition.

(iv) This won’t be used. We leave it as an exercise (hint: consider a projective
cover of §’). O

Exercises

1. Find a counterexample in a commutative group showing that — is not
transitive. Find one with minimal cardinality of G.
2. Let a, b be subquotients of a finite group.
(a) Show that ¢ N} (@ N} b)=a N} b and a N} (b N} a)=
a@anyb)yn} a=®mN{ a) N} a=>bN]| a. More generally, when
b <b,relate b’ N} (b N} a), b N} (' N} a), (b N} a) N} b,
bNJ (@an} b),and (@ N} b)N} b’ withb’ N}, aanda N} b'.
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(b) Show that NJ induces a structure of an (associative) monoid on
Lo ={a,b,an] b,bN] b}.

(c) Let M be the monoid generated by two generators x, y, subject to
the relations x> = x, y> =y, xyx = yx and yxy = xy. Show that
ZIM] = Z x Z x U where U is the ring of upper triangular matrices in
Maty(Z).

. Leta, a’, b, b’ be subquotients of a finite group. Ifa N} b = b,a’ > a, and

b > Db/, showthata’ Ny b’ =b'.

. Let Lbe aset of subquotients of a finite group G. Show thata N} b =bN} a

foralla, b € L, if and only if there is a subgroup H C G such that, for all

(P,V)e L,V CHCP.

. Show that there are groups G with subgroups U, V such that UVU is a

subgroup but e(UV U) # e(U)e(V)e(U).

. Prove a Mackey formula implying Proposition 1.5(iv),

Resg,/y V,)Indg N

= @P,gpgc Indf(/P,V) ni (P’,V’)igReSflf’,V’) SRAAE

where i, is the functor making a P’ N #V-trivial P’ N ¢ P-module into a

8V -trivial (P’ N & P)8V-module.

You may use the following steps in relation to P’-P-bimodules.

(@) e(V)AP' Pe(V)= AP'e(V' (VN P))Qprp e((V' N P).V)AP.

(b) If ge G, then e(V)AP'gPe(V)Z AP'e(V'.8V N P")) Q:pnp
e((V' NEP)EV)ASP ®:p AgP.

(c) Decompose e(V)AG Qg AGe(V) = e(V)AGe(V).

. Show Theorem 1.20(i) more directly, without using the linear form f or

the rank argument.

Jft = (P, V,S) € cuspy(L), show that Ng(V) € Ng(P).

. Let £ be a N -stable set of subquotients (P, V) (V < P C G).

(a) Assumea—a’in L. Show thatx — x N| @’ and x’ — x’N| a induce
inverse isomorphisms between the intervals {x € £ | x < a}and {x’ €
L | x’ <a'}in L. Show that x—x N} a (resp. x'—x’ N a’) for all
x < a (resp. x’ < a’).

(b) If a = (P, V)—a' = (P’, V'), define a set Lpnp: of subquotients of
P N P’ in bijection with the above intervals. Show that cusp,(Lpnp)
injects into cusp,(£) in two ways. Apply this to the proof of Theorem
1.14.

(c) See which simplification of that proof can be obtaind by assuming the
existence of asubgroup L suchthat P = LV, P’ = LV’ are semi-direct
products.
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. Assume L is a NJ-stable A-regular set of subquotients of G. Assume

that, for every relation (P, V)—(P’, V') in L with |P| = | P’|, the map

x > xe(V’) is an isomorphism from AGe(V) to AGe(V’). Show that, for

all (P, V), (Q, W) in L, one has AGe(V)e(W) = AGe(V N Q)e(W) =

AGe(W)e(V N Q).

Show a converse of Theorem 1.14.

Let A be a finite-dimensional k-algebra. Let i, j € A be two idempotents

such that i + j = 1. Show that A is symmetric if and only if the following

conditions are satisfied:

(a) iAi and jAj are symmetric for forms f;, f; such that f;(iajbi) =
fi(jbiaj)foralla,b e A,

(b) forall0 #x €iAj,xAi #0andforall0# y e jAi, yAj #0.

Application (see Theorem 1.20):if Y =Y, @ ... B Y, is a sum of A-
modules, show that End4(Y) is a symmetric algebra if and only if each
algebra End,(Y;) is symmetric for a form f; such that, for all x;; €
Homy(Y;, Y;) and y;; € Homy(Y;, Y;), one has fi(x; jy;:) = fi(yj.ixi;)
and, if x; ; # 0, there is a y;; such that x; ;y;; # 0.

Check Theorem 1.25 assuming that both £ and E°PP are self-injective
instead of Frobenius. Recall that a ring is said to be self-injective when the
(projective) regular module is also injective.

Prove Theorem 1.25 assuming that only E°PP is self-injective.

Hint: only the proofs of (iii) and (iv) need some adaptation. Let Y’ be

an indecomposable direct summand of Y. Show that hd(Y’) is simple using
the following steps. Show that End(hd(Y")) = Endg(H(Y'), H(hd(Y"))).
Then use a decomposition of hd(Y’) as a sum of simple A-modules and its
image by H.
Let Y be an A-module such that End4(Y') is Frobenius and the semi-simple
A-modules soc(Y) and hd(Y) have the same simple components (possibly
with different multiplicities). Prove a version of Theorem 1.25 where the
simple A-modules are replaced by the ones occurring in soc(Y).

Notes

Modular versions of Harish-Chandra induction (see, for instance, [DiMi91] §6
for the characteristic zero version) were used by Dipper [Dip85a], [Dip85b].
The general definition for BN-pairs is due to Hiss [Hi93] and was quickly
followed by Dipper—Du [DipDu93] who partly axiomatized it and gave a proof
of the independence with regard to (P, U) of the Harish-Chandra induction (our
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Theorem 1.14). §1.5 comes from [Gre78] and [Ca90] (see also Chapter 6 below).
The application to generalized Harish-Chandra theory is due to Linckelmann
and Geck—Hiss; see [GeHi97] and [GeckO1]. Exercise 14 is due to Linckelmann
(see [GeckO1] 2.10).

For a more general approach to Harish-Chandra induction and restriction,
see [Bouc96]. For more general category equivalences induced by the functor
Homyu (Y, —), see [Ara98] and [Aus74].



2
Finite BN-pairs

The aim of this chapter is to give a description of a N -stable set of subquotients
(see the introduction to Chapter 1) present in many finite simple groups. The ax-
iomatic setup of BN-pairs (see [Asch86] §43, [Bour68] §IV, [CuRe87] §65) has
been devised to cover the so-called Chevalley groups and check their simplicity.
Such a G has subgroups B, N such that BN N < N and the quotient group
N/B N N is generated by a subset S such that the unions P := B U BsB are
subgroups of G for any s € S. More generally, the subgroups of G containing
B (standard parabolic subgroups) are in bijection with subsets of S:

I1CS— Py

Under certain additional hypotheses, defining a notion of a split BN-pair of
characteristic p (p aprime), each P; has a semi-direct product decomposition,
called a Levi decomposition,

P =U/L;,

where Uj is the biggest normal p-subgroup of P; and L; is a group with a split
BN-pair given by the subgroups BN L;, N N L; and the set /.

Among other classical properties, we show that the set £ of G-conjugates
of subquotients (P, U;) (I ranging over the subsets of §) is M| -stable.

The approach we follow uses systematically the reflection representation of
the group W = N /B N N and the associated finite set of so-called roots. The set
@ of roots « has a very rich structure which gives us a lot of information about
W and the structure of G itself (root subgroups). While the axiomatic study
of BN-pairs involves many (elementary) computations on double cosets Bw B,
once the notion of root subgroups By, is introduced, the description of subgroups
of B of the form B N B¥' N B¥2 N ... forw;, w,, ... € W and of double cosets
BwB is much easier.

We develop several examples.

22
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The theory of cuspidal simple modules and their induced modules then
applies to finite groups with a split BN-pair. Lusztig has classified the cuspidal
triples (P;, Uy, M) (see Definition 1.8) over fields of characteristic 0 (see
[Lu84]). Chapters 19 and 20 give the first steps towards a classification of
the cuspidal triples over fields of non-zero characteristic (see Theorem 19.20
for groups GL,(F,)).

2.1. Coxeter groups and root systems

In the present section, (W, S) is a Coxeter system in the usual sense (see
[Asch86] §29, [Bour68] §IV, [CuRe87] §64.B, [Hum90] §5). We consider it as
acting on a real vector space RA with a basis A in bijection with S (§ — s5) and
a symmetric form such that (8, 8§’y = —cos(7r/|<ssssy>|). Then W acts faith-
fully on RA by a morphism which sends s; to the orthogonal reflection through
8.

Defining @ := {w(8) | w € W, § € A} (“the root system of W), each el-
ement of @ is a linear combination of elements of A (“simple roots”) with
coefficients either all > 0 or all < 0. This gives the corresponding partition
® = O U P~ (see [CuRe87] 64.18 and its proof, [Hum90] §5.3).

We use subsets of A as subsets of S and denote accordingly W; the subgroup
of W generated by the elements of S corresponding with elements of 1, ®; =
dNRI, forlI C A.

We use diagrams to represent the set A of simple roots. These are graphs,
where, in the examples given below, a simple (resp. double) link between two
elements means an angle of 27t /3 (resp. 37 /4). This also means that the product
of the two corresponding reflections is of order 3 (resp. 4). There is no link when
the angle is 7 /2 (commuting reflections).

In this notion of “root system,” each root could be replaced by the half-line
it defines. This notion is well adapted to the classification and study of Coxeter
groups.

In the classical notion of (finite, crystallographic) root systems (see [Bour68]
or A2.4 below), roots are indeed elements of a Z-lattice X(T) and root lengths
may be # 1 (this is the notion that will be used from Chapter 7 on to describe
algebraic reductive groups).

Example 2.1. (i) Coxeter group of type A, _; (see [Bour68] Planche I).

Itis easy to see that the symmetric group on n letters S,, is a Coxeter group for
the subset of generators {s; :=({,i +1)|i=1,...,n—1}. Let E = Re; &
... ® Re, be the n-dimensional euclidean space where the e; are orthogonal
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of norm ~/2/2. The reflection representation of &, is given by the hyperplane
orthogonal to e; + - - - + ¢,, where G,, acts on E by permutation of the ¢;’s,

with Ay ={8; ;= e;x1 —e; | i = 1,...,n — 1}, represented by the following
diagram

31 Ly 8n—1
(An-1) i

O=fe,—ejli#j, 1<i,j<n—1}anddP" ={e;—¢; |1 <j<i<
n— 1}

(ii) Coxeter group of type BC, (see [Bour68] Planche II, III). In E above,
take the basis Apc = {89} U A with 8p = +/2e;.

o 41 8n—1

(BC,)) —_—

The corresponding reflections generate the matrix group W(BC,,) of permu-
tation matrices with &1 instead of just 1’s. Denoting by s/ the reflection of
vector e;, every element in the Coxeter group of type BC can be written in a
unique way as

/
Sy e S W

forweS,and1 <i; <...<i;y <n.
(iii) Coxeter group of type D, (see [Bour68] Planche IV). This time, take
Ap = {8y} U Ax with §y = e; + es.
8
82 83 811—1

(Dn) T

81

The corresponding group W(D,) is the subgroup of W(BC,) of matrices
with an even number of —1’s. This corresponds to the condition that & is even
in the decomposition above.

Definition 2.2. When w € W, denote ®, = d* Nw Y(®7). If I C A, let
Di={weW|wl)SDT).IfI, J C A, let Dy =D;N (D).

Proposition 2.3. (i) If § € A, then § € @, if and only if [(wss) = [(w) — 1.
(ii) @, is finite of cardinality [(w).
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(iii) If v, w e W, then l(vw) =Iv)+Il(w) & ®, C D, & OT C
v (@Y Uw(@) & @y = P, (D) & &, NP, =0

Proof. (i) and (ii) are standard ([Hum90] §5.6, [Stein68a] (22) p. 270). (iii) is
left as an exercise. More generally, if @/, denotes the set of lines correspond-
ing to elements of ®,,, one has ®/ = &/ + w~!(®)) (boolean sum) for any
v,weW. O

Proposition 2.4. If I, J C A, then every double coset in W \W/W; con-
tains an element of minimal length, which is in Dy;. This induces a bijection
WI\W /W, < Dyjj. (The letter D is for distinguished representatives.)

Proof. If w is of minimal length in W;wW,, it is of minimal length in wW,
and W;w, whence w(8) € ®T if § € J and w™'(8) € &% if § € I, thanks to
Proposition 2.3(i). O

Example 2.5. Let S,,_; € G, be the inclusion corresponding to permutations
of n letters fixing the last one. In the reflection representation of Example 2.1
above, this corresponds to the subset A’ = A\ {e, — e,—1}. When i < j, let
s;,; be the cycle of order j —i + 1 equal to (i, ..., j). Wheni > j,lets; ; =
(s}, oL Checking images of the elements of A, itis easy to see thats; , € Dy as
foreachi =1,...,n. Thens,; € Da y. Moreover, if w € G,, it is clear that
Sn,wmW and wsy, -1, , fiX n, hence are in &,,_;. By Proposition 2.4 above, this
implies that

{sin |l =i <n}=Dpa and {s,; |1 <i<n}=Dny.

For any w € &, one gets w € Syu),nSn—1 and w € &,,_18, w1(n)-

Theorem 2.6. If I, J C Aandw € Dyy,let K =1Nw(J) C A. Then W; N
YWy =Wk, ;N w(d;) = Pk, and dD;r @l w(dﬁ) = @}.

Lemma 2.7. Given the same hypotheses as for Theorem 2.6, we have
wJ N <I>;r CclI.

Proof of Lemma 2.7. Let § € J be such that w(§) € CD,*. Let us write w(§) =
Y yer Awd with Ay > 0. Then § = Y 5, Agw™'(8') € A with each w™'(8")
a positive root since w~! € D;. One of the Ay is non-zero, say As, > 0. Then
w1 (8y) must be proportional to §, hence equal to it. Thatis, o = w(§) € 1. [

Proof of Theorem 2.6. The inclusions Wx € W; N"W; and & C &, N
w(d) are clear.

Conversely, let x € W; N W, and let us check that x € Wg. We use induc-
tion on the length of x. If x = 1 thisis clear. Otherwiselety = w™'xw € W, \ 1



26 Part I Representing finite BN-pairs

and 8 € J be such that y(§) € &7, orequivalently y = y'ss with [(y") = I(y) —
1. Since w € Dy, one has xw(§) = wy(§) € ®. One has w(§) € ®* since
w € Dy. Then w() € , C CI>;“. Now Lemma 2.7 implies w(d§) € I. Denot-
ing 8 = w(8), one has &’ € I N w(J). Moreover, x(§') € ®~,s0x = x'sy with
I(x") = I(x) — 1. One may then apply the induction hypothesis to x’ = wy'w~".

Now let & be an element of q);r Nw(dy). Let ¢t be the element of W cor-
responding to the reflection associated with « in the geometric representation.
Nowt € Wy N"W,.Thent € W by what we have just proved, and therefore
P, C CDI. But (@) = -, s0 @ € CD; as claimed. Thus dD;r Nw(dy) = CD;.
Then, making the union with its opposite, we get ®; N w(P,;) = Pg. The
equality CIJ;r N w(CDj') = ¢>; also follows since w(CD;’) C . O

We assume W is finite. Then the form (—, —) on RA is positive def-
inite (see [CuRe87] 64.28(ii), [Bour68] §V.4.8, [Hum90] §6.4). Moreover,
W has a unique element of maximal length, characterized by several equiv-
alent conditions, among which is the fact that it sends A to —A (see [Hum90]

§1.8).

Notation 2.8. If / € A, one denotes by w; the element of maximal length in
Wi I8 € A\ 1, letv(s, I) = wiyswy.

Example 2.9. (i) In G, (see Example 2.1(i)), the element of maximal length is
defined by wo(i) = n 4+ 1 — i (itis easily checked that this element makes neg-
ative all 6; = e;11 — ¢; € Ap). Itis easily checked that v(5,—1, Aa \ {6,—1}) =
sy.1 (cycle of order n, see Example 2.5).

(i1) For the Coxeter group of type BC,,, wy is —Idg in the geometric repre-
sentation (see Example 2.1(ii)). One has v(8,_1, Apc \ {8,—1}) = s,

(iii) In the geometric representation of D,,, one gets wg = s ..., = —Idg if
niseven,wo = s, ...s, = —s;ifnisodd. Onehas v(,_1, Ap \ {8,—1}) = s75,.

Proposition 2.10. Let I C A, § € A\ 1.
(i) We have ®,,, = CD;F, Dy = <I>,+U{8} \ ®F, and v(8, I)(I) € I U {8).
(ii) Let w € W satisfy w(I) € A. Then l(w.v(8, ™) = I(w) — [(v(8, I)) if
and only if w(8) € ®~. Otherwise, l(w.v(8, I)™") = I(w) + I(v(8, I)).

Proof. (1) We have w;(I) = —I, so w,(@f) = &, and v, )(I) =
—wyysy(I) © —wyusy (I U {8) = T U{8}. But l(w;) = <I>}", hence &, =
<I>;“. This also gives @5,y = q’?é}w \ <I>;L since l(wsyur) = L(wy) + L(v(6, 1)).

(i) Let now w be such that w(/) € A and w(§) € ®~. To show that
Il(w.v@, D™ = I(w) — (v, 1)), as a result of Proposition 2.3(iii), it is
enough to show that &,, D & ). Letax € Oys5,1y,1.6. 0 € QJ?S}U, \ CIDT thanks
to (i) above. Let us write o« = A58 + ) 5, Ay8” with A; > 0 and Ay > O for
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8" € I. Then w(e) = Asw(8) + D 5, Ayw(8). If we had w(x) € &7, since
w(d) € &~ and w(l) € A, the non-zero coefficients in w(§) would be for el-
ements of w(l). So w(§) € Py ), or equivalently § € &;. But § € A\ I, a
contradiction.

It remains to show that, if w(I) € A and w(8) € ®*, then [(w.v(8, )™') =
l(w) + L(v(8, I)). We apply the implication we have just proved with w.v(§, I)
instead of w, so we just have to check that w.v(8, I)(§) € ®~. We have seen
that § € ®ys.1), so v(8, I)(S) € @;Ul. Then its image by w is in ® since w
sends both I and § into ®* by hypothesis. O

Theorem 2.11. Assume as above that W is finite. Let w € W and
Ay € A be such that w(Ay) C A. Then there exist Ay, ..., Ay subsets of
A, and a sequence §; € A\ Ay, ..., 8 € A\ Ay, such that, forall 1 < j <
k=1, v(j, Aj)Aj) = Ajq and w = v(8, Ag)...v(81, Ay) with [(w) =
I8k, Ap)) + -+ -+ 1(v(81, Ay)).

If moreover A \ A\ has a single element 8, then w = 1 or v(6;, Ay).

Proof. The first point is by induction on the length of w. Everything is clear
when w = 1. Otherwise, thereis § € A suchthatw(§;) € ®~.Thend; ¢ A;and
Proposition 2.10(ii) allows us to write w = w;v(§;, A;) with lengths adding.
Letting Ay = v(81, A1)(A}), one may clearly apply the induction hypothesis
to A, and w;.

We also prove the second point by induction on the length. If w = 1, we
are done. Otherwise, one has w = w;v(§;, A;) with lengths adding and w;
satisfying the same conditions as w for A, = v(§1, A;)(A) = —wo(A}). The
induction implies w’ = 1 or v(—wg(8;), A3). But the latter is wov(8;, Ap)wy =
v(81, A1)~ We get our claim. O

2.2. BN-pairs

We now define BN-pairs.

Definition 2.12. A BN-pair (or Tits system) consists of the data of a group
G, two subgroups B, N and a subset S of the quotient N/B N N such that,
denoting T := BN N and W :=N/T:

(TS1) T <1 N (W is therefore a quotient group), W is generated by S and
Vs e, s2=1.

(TS2) Vse S, VweW,sBwC BwBU BswB.

(TS3) B U N generates G.

(TS4) Vs e S, sBs # B.
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Remark 2.13. The notation Bw is unambiguous since w is a class mod. T and
T C B. Similarly, if X is a subgroup of B normalized by T, the notation X"
makes sense (and is widely used in what follows).
The hypothesis (TS4) implies that all the elements of S are of order 2.
(TS2) implies
(TS2)Vs € S,Yw € W, wBs € BwB U BwsB.
For the next two theorems, we refer to [Bour68] §IV, [Cart85] §2,
[CuRe87] §65.

Theorem 2.14. (Bruhat decomposition) If G, B, N, S is a Tits system, the sub-
sets (BwB)ycw are distinct and form a partition of G.

Definition 2.15. If G, B, N, S is a Tits system, and I C S is a subset, let W; =
<I>, and Ny be the subgroup of N containing T such that N;/T = W. Let
P;:=BN/B=J BwB.

U)GWI

Theorem 2.16. Let (G, B, N, S) be a group with a BN-pair.

(i) W is a Coxeter group with regard to S.

(ii) The P; defined above are subgroups of G (“parabolic” subgroups) and
NN Py = Nj. If P is a subgroup of G containing B, we have P = Pj for
J:={seS|s C P}

(iii) If P; is a parabolic subgroup, (P;, B, Ny, I) is a BN-pair.

(iv) If 1, J are subsets of S, then P)\G/P; = W\W/W,.

Example 2.17. (see [Cart72b] §11.3, §14.5, [DiMi91] §15) Let IF be a field, let
n > 1 be an integer.

(1) Let GL,(F) be the group of invertible elements in the ring Mat,(F) of
n x n matrices with coefficients in F. Let U (resp. T, resp. W) be the subgroup
of upper triangular unipotent (resp. invertible diagonal, resp. permutation) ma-
trices. Let B = UT (upper triangular matrices in GL,(F)), N = TW and S
be the set of elements of W corresponding to the transpositions (i, i 4+ 1) for
i=1,....,n—1.

Then BN N =T and (B, N, S) makes a BN-pair for GL,(IF) (see Exer-
cise 1). The associated Coxeter system (W, S) corresponds to Example 2.1(i),
ie. type A,_;.

A slight adaptation of the above allows us to show a similar result for SL,,(F),
the group of matrices of determinant 1.

(ii) Assume now that F has an automorphism A > A of order 2. This ex-
tends as g — g for g € GL,(F). Let wy € GL, () be the permutation matrix
corresponding toi +> n + 1 —i fori =1, ..., n. Denote by

0: GL,(F) — GL,(F)

the group automorphism defined by o (g) = wo.'g . wo.
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Let GU,,(IF) be the group of fixed points in GL,,(IF), i.e. g € GL,(IF) satisfying
g.wo.'g = wo. Let B, T?, W be the subgroups of GU,,(IF) consisting of fixed
points under o in the corresponding subgroups of GL,(IF). Let m := [%] be
the biggest integer < 7. Then it is easily checked that W7 is isomorphic to
(Z/27Z)" ><1G,, and that it is generated by the set Sy of permutation matrices
corresponding to the following elements of G,,: (i,i + 1)(n + 1 — i, n — i) for
2i < n, plus an element equal to (m, m + 1) when n = 2m is even, and equal
to (m,m + 2) whenn = 2m + 1 is odd.

This makes a Coxeter system of type BC,,.

From the fact that B, N, S of (i) above make a BN-pair, one may prove that
B°, N?, and S, are a BN-pair for GU,,(FF) (see Exercise 2).

When F is finite and A — A is non-trivial, |F| is a square ¢? and A = A¢
for all A € F. Then, it is also easily checked that the above group GU, (F) is
isomorphic to the group of matrices satisfying a.’a = 1d,, (a more classical def-
inition of unitary groups). For that, it suffices to find an element gy € GL,,(FF)
such that go."go = wy. This reduces to dimension 2 where one takes go =

(8(8 _1 D ene i 71)71) for e #n in F satisfying e9t! = p9t! = —1,
Then a + a® is the isomorphism sought.

(iii) Let IF be a field of characteristic # 2, m > 2 an integer. Recall wy €
SL;,,(F), the permutation matrix associated with the permutation i > 2m —
i+ 1.

Let Sij (F) denote the subgroup of SL,,,(F) consisting of matrices sat-
isfying 'g.wo.g = wy. This is the special orthogonal group associated with
the symmetric bilinear form on F?” of maximal Witt index (hence the + in
SO™). Let B’ (resp. T’) be its subgroups of upper triangular, resp. diagonal,
matrices. Let S’ be the set of permutation matrices corresponding to the follow-
ing elements of Gy, : (i,1 + 1)2m —i,2m —i 4+ 1)fori =1,...,m — 1,and
(m—1,m+ 1)(m,m + 2). Clearly S’ C SO;Fm(IF) and it generates the central-
izer W’ of wy in the group of permutation matrices in SL,,,(F). Along with S’,
this makes a Coxeter system of type D,, (note that the embedding of W’ in W°
above corresponds with the embedding of type D,, in type BC,, suggested in
Example 2.1).

Using a method similar to (ii) above (see Exercise 2), one may check that
B, T', W, and S’ make a BN-pair of type D,, for SO;m ).

2.3. Root subgroups

We keep the same notation as in §2.2. G is a group with a BN-pair and finite
W. We show how to associate certain subgroups of G with the roots of W.
Assume BN B" =T.
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Definition 2.18. Ifw € W, § € A, let B,, = BN B"™", Bs = By,.

Theorem 2.19. Let G be a group with a BN-pair and finite W. Assume
BNBY =T.LetweW,seS §eA.

(i) If l(ws) = [(w) + 1, then BN B** C BN B*.

(ii) B = B,(B N B) = (B N B*)B,.

(iii) ¥ Bs depends only on w(8). We write  Bs = Bys).

(iv) There is a sequence oy, . .., ay giving all the elements of ®1 with no
repetition, such that B = By, . .. Ba,. The corresponding decomposition of the
elements of B is unique up to elements of T.

(v)If 8,8 € A are such that wo(8) = —8&’, then Ps N Py™ = Bs U BsssBs.

Proof. (1), (ii), (iii), (iv) are classic (see [Cart85] §2.5, [CuRe87] 69.2). They
can be deduced in a fairly elementary way from the axioms of the BN-pair (see
[Asch86] Exercise 10, p. 227).

(v) Let us show first
(V,) BN (ng)wo = Bg.

Using (ii), one has Py = BU BsyB = B U BgsyB. Therefore Py =
ngPy = S(;/B U Sg/BnggyB = ngB U B_g/B and (ng)wn = Sngn @] BngO by
the definition of 8’ from § and (iii). Now B N ssB*° = (Bwg N sswoB)wy = @
by Theorem 2.14 (Bruhat decomposition). So B N (Ps)™ = BN BsB"" = B;
since BN BY = T. This is (V).

Let us write Ps = B U Bss B;, again by (ii). We have s5, Bs € (Ps)"", so
(V') implies that Ps N (Py)*° = Bs U Bsss Bs as claimed. O

Definition 2.20. The BN-pair (G, B, N, S) is said to be split of characteristic
p if and only if G is finite, BN B"™ = T, and there is a semi-direct product
decomposition B = UT where U < B is a p-group and T is a commutative
group of order prime to p. The BN-pair is said to be strongly split when
moreover, forall I C S, Uy :=U NU™Y isnormal in U.

When o € @, let X,, be the set of p-elements of B, (see Definition 2.18).

Note that B, = X,.T (semi-direct product). In the following, (G, B =
UT, N, S) is a split BN-pair of characteristic p.

Theorem 2.21. (i) U is a Sylow p-subgroup of G and G has no normal
p-subgroup # {1}.

(ii) ¥ X s depends only on w(8), so we can write ¥ X5 = X,,s). It is not equal
to {1}.

(iii) There is a sequence ay, . .., ay giving all the elements of ®* with no
repetition, such that U = X, ... X, with uniqueness of the decompositions
(e [U| = Hueo+|Xal)-
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Proof. (i) Since U is a Sylow p-subgroup of B, it suffices to check that
Ng(U) = B to have that U is a Sylow p-subgroup of G. We have Ng(U) 2 B,
SoNg(U) = P; forsome I C S. Then,ifs € I, we have U® = U and therefore
B* = B. This contradicts (TS4).

There is no normal p-subgroup # {1} in G since such a subgroup would be
inUNU™ € BN B =T, agroup of order prime to p.

(ii) is a consequence of Theorem 2.19(iii). The group X; is non-trivial
since X5 = {1} would imply Bs = T, and therefore B = B N B% by Theo-
rem 2.19(ii), contradicting (TS4).

(iii) is a consequence of Theorem 2.19(iv). O

Lemma 2.22. Let «y, ..., oy be m distinct positive roots and, for every i,
let x;i € X4, \ {1}. Let w € W, then x1x3...x,, € U" if and only if w(e;) is a
positive root for every i.

Proof. The “if” is clear since “(Xy) = Xu@) € U when w(a) is positive (The-
orem 2.21(iii)).

We prove the converse by induction on the length of w. If w = 1, this is
clear. If w = s5 with § € A, one must check only that § is none of the ¢;’s.
Suppose on the contrary that § = «;,. Then in the product x;x; ... x,, all the
terms on the left of x;, are in U* (by the “if” above), and the same is true
for the ones on the right. So x;, € U N U%, while x;, € Xs = U N U™%. But
B% N BY* =T% =T, so x;, = 1, contradicting the hypothesis.

For an arbitrary w of length > 1, write w = w’s with [(w) = I(w’) + 1.
We have U N U™ € U N U* as aresult of Theorem 2.19(i) so, by the case just
treated, s(o;) is positive for all i. Now defining o} = s(e;), x{ = (x;)8 forg € N
arepresentative of s, wehave x| . ..x,, € U *" and the induction hypothesis gives
our claim. O

Theorem 2.23. Let (G, B =UT, N, S) be a split BN-pair of characteristic p
(see Definition 2.20).
If A is a subset of W containing 1, denote W4 = (,c4a (") and Uy =

maeA ve.

(i) Let oy, a3,..., ay be a list of the positive roots such that U =
X, ... Xy (see Theorem 2.21(iii)). Let A be a subset of W containing 1.
Then, denoting W4 = {o;,, iy, ..., 0, } withl <iy <... <i, <N, one has

Uy = X(,[,.1 o Xy, = <Xy € Wy>

and

Wy ={a e @ | X, C Uyl



32 Part I Representing finite BN-pairs

(ii) If A, A’, A" are subsets of W such that 1 € ANA'NA" and W,
Wy UWyr, then Uy = (Ugs NUA).(Ua NUgr) S Up Ugo.

N

Proof. (i) Repeated application of Lemma 2.22.

(i1) One has clearly, for arbitrary subsets of W containing 1, Uy N Uy =
Uava and Wy NWy = Wyya. By (i), one has |Uu| = Iyew, | Xo|. There-
fore (Uy NUga).(Ug N Uyr) has cardinality |Uauar|.|Uavar]-|[Uavaroar |~ =
Mocw, 0,0 | Xal. We have Wyup UWapar =Wy N(We UWyr) =Wy
by hypothesis. So [(Us NUga).(Ua NUgr)| = |Ua|. This implies (Us N
Ua).(Us NUy) = Uy since the inclusion (Ug NU ). (Ug NU#) C Uy is
clear. This gives (ii). |

Remark. The sets W4 of Theorem 2.23 coincide with the intersections of &+
with convex cones (see Exercise 3).

When the BN-pair is strongly split, i.e. U N U™ < U for all I, the root
subgroups X, satisfy a commutator formula (see Exercise 5).

2.4. Levi decompositions

We now assume that G has a strongly split BN-pair of characteristic p (see
Definition 2.20).

Definition 2.24. Let I C A. Let Ny be the inverse image of Wy in N, and recall
that Uy = U NU"Y". Let L; = <B,,,, Ny>; this is called the Levi subgroup
associated with 1.

Denote L ={(P;,U;)® | I C A, g€ G}

Proposition 2.25. L; has a strongly split BN-pair of characteristic p given
by (By,, Ny, I). One has a semi-direct product decomposition P; = Uy > Ly,
and Uy is the largest normal p-subgroup of P;. So L above is a set of subquo-
tients.

Proof. Let us check first that L; has a split BN-pair. The axioms (TS1)
and (TS3) are clear. (TS4) and B,, N (B,,)"" = T both follow using Theo-
rem 2.23(i). One has B,,, = (U N By,,)T, a semi-direct product.

It remains to check (TS2). Let s5 € S correspond with§ € [ andletw € W;.
Using Theorem 2.23(ii), one has U = UsX; and therefore B,, = T(B,, N
U) = T(By, N Us)Xs. One has s(g(CD;L \d) = CD;L \ 8, so Theorem 2.23(i) im-
plies that ss normalizes B,, N Us. If w8 is positive, it is an element
of @ = &,,, 50 s5B,,w C T(By, NUs)sswBy, C By, sswB,y,. If w™(8) is
negative, one may apply the preceding case to ssw, so it suffices to show
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§s By, 55 By, U By, ssB,,,. Now using the same decomposition of B,, as be-
fore, one has s5 By, 55 € s5BsSs By,. Theorem 2.19(v) told us that Bs U Bsss B
is a group, so ssBsss € Bs U Bsss Bs. Thus we have our claim.

We must show that the BN-pair of L; is strongly split. We have seen
that B, = X;T, a semi-direct product where X; = U N B,,, = U N U™,
So, given J € I, we must check X; N (X" < X;. We have X; =UN
U™ and X; N (XY =U NUYY NUY NUY™ ™ Knowing that U N
U™ < U by the strongly split condition satisfied in G, it suffices to check
that U N U™ NUY NUYvYr = U N U N UY . By Theorem 2.23(i),
this may be checked at the level of the corresponding subsets of ®*.
This follows from ®* Nw;(®F) = &\ &F , dT N w;we(®*) = & and
the fact that <I>;r \ CID}r is made negative by w;w; (all this follows from
Proposition 2.10(1)).

The strongly split condition gives U; < U. But Uy is clearly normalized by
N (use Theorem 2.23 (i)). Then U; <1 P;. Now L; has no non-trivial normal
p-subgroup, so U; N L; = {1}. To check that U;L; = P; it suffices to check
B = U;B,,. This is clear by Theorem 2.23(ii). O

Definition 2.26. When I C A, let W' be the subgroup {w € W | wl = I}.

Theorem 2.27. Let (G, B = UT, N, S) be a strongly split BN-pair of charac-
teristic p (see Definition 2.20). Let I, J C A, g € G.

(l) [fd € D]], then d(P], U]) mi, (P[, U]) = (P[(, U]()fOF K=1INndJ.

(ii) L (see Definition 2.24) is k-regular and N\ -stable for all fields k of
characteristic £ # p.

(iii) (P, Up)—38(Py, Uy) if and only if g € P;d P; where d € W satisfies
dJ = 1. Thisinduces a bijection between Pi\{g € G | (P;, U;))—5%(P;, Uy)}/
P, and {d e W |dJ =1}. When (P;,U;)—8(P;,Uy), one has P; =
U;><Land 8Py =48U; >< L for an L which is a P;-conjugate of L.

(iv){g € G | (P, U)—(P;,Up)#} = PINGg(L)P; = PiW' Py (see Defi-
nition 2.26).

(v) Any relation (P, V)—(P’, V') in L implies |P| = |P'| and |V | = |V’|.

Proof. (i) Let (P,V) = ((““P, N PHU;, (U, N PHUy) = 4Py, Uy N{
(Pr, Up).

Let us show first that P D Px. We have T C P, N%P, C P.Ifu € @;L,
then X, € P;andd'(a) € & sinced € Dy, therefore X, < P.ButU; C P,
therefore (Theorem 2.23(ii)) B € P. It now suffices to check Wx € P. But
Wx CW;N4W, € P,N4P; C P.

Since P C P, there exists a subset K’ such that K € K’ C [ and U;.(P; N
ip)) = Pg..
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Let us show that X, C V foralla € &+ \ ®g. If o € & \ ®, then X, C
U CV.Ifa € ® \ ®x, X, C P;. It remains to show that X¢ C U,, which
in turn comes from d (o) € ®;. If @ € d(P), then @ € ; Nd(Py) = Py
(Theorem 2.6). This contradicts the hypothesis. Therefore Uy C V.

Now, since V is anormal p-subgroupin P = Pg/,onehas V C Uk, whence
Uk C Uk and therefore Ug N X, = {1} for all « € @k (Theorem 2.23(i)).
Then ®* \ &} € &+ \ ®},,ie. K’ C K. Wealready had the reverse inclusion,
whence the equality.

(i) We have U; < P; and |Uy| is a power of p. It remains to check
that (P;, Up)® N (Py, Uy)" is in £. This reduces to (i) recalling that G =
P[D[_]PJ B gh_l.

(iii) is clear by (i) and (ii). We take L = *(L;), where x € P; is such that
g €xdPjyandd € W satisfiesdJ = 1.

(iv) We clearly have {g € G| (P;,U;))—(Pr,U)?} 2 PINg(L)Pr 2
P[WIP]. NOW, if (P[, U])—(P[, U])g, let us write g e P[dP] ford € Dy,
satisfying (P;, Uy)—(Py, Upe. By (i), this means dI =1, i.e. d € w! as
stated.

(v) follows from (iii). O

Example 2.28. Let us give some examples of subgroups W/ (see Defini-
tion 2.26). We use the notation of Example 2.1.

(@) Fortype Ay—1 (n = 2), A ={8,..., 81}, let I ={5y,...,8}( = D).
— \ 4 \ 4 & —®
—_— —_—

1 1

It is easy to see that any element w € W/ must correspond to a permutation
which increases on the set {1, ...,i 4+ 1} butis also such that {1, ...,i + 1} is
preserved. So W/ coincides with permutations fixing all elements of this set,
i.e. WI = <8i42, ..., Sp—1> = W]/ where I’ = {8i+2’ ey 6n—1}~

(ii) For type BC,,, Apc ={80, 81, - - ., n—1}, let I ={8¢, 81, ..., 8;i—1} (i > 1).

An element in W/ must permute the basis elements ¢; in a fashion sim-
ilar to the case above, with trivial signs on ej,...,e;. So we get wl =
<sl./+1, Si+1, - -+ Sp—1>, Which is a Coxeter group of type BC,_; represented
in the space generated by Al = {eit1, Sit1s s Ont]}-

€itl
O

! \

dit1
(iii) For type D,, Ap = {8).61,....8,_1) (n>4), let [ = {8} U
{01, ..., 81} (G = 1).
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If 1 =1{é,}, one finds Wl = <s;> x <8384, 83, ..., Sp—1>, Which is of
type A; x D,_, with simple roots {§;} U {e4 — e3, 83,64, ...,8,—1}. When
i > 2, one finds W/ = <S8/, 1sSit1s .., Sy,—1> isomorphic with the Cox-

eter group of type BC,_; through its action on the space generated by A! =
{eit1, 8iv1, -+ o5 Sn1}

1 €it1
O
Z \
dit1

2.5. Other properties of split BN-pairs

In the following, G is a finite group with a strongly split BN-pair (G, B =
UT, N, S) (see Definition 2.20). We state (and prove) the following results for
future reference.

Proposition 2.29. Let I C A. Then the following hold.

(i) Ne(U;) = P; and Uy is the largest normal p-subgroup of P;.

(ii)If g € Gis suchthat$U; C U, then g € Py and 8U; = U,. If moreover
8Uy = Uy for some J C A, then I = J.

Proof. (i) Ng(Uj) contains P;, so Ng(Uy) is a parabolic subgroup P; with
J 2 1. Assume § € A\ [ is such that (U;)* = U;. Since X5 € U;, we have
X_s = (X5)% C U; C U, acontradiction. So J = I.

The second statement of (i) is in Proposition 2.25.

(i) Write g € BwB (Bruhat decomposition). Since B normalizes U; and
U, one gets “U; € U. By Lemma 2.22, the inclusion U; € UY implies that
®,, € ;. This implies w € W, (use Proposition 2.3(i)) and therefore g € P;.

When U; = Uy, the normalizer gives P; = P; and therefore / = J. O

Lemma 2.30. Assume that W is of irreducible type (i.e. there is no partition
of A into two non-empty orthogonal subsets). Let I be a subset of A such that
CeU)NBw;B #@. Then I = ¥ or A.

Proof. Letustake g € C5(U;) N Bw; B. Then g can be written as
g =unyu

withu,u’ € Uandn; € N suchthatn;T = w;.Denoting X; := U N U™"! =
<X, |lae CI>;'>, we have U = X,;U; (see Theorem 2.23(i) and Proposi-
tion 2.25). So we may assume u € X;.
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Let us show that w;(§) =6 for all § € A\ I. Assume w;(§) # 6. Then
w;(8) € @1\ {8} and therefore (X;)" C Us. Take x € X5, x # 1. We have
ueX; CUs<aU,so"x € xUs. But “x € “U; = Uy, so it is centralized by
g =unu'.Weget“x = x"" e (Xs)"* C (Us)* = Us. This contradicts “x €
xUs since Us N X5 = {1}. So w;(§) = 6.

Suppose that I C A is a proper non-empty subset. Letd € A\ [ and §’ € I.
Then (', §) < 0 since it is the scalar product of two elements of A. How-
ever, (8', w;(8)) = (w;(8"), 8) but w;(I) = —1,s0 —(w;(8"), §) < 0.So we get
A =1TU A\ I, a partition into two orthogonal subsets. This contradicts the
irreducibility of W. O

Theorem 2.31. Assume that W is of irreducible type (i.e. there is no partition
of A into two non-empty orthogonal subsets) with |W| # 2. Then Cg(U) =
Z(G)Z(U).

Proof. By Proposition 2.29(i), we have N (U) = B,so Cg(U) € B. Our state-
ment reduces to checking that C5(U) € Z(G)Z(U). Note that Cg(U) contains
Z(U) as a central subgroup and that Cz(U)/Z(U) = Cg(U)/Cy(U) injects in
B/U = T, hence is a commutative p’-group. Then C3(U) = Z(U) x A where
A is a commutative p’-subgroup (take a Hall subgroup). Let £ be a prime # p.
Then A, is a Sylow £-subgroup of Cg(U), while T} is a Sylow £-subgroup of
B. By Sylow theorems, there is b € B such that A, € T. But B normalizes
Cp(U),s0?A, € T NCr(U) = Cr(U). So, to get our theorem, it suffices to
check

Cr(U) € Z(G).

Now take § € A. Denote Zs = Cr,(Us). We know that X; normalizes Us,
hence Zs, while Us centralizes Zs. Then U = X3Us normalizes Z;s.

Using Lemma 2.30 for I = {8} # A, along with Ps = B U BssB, we get
Cp,(Us) € B.Since Ps normalizes Cp,(Us), we getCp,(Us) € BN B% = TUs.
Hence Z; € TUs; N Ls € T.Hence Z; = C7(Us) is normalized by U, and also
normalizes U. So Zs commutes with U since U N T = {1}. Then

Zs = Cr(U).

Since Zs = Cp,(Us) is normalized by T and ss, this implies that Cr(U) is
normalized by T and any s; for § € A. Then Cy(U) is normalized by N. But
Ce(Cr(U)) 2 TU = B, hence is a parabolic subgroup: C5(Cr(U)) = Py for
some I € A. By Proposition 2.29(i), Ng(P;) = Ng(U;) = Py, so the fact that
N normalizes C7(U) (and therefore Cs(Cr(U))) implies that I = A. Then
Cr(U) C Z(G). O
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Exercises

1. Let G =GL,(F), B=UT, N =TW, S be as in Example 2.17(i). Then
(W, S) is a Coxeter system of type A,_; with root system denoted by & and
simple roots Ay € ® (see Example 2.1(i)). When § € A,, one associates
Ss € S.

(a)
(b)
(©
(d)

(e)

2. (a)

(b)

(©)

(d)

Define and describe Bs and X for § € A, (see Definitions 2.18 and
2.20). Show that B = (B N B*).X;, a semi-direct product.

Describe ¥ X forall § € Ax and w € W. Show that it depends only on
w(8) € ®. Denote ¥ X5 = X,(). Check that X, € B whena € ®7.
Show that,if § € Ay andw € W are suchthatw(§) € ®*,thenwBss C
Bwss B (use (a)).

Show that G = B U BsgB when n = 2 and A = {8}. Deduce that
G = <B, N> for all n.

Show that (B = UT, N, S) is a strongly split BN-pair for GL,,(I). De-
scribe the Levi decompositions P; = U;.L; of the standard parabolic
subgroups for I C S.

Let (W, S) be a Coxeter system with finite W. Let 0: W — W be a
group automorphism such that ¢S = §. Show that the group of fixed
points W¢ is generated by the w; for I C § among the orbits of o on
S (use the induced action of ¢ on roots and apply Proposition 2.3).
Let (G,B=UT, N, S) be a finite group with a strongly split BN-
pair such that the extension N — N/ T splits, i.e. there is a subgroup
W C N suchthat N = T.W is a semi-direct product (so S is considered
as a subset of N). Let 0: G — G be a group automorphism such that
U, T and S are o-stable.

Show that the group of fixed points G° is endowed with the strongly
split BN-pair B = U°.T°,N° =T°.W? , Sy ={w; | I € S/<o>}.
Hint: prove and use a refined version of Bruhat decomposition where
each g € G can be written uniquely as g = unu’ foru e U,n € N,
u' e UNU™)".

Letn > 1.LetF be afield endowed with an involution A > A (possibly
trivial). Let G = GL,(F) and extend A — A to G. Let wy € G be the
permutation matrix associated withi — n+ 1 —1i.Leto: G — G be
defined by o'(g) = wo.”g ' .wp. Use the above and the usual split BN-
pair of G to show that G° has a split BN-pair of type BC,/2). Apply
this to orthogonal groups for maximal Witt index and unitary groups
(Example 2.17(ii)). Deduce also Example 2.17(iii).

Assumen = 2miseven. Lete € GL,(IF) be the diagonal matrix with m
first diagonal elements equal to 1, the othersequal to —1.Let J := wy.e.
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Use a slight adaptation of (c) above to check that the symplectic group
Spa. (IF), defined as the subgroup of matrices g € GL;,,(IF) satisfying
'g.J.g = J, has a split BN-pair of type BC,,.

(e) Show that GU(F,2) (see Example 2.17(ii)) is conjugated in GL,(IF,2)
withSLo(IF,).Z where Z = IF;Z is the group of matrices diag(a, a Yfor
ace ]F(;. Show that 802+ (F) = F* (see Example 2.17(iii)) is the group
of diagonal matrices diag(a, a~') whenever IF is a field of characteristic

£2.

. Generalizing Theorem 2.23.

(a) Let E be a euclidean space endowed with a scalar product (., .). If
C and D are two closed convex cones of E suchthat CN—C = DN
—D = C N D = {0}, show that there is f € EY suchthat f(C \ {0}) C
10, +oo[ and f(D \ {0}) S ] — oo, O[.

(b) Let F be a finite subset of the unit sphere of E. Let S 1 (F) denote the
set of subsets F' C F of the form F' = {x € F | {x, a) < 0} for some
a € E such that F Nat = @. Let S(F) (slices of F) denote the set of
intersections of any family of elements S 1 (F).

Show that the slices of F' are the sets of the form F N C for C a
closed convex cone of E such that C N —C = {0}. Show that this also
coincides with the sets of the form F N C for C an open convex cone
of E such that C # E.

(c) We fix a set of simple roots A € ®. If A C W is a subset, denote
Wy =(N,eqa (@F). Show that w — Wy, is a bijection between W
and S%(CD). Show that S(®) = {W,4 | A C W, A # 0}.

(d) Let G be a finite group endowed with a split BN-pair of characteristic
p and associated root system ®. Generalize Theorem 2.23 to get an
injective map

U UW)=<Xy | e¥>

from S(®) into the set of p-subgroups of G.
Show that U(W) N U (V) = U(W NY).

. Let G be a group endowed with a BN-pair and finite W. Denote ® > A

associated with the reflection representation of W.

Let I € A and let J = —wo(/). Show that P; N (P;)** = <B,,, N;>
= Uwew, B,,,wB,,,. Deduce that this group has a BN-pair (B,,,, N;). This
allows L; to be defined without assuming that the BN-pair of G is split.
Hint: mimic the proof of Theorem 2.19(v); in particular, show that B N
(P™ = Bw,-
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5. Let G be a finite group endowed with a split BN-pair of characteristic p.
We call the following hypothesis the commutator formula:

(C) Ifa,B e ®anda # £8, then [ Xy, Xg] € <X, |y € Cop>,
where C, g is the set of roots y € ® such that y = aa + bf
witha > 0Oand b > 0.

(a) Show that (C) implies that the BN-pair is strongly split.

In the remainder of the exercise, we show a converse. So we assume
that G has a strongly split BN-pair with associated root system ¢ and let
o # B in D.

(b) Show that Co g U {e, B}, Cop U {a}, Cop U (B}, Cup € S(P) (nota-
tion of Exercise 3(b)).

(c) Show <X, Xg> C U(Cqp U {a, B}) (notation of Exercise 3(d)).

If, moreover, @ € A, B € ®F, B # «, show that [X,, Xg] C
U(Cqp U{BY) (use U, < U).

(d) If o, B € ® and o # £, show that there exists w € W such that
w(a) € A and w(B) € ®*. Hint: Take w such that w(a) = § € A, but
if w(B) € 7, try wossw instead of w.

(e) Show [X,, Xg] € U(Cqp U {B}). Deduce (C).

(f) Show that, if G is a finite group endowed with a split BN-pair of
characteristic p defined by B =UT, N, S, then the following three
conditions are equivalent:

(A) the BN-pair is strongly split,
B)foranys € S, UNU* U,
(C) the commutator formula is satisfied.

Hint: note that in (c) we have used only the fact that Us <1 U for any
8 e A.

Show that, if any X5, § € A, has cardinality p, then the above con-
ditions are satisfied.

6. Let G be a finite group with a split BN-pair given by B =UT, N,
T =TnNB,W = N/T and associated root system ® 2O A. Given € A,
denote by G the group generated by Xs and X_5. Let Ns = N N G, Ty =
TN Ga.

(a) Show that G = UneN UnU (a disjoint union).

Let$ € A;showthatthereisng € N N XsX_sXssuchthatnsT = s5
(see Proposition 6.3(i)). We assume n; has been chosen in that way for
the remainder of the exercise.

Check that G has a split BN-pair (X575, N, {s5}).
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(b) Show that [T, ns] € Ts and that N; normalizes any subgroup of T
containing Ts. If 81, &, ..., 6y € A are such that 55, ...s5, = I, show
that ng, ...ns € Ty, ... Ts,. Hint: assume {§; ... 8} = A and define a
map s; > nsTs, ... Ty, checking that (nsny )" € Ts N Ty when 8,8’ €
A and m is the order of ssss .

We want to show that there is a bijection P’ +— (I, T’) between the
subgroups P’ C G containing U and the pairs (I, T") where I C A and T’
is subgroup of T containing <73 | § € I>.

(c) If (I, T')is as above, define N’ as the group generated by 7’ and the ns’s
for § € I. Show that P’ := UN'U is a subgroup. Show that P'T = P;
and7"=N'NT,N =P NN.

(d) Let P’ be a subgroup of G containing U. Show that P’T is a subgroup.
Denote I € A such that P'T = P;. Show that G C P’ forall § € I.
Show that P’ N N is generated by P’ N T and the ns’s such that § € 1.

(e) Check the bijection stated above.

7. Show that — is transitive in the system £ of Definition 2.24.

Notes

The notions of BN-pairs is due to Tits and originates in the simplicity proofs
common to reductive groups and their finite analogues; see [Tits], Ch55. It also
applies to p-adic groups. BN-pairs of rank 3 and irreducible W were classified
by Tits (see [Tits]). He also introduces a more geometrical object, the “building”
(see also [Brown], [Asch86] §43).

For finite groups, it has been proved that BN-pairs with an irreducible W of
rank 2 are split and correspond to finite analogues of reductive groups [FoSe73].
Finite BN-pairs of rank 1 were classified by Suzuki and Hering—Kantor—Seitz
(see [Pe00] for an improved treatment and the references). This is an important
step in the classification of finite simple groups (see [Asch86], and the survey
by Solomon [S095]).

The study of intersections (P, V) N (P’, V') in finite reductive groups
somehow started with Lemma 1 in Harish-Chandra’s paper [HaCh70]
(expanded by Springer [Sp70]). We follow the approach of Howlett [How80].
We have also used [Stein68a], [Ri69], and [FoSe73]. Exercise 5 is due to Genet
[Gen02].



3
Modular Hecke algebras for finite BN-pairs

We now study the Hecke algebras introduced in Chapter 1, in the case of BN-
pairs. Let G be a finite group with a (strongly) split BN-pair of characterisitic
p. It is defined by subgroups B, N, W := N/(BN N), S € W, giving rise to
parabolic subgroups B € P; = U; > L; C G foreach I C S (see Chapter 2).

Let H(G, B) be the endomorphism algebra of the permutation representation
on G-conjugates of B (over Z or any commutative ring). One finds for H the
well-known law defined by generators (a,,)yew and relations

Ay = dyy  if Hww') = L(w) + (W)

and

(as)2 =qsa; + (QS -1

for w, w’ € W, s € S, where ¢; = |B: BN B¥| is a power of p.

Let k£ be an algebraically closed field of characteristic # p. Let M be a
simple cuspidal kL ;-module. We study the Hecke algebra Endkg(lndgl M) and
find that the generators defined in Chapter 1 give rise to a presentation related
to the above. The main difference is that W is replaced by a subgroup W(I, M)
which is not generated by a subset of S. See §19.4 and §20.2 for more precise
descriptions.

A first result on the law of the Hecke algebra tells us that our generators
are invertible. This invertibility implies that the “independence” theorem of
Chapter 1 holds in these groups. As we have seen in Chapter 1, it may be
important to consider the endomorphism ring not just of such an induced module
but of a sum of induced cuspidal modules.

41
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3.1. Hecke algebras in transversal characteristics

In the following sections, (G, B =UT, N, S) is a strongly split BN-pair of
characteristic p (see Definition 2.20).

Let k be a field of characteristic £ # p. We apply certain notions and results
introduced in Chapter 1 with £ the NJ-stable, k-regular set of pairs (P, V)
introduced in Definition 2.24.

In this section we fix I € A, and P;, L;, U; the corresponding subgroups
of G. Let M be a simple cuspidal kL ;-module.

Ifn € Nisofclassw € Wmod. T and wl C A,then”L; = L,y and"M is
a cuspidal kL,,;-module. It can also be considered as a cuspidal k(Py,;/ Uy )-
module. Using the notation of §1.3, for  := (P;, U;, M) and v’ = (Py;, Uy,
"M), one has T—""'¢’ and one may clearly take 6,-1 ; . = Idy (where "M
is defined as the same underlying space as M with an action of " L; which is
that of L; composed with conjugacy by n). One may now put forward the
following.

Definition 3.1. Let W(I, M) be the subgroup of elements w € W such that
wl = I and any representative n € N of w satisfies M ="M as kL ;-module.
Let Ny A be the set of elements n € N such that their class w mod. T satis-
fies wl € A. For such an n, define b, y € HomkG(IndglM, Indgnl”M) as
bym = Ayt 1.0 With 6,1 1 o = Idyy in the notation of §1.3.
Let ind(w) = yeo, | Xo| = U :UNUY| =|UNU™"| (see Theorem
2.23(i)).

Lemma 3.2. Assume n'n andn € Ny a, and l(w'w) = [(w') + l(w). Then
eUDeWUy)" eUwuw)"™ = e(Up)eUur)""
inZ[p~'1G.

Proof. Any x € Ui .Uy satisfies e(Upxe(Uyw)™" = e(U))
e(Upw)” ™. So it suffices to check that Uy® € Up.Upywi™" or
equivalently U,; C “’UI.UwrwI“)'. By Theorem 2.21(ii)) and using
of, = w(@)) =w"'(®],,), it suffices to check that &+\®f, C
(w®*\ ®F ) U (w' '@\ &} ). This is a consequence of the additivity of

lengths (see Proposition 2.3(iii)). O

Theorem 3.3. Let R := Z[p~']. We let the same letter R denote the trivial
R B-module.

The R-algebra EndRG(Inng) has a presentation by generators (ag)ses
obeying the following relations for any s, s’ € S:



3 Modular Hecke algebras for finite BN-pairs 43

(a5)?* = (ind(s) — 1)a, + ind(s) (quadratic relation), and
asay ... = ayds . .. with |ss’| terms on each side (braid relations).

Another presentation is with generators (a, )wew Subjected to the quadratic
relations for w € S and the relations a,,a,y = .,y wheneverw, w’ € W satisfy
l(ww') = l(w) +I(w).

In this second presentation, one has Enng(Inng) = @weWRaw and no
a,, is zero.

Proof. 1t is clear that T = (B, U, R) is a cuspidal triple satisfying Condi-
tion 1.17(b). In the notation of Definition 1.12, one may take 6, . . = Idg and de-
fine a,, € EndRG(Inng) forw € G by a,(1 ® 1) = ind(w)e(U)w™! ® 1 (see
Proposition 1.13). Theorem 1.20(i) implies that EndRG(Inng) =D, cwRaw.
Let us show that we have all the relations of the theorem.

Take w, w' € W, and assume [(ww’) = I(w) + [(w’). Then aya,y, (1 ® 1) =
ind(w)a, (e(U)w'~'®1) = ind(w)e(U)w' 'a,(1®1) = ind(w)ind(w)e(U)
wleWw '®1=y®1 where y=ind(ww)e(U)w' 'e(U)w ' e).
By Lemma 3.2 with I =, we have y = ind(ww")e(U)(ww’) 'e(U), so
apay (1 ® 1) = ind(ww)e(U)(ww) le(U)® 1 = indww)e(U)(ww)™ ' ®
1 = ayy (1 ® 1). This implies ay,ay = dyy -

The braid relations are a special case since ss’... = §'s ... (|ss’| terms) are
reduced expressions.

Take s € S corresponding to § € A. One has U = X;U; (Theorem 2.23(i))
and s normalizes Us (Proposition 2.25), so a;(1 ® 1) = ind(s)e(Xs)s @ 1 =
ind(s)se(X_s) ® 1. Then (a,)*(1 ® 1) = ind(s) erx,,; e(Xs5)x ® 1. The sum-
mand for x = 1 gives 1 ® 1. For other x, we argue in the split BN-pair L;s. The
Bruhat decomposition in this group gives Ls = T Xs U X5sT X5 € B U XssB.
Moreover X_s N B = {1} since BN B™ =T. So X_5\ {1} € XssB. Then
the summands for x # 1 give ind(s) — I times e(X;)s ® 1. Then (a)*> =
(ind(s) — Day + ind(s) since they coincide on 1 ® 1.

Let E; (resp. E,) be the first (resp. the second) algebra defined by genera-
tors and relations in the theorem. With our notation, the evident map gives a
surjection E; — End RG(Inng) since we have checked the defining relations.
There exists a surjective morphism E; — E», since, by the “Word Lemma” (see
[Bour68] IV.1 Proposition 5), the expression ay, . ..a,, € E; when sy .. .5, is
a reduced expression, depends only on s; . ..s, € W. We therefore have two
surjections

E\ — E; — Endgg(Ind§R).

Since R is principal, it suffices to check now that E; is generated by |W|
elements as an R-module. We show that the elements of type ay, .. .as, € E|
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with [(s;...s,,) = m generate E; by verifying that the module they gener-
ate is stable under right multiplication by the a,’s. If [(sy ... s,s) = m + 1, the
checking is trivial. Otherwise, the “Word Lemma” argument (see above) al-
lows us to assume s,, = s. Then the quadratic relation gives ay, ...as,a; =
(ind(s) — Da, ...as, +ind(s)ay, . .. as, ,, thus our claim. |

The above theorem makes natural the following definition of a Hecke algebra
associated with a Coxeter system (W, §) and parameters g, (s € S).

Definition 3.4. Let R be any commutative ring.

If (W, S) is a Coxeter system such that W is finite and if (qs)ses is a family
of elements of R such that q; = q; whenever s and t are W-conjugate, one
defines Hr(W, S), (q5)) as the R-algebra with generators as (s € S) obeying
the relations

(as + 1)(613 - qs) =0
and
as,a,ds . .. = a,asqy . . .

(|st| terms on each side) for all s, t € S.
If G is a finite group with a BN-pair definedby B, N, S C W := N/(B N N),
one defines Hg(G, B) := Hr((W, S), (g5)) for g; = |B: BN B*|.

Remark 3.5. We will sometimes use abbreviations such as H (W, (gy)), for
Hr((W, S), (g5)).

Using classical arguments, some similar to the proof of Theorem 3.3,
one proves that Hz((W, S), (¢y)) is R-free with basis a,, (w € W) satisfying
Ay = Ay Whenl(ww’) = I(w) + [(w’) (see [Bour68] p. 55, [GePf00] 4.4.6,
[Hum90] §7). This, along with the relations given in the definition about the a;
(s € S), may serve as another presentation.

Many properties follow, such as that Hgr((W,S), (¢s)) Qg R' =
Hr (W, $),(gs)) and Hr((Wy, 1), (g5)) € Hr((W, S), (¢5)) when R’ is
a commutative R-algebra and I is a subset of S.

Those results will be used mainly in Chapters 18-20.

In the general case of the endomorphism ring of a kG-module induced from
a cuspidal simple module of a Levi subgroup, we shall try to obtain similar
presentations. We first prove a series of propositions about the composition of
the b,y np’s (see Definition 3.1). When n, n’, ny, ... € N, their classes mod. T
are denoted by w, w’, wy, ... € W.
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Definition 3.6. (see Definition 1.12) Ifn is such thatw € W(I, M), then choose
0, € Endy M such that it induces an isomorphism of kL j-modules "M — M
(i.e. 6,(pm) = ("p)m for all p € Ly). Let A be the associated cocycle on the
subgroup of N corresponding to W(I, M), i.e. 6,6,, = A(n, n')0,,. Denote by
0~n = Id ® 6, the associated morphism kGe(U;) @1, "M — kGe(U;) ®p, M.
If wlCA, let ”67,, be the map 1&g, 0:kGe(Uy1) QxL,, mnpf s
kGe(Uy ) ®xr,, " M.

Proposition 3.7. (i) With the notation above, one may choose 6, so that "0: =
nl@: and bn’,M @) 9: = n’é; @) bn’,”M~

(ii) If [W(I, M)] is a representative system of W(I, M) in N, then (é:l o
bn,M)ne[W(l.M)] isa k-basisfor Endkglndgl M.

Proof. (i) The first equality is clear from the definition. The second follows
from the definition of b, y = a,-1 ;1 kGe(U;) @y, M—>kGe(Uw/1)"’®L, M
as i @ Idys where p is the right multiplication by e(U,, D (Proposition 1.13).

(ii) See Theorem 1.20(i) and Theorem 2.27(iv). O
Proposition 3.8. % is a power of p*. It is 1 when l(ww') = l(w) +
I(w").

Proof. Easy by Proposition 2.3 and induction on /(w’). O

Proposition 3.9. (i) Assume n'n and n € Ny, and l(w'w) = [(w') + I(w).
Then bn’,”Mbn,M = bn’n,M-

(ii)If6 € A\ I andn € N is of class w = v(8, I) (see Notation 2.8), then,
denoting M = Indg, M,

ind(w)~'Id;, ifwg W, M),

b —1n bn - . ~ .
nlMOn.M {md(w)"ld,;, + B0, o b,y (With B € k), ifw e W, M).

(iii) b,y is an isomorphism for every n € Ny a.

Proof. (i) By Definition 3.4, b, »y = a,-1 ;. With 8,1 ; . = Idy. Then Propo-
sition 1.13 tells us that this identifies with the morphism kGe(U;) ®;, M —
kGe(Uy)” ®1, M obtained by multiplying the left-hand side by e(U,,;)" on
the right. Now b,y » 3 b,y consists in multiplying by e(Up)" e(Upw )" . This
is the same as multiplying by e(U,,;)""" as a result of Lemma 3.2. Hence our
claim.

(i1) Let J = {8} U I. The spaces kG ®xp, M and kG Qp,, "M have sub-
spaces k Py ®xp, M and kP; ®p,, "M respectively. It is clear from the defini-
tion of these maps that b, j sends the first into the second and b,-1 .y, the
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other way around. These are clearly kP;-linear, so that b,-1.yb, py €
Endyp, (kP; ®p, M).Now, since U, acts trivially on k P; ®p, M, this induced
module can be considered as a kL j-module induced from the cuspidal simple
kL -module M. So, by Proposition 3.7(ii), Endip,(kP; ®p, M) has a basis
indexed by W(I, M) N W; and consisting of the restrictions of the b, y’s
such that w'l = I and M =" M (Proposition 1.23). By Theorem 2.11 (last
statement), this group is W(I, M) N {1, w}. This gives the dichotomy of the
Proposition, while the coefficient on Idj; is given by Proposition 1.18(iii)
with A =1 (recall that 6,1 ; ,» = Idy and that the linear form of Proposi-
tion 1.18 gives the component on Id in the basis of Proposition 3.7(ii) since
é; oby,y(1®@ M) C kPnP;r ® M). We find a coefficient whose inverse is
|Up: (Uyp)" NU;|. Thisisind(w) = |U: U" N U|since U" N U D X, for each
a € ®fand U"NU; C (Uyr)"

(iii) The equality in (ii) reads b’ o b, » = Idy for some map &'. Then b, y
is injective, hence an isomorphism since Ind(GPI’UI)M and Ind(GPW’UW)”M have
the same dimension. This applies to n of type v(, I). For arbitrary n € Ny a,
one may use a decomposition of w as in Theorem 2.11. Then (i) turns this into
a decomposition of b, js as a product of isomorphisms of the type above. [

Theorem 3.10. Let (G, B=UT, N, S) be a strongly split BN-pair of charac-
teristic p (see Definition 2.20).

Let R = Z[p~']. Assume (P, V)—(P’, V') in L (see Theorem 2.27(ii)),
then

RGe(V) — RGe(V'),

x = xe(V)
is an isomorphism of G-(P N P’)-bimodules.

Proof. The map x +— xe(V’) from RGe(V)to RGe(V’)is an R-linear map be-
tween two R-free modules of the same rank. R being a principal ideal domain,
it suffices to prove that this map has no invariant divisible by ¢, for every prime
£ # p.This is equivalent to proving that x > xe(V') from kGe(V)to kGe(V')
is an isomorphism for every algebraically closed field k of characteristic £ # p
and every relation (P, V)—(P’, V'). By Theorem 1.14, it suffices to check
that a; ;  is an isomorphism for each relation 7—71’ in cusp,(£). By The-
orem 2.27(iii), one may assume 7 = (P, Uy, M), T’ = ((Pyp1)", (Uy)", M)
for I, wl € A where M is considered as kL;-module. Then a, ;. differs
from b, » by an isomorphism as a result of Proposition 1.16(ii). By the
above Proposition 3.9(iii), each b, j is an isomorphism. This completes our
proof. O
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Notation 3.11. Keep (G, B =UT, N, S) as a strongly split BN-pair of char-
acteristic p (see Definition 2.20). Let L be a Levi subgroup of G. If A is a
commutative ring where p is invertible, we denote by

RY: AL-mod — AG—mod
and
*RY: AG—mod — AL—mod

the adjoint functors Ind(GP.V) and Res(GP,V), respectively, where P = LV is a
Levi decomposition. By the above theorem, it is not necessary to mention P
and V.

3.2. Quotient root system and a presentation
of the Hecke algebra

Let us recall some properties of root systems (see [Bour68] §IV, [Stein68a]
Appendix, [Hum90] §1).

Proposition 3.12. Let ® be a finite subset of the unit sphere of a real euclidean
space E. Let W(®) be the subgroup of the orthogonal group generated by the
reflections through elements of ®. Assume w® = @ for all w € W(®) (P is
then called a “root system”). Then,

(i) for any positive cone C such that C N —C =} and ® € C U —C, there
is a unique linearly independent subset A € C N ® such that ® N C is ®F,
i.e. the set of elements of ® which are combinations with coefficients all > 0 of
elements of A (such a set ® N C is called a “positive system”, and A is called
a “set of simple roots” of ®). Such C (and A) exist.

(it) If A’ is another set of simple roots of ®, then there is w € W(®) such
that A" = wA.

(iii) If S is the set of reflections through elements of A, then (W(®), S)
is a Coxeter system, and the length of an element w is the cardinality of
OL\ w (D).

(iv) If I is a subset of A, the subgroup of W(®) generated by the reflections
corresponding to elements of I equals {w € W(®) | (w — DY) =0}

Definition 3.13. We take G, ® D A D I, M a cuspidal kL ;-module as in §2.5
and §3.1. If o € ® \ I, we say that “v(a, I) is defined” if and only if there
existsw € W suchthat I U {a} € w™'A. We thenwrite v(a, I) = v(wa, wI)*.
Let Q(I, M) be the set of « € ® \ I such that v(a, I) is defined, belongs to
W (I, M) andis aninvolution. Let R(I, M) be the group generated by the v(o, 1)
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such that o € QUI, M). Let C(I, M) = {w € W(I, M) | w(Q(I, M) N &+) =
QI, M) N &+,

Remark. The definition of v(w, I) above is clearly independent of w chosen
such that I U {o} € w'Asince, if J € Aand w'J C A, then w; = (wy )" .
Note also that v(a, I)> = 1 is equivalent to v(a, I)(I) = 1.

Proposition 3.14. The group W(I, M) stabilizes RI and acts faithfully
on (R Let us identify W, M) 2 R(I, M), C(I, M) with subgroups of
GLr(Ih). Let Q' C I+ be the orthogonal projection of (I, M). Let Q' (resp.
Q') be the set of quotients of elements of Q' (resp. the orthogonal projections
of ®T N QI, M)) by their norms.

(i) Q' is a root system in I+ with positive system Q'+,
Denote by A(1, M) the associated set of simple roots.

(ii) The image of R(I, M) is the Weyl group of the root system Q.

(iti) W, M) = R(I,M)>1C(, M).

Proof. The elements of (1, M) are outside R/ by definition, so Q' makes
sense.

The group W (I, M) stabilizes I so it stabilizes I+. The kernel of the action
of W(I, M) on I+ is W; N W(I, M), by Proposition 3.12(iv). One has W; N
W(I, M) = {1} since a non-trivial element of W; must send some element of
I to a negative root (use Proposition 2.3(ii)).

Take o« € Q(I, M), o’ € ' its projection on I+. Let us show

(i) v(ex, T) acts on I+ by the reflection through o'

The fact that v(«, I)(I) = I allows us to write v(a, I) = w'w; where w'l =
—I, w'(a) = —a and w' fixes all the elements of (/ U &)’ (assume I and «
are in A). Then v(e, (o) = —w; (o) € —a + RI, so v(e, I) acts on I+ as the
reflection through o’.

Now (ii’) implies that the image of R(I, M) in the orthogonal group of I is
the group generated by the reflections associated with elements of Q'. Moreover
Q' is stable under R(I, M), so Q' satisfies the hypothesis of Proposition 3.12
in I+, with associated W(€') the restriction of R(I, M) to I*. Thus (ii) is
proved.

The cone C generated by ®+ N Q(I, M) clearly satisfies C N —C = @ and
Q(I, M) € C U —C by the properties of @ itself. Then the normalized pro-
jections satisfy the same since C N RI = @. Thus (i) is proved.

(iii) The whole group W(I, M) acts faithfully on ', so, by the transitivity
of the Weyl group of Q' on its sets of simple roots (hence on its positive
systems), one has W(I, M) = R(I, M) ><1 C where C is the stabilizer of Q'.
This stabilizer is C(I, M) since, if an element of Q(I, M) N ®* is sent to ®~
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by w € W(I, M), then its image in Q' is sent into —Q'* since w stabilizes
Q, M). O

In the following, (G, B =UT,N,S), k, I C A, P;, L;, U;, M are as in
§2.5.

Proposition 3.15. Let n,n’ € N be such that nn’, n’ € Ny a, and their classes
mod. T satisfy ®, N -1 N Qw'], " M) = (. Then

ind(ww’)

(M) Byt stbwst = b

(where the quotient ind(w)ind(w’)/ind(ww’) is a power of p?).

Proof. The proof is by induction on /(w). If w = 1, it is clear. Otherwise,
by Theorem 2.11, there is a decomposition w = w;w, with lengths adding
and w; =v(8,J) for J = wow'(I) C A and § € A\ J. Let n =nn, be a
corresponding decomposition in N. Then, by Proposition 3.9(1), b, .y =
by, n yyby, » - The induction hypothesis applies to (nz, n') replacing (n, n')
since ,,, € &,, by Proposition 2.3(iii). Therefore

ind(wow")

5
S b non’ b "M
1nd(w2)1nd(w’)) 2 ML,

(1) byt sibw vt = (
If l(wywow’) = I(wy) + [(wow'), one has

(2) bnl "12“'Mbnzn’,M = bnn’,M

by Proposition 3.9(i). One then gets the present proposition by combining (1)
and (2) since ind(ww’) = ind(w;)ind(w,w’) by the additivity of lengths.

If l(wywow”) # L(wy) + [(wyw’), then [(wywow’) = —1(wy) + [(ww’) and
(wow’)~1(8) € ®~ by Proposition 2.10(ii). Proposition 3.9(i) gives

(3) bngn’,M = bn]—‘,'ll'lzﬂ’Mbn]nzn/,M-

Denote a = w, 1(8). One has « € ®* by the additivity in v(8, J)w, and
Proposition 2.10(ii). Then o € 1. Also o € wz’ldDwl C &, by Proposi-
tion 2.3(iii). Therefore, by our hypothesis, o & Q(w'I, " M).

But (o, w'l) = wz_'((S, J), so v(a, w'l) is defined and equals v(8, J)*2.
The fact that o & Q(w'l,” M) means that v(a, w'l) & W(w'l," M), or
equivalently v(8, J) & W(J 2" M. But now Proposition 3.9(ii) implies that
bnl,nz,,ben;lﬁnlnz,,/M = ind(w;)~".Idj;. Combining with (1) and (3) then gives
our claim since ind(ww’) = ind(w,w’)/ind(w ). O
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Theorem 3.16. Let (G, B =UT, N, S) be a strongly split BN-pair of char-
acteristic p (see Definition 2.20). Let k be an algebraically closed field of
characteristic # p, let P 2O B, and let M be a simple cuspidal kL ;-module.

Choose a sectionmap W — N, w +— w. Ifw € W(I, M), choose 60,: M —
M a k-isomorphism such that 0y(x.m) = Px.0,(m) for all x € L;, m €
M. Assume 0 = 1dy. Define 0,,;(m) = 0,,(tm) for all t € T. Then 0460, =
AMw, w0y for a cocycle A: W, M) x W, M) — k*. Assume that, if
w? = 1, then (8)* acts as (w)? € T.

The algebra Endkg(lndgl M) has a basis (ay)wew,m) such that

* ayay = Mw, w)ay, if w e CU, M), or we C(I, M), or we R(I, M)
and w' = v(a, I) fora € A(I, M) and w(a) € &,
* (av(a,l))2 = Coly(a,1) + 1 where ¢, € k.

The above relations on the a,, (w € W(I, M)) provide a presentation of
Endc(Ind§, M).

Proof. Ifn € Nissuchthatw :=nT € W(I, M), one has chosen6,: M — M
a k-linear map such that 6,(x.m) = nxn~'6,(m) for all x € L;, m € M (see
Definition 3.6). This gives rise to a cocycle A on the inverse image of W (I, M)in
N. Changing 6 changes A into some cohomologous cocycle. One may choose 0
such that 6; acts as t whenevert € T, and 6,; = 6,,6;. Then the product 9:; obym
depends only on the class nT (note that, if t € T, b1 py = 9~, is the morphism
induced by the action of # on M).

Note that 6 is just defined by the choice of the 6,’s for w € W(I, M). We
adjust this choice so that, if w? = 1, then (8,)? acts as (w)? € T (divide 6, by
some square root of A(w, w)).

One may check that composing A with any section w + w, one gets a
cocycle (denoted by A again) on W (I, M) (see [Cart85] 10.3.3, or Exercise 10
below).

Since k is algebraically closed, one may choose a square root of p in k* and
define accordingly (ind(w))% for each w € W. Denote now

ay = (ind(w))76y, 0 by ur.

By Proposition 3.7(ii), this is a basis of the endomorphism algebra. It is clear
from the description of W (I, M) (Proposition 3.14) that the two formulae stated
in the theorem allow us to compute any product of two basis elements, so those
formulae give a presentation. Let us check them.

Assume w, w' € W(I, M) are as in the theorem. Then &, N ®, -1 N
Q(I, M)=0 since each x € C(I, M) satisfies ®, N QI, M)=D,-1 N Q(I M)
=@ and Py, NQU, M) = {a} So D Ayl = (1nd(w)1nd(w/))29 o bw M ©
9’:;/ oby .= (1nd(w)1nd(w’))29 o w9w 0 by, wpy © by = (ind(ww’ ))29w o
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oo buar m by Proposition 3.15. The map 6y, o wh on kGe(Uy;) ®kL,, M
is 1® (B o6y, ie. Aw, w/)é,;;/. This gives ayay, = AMw, w)ay, as
claimed.

Let now v = v(er, [) with e € A(I, M),i.e. v =u""Wu withu e W, v :=
v(ua, ul) forua Uul C A and &, N Q(I, M) = {«}.

Lemma 3.17. Let a, = (ind(v'))2 (“63)byy iopg. Then by o @y = @y 0 by .

In view of this Lemma and Proposition 3.9(iii), it now suffices to check that
(a)* € 1 + ka!,. Replacing I with ul, M with “M and the 6, by the “6,, we
get the same cocycle and our claim reduces to showing that (ay)? € 1 + ka, as
long as v = v(§, I) for 6 € A N Q(I, M). Using the definition of a,, we have
(ay)? = ind(v)Fyby y0sby.y = ind(v)Fy 0y (by 4)2. But (6)? is the action of
> e TonM,so é;”é; = by . Then Proposition 3.15 and Proposition 3.9(ii)
give (a,)* = ind(v)by—1 pby m € 1+ ka,. O

Proof of Lemma 3.17. Proposition 2.10(ii) implies that I[(v(ue, ul).u) =
l(v(uee, ul)) + 1(u) and therefore by upby pr = by ;. by Proposition 3.15 (or
Proposition 3.9(i)). Multiplying this by “6; on the left, one gets a, by y =
ind(v')2 %0y by, i.e.

al, by = ind(v’)%”é;/meb,’M,
for vt = v'i.

The equality @, N (1, M) = {«} implies that Proposition 3.15 may be used
withn = uandn’ = v, thus giving by y = (@Eﬂ%) 2bl-,,ivMbi),M. Substitu-
ting in the equation above gives

alyba. = ind(v)2 Gy by e prbig, -

The equality v+ = i~ 'v’iz and Proposition 3.7(1) give uéﬁbuM =

“Os:bysym = by pBys, 5O the above equality becomes

aybiy = ind(v)%bu,Mé;b,,,,M.

This gives our claim since a, can be defined by taking the representative vt
for v. O

Remark 3.18. Concerning the cocycle A, it can be shown that A is coho-
mologous to a cocycle which depends only on classes mod. R'(I, M) :=
<v(a, ;a0 € A(l, M), ¢y 7 0> (see [Cart85] §10).

Theorem 3.19. Keep the hypotheses of Theorem 3.16.
Assume that k is (algebraically closed) of characteristic zero. Let t be an
indeterminate and let A(t) be the k[t]-algebra defined by the generators a,,
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(w e W(I, M)) and the following relations (where ¢, € k and A are associated
with I, M as in Theorem 3.16):

* ayay = Mw, w)ay,y if w e C(UI, M), or we C(I, M), or we R(I, M),
w =v(a, I) fora € A(I, M) and w(a) € O,
* (Aye.n)* = t-Colya.r) + 1.

Then

(i) the a,, yield a k[t]-basis of A(t),

(ii) the specializations A(1) = Endkg(InngM) and A0) =k, (W, M))
are isomorphic.

Proof. (i) The proof follows the standard lines. One considers a free k[¢]-
module P, k[t].a,, with two families (L,), and (R,), of operators indexed
by the set X = C(I, M) U {v(e, I) | « € A(I, M)}. They are defined by the
expected outcome of multiplication on the left (resp. on the right) by the a,.
The main pointis to show that L, R, = R, L, forall x,y € X.Thisis essentially
a discussion on w, x, y to check that L, R,(a,,) = R,L(a,). In all cases, the
equality follows from the fact that it is satisfied when # = 1 in the law of
Endic(Ind§ M).

(ii) Itis clear that a presentation of W (I, M) is obtained by the above relations
with t = 0 and A = 1. Therefore A(0) is isomorphic with k, (W (I, M)) (recall
that A(v(e, I), v(e, 1)) = 1; see Theorem 3.16). Then A(t) ® k(¢) is sepa-
rable and therefore all the semi-simple specializations of A(#) are isomorphic
(see [CuRe87] §68). O

Exercises

1. Define C:={x e E|V§e A (6,x)>0} ,C :={xe€E|VYseA (4,x)

> 0}.

(a) Show that C" # ¢ and that .y e)w(C) is a disjoint union.

(b) Show that E = Uwew@)w(C) (if ve E take d € W(®).v, d =
Y s €58 with maximal ), cs, then check that d € C).

(¢c) Take d € C and w € W(®) such that w(d) € C. Show that w =
55,85, - - - 55, where Vi 8; € ANd*.

(d) Ifd € C, show that ®, N d* satisfies the hypothesis of Proposition 3.12
on ® with A Nd* replacing A. Show that {w € W(®) | w(d) = d} is
generated by {5y | € DN d*'} (use (c)).

(e) If X is an arbitrary subset of E, show that {fw € W(®) | Vx € X w(x) =
x} is generated by {0, | & € ® N X} (assume first that X is finite and
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such that X N C # @, using induction, (b) and (d)). Derive Proposi-
tion 3.12(1v).

. Using the notation of Theorem 3.10, let ¢ # p be a prime, let
(P, V)—(P’, V') with common Levi L. Show that e(V) and e(V") are con-
jugate in (Q;G)* (apply Theorem 3.10, and see [Ben91a] 1.7.2). Show that
(P, V)—(P’, V') may occur without e(V) and e(V’) being G-conjugate
(cases where dI # I in the notation of Theorem 2.27).

. Prove a version of Proposition 3.14 where W(I, M) is replaced with any
subgroup X of W/ = {w e W | wl = I}.

. Use the notation of Definition 3.1. If n € Ny o, and m € M, show that

by (1l @m) = ind(w)_l Z un~' @ m.

ueUnuvow

. (Howlett-Lehrer) Let (G, B = UT, N, S) be asplit BN-pair of characteristic

p (see Definition 2.20) with associated A. Let J, K be subsets of A, let

weDgy.Let M =KNwlJ),M =w'(M)=w " (K)NJ.

(a) Show that (Uy NXg)” CU; and let “(Upy NXy;) C Uk (use
Theorem 2.23).

(b) Let n, € N such that w=n,T. Show that e(Ug)n,e(U;)=
e(Uynwe(Uy) in Z[p~'1G.

. Let R be a principal ideal domain, A an R-free finitely generated R-algebra,

e, [ € Atwoidempotents. Assumee € Afe, f € Aef.Showthat Ae = Af

by the map x — xf.

. (Howlett-Lehrer’s proof of Theorem 3.10) Let R = Z[p~']. Let I be a subset

of Aandletw € Wbesuchthatw(l) € A,n € N arepresentative of w. The

goalistoshowthat A = RG,e = e(Uy), f = e(U,;)" satisfy the hypotheses
of Exercise 6. Denote 7 = RGe(U,))ne(U;). By symmetry, it suffices to
check e(U;) € Z. One shows this by induction on |/|.

(a) Show that one may assume A \ I = {§} and w = v(§, I). (Use Theo-
rem 2.11 and Lemma 2.2.) This is now assumed in what follows. Denote
e=efe=7,cu,yeUnuel).

(b) Show that each u in the sum above is in some coset P;w,l,U; for a
w, € Wius N Dyyand al, € L;. Then show that

e(UI)n_lune(UI) € RGe(Upn,e(UDI,

where n, € N has class w, mod. T.

(c) Assume w,(I) # I.Denote M =1 N wu’l(l). Using Exercise 5 and the
induction hypothesis, show that e(U;)ue(U;) € RGe(U,ymy)ne(Un)l,.
Use Exercise 5 again to get e(U;)ue(U;) € Z, whenever w, (1) # 1.

(d) Assume w, = w. Show that e(Up)ue(U;) € I.
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(e) If w, = 1, show thatu € U, (use Theorem 2.27(i) on NJ ) and therefore
e(Upue(U;) € T.

(f) Show that (c)—(d)—(e) above exhaust all possibilities for w, (use The-
orem 2.11) and therefore ¢ € |Uy(yy: Uy N v P ~le(Uy) + Z. Com-
plete the proof.

. Let G be a group and A be a commutative group. Assume that any element

of A is a square. Let A: G Xx G — A be a map such that A(x, y)A(xy, z7) =
Ax, y2)A(y, z) for any x, y, z € G (that is, a 2-cocycle).
Show that there is a map f: G — A such that the cocycle u defined by
w(x,y)= fx)f(y)r(x, y), satisfies the following relations
) plx, D) =pn(l,x)=1,
(i) p(x,x""=1,and
(i) plx, y) = O~ 2™ = px x).
Deduce that, if x?>=1, then u(x,xy)= u(x,y)"!. Similarly
pxy, y~'xy) = pu(y, y~'xy)~". Then pu(x, y)* = u(y, y~'xy)*.

1

. We use the notation of Theorem 3.16. Take « € A(I, M) and take w €

R(I, M) such that w(a) € A. Let u = v(a, I), v = v(w(w), I). Show that
Co = Cu(a)- Show that a,a, = eaya,, where ¢ = £1. Deduce ¢ = 1 when
cq # 0.
Deduce Remark 3.18.

Let A be a 2-cocycle (written additively) on a finite group G. Let T < G

be such that A(T x G) = A(G x T) =0. Show that, for any section

s:G/T — G,themap A os is a2-cocycleon G/T.

Find a common generalization for Theorem 3.3 and Theorem 3.16.

Notes

Hecke algebras were first defined as endomorphism algebras of induced mod-
ules RfM where L = T and M = C (see [Bour68] Exercises VI.22-27). Then
Lusztig gave deep theorems on general L and cuspidal CL-module M. For
instance, in the notation of Theorem 3.16, C(I, M) = {1} and the cocycle is
trivial ([Lu84] §8; see also [Geck93b]).

Our exposition is based on [Lu76b] §5, [HowLeh80] and the adaptation by

Geck—Hiss—Malle [GeHiMa96] to the modular case. We have also used the
notes of a course given by Francois Digne. The reference for Exercise 7 is
[HowLeh94].
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The modular duality functor and derived category

Let G be a finite group endowed with a strongly split BN-pair of characteristic
p, giving rise to parabolic subgroups P; = U; > L; for I C § (see Chapter 2).

Let R := Z[p~']. In this chapter, we introduce a bounded complex of RG-
bimodules

. i i+1
D(G)- ( o> DEG) — DEG) - .. )

where D(ic) is the direct sum of RG-bimodules RGe(U;) ®rp, e(U;)RG for
|I] = i. One considers the functor

D) ®rc —: C®(RG—mod) — C’(RG—mod)

within the category of bounded complexes of RG-modules. The main theorem
in this chapter is that this functor induces an equivalence within the derived
category D’(RG—mod).

Here, the derived category is the category obtained by inverting the com-
plex morphisms f:C — C’ inducing isomorphisms of cohomology groups
Hi(f): H(C) — H(C’) for all i. This is particularly well adapted to explain
isometries of Grothendieck rings over fields of characteristic zero. Let, for in-
stance, A be acomplete discrete valuation ring with field of fractions K, let G be
a finite group such that K G is split semi-simple, and let A, B be two summands
(i.e. sums of blocks) of the group algebra AG. Then any equivalence

D’(A—mod) — D’(B—mod)

of the type described above, i.e. a tensor product functor and its adjoint as
inverse (any equivalence D?(A—mod) — D?(B—mod) of “triangulated” cat-
egories implies the existence of such a functor; see [KLRZ98] §9.2.2), gives
the same equivalence for A ® K and B ® K. But, between split semi-simple
algebras, this can only be a bijection between the simple modules along with
certain signs (see [KLRZ98] §9.2.3 or [GelMan94] §4.1.5). Then in the case
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of the functor DGy ® — above, we obtain the permutation with signs of Irr(G)
known as Alvis—Curtis duality (see [DiMi91] §8). The fact that this isometry of
characters is produced by a derived equivalence over A implies that it preserves
many invariants defined over A G, such as the partition of simple K G-modules
induced by the blocks of AG (see [KLRZ98] §6.3).

Let us return to our DGy ®rg —: D?(RG—mod) — D’(RG—mod). The
main lemma states that, when « is a field of characteristic £ p and M = indgl N
for N acuspidal kL;-module, then D) ® g M has its cohomology = 0 except
in degree || where it is isomorphic to M. The proof involves a study of the
reflection representation of the Weyl group W of G and the triangulations of
spheres of lower dimensions associated with the fundamental domain of W.
This lemma implies that

D) ®6 Dy ®c —
D, ®c D) ® —: D"(kG—mod) — D’(kG—mod)

coincides with the identity on those M. By an argument similar to the proof of
the “invariance” Theorem 1.14, this gives our auto-equivalence.

In the case of duality, we show that the well-known property of commuta-
tion with Harish-Chandra induction of characters (see [DiMi91] 8.11) can be
generalized as the equality

RGe(U;r) ®rr, D,y = D) Qrc RGe(Uy)

in D’(RG—mod — RL;), the derived category of R-modules acted on by G
on the left and by L; on the right.

It should be noted that all those results give also complete proofs of the
corresponding statements in characteristic 0.

4.1. Homology

We give below some prerequisites about complexes and some classical ways
to construct them. We refer to a few books on homological algebra; see also
Appendix 1 for a more complete description of derived categories and sheaf
cohomology.

4.1.1. Complexes and associated categories

(See [KLRZ98] §2, [Ben91a] §2, [God58] §1, [Weibel] §1, 10, [KaSch98] §1,
[GelMan94].) The complexes we consider are mainly chain complexes

0;
...Ci—>Ci_1—>
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where the C;’s and the 9;’s are objects and morphisms in a category A—mod for
aring A, satisfying 9;,_;9; = O for all i. They are always bounded in what fol-
lows, i.e. C; = 0 except for finitely many i’s. These complexes form a category
C’(A—mod). This category is abelian (see [GelMan94] §2.2, [KaSch98]) in
the sense that morphism sets are commutative groups; kernels and cokernels
exist.

The homology of a complex is the sequence of A-modules H;(C) =
Ker(9;)/9;+1(C;+1). This is a functor H from C’(A—mod) to the category
of graded A-modules. A complex C such that H;(C) = 0 for all i is said to be
acyclic. A morphism f: C — C’is said to be a quasi-isomorphism if and only
if H(f): H(C) — H(C’) is an isomorphism.

We shall come across many morphisms C—— C’ such that each C; NEIN Ci
is onto. Then we have an exact sequence 0 - K — C EAN C" — 0 where
K; = Ker f;. A classical application of the homology long exact sequence tells
us that f is a quasi-isomorphism if and only if K is acyclic ([Spanier] 4.5.5,
[Bour80] §2 Corollaire 2).

The A-modules are considered as complexes with C; = 0 except for i = 0,
and 9; = O for all i. If n is an integer and C is a complex, one denotes by C[n]
the complex such that C[n]; = C;_, (see [KaSch98] 1.3.2, [GelMan94] 4.2.2).

Tensor products of complexes are defined as the total complex associ-
ated with the usual bi-complex: if C,-i)C,-,l ... and C{—'&C{fl ... are
complexes, then (C ®4 C'); = @a1p=iCa @4 C,, with differential defined by
c®c > 3,(c) ® '+ (—1)bc ® 3j(c') (see [Weibel] 2.7.1). If C is a bounded
complex of A—mod— B, then C ® 4 — provides a functor from C’(A—mod)
to C*(B—mod).

By a localization process which essentially consists of inverting the quasi-
isomorphisms, one obtains a category called the derived category D?(A—mod)
(see [KaSch98] §1.7, [Weibel] §10.4, [KLRZ98] §2.5 or Appendix 1 below).

Assume for simplification that A and B are symmetric algebras over a princi-
pal ideal domain A. Let X € C*(A—mod—B), X’ € C®*(B—mod—A) be com-
plexes such that all terms are bi-projective (that is projective when restricted to
A and B) and such that X ® 5 X' = A in D’(A—mod—A) and X' 4 X = B
in D’(B—mod—B). Then X' ® 4 — and X ®3 — induce inverse equivalences
between D?(A—mod) and D?(B—mod) (see [KLRZ98] §9.2).

4.1.2. Simplicial schemes

We use a slight variant of what is usually called “simplicial complex” (see
[Spanier] §3.1, [CuRe87] §66) or “schéma simplicial” ([God58] §3.2). An (aug-
mented) simplicial scheme X is a set of finite subsets of a given set X such that,
ifoc € Y ando’ C o, theno’ € X. The elements of ¥ are called simplexes. In
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particular, if ¥ # ¢, then ¥ € X. We always assume that X is the union of all
simplexes.

The degree of ¢ is defined as its cardinality minus 1, denoted by deg(o).
The elements of X, are the ones of degree zero; they are called the vertices.

A simplicial scheme X is said to be ordered if it is endowed with a (partial)
ordering of the vertices such that each simplex is totally ordered. Of course any
total ordering of X will do, and this is easy to choose when X is finite (this
is always the case below). If 0 # @ is a simplex of such an ordered simplicial
scheme, it is customary to list its elements in increasing order, xg < x; < ... <
Xdeg(o)- Then, if 0 < j < deg(o), we write 0; = o \ {x;}.

One may define a topological vector space Top(X) associated with X (see
[CuRe87] §66, [Spanier] §3.1, [God58] p. 39). The definition is as follows: let
Top(X) be the set of maps p: ¥y — [0, 1] such that p’l(]O, 1]) is a simplex
and ), cs, P(x) = 1. The topology on Top(X) is the usual topology on the set
of almost constant maps on [0, 1]. Conversely, X is said to be a triangulation
of Top(X).

When % is a finite subset of a real vector space and all simplexes are affinely
free, Top(X) is easily described (see Exercise 3).

4.1.3. Coefficient systems

([God58] §3.5, [Ben91b] §7.1) Let ¥ be a poset (for instance a simplicial
scheme), let C be a category. A coefficient system on ¥ with values in C is a
collection of objects M, and morphisms f2: M, — M, in C, forall¢’ C o
in X, satisfying f7 =1d, f2 f2 = f2 when 0” C o’ C o. This can be seen
as a functor from the category associated with the poset X to C. In particular
this can be composed with functors C — C’. Having fixed X and C, one has a
category of coefficient systems on ¥ with coefficients in C; thus, for instance,
a notion of isomorphic coefficient systems.

4.1.4. Associated homology complexes

If ¥ is an ordered simplicial scheme and (M, f7) is a coefficient system
on it with coefficients in a module category A—mod, one defines a com-
plex C((Ms, f2)) (see [Spanier] §4.1, [CuRe87] §66, [God58] §§3.3, 3.5,
[Ben91b] 7.3)

i1 0; do
—C;(——=Ci_...Co——=C_; =0

where C; = @U,dfzg(cf):i M, and 0; is the map defined on M, (deg(c) = i) by
di(m) = 3 _o(=1) 7 (m).
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This gives a functor from coefficient systems on ¥ with values in A—mod
to the category of complexes C(A—mod). The associated complex does not
depend on the choice of the ordering on X (see [Ben91b] 7.3 or Exercise 1
below).

A particular case is the constant coefficient system M, = Z, f, = Id.

The relation with the singular homology defined in topology is that the
homology of the constant coefficient system on X is the “reduced singular
homology” of Top(X) (see [CuRe87] §66, [Spanier] 4.6.8).

Note that a contractible topological space has reduced homology equal to 0
(in all degrees); see [Spanier] 4.4.4.

4.2. Fixed point coefficient system and cuspidality

Let A be a commutative ring. We take G a finite group and £ a A-regular,
N -stable set of subquotients of G (see Definition 1.6).

Definition 4.1. Let 0 = (P, V) € L. One defines the G-G-bimodule
(AG)y == AG ®pp e(VIAG = AGe(V) @pp e(V)AG.
If moreover o < o' = (P, V'), let
#5:(AG)s = (AG)yr, X ®Ap Y > X ®ap Y

forallx €e AGandy € e(V)AG C e(V')AG.

If M is a AG-module, then one defines a AG-module M, = (AG), ®@pc
M = Innges(GP,V)M = AG Qap e(V)M and the maps ¢S, @ M are just
denoted by ¢,

It is easily checked that ¢2, is a morphism of G-G-bimodules, and, if ¢” >
o' > o, then ¢Z, o ¢2, = ¢2,. Therefore

Proposition 4.2. (AG); := ((AG),, ¢7,) is a coefficient system on the poset
LOPP with coefficients in AG—mod—AG. Each (AG), is bi-projective.

If M is a AG-module, then My := (My)s, ¢3,) is a coefficient system on
LOPP with coefficients in AG—mod.

Definition 4.3. When o, = (P;,V;) e L (i =0,1,2) with o1 < 0y, define
X(00)s, :={PigPy| g€ G, oig N o9 = oy}. It is easily checked that the map
Yol defined by Y7 (P1gPo) = P2g Py sends X(00)s, into X(00)o, (see Exer-
cise 1.3). Taking a fixed oy, one gets a coefficient system X (0¢) = (X (00)o, V')
on LO°PP with coefficients in the category of finite sets.
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Hypothesis 4.4. We take G a finite group, k a field and £ a k-regular, N -stable
set of subquotients (P,V). We assume in addition that, whenever
(P, V)—(P’, V') in L (see Definition 1.1),

kGe(V) — kGe(V'),

x = xe(V)

is an isomorphism (and therefore (| P|, |V |) = (| P’|, |V'])). Note that, as a result
of Theorem 3.10, this is satisfied by the system of parabolic subgroups in
strongly split BN-pairs.

We prove the following.

Theorem 4.5. Let L be a subquotient system satisfying Hypothesis 4.4. Let
(Po, Vo, No) € cusp,(L) (see Notation 1.10). Denote oo = (Po, Vo) and M =
Ind$ No.

One has an isomorphism of coefficient systems on L°PP with values in
kG—mod:

(kG)r @k M = M ®7z Z.X(0y).

Lemma 4.6. [fo := (P, V) € L, then e(V)g.kPy @p, No = O unless PgPy €
X(00)o-

Proofof Lemma4.6. Onehase(V)g.kPy®p, No = e(V)g.e(VE N Py)kPy @p,
No=e(V)g ®p, e(V&N Py)Ny, so e(V8kP, ®p, No # 0 implies e(V&N
Py)Ny # 0. Since V acts trivially on Ny, one has e((V& N Py).Vy)Ny # 0,
ie. Res(P,?’V)g A1 (py.veyNo # 0. By cuspidality (see Definition 1.8), this implies
(P, V)N (Po, Vo) = (P, Vo). O

Proposition 4.7. Ifo := (P, V) € L and PgPy € X(0y),, then the following
is an isomorphism

kG Qrp kPe(V)g.k Pye(Vy) — kGe(Vp),
XQy > xy.

Proof of Proposition 4.7. The map is clearly defined (and is a morphism
of G-Py-bimodules). Multiplying by g~' on the right allows us to assume

g=1

Lemma 4.8.1f (P,V) Nl (Py, Vo) = (P, Vo), then (|(PN Py).V|,
I(P- Vo).V = (Pl [Vol),  e(V)kPoe(Vo) = k(P 0 Po)e(V)e(Vo)  and
kGe(V)e(Vo) = kGe(Vy).
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Proof of Lemma 4.8. By the hypothesis, one has Py = (P N Py).Vy, so
e(V)k Pye(Vy) = e(VIk(P N Py)k(Vy)e(Vp) = k(P N Py)e(V)e(Vy). By Propo-
sition 1.2(ii), one has (Py, Vo) Ny (P, V)= ({(P N Py).V,(P N Vp).V)—
(Py, Vp). Then Hypothesis 4.4 implies kGe(Vy) = kGe((P N Vy).V)e(Vy). But
this last expression is kGe(V)e(Vp) by Definition 1.4. This also gives the equa-
lity of cardinalities (see Hypothesis 4.4 above). O

Let us check the surjectivity of the map defined in Proposition 4.7 (with g =
1). Its image is kGe(V )k Pye(Vy) = kGe(V)e(Vy) = kGe(Vy) by Lemma 4.8.

It remains to check that the dimension of kG Q;p kPe(V )k Pye(Vy) is
less than or equal to that of kGe(V)), i.e. |G:Vy|. By Lemma 4.8, one
has kG Qip kPe(V)kPye(Vy) = kG Qip kPe(V)e(Vy) = kG Qrp kPe(V)
e(Vo N P)e(Vp) and this is clearly equal to the subspace {x ® e(Vy) | x €
kGe(V.(Vp N P))}, so its dimension is less than or equal to the dimension of
kGe(V.(VpN P)),ie. |G:V(VyN P)|. This last expression is indeed |G : V|
by Lemma 4.8. O

Proof of Theorem 4.5. We denote ¢ = (P, V) <o’ = (P, V).

As a P-Py-bimodule, kG = @PgPOkngPo, so e(VIM = e(V)kG ®yp,
No = @ pp,kPe(V)g.kPo ®xp, No. By Lemma 4.6, this is also P p, p e,k
Pe(V)g.kPo ®kp, No-

Then M, = @ngoeXUkG ®ip e(V)kPg.k Py ®xp, No. By Proposition 4.7,
each factor kG Qip e(V)kPg.kPy Qip, Ny is isomorphic with M =
kGe(Vy) ®kp, No by the map x ®;p e(V)y Qip, n = xe(V)y Qp, n for x €
kG,y € PgPy,n € Ny. Then M, = M ®y Z.X; by the map

i:x Qrp e(V)y ®rp,n = (xe(V)y Qrp, 1) @z PyPo

forx € kG, y € UpgpoeX(ao)o PgPy, n € Ny.
Similarly, one gets an isomorphism M, = M ®z ZX (o), by the map

i":x' ®rp e(V)y ®ip,n = (x'e(V')y ®ip,n) ®z P’y Py

forx" € kG, y" € Uppex(oy, P'8Fos 1 € No.

It suffices to check i’ 0 ¢J, = (M @z ¥J) oi. Takingx € kG, y € PgPy €
X(00)s, n € Ng, one has ¥ oi(x Qp e(V)y Qrp, n) = Y2 ((xe(V)y ®xp,
n) @z PyPo) = (xe(V)y @i, n) ®z P'yPy. But ¢7,(x ®4p e(V)y Qpp, 1) =
X Qrp e(V)y ®kp,n. This also equals x ®;p e(Ve(V)y Qip, n =
V]! Y vev X ®rpr e(Vvy ®xp, n with P'vyPy = P'yPy € X(0y), for each
v. So the image under i’ is (|[V|7'Y., ., xe(V)vy Qkp, 1) ®z P'yPy =
(xe(V"e(V)y Qkp, n) ®z P'yPy = (xe(V)y Qxp, 1) @z P’y Py. This finishes
our proof. O
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Let £ be a A-regular set of subquotients of a finite group G. Here is a
construction devised to study more generally the tensor product (AG),: ®ac
AGe(V). We take some (P, V1) € L. Then we have an associated system of
subquotients of Pi:]<«, (P, V)] ={(P,V) | (P,V)<(P,V))} C L (see
Definition 1.8), and we can define as in Definition 4.1 a coefficient system
(A P1)1— P, vy of APi-bimodules with regard to this subquotient system. We
may even extend it by O to the whole of £ (or more properly £°PP), thus leading
to the following.

Definition 4.9. If (P, V) € L, let (APy)); be the coefficient system on
LOPP defined by (AP))y = AP1e(V)®p e(V)AP, if o = (P, V) < (P, V),
(A Py), = Ootherwise. The connecting map (pé,f,‘x,),): (AP)p vy = (APDp vy
is defined by ¢\ (x ®p y) = x ®p y if (P, V) < (P, V') < (P}, V1), x €
APre(V), yee(V)AP,.

Proposition 4.10. One may define a surjective map of coefficient systems on
LOPP with coefficients in AG—mod—A Py,

(AG); ®g AGe(V))—— AGe(V}) @p, (AP — 0.

Proof. We define the map 7 as follows.

Assume (P,V) < (P, Vy). One has (AG)pv)®c AGe(V)) =
AGe(V)®p e(V)AG ®c AGe(V)) and this coincides with the sub-
space AGe(V) ®p e(V) ®c AGe(V). Letting x € AGe(V), y € G, one
takes  mwpv)(x ®p e(V) Qg ye(V1)) = xQp e(V)®pe(V)ye(V)) €
AGe(V) ®p, AP1e(V)Qp e(V)AP, = AGe(V1) Qp, (AP )p,vy if y € Py,
JT(p,V)()C KRp E(V) R ye(Vl)) = 0 otherwise.

If (P, V) f (Pl, Vl), take T(p,v) = 0.

Denote o0 = (P, V) e L,e =e(V), e = e(V)).

The above does indeed give a well-defined surjective morphism m, of
AG—mod—AP; sinceeAG ®g AGey = eAGey = @nglgGeA[PgPl]el as
a P-P;-bimodule and since AGe; ®p, APie @p eA P clearly coincides with
the subspace AGejAPie @p, e @p e AP = AGe @p, e Qp eAP).

Leto <o’ = (P, V') € L, denote ¢’ = e(V'). One must show that

(AGel ®p, (pg,) Oy = Ty O (¢g, R AGel).

Since (A Py),» = O unless o’ < (Py, V1), one may assume o < o’ < (P, V).
Let us take x, y € G so that the general element of a basis of (AG), Q¢
AGe; = AGe ®@p e AG Qg AGejis xe Qp e Qg yej.
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If y € Py, then the effects of the two compositions of maps above on this
element are respectively

xeQ@pe Qg yer > xe®p e Qpeye; > xe ®p, e Qpr eyey
and

xe @pe®g ye| — xe Qp e Qg ye; = xee' @p €'e Q¢ ye;

/ / / ’
= xee Qp e Qp eeye; =xeQp, e Qpreyey,

since ey € AP;.Bute € AP/, soxe ®p, ¢/ ®p eye; = xe Qp, € Qp: eye,.
If y & Py, then we get

xe Rpe®gyer — 01— 0
and
xe @p e Qg ye| — xe Qp e Qg ye; = xee' Qp € ®g ye; — 0.
O

Assume, moreover, that A = k is a field and that £ satisfies Hypothesis 4.4.
Let (Py, Vo, Np) be a cuspidal triple where (P, Vo) < (Py, Vp) and Ny is a cus-
pidal k[Py/ Vp]-module. Denote M = IndP‘ No, = IndG Ind , Vo, 80
that (kG); ®¢ kGe(V)) @p, M (kG)g ®G M. Applymg Theorem 4 5, we
have isomorphisms (kG); ®¢ M = M ®z ZX (00)@ and (kP)); @p, M =
M ®7 Z.X(09)*V where oy = (Py, V), and the exponent in X(c0)" recalls
the ambient group. Recall that X'(50)" is a coefficient system defined on the
poset ]<—, (P, V})]°PP C LoPP. We extend ZX (co)"" by zero to make it into
a coefficient system on the whole of £L°PP. Looking at the explicit definition of
the isomorphism in Theorem 4.5 (see its proof) and of the map = of Proposi-
tion 4.10, we easily check the following.

Proposition 4.11. Through the isomorphisms of Theorem 4.5, the map
7 ®p, M of Proposition 4.10 identifies with M ®7 0, where 6: ZX (00)@ —
Z.X(09)'™V is the map which sends PgPy satisfying (P, V)% N} (Po, Vo) =
(Py, Vo), to PgPyif (P, V) < (P, Vi)and g € P, to 0 otherwise.

4.3. The case of finite BN-pairs

We now take G a finite group with a strongly split BN-pair of characteristic
p with subgroups B = UT, N, S (see Definition 2.20). Then the set of pairs
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(P, V) for P aparabolic subgroup of G, and V its biggest normal p-subgroup,
satisfies Hypothesis 4.4 for any field of characteristic £ p (Theorem 3.10).

Denote by A the set of simple roots of the root system associated with G
(see §2.1),n = |A].

Definition 4.12. Let A be a commutative ring where p is invertible. Let us
define a coefficient system on the simplicial scheme P(A) of all subsets of A
by composing the map P(A) — L defined by I — (Pa\r, Ua\1) with the
coefficient system (AG) of Definition 4.1. One denotes by DC the associated
complex of G-G-bimodules

..DC, =0——>DC,_, = AG ®p5 e(U)AG—=5 . .
9;
..DC; = @m”:n_i_lAG ®np, eUDAG—— ...DC_,
:AG—)DC,Z :O...

If M is a AG-module, denote DC(M) = DC ®@xc M, the complex of AG-
modules with DC(M)—y = M, DC(M); = D cn . 1j=n—i—1 M(p,u) (see Defi-
nition4.1)if —1 <i <n—1, DC(M); = 0 for other i.

If A is a A-free algebra and X is a complex of A-modules, we denote
by XY = Hom(X, A) its dual as a complex of right A-modules, with indices
multiplied by —1 in order to get a chain complex like X.

Proposition 4.13. If A =k is a field of characteristic # p and M =
Ind(GP,O,U,O)NO for Ny a simple cuspidal kL -module, then DC ®ic M =
MI|IA\ Ip] — 11 and DCY @ M = M[—|A\ Iy| + 1] in D*(kG—mod).

The proof consists essentially in a study of the coefficient system defined
by the sets X'(0p), of Theorem 4.5. This is done by use of standard results
on the geometric representation of Coxeter groups (see [Stein68a] Appendix,
[Hum90] §5). We recall the euclidean structure on RA and the realization of
W in the associated orthogonal group (§2.1).

Definition 4.14. Let C = {x e RA| V6§ € A (x,8) =0} If I C A, let C; =
cnit.

Lemma4.15. Let Iy C A, denote oy = (Py,, Uy,). Denote by X'(oy) the coeffi-
cient system on P(A) obtained as in Definition 4.12 from the coefficient system
X (0y) on the poset of parabolic subgroups of G.

(i) If o =(P;,U), then X(oy), identifies with Y; :={wC;; w €
W, wC; € (Io)*} by a map sending wC; to PIw’lPIO. If o’ = (Pp, Up) with
I C I, then Y, (see Theorem 4.5) corresponds to the map 1//11 sending wCj to
wCy (which is a subset of wCy).
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(it) The above identifies 7.X'(0y) with the constant coefficient system on a
triangulation of the unit sphere of (Iy)* whose set of simplexes of degree d
corresponds with the P;g Py, € X'(0y) such that |[A\I| =d + 1.

(iii) Through the above identification, X'(0y) \ { P;,} identifies with a trian-
gulation of a contractible topological space.

Proof of Lemma 4.15. (i) It clearly suffices to check the first statement of
(1) To describe X(O’())g = {P]gP]0| (P[, U[)g m\l, (P]o, Ulu) = (P]O, UIO)}’ one
may take g € Dy, (see Proposition 2.4 and Theorem 2.16(iv)). Then Theo-
rem 2.27(i) gives X (0¢)s = {PrwPy| wly € I € wdt} in bijection with the
corresponding subset of W;\W/Wj,. For those w, one has W;wW;, = W,w.
However, the set of all cosets W, w (I € A, w € W) is in bijection with the set
of all subsets w~!C; by the obvious map (see [CuRe87] 66.24, [Bour68] V.4.6).
So it only remains to check that, if w € W and I C A, then w~lC; € )+ if
and only if W;wW,, > v such that vly € I C v®*. The “if” is clear since
v=IC; € v I+ C (Iy)*. For the “only if”, one may take v of minimal length.
Then I C v®*. The condition v='C; C (Iy)* gives vly € R/ by taking or-
thogonals. But now Lemma 2.7 gives the remaining inclusion vy C 1.

(ii) By (i), C(ZX'(0y)) is isomorphic to the complex associated with the
coefficient system (), ¥/7,).

IfTisaconein RA,let I'** denote the extremal points of its intersection with
the unit sphere. Each " € ), is generated as a cone by I'*, so the coefficient
system may be replaced by those finite sets and corresponding restrictions of
maps V.

We now refer to the topological description of [Bour68] §V.3.3,
[CuRe87] §66.B, or [Hum90] §1.15 for instance (see also Exercise 3.1). The
set C** is a basis of RA, and C is a fundamental domain for the finite group
W. The faces of C are the C;’s, so the (wC;)™ (I C A) are elements of a tri-
angulation of the unit sphere of RA ([CuRe87] 66.28.(1); see also Exercise 3).
The intersection with (Iy)* provides a triangulation of the unit sphere of (/y)*,
since (Ip)* is the subspace generated by the face C;,. Since '™ for I' € )); has
cardinality |A \ |, we get our second claim.

(iii) Through the above identification, X”(oy) \ { P;,} identifies with Y™ :=
{I'™| T € Vi, I € A} where we have deleted (Cy,)®*, i.e. a simplex of highest
dimension my = |A \ Iy| — 1 in our triangulation of the sphere S". Since the
convex hulls of the wC;’s intersect only on their boundaries (in ) by the prop-
erty of a fundamental domain, the topological space associated with J** \ {C;*}
is S™ \ Cy, where Cy is the interior of Cj, in (Io)*. The outcome is contractible
(any point x € S"° N Cy defines a homeomorphism S \ {x} = R™ sending
S™o\ Cy to a compact star-shaped set; see also Exercise 3(b)). O
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Proof of Proposition 4.13. We first check DC Qg M = M[|A\ Iy] — 1] in
DY(kG —mod).

By its definition, DC ®;c M is the complex associated with the restriction to
La:={(P;,U;)| I € A} ofthe coefficient system M where L is the poset de-
fined in Definition 2.24. By Theorem 4.5, one has M = M ®z ZX(0p). When
restricted to L, we get DC &g M = M ®z C(ZX'(00)) where C(ZX'(0y)) is
the complex associated with the coefficient system ZX’(o¢) (see Lemma 4.15)
on the simplicial scheme of subsets of A.

Then, to check our first claim, it suffices to check that we have a quasi-
isomorphism C(ZX'(09)) = Z[|A \ Iy| — 1]. (This is formally stronger than
saying that both have the same homology; see, however, Exercise 12.) One may
define a map C(ZX'(0y)) — Z[|A \ Iy| — 1] by sending Py, to a generator of
Z at degree |A \ Iy| — 1, all other elements of X”(oy) to O at the appropriate
degree (checking that this is a map in C”(Z—mod) is easy since the only choice
is about the highest degree). This gives an exact sequence 0 — C(Z(X'(0p) \
{P,})) = C(ZX'(00)) — Z[|A \ Iy| — 1] — 0. The second term is acyclic by
Lemma 4.15(iii). Thus we have our first claim.

We now check the second isomorphism DCY Qi M = M[—|A\ Ip| + 1].

For any kG-module M, denote by M* the usual notion of duality on
kG-modules (thus M* is a left kG-module). This extends to complexes by
(Ci, 0;)" = (C,;, 9%)).

To check that DCY Qg M = M[—|A\ Iy] + 1], we deduce it from
DC ®rg M = M[|A \ Iy — 1] and the following lemma.

Lemma 4.16. For all A where p is invertible, and for all finitely generated
AG-modules M, DCY @6 M = (DC @56 M*)* in C®(AG—mod).

This gives our claim since (Indg N*= Indg (N*)and N* is cuspidal when
To To
N is. O

Proof of Lemma 4.16. Let x — x' be the involution of group algebras over A
induced by the inversion in the group. This gives a covariant functor M — M"*
from AG—mod—AH to AH—mod—AG. This extends to complexes. One
clearlyhas (L @ xg M)' = M*' @ L' for modules for which the tensor product
makes sense.

Considering also the (contravariant) functor M — M relating the same
categories, one clearly has M* = (M")" = (M")" for one-sided modules. One
has (L @ M)¥ = MY ® LY by the evident map as long as L or M is projective
on the side we consider to make this tensor product (see also [McLane63] V.4.3).
This applies to complexes with the suitable renumbering for M +— M due to
contravariance.
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Our claim now follows once we check DC = DC' as complexes of
bimodules. This in turn follows from the same property of the coeffi-
cient system (A G)., having noted that (AG)p,v) = AGe(V) @ap (AGe(V))
and ¢>((£,’X,),) = j @ap j* where j is the inclusion map of AGe(V) in
AGe(V'). O

4.4. Duality functor as a derived equivalence

We keep G a finite group with a strongly split BN-pair of characteristic p. Note
first that the complex DC of Definition 4.12 is defined in an intrinsic way from
the subgroup B since the subgroups of G containing B and their unipotent
radicals make the whole poset used to define DC'. Since the outcome would be
the same with a G-conjugate of B and since B is the normalizer of a Sylow
p-subgroup of G, one sees that DC is defined in an intrinsic way from the
abstract structure of G.

Definition 4.17. Let G be a finite group with a strongly split BN-pair of char-
acteristic p (see Definition 2.20). Let n be the number of simple roots of its
root system or of its set S (see Definition 2.12). Let A be a commutative ring
where p is invertible. Let us denote by D) the cochain complex of bimodules

in AG—mod—AG
- a°
.- Dig, = 0—— D, = AG ®rp e()AG—— ...
i 9 n
... D(G) = @l;m:iAG ®ap, e(UDAG—— ... D(g)
=AG—D/F' =0...

obtained from DC[—|A| 4+ 1] by taking the opposite of indices.
This is the version over Z[ p~'] tensored with A.

We prove the following.

Theorem 4.18. Let G be a finite group with a strongly split BN-pair of char-
acteristic p. Let A be a commutative ring where p is invertible. Then
D(VG) RaAG D(G) = D(G) RArG D(\z;) = AGin Db(AG—mod—AG)

As recalled in §4.1 above, one gets the following.
Corollary 4.19. DG, induces an equivalence from D*(AG) into itself.

Lemma 4.20. Let X be a bounded complex of free Z[p~'1-modules. If X ® k
is acyclic for any field of characteristic # p, then X is acyclic.
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Proof of Lemma 4.20. This is a standard application of the universal coefficient
theorem (see [Bour80] p. 98, [Weibel] 3.6.2) or of more elementary arguments
(see Exercise 5). O

Proof of Theorem 4.18. We may also work with our initial DC (see Defini-
tion 4.12) instead of Dg).

Since the algebra AG is symmetric, if X is in C’(AG —mod—AG) with all
terms bi-projective, the functors X ® — and X" ® — are adjoint to each other
([KLRZ98] 9.2.5) as functors on C®(AG—mod—AG). Then we have a unit
map 7: AG — XV ® X and a co-unitmap &: X ® XV — AG of complexes of
bimodules (see [McLane97] IV.Theorem 1) corresponding with the identity as
element of the right-hand side in each isomorphism:

Hom(X ® AG, X ® AG) = Hom(AG, X' ® X ® AG) and
Hom(X"” ® AG, XY ® AG) = Hom(X ® XY ® AG, AG)

(all Hom being defined within C’(AG—mod—AG)). The fundamental
property of adjunctions (see [McLane97] IV.(9)) implies, in this case of
C’(AG—mod—AG), that the map

X®X'ex5x
is split surjective, a section being given by X ® 7.

Inthe case of X = DC, letus show that ¢ itself is onto. Itsimage V € AG is
atwo-sided ideal. The surjectivity of ¢ ® DC impliesthat V @ DC = DC. But
one has DC_; = AG asbimodule, so (V ® DC)_; = V and a direct summand
of AG. Therefore V = AG.

We now get an exact sequence in C’(AG—mod—AG)

0—Y— DCY®DC—5AG — 0.

Moreover, by projectivity of AG, this exact sequence splits in each degree
as a sequence of right A G-modules.

In order to check the first isomorphism of the theorem, it suffices to check
that Y is acyclic.

We have DC =DCr®z A, DCY=DCy®z A, e=er@z A, Y =
Yr ®z A, etc. where DCpg, eg, Yg are defined in the same way over R =
Z[p~ 1. It suffices to check that Yy is acyclic. So Lemma 4.20 implies that we
may assume that A is a field. If M is a AG-module, the above exact sequence
becomes

QM
0-Y®M > DC"QDCOIM ———— M — 0
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thanks to the splitting property mentioned above. By Theorem 1.30(i), one
may apply Lemma 1.15 to the modules M of type Indg0 Ny for cuspidal Ny. It
therefore suffices to check that ¥ ® ¢ M is acyclic for those M. By Proposi-
tion4.13, M = (DC ® M)[m] = DC ® (M[m])forsomem € Z,s0e @ M =
e ® DC ® M[m] is a split surjection, a section being given by DC @ n ®
(M[m]). Then DCY® DC® M = M @ (Y ® M) in C’(AG—mod). Propo-
sition 4.13 again implies that DCY ® DC ® M has homology M. So Y M
is acyclic.

We get that DCY® DC = AG for A =7Z[p~'], hence for every
commutative ring where p is invertible. A similar proof would give
DC ® DCY Z AG. O

4.5. A theorem of Curtis type

The following generalizes Proposition 4.13 above. The version in characteristic
zero is well known (see [DiMi91] 8.11).

Theorem 4.21. Let P be a parabolic subgroup of G, with Levi decomposition
P = L.Up. Let A be any commutative ring where p is invertible. Denote Rg =
AGe(Up)in AG—mod—AL. Then

D) ®r6 RY =RY ®41 Dy
(see Definition 4.17) in D*(AG—mod—AL)

Proof. Wetake A = Z[p~']. We may choose P containing B, so P corresponds
to a subset I; of A. Denote by DC) the same complex as in Definition 4.12
with regardto L = Ly,.

Concerning DC, what we have to check amounts to

DC@ @6 AGe(Up)[~IA\ 1] = AGe(Up) @1, DC

in the derived category D®(AG—mod—AL).

If I € A,leto; = (P;,Uy). Lete = e(Up) (recall P = Py, so Up = Uy,).
DC@ is the complex associated with the coefficient system on P(A) (subsets
of A) obtained by composing I — o\; with the coefficient system (A G) (see
Definition 4.12). But DC?) is the complex associated with the system obtained
by composing I +— oy,\; from P(I;) to <=, (P, Up)] € L with the coefficient
system (A P)j— p,u,)- Had we taken the complex associated with (A P). (see
Definition 4.9) composed with I — oay\; from P(A) to £, we would have
obtained DCP[|A\ I1]].
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So the map of Proposition 4.10 gives a surjection in C’(AG—mod—AL)
DCO ®; AGe—T5(AGe @, DCP)|A N\ 1] — 0.

(We may replace P; := P by L in the tensor products of Proposition 4.10
since there V| = Up always acts trivially, see also Proposition 1.5(i)). We now
consider the above map only as in C’(mod— A L). The above surjection is split
in each degree since the modules are all projective, so we have exact sequences

S) 0= Y = DCO s AGe""5AGe®, DCEAN L] — 0

in C’(mod—AL) and

(E) 0>Y®.M— DCY®;AGe®, M

C(m) M (L)
— S AGe®. DCPY @, M[IA\I,]]— 0

for any kL-module M where k is a field of characteristic # p.

Our claim reduces to checking that Y is acyclic. As in the proof of Theo-
rem4.18, Lemma4.20 and Lemma 1.15 allow us to check only that C(7r) ® M is
a quasi-isomorphism for any k L-module in the form M = Ind,foN for Py = Py,
with Iy € I} and (Py,, Uy, N) € cusp,(L).

By Proposition 4.11, C(;r) ® p M identifies with a map (IndgM ) Rz C(@g)
where 05:ZX'(00)%) — ZX'(00)'F is the map of coefficient systems on
P(A)PP sending Prg Py € X'(00)\7 to PrgPy € X'(0p)\"ifg € Pand I C I,
to 0 otherwise (see the notation X”(0p) in Lemma 4.15).

Lemma 4.15(ii) tells us that C(ZX"(00) ") is the (augmented) chain complex
of singular homology of the sphere of RI; N (Ip)*, up to a shift bringing its
support into [|A \ Iy| — 1, |A \ I;|] (the shift is due to the fact that ZX" (o) "
is made into a coefficient system on P(A) like ZX’(00) @, instead of just P(1),
by extending it by O; see the paragraph before Proposition 4.11).

The homologies of C(ZX'(0¢)'?), C(ZX' () "), and C(ZX'(00) ") are
all isomorphic to Z[|A \ Iy] — 1] by the well-known result on homology of
spheres (see [Spanier] 4.6.6 and Exercise 4). We have two maps H(C(Og1 )
and H(C(0 ,ﬁ;‘ )) between them. To show that the first is an isomorphism, it suf-
fices to show that the composition is. It is clear from their definitions (see
Proposition 4.11) that 6 11)301 o Gg = 9}?0, so the composition we must look at is in
fact H(C(ng )). The map 01?0 annihilates every element of X (00) @ except Py.
So the kernel of 9?0 is Z(X'(00)' @ \ {Po}). The associated complex is acyclic
by Lemma 4.15(ii).

This completes our proof. O
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Exercises

1. Let ¥ be asimplicial scheme and (M,,, f,) be a coefficient system on it with
values in the category of commutative groups. Show that the following de-
fines the associated complex. Let C; = @J,deg(a):iHomZ(A"“(Z"), M)
and let d have component on oo’ (¢’ € ¢ with o \ 0’ = {«}) the map
X > f9 0x ory where ry: N(Z7) — NTHZ7) is w > w A .

2. Let ¥ be a simplicial scheme such that ¥ is a finite subset of a finite-
dimensional real vector space E where each o € X is linearly independent.
Let c(%) := [,z (o) be the union of the convex hulls of the simplexes o
of ¥. Show that Top(X) is homeomorphic with ¢(X) for the usual topology
of E (define p > 3 .5 p(x)x).

3. Let B be a basis of a finite-dimensional euclidean space E.

(a) Assume that the convex hull ¢(B) of B is a fundamental domain for a
finite subgroup W of the general linear group of E. Show that ¥ :=
{wB’ | B' C B, w e W} is a simplicial scheme such that Top(X) is
homeomorphic with the unit sphere of E (define U = (J,,cyyc(wB)
in the notation of Exercise 2, and check that the map associating the
half-line generated by elements of U is a homeomorphism from U to
the quotient of E \ {0} by R%). Apply this to the proof of Proposition
4.13.

(b) Let S (resp. ¢(S)) be the unit sphere (resp. ball) of E, let C be an
open convex cone of E, and denote the border of C by C’ . Show that
S\ C is homeomorphic to C’' N ¢(S), hence contractible. Hint: choose
co € CN S, define x — f(x)forall x € S\ C, by c({x,coh) N C' =
{f00).

4. Show the classical results about the reduced singular homology of the
spheres ([Spanier] 4.6.6) as a consequence of Lemma 4.15.

5. Let A be a principal ideal domain, let M be a free A-module of finite rank,
and 8 € End (M) such that 3> = 0. Denote H(3) := Ker(3)/3(M).

Show that there is a basis of M where 0 has matrix (2 8), where

a € Mat,, ,(A).
Show that if A is a field and H(9) = {0}, then a is square and invertible.
Show that if A is no longer a field but H(d ® k) = {0} for any field
k = A /9, then a is square and invertible and therefore H(3) = {0}.
Deduce Lemma 4.20.
6. Give anexplicit contruction of DC" with DC,;” = DC; and show the second
statement of Proposition 4.13 in the same fashion as the first.
7. Count how many “dualities” we have used in this chapter.



72 Part I Representing finite BN-pairs

8. Show that the isomorphisms of Proposition 4.13 are in fact homotopies.
9. Let A, B, C be three rings. Let M € A—mod—B, N € B—mod—C be two
bi-projective bimodules. Show that M ®p N is bi-projective.

10. Give an example of a short exact sequence of complexes of modules 0 —
X — Y — Z — Owhere Zisamodule, H(Y) = Z, but X is not acyclic (of
course the isomorphism H(Y) = Z is not induced by the exact sequence).

11. Let A be aring. If M is a finitely generated A-module and i € Z, define
MU= e Cb(A—mod) by M"Y =M = p, M =0 else-
where, 0; = Idy,.

(a) If C is a complex, show that Homcsa_meay(M!" =1, C) = Homy
(M, C;) and Homco (4 —moa)(C, M=) = Hom,(C;_y, M)).

(b) Show that if M is a projective module, then M"/~!! is an indecompos-
able projective object of C’(A—mod).

(c) Show that the projectives of C®(A—mod) are the acyclic complexes
whose terms are projective A-modules. Deduce a projective cover of a
given complex from projective covers of its terms.

12. (a) Assume that A is a ring, C an object of C’(A—mod) such that, for

any i, C; and H'(C) are projective. Show that there is an isomorphism
C = H(C) @ C'in C’(A—mod). Note that C’ is null homotopic.

(b) Find D’(A—mod) when A is semi-simple.

13. With the same hypotheses as Theorem 4.21, show that e(Up)AG ®x¢
D) = Dy ®aL e(Up)AG.

Notes

The duality functor on ordinary characters was introduced around 1980 by
Alvis, Curtis, Deligne—Lusztig and Kawanaka (see [CuRe87] §71, [DiMi91] §8,
[Cart86] §8.2 and the references given there). The question of constructing an
auto-equivalence of the derived category D?(A G —mod) inducing the duality
functor on ordinary characters was raised by Broué [Bro88], and solved in
[CaRi01]. There, Theorem 4.18 and Theorem 4.21 are conjectured to hold in
the homotopy categories K?, and thus to imply a “splendid equivalence” in the
sense of Rickard [Rick96] (see also [KLRZ98] §9.2.5).

The construction of the complex, at least in the form Dy ® M, goes back
to Curtis [Cu80a] and [Cu80b], and Deligne—Lusztig [DeL.u82]. Related results
are in [CuLe85]. Other results in natural characteristic have been obtained by
Ronan—Smith (see [Ben91b] 7.5 and corresponding references).

“Character isometries” abound in finite group theory, especially in the clas-
sification of simple groups (see [Da71], [CuRe87] §14). They appear in the
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form of “bijections with signs” between sets of irreducible characters. Equiv-
alences D”(A—mod) — D?(B—mod) between blocks of group algebras are
probably one of the best notions to investigate those isometries further. Stable
categories are also relevant (see for instance [RouO1], [KLRZ98] §9). Broué’s
notion of a “perfect isometry” (see [Bro90a], and Exercise 9.5 below) stands
as a first numerical test for a bijection of characters to be induced by a derived
equivalence.
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Local methods for the transversal characteristics

Let G be a finite group, £ a prime, and (A, K, k) an £-modular splitting system
for G. The algebra A G splits as a sum of its blocks, usually called the £-blocks of
G. The inclusion AG € K G implies a partition Irr(G) = | zIrr(G, B) where
B ranges over the blocks of AG (or equivalently of kG). The local methods
introduced by R. Brauer associate £-blocks of G with those of centralizers
Cg(X) (with X an £-subgroup), essentially by use of a ring morphism

Bry: Z(kG) — Z(kCs(X)).

The word “local” comes from the fact that information about proper subgroups
(centralizers and normalizers of £-subgroups) provides information about G,
and also that information about kG-modules implies results about characters
over K (see [Al86])

In the case when X = <x> is cyclic, Brauer’s “second Main Theorem”
shows that the above morphism relates well with the decomposition map

fadf

associating with each central function f: G — K (for instance, a character)
the central function on the £'-elements of C (x) defined by d%¢ f(y) = f(xy).
Brauer’s theory associates with each £-block of G an £-subgroup of G, its
“defect group” (the underlying general philosophy being that the representation
theory of kG should reduce to the study of certain £-subgroups of G and their
representations). As an illustration of those methods we give a proof of the
first application, historically speaking: i.e. the partition of characters into £-
blocks for symmetric groups &, (proof by Brauer—Robinson of the so-called
Nakayama Conjectures, see [Br47]).

We give another application. In order to simplify our exposition, take now
G =GL,(g)withg=1mod. £.Let B=U>T, N =Ng(T), W =G, be
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its usual BN-pair; see Example 2.17. We show that all characters occurring in
Indg K (this includes the trivial character) are in a single (“principal’’) £-block.
This is essentially implied by commutation of the above decomposition map
with Harish-Chandra restriction, a key property that will be used again in the
generalization of Chapter 21. This also relates naturally to the Hecke algebra
H = EndAg(IndgA). Since k is the residue field of a complete valuation ring
A, we may define decomposition matrices for A-free finitely generated A-
algebras (see [Ben91a] §1.9). We show that the decomposition matrix of H is a
submatrix of the decomposition matrix of AG. This inclusion property will be
studied to a greater extent in Chapters 19 and 20. In §23.3, we will show that
this can be generalized into a Morita equivalence between principal £-blocks
of G and N.

5.1. Local methods and two main theorems of Brauer’s

Let us recall briefly the notion of an £-block of a finite group G.
Let (A, K, k) be an £-modular splitting system for G. Denote by A +> A the
reduction mod. J(A) of elements of A. This extends into a map AG — kG.
The group algebra AG decomposes as a product of blocks

AG=B; x---x B,,.

Similarly, the unit of the center Z(AG) decomposes as a sum of primitive
idempotents

l=b ++b,

with B; = AG.b; for all i (see [Ben91a] §1.8, [NaTs89] §1.8.2).

As a result of the lifting of idempotents mod. J(A) and since Z(kG) =
Z(AG)/J(N).Z(AG), the blocks of AG and of kG correspond by reduction
mod. J(A). Both are usually called the £-blocks of G. Their units are called the
£-block idempotents.

The space CF(G, K) of central functions is seen as the space of maps
f: KG — K that are fixed under conjugacy by elements of G.

The ¢-blocks induce a partition Irr(G) = [J;Irr(G, B;) and a corre-
sponding orthogonal decomposition CF(G, K)=@,CF(G, K, B;) where
CF(G, K, B)={f | Vg € KG, f(gh;)) = f(g)}. We may also write Irr(G, b;)
or CF(G, b;).

Conversely, when x € Irr(G), it defines a unique ¢-block Bg(x) (and a
unique £-block idempotent b (x)) of G not annihilated by x.
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Definition 5.1. Let P be an -subgroup of G.

An L-subpair of G is any pair (P, b) where b is a primitive idempotent of
Z(ACg(P)).

Letting P act on kG by conjugation, denote by (kG)* the subalgebra of
fixed points. The Brauer morphism Brp: (kG)Y — Z(kCg(P)) is defined by

Brp(zgec Aeg) = deCG(P) Agg. It is a morphism of k-algebras.

Definition 5.2. If (P, b) and (P’, V') are L-subpairs of G, we write (P, b) <
(P, b)) (normal inclusion) if and only if P <\ P’ (therefore P’ induces alge-
bra automorphisms of kCg(P)), b is fixed by P’ (hence b € (kCg(P)) and
Brp/(b).b' =D

The inclusion relation (P, b) C (P’, b') between arbitrary £-subpairs of G
is defined from normal inclusion by transitive closure.

For the following, see [NaTs89] §5, [Thévenaz] §§18 and 41.

Theorem 5.3. Let G, ¢, (A, K, k) be as above.

(i) If (P, b") is an £-subpair of G, and P C P’ is a subgroup, there is a
unique £-subpair (P, b) C (P’, b").

(ii) The maximal L-subpairs of G containing a given £-subpair of type ({1}, b)
are G-conjugates.

(iii) An £-subpair (P, b) is maximal in G if and only if (Z(P), b) is a maximal
L-subpair in Cg(P) and Ng(P, b)/ PCs(P) is of order prime to £.

Remark 5.4. Proving that Brp is actually a morphism is made easier by using
“relative traces” Tr;,. If P’ C P is an inclusion of £-subgroups, then

Trb: kGY — kG"

is defined by Trﬁ/(x) =3 gepypr SX. Its image is clearly a two-sided ideal of
kG* . The kernel of Brp is clearly 3 . p Trh.(kG*"), a sum over P’ # P. This
is one of the ingredients to prove the above theorem. Another ingredient is the
fact that, when P is a normal £-subgroup of G, the £-blocks of G, Cs(P) and
G/ P identify naturally (Brauer’s “first Main Theorem”, see [Ben91a] 6.2.6,
[NaTs89] §5.2).

Definition 5.5. If B; is a block of AG (or the corresponding block kG.b; of
kG), one calls a defect group of B; any £-subgroup D C G such that there
exists a maximal £-subpair (D, e) containing ({1}, b;) (by the above, they are
G-conjugates).

Remark 5.6. (see [Ben91a] §6.3, [NaTs89] §3.6) A special case of Theo-
rem 5.3(ii) is when P = {1}, i.e. b is a block idempotent of AG of trivial
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defect group. Then b (or the corresponding blocks of AG or kG) is said to be
of defect zero. If B is an ¢-block of G, then it is of defect zero if and only
if there is some x € Irr(G, B) vanishing on G \ Gy. This is also equivalent
to B ® k = kGb having a simple module which is also projective (thus im-
plying kGb is a simple algebra). Blocks of defect zero are apparently scarce
outside ¢'-groups (see, however, a general case, “Steinberg modules,” in §6.2
below).

A slightly more general case is when the defect group is central P C Z(G)
(and therefore P = Z(G),). Such blocks are in bijection with blocks of de-
fect zero of G/Z(G),. For each such block B, the corresponding block idem-
potent is written as |G: Pl’lx(l)zgecw x(g~ g for any x € Irr(G, B) (see
[NaTs89] 3.6.22, 5.8.14). One even has B = Mat,(A P) for some integer d,
necessarily equal to x (1) (see [Ben91la] 6.4.4, and also [Thévenaz] §49 for
Puig’s more general notion of “nilpotent” £-blocks).

Definition 5.7. If x € G, let
d*:CF(G, K) - CF(Cg(x), K)
be defined by d*(f)(y) = f(xy) when y € Cq(x)p, d*(f)(y) = 0 otherwise.

Theorem 5.8. (Brauer’s “second Main Theorem™) The notation is as above.
Let B = AG.b be an £-block of G with block idempotent b, B, = ACg(x)b,
an £-block of Cg(x) with block idempotent b.

If d*(CF(G, K, B)) has a non-zero projection on CF(Cg(x), K, B,), then
there is an inclusion of £-subpairs in G

({1}, D) € (<x>, by).
For a proof, see [NaTs89] 5.4.2.

Definition 5.9. When M is an indecomposable AG-module, there is a unique
block BG(M) of AG acting by Id on M. This applies to indecomposable kG-
modules and simple K G-modules, the latter often identified with their charac-
ter x € Irr(G). Denote by bg(M) € Bg(M) the corresponding idempotent and
bg(M) its reduction mod. J(A). One calls Bg(1) (resp. bg(1)) the principal
block (resp. block idempotent) of G.

Theorem 5.10. (Brauer’s “third Main Theorem”) Let (P, b) C (P’, b’) be an
inclusion of €-subpairs in G. If b or b’ is a principal block idempotent, then
both are.
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5.2. A model: blocks of symmetric groups

If X is a set, Gx denotes the group of bijections X — X, usually called
“permutations” of X. When X’ € X, G is considered as a subgroup of Sy.

Let n > 1 be an integer. One denotes S, := &y, ,. We assume that
(A, K, k) is an £-modular splitting system for G,,.

A partition of n is a sequence A > A, > ... > A; of integers > 1 such
that Ay + A+ -+ A =n.If A={A =Xy > ... > A} is a partition of n,
we write A - n. The integer n is called the size of X.

The set Irr(&,,) of irreducible characters of G, is in bijection with the set of
partitions of n

.....

Xr—)x’\

(see [CuRe87] 75.19, [Gol93] 7, [JaKe81] 2).

In order to state properly the Murnaghan—Nakayama formula, which allows
us to compute inductively the values of characters, we need to define the notion
of a hook of a partition. In order to do that one introduces Frobenius’ notion of
“B-sets,” i.e. finite subsets of N \ {0} associated with partitions. Let

A= B

be the map associating the partition A = {A; > A, > ... > A;} with the set
B ={r, A1+ 1,..., 4 +1—1}. So we have a bijection between parti-
tions of integers greater than or equal to 1 and finite non-empty subsets of
N\ {0}. In order to treat also the case of the trivial group &y := {1}, we define
the empty partition ¢ - 0 and associate with it the set 8(¥) = {0}.

Recall the notion of signature ¢: S, — {—1, 1}. This extends to bijections
o:B — B’ between finite subsets of N, defined as the signature of the in-
duced permutation of indices once 8 and 8" have been ordered by >. Note that
g(o’ 0o0) = e(0’)e(o) whenevero: B — B’ ando’: B/ — B” are bijections be-
tween finite subsets of N.

Definition 5.11. Let 8 be a finite subset of N. Let m > 1. An m-hook of B is any
subsety = {a,a +m} C Nsuchthata +m € fanda ¢ . One defines 8 * y
as being B+y (boolean sum) if a # 0 or B = {m}, while B x {0, m} is defined
as the image of B-+y under the unit translation x — x + 1 when B # {m}. The
signature of the hook y of B is defined as the signature of the bijection B — B+y
which is the identity on B \ {a + m}. It is denoted by £(8, y) = (—1)/le-a+mIN8l,

Definition 5.12. Let L b n. Let m > 1. An m-hook of A is an m-hook y of B(L).
Define . xy by B(A xy) = B(A) xy (note that B(\) x y is either a subset of
N\ {0} or equal to {0}). Then . xy = n — m.
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Define e(A, y) := e(B(A), ).
One says A is an m-core if and only if it has no m-hook.

The following is the main tool for computing character values in symmetric
groups (see, for instance, [Gol93] 12.6).

Theorem 5.13. (Murnaghan—Nakayama formula). Let x € S, let u be a cycle
of x, of length m, so that xu™" may be considered as an element of &,_,, acting
on the set of fixed points of u. One has

X @) =) €O yx ™ (euh)

Y

where y runs on the set of m-hooks of A.

Since the integer m > 1 and the subset 8 C N are fixed, it is easy to see
the behavior of the process B + B * y of removing successively all possi-
ble m-hooks. If a € [0, m — 1], the subset 8 N a + mN may be replaced with
{a,a+m,...,a+ m(c, — 1)} where ¢, := |8 Na + mN]|. One defines g’ =
UaE[O,mfl]{a’ a+m,...,a+m(c, — 1)}, which is clearly B+y;+---+y,
for any sequence where each y; is an m-hook of B+y;+---+y;_1, and
B+y1+ - - - +y: has no m-hook. Note that the integer 7 is independent of the se-
quence chosen. Then the outcome of removing the m-hooks is g if 0 & 8’
or B/ ={0}; it is the image of B’ under the unit translation x — x + 1 if
0 € B’ # {0}. Ttis clearly B * y| * ... * y; for any sequence of m-hooks where
each y; isanm-hook of B * y; * ... % ¥;_1,and B * y; * ... * ¥, hasno m-hook.

Lemma 5.14. TI!_ e(B8 * y1 *... % ¥,_1, yi) is independent of the sequence
)/1 yee ey ]/t.

Proof. Let o: 8 — B’ be the bijection defined by the sequence of m-hooks
removals 0;: B+y1+ - - +yi_1 — (B+yi+ - - +yi—1)+y: (each o; fixes all el-
ements but one). For each a € [0, m — 1], o restricts to the unique bijection
BNa+mN — B’ 'Na-+ mN that preserves the natural order. O

Theorem 5.15. Letn > 0, m > 1. Let A - n.
(i) If X is an m-core, it is an mm'’-core for any m’ > 1.

(ii) For any sequence vy, ..., y; such that each y; is an m-hook of A x y; *
ook Yi_pand A x Yy % ... % Y, has no m-hook, the outcome A * yy * ... % y, is
independent of the sequence yy, .. ., y;. It is called the m-core of A.

(iii) (Iterated version of Murnaghan—Nakayama formula) With notation as
above, let x € &, write x'cy...c; with x' € &,,_;,, and c¢;’s being disjoint
cycles of order m in &Sy, _ypy1

.....
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where )" is the m-core of A and 0 # N, ,, € Z is a non-zero integer independent
of x'.

Proof. (i) is clear from the definition of m-hooks of finite subsets of N.

(ii) is clear from the above discussion of m-hook removal for subsets of N.

(iii) Using the Murnaghan—Nakayama formula (Theorem 5.13), one finds
xH(x) = Y o gk yr %ok v, v x> (x"), where the sum is over all
sequences (y;)1<i<; Where each y; is an m-hook of A y; *...xy,_; and
Ay *...xy, = A'. By Lemma 5.14, the product of signs is the same for all
sequences. One finds the claimed result with N being this sign times the number
of possible sequences. O

Theorem 5.16. The £-blocks of G,, are in bijection
K +— B(k)

with £-cores k b s(k) such that their sizes satisfy s(k) <n and s(k) =
n mod. £.

The above bijection is defined by Irt(&,,, B(k)) = {x* | k is the £-core of
A}. The Sylow £-subgroups of &, are defect groups of B(k).

Lemma 5.17. If k is an £-core, then x“ defines an £-block of &,, with defect
zero (see Remark 5.6).

Proof of Lemma 5.17. By Remark 5.6, we must check that x“(x) = 0 whenever
x € &, is of order a multiple of £. If x is not £/, then it can be written x = cx’
where c is a cycle of order |c|, a multiple of £, and x’ has support disjoint with
the one of ¢. Theorem 5.15(i) tells us that « has no |c|-hook. The Murnaghan—
Nakayama formula then implies x*(cx’) = 0, thus our claim.

Another proof would consist of checking that x“(1), = (n!), by use of the
“degree formula” (see [JaKe81] 2.3.21 or [Gol93] 12.1). |

Proof of Theorem 5.16. Let L n. Let k -n — fw be its £-core. Let ¢; =
m,n—1,....n—4L+1), ..., cp,=m—8w—-1),...,n —Lw+1) be w
disjoint cycles of order £. Letc = ¢ ... cy,.

Lemma 5.18. We have Cg, (c) = G,_py X W where W is a subgroup of
Sn—tw+1,..ny Such that AW is a single block.

Proof of Lemma 5.18. Arguing on permutations preserving the set of
supports of the ¢;’s, it is easy to find that Cg, (c) = &,_p, X W where
W =(<c1> %X -+ X <¢py>)><16/ and &) = G, by amapsending (i,i + 1)
to m—Li—-1),n—Lin—Li—-1)+1,n—4i+1)...(n—¥Ci+1,n—
L@+ 1)+ Dfori=1,...,w— 1. Wehave Cg (<c;> X -+ X <cp>) = 1.
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This implies that W has a normal £-subgroup containing its centralizer (in W).
Then W has a single £-block (see, for instance, [Ben91a] 6.2.2). O

Letb, € AG, ¢y, be the block idempotent of G,,_,, corresponding to x*. It
is of defect zero by Lemma 5.17. Since W has just one £-block (Lemma 5.18),
b, 1s a block idempotent of Cg, (c). Denote B, = ACg, (c).b;.

Let us show that d°(x*) has a non-zero projection on CF(Cg, (¢), K, B,).
Suppose the contrary. Since Irr(S,,_gy,, b)) = {x*} (see Remark 5.6), the central
function d*(x*) can be written as d“(x*) = 3" 1y st cctmmw) Te X*€ for
scalars r,, . € K. Taking restrictions to &, _,,, one finds that Resg, ,, (d“( x)
is orthogonal to x“. This means er(G,,_m)w xM(ex)x*(x) = 0. Since x* is
in a block of defect zero, it vanishes outside ¢'-clements (see Remark 5.6),
so the above sum is ere xM(cx)x*(x). By Theorem 5.15(iii), this is
N.(x*, x“Vs, .., = N where N is a non-zero integer, a contradiction.

Now Brauer’s second Main Theorem implies ({1}, bg, (x*)) <l (<c>, b,) in

n—tw

G,.
Brauer’s third Main Theorem implies the inclusion (<c¢>, 1) C (S, by) in

,,,,,

(<e>,b,) S (S, bebyp) in G,,. Combining with the previous inclusion, one gets

M) ({1}, be, (x™)) < (S, bicby).

Let us show that the right-hand side is a maximal £-subpair. We apply The-
orem 5.3(iii). We have Ng,(S) € &,—y X Sp—w+1,...ny (fixed points), and
$.Cs,(S) 2 S.6—pw+1,...ny has an index prime to £ in it. So it suffices to

sides are independent. On the first, b, has defect zero (Lemma 5.17). On the
Sn—tw+1,...,n) side, (S, bp) is amaximal £-subpair since S is a Sylow £-subgroup,
so that (Z(S), by) is maximal as an £-subpair of Cg, (S) (Theorem
5.3(iii) again).

By Theorem 5.3(i), the above gives a map « — B(k) where B(k) has the
claimed defect and Irr(&,,, B(x)) contains all x* where A - n has £-core «. It
remains to show that this map is injective.

Let A, A’ be two partitions of n. Let «, k" be their £-cores. Let us build
the maximal ¢-subpairs (S, bcbo) and (', b,by) as in (M) above. If x* and
x* are in the same ¢-block, we have (S, b.by) conjugate with (', beby)
(Theorem 5.3(ii)). Then w = w’ (fixed points under S and §’), and b, = b,
hence x* = x*' by defect zero (see Remark 5.6). Then k = «’.

—lw+1,....n}
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5.3. Principal series and the principal block

We now give an application of the local methods described in §5.1 to £-blocks
of finite groups with split BN-pair of characteristic # £.

Theorem 5.19. Let G be a finite group with a strongly split BN-pair (B =
U > T, N) of characteristic p. Let (A, K, k) be an £-modular splitting system
for G. Let L be a standard Levi subgroup and y € Irr(L) a cuspidal character
with Z(L)y in its kernel. Assume the following hypothesis

(%) there exist xy, ..., X, € Z(L)y such that C; := Cg(<xqy, ..., x;>)

is a standard Levi subgroup foralli =1,...,m, and C,, = L.

Then all the irreducible characters occuring in RS x are in the same block
of AG.

Corollary 5.20. Assume the same hypotheses as above. When (L, x) = (T, 1),
we get the following. All the indecomposable summands of IndgA (and all the
irreducible characters occurring in Indg 1) are in the principal block of AG.

Remark 5.21. Let G = GL,(IFF,) (see Example 2.17(i)) and assume £ is a prime
divisor of ¢ — 1. Let w € F, be an £th root of unity. If 1 < m < n, let d,, be
the diagonal matrix with diagonal elements (w, ..., w, 1,..., 1) (m ®’s and
n —m 1’s). Then the C;(d;)’s are all the maximal standard Levi subgroups of
G. So, by induction, all standard Levi subgroups of G satisfy the hypothesis of
Theorem 5.19.

Lemma 5.22. H is a finite group, V a subgroup. Take h € Ny (V) and assume
Cy(h) NV = {1}. Then all elements of V h are H-conjugates.

Proof. Themap v > h¥ = v~!."v.h sends V to Vh since h normalizes V. The
map is injective since Cx(h) NV = {1}. So its image is the whole of V& and
we get our claim. O

Recall the functors RY and *RY (Notation 3.11).

Proposition 5.23. Let x € Gy be such that Cg(x)=L;. If J C I and x €
Z(Ly), then d* o *R¢ =*Ry' od* on CF(G, K).

Proof. Assume first that x is central,i.e. L; = G. Thend* isd 1 composed with
a translation by a central element. This translation clearly commutes with *Rg
since *Rfj may be seen as a multiplication by e(U,). Butd! is self-adjoint and
commutes with induction and inflation, so d! commutes with Rfj and *Rf}.
For a general x, we write *jo = *Ri; o *Rgl (Proposition 1.5(ii)) and it
suffices to check that d* o *Rfl = d* on CF(G, K). Let f be a central function
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on G,lety e L; =Cg(x). If yp # 1, then d* f(y) = d)‘(*Rflf)(y) = 0. As-
sume y, = 1. Then d* f(y) = f(xy), while d*(*Rf f)(y) = ("Rf, f)(xy) =
U7} > cv, J(uxy). Since f is a central function, it is enough to check that
every uxy above is a G-conjugate of xy. We apply Lemma 5.22 with V = Uy,
h = xy. This is possible because xy € Cg(x) € L; which normalizes U;, and
Cg(xy) € Cg(x) € L; has a trivial intersection with Uj. 0

Proof of Theorem 5.19 and Corollary 5.20. We have clearly L = Cg(Z(L),),
so that (Z(L)¢, by (x)) is an £-subpair in G. We prove that, if B is ablock of AG
such that the projection ongx on B isnotzero, then ({1}, B) C (Z(L)¢, br.(x)).

This proves that B is unique, as a result of Theorem 5.3(i). In the case where
x = 1, by () is the principal block and Brauer’s third Main Theorem implies
that B is the principal block of AG.

So we let & be an irreducible character of G occurring in Rf x. We must
prove that

({1}, b6(§)) S (Z(L)e, br(x))-

We use the following lemma, the proof of which is postponed until after this
one is complete.

Lemma 5.24. If (£, RS x)¢ # 0, then (*RGE,d' ), # 0.

We may use induction on |G : L], the case when G = L being trivial.

Assume L # G, so that some x; is not in Z(G). We may assume it is x;. Let
C :=Cg(x) #G.

The induction hypothesis in C implies that all irreducible components
of R x are in a single Irr(C, b) for b a block idempotent of AC and that
({1}, ) € (Z(L)¢, br(x)) in C = Cg(xy). This inclusion is trivially equivalent
to (<x1>,b) S (Z(L)¢, b(x)) in G.

However, (d"& RSx)c = ("R 0d"&,x), = (d" o*RYE, ) by
Proposition 5.23. Since x; is in the center of L, d*L g self-adjoint on
CF(L, K) and, since x has x; in its kernel, we have d* x = d'x. Then
(dME, RLX)C = (*Rgé, d'x); # 0 by Lemma 5.24. This implies that d*'&
has a non-zero projection on CF(C, K, b). Then Brauer’s second Main
Theorem implies ({1}, bg(£)) C (<x;>, b). Combining with the inclusion
previously obtained, this gives our claim by transitivity of inclusion. O

Proof of Lemma 5.24. Let 7T be the group Ng(L)/Ng(L, x). We prove first

oel’
Onehas*R{E = ZX,EIH(L)(*RE:“;, x')rx'-Since (*RYE, x)p = (“*RYE, x) 1=
(*Rfé,x)L for all o € Ng(L), it suffices to check that (*Rgs, xV #0
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implies x' = x° for some o € Z. If (R¥x’, &) # 0, then transitivity of
Harish-Chandra induction and Theorem 1.30 imply that x’ is cuspidal and
(P,V,x)—38(P,V, x') (see Notation 1.10) for some g € G and a Levi de-
composition P = LV. By Theorem 2.27(iv), there is some g’ € Ng(L) such
that x' = x¢.

Denote  f :=*RY& = (x,"RY&). >, ., x° by (1) above. Then
(frd'x)o = (f°,d"x°) = (f.d"x°), for all o €Z. So (f.d'x)L=
IZ17 . REE) N f.d" f)r =TI (x. *R§E) [ (d" f.d" f).. But f, being
a character, is a central function whose values are algebraic numbers, and
f(g™!) is the complex conjugate of f(g) for all g € L (see, for instance,
[NaTs89] §3.2.1). Then (d'f,d' f), =|L|™! D eely f(@)f(g™") is a real
number greater than or equal to |L|~! f(1)>. The latter is greater than
0 because f(1)= *Rgé(l) is the dimension of a KL-module # 0 since

(f. x) = (§,R% )¢ # 0 by hypothesis. 0

5.4. Hecke algebras and decomposition matrices

We recall the notion of a decomposition matrix in order to apply it to both group
algebras and Hecke algebras.

Let (A, K, k) be a splitting system for a A-algebra A, A-free of finite rank
(see our section on Terminology). Recall that this includes the hypothesis that
A ® K is a product of matrix algebras over K.

Definition 5.25. Let M be a finitely generated A-free A-module. One defines
Decs (M) = (d;j)

the matrix where i (resp. j) ranges over the isomorphism classes of simple
submodules (resp. indecomposable summands) of M ® K (resp. M) and d;;
denotes the multiplicity of i in M; ® K (M; in the class j).

One denotes Dec(A) := Decy(4A).

Remark 5.26. If A is the group algebra of a finite group or a block in such
an algebra, Dec(A) has more rows than columns and in fact ‘Dec(A)Dec(A) is
invertible (see [Ben91a] 5.3.5).

However, even among A-free algebras of finite rank such that A ® K is
semi-simple, this is a rather exceptional phenomenon: A being fixed, A ® K
has a finite number of simple modules but in general A has infinitely many
indecomposable modules, so we may have matrices Dec 4 (M) (M an A-module)
with many more columns than rows. Those matrices are in turn of the type
Dec(A) by Proposition 5.27 below.
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Proposition 5.27. Dec, (M) = Dec(End4(M)°PP) where the bijection between
indecomposable modules is induced by Hom (M, —), and the bijection between
simple modules is induced by Homgx (M @ K, —).

Proof. Let us abbreviate E := Enda(M) and Hy = Homs(M, —). Let N
be an indecomposable direct summand of M. Let S be a simple A ® K-
module. The number in Decs(M) associated with the pair (N, S) is the
dimension of Homygg (N ® K, S). One may use Theorem 1.25(i) for the
A ® K-module M ® K since A ® K and therefore Endagx (M @ K) = E ®
K is semi-simple (hence symmetric). One gets that Homgx (N ® K, §) =
Homgggx (Hyeox (N ® K), Hygi(S)). One has clearly Hygx(N ® K) =
Hy(N)® K. Now, note that the Hy(N) for N ranging over the indecom-
posable summands of M are the right projective indecomposable modules for
E (write N = i M for a primitive idempotent i € E, and Hy(iM) = iE). The
same result for the semi-simple module M ® K gives us that Hy g (S) ranges
over the simple (= projective indecomposable) E ® K-modules, whence our
claim. d

Theorem 5.28. Let G be a finite group with split BN -pair of characteristic p,
with Weyl group (W, S), B =UT. Let £ be a prime # p. Let (A, K, k) be an
L-modular splitting system for G.

Then the decomposition matrix of HA(G, B) (see Definition 3.4) embeds in
that of G.

Proof. (See also Exercise 3.) By Theorem 3.3, HA(G, B) = EndAG(IndgA)
where A is the trivial A B-module.

Letx =3, yu=|UleU), y=>,.,t€AG. Then xy =), b and
therefore

ue

AGe(U) = AGx = Indf A

is projective, while AGxy = Ind§ A. The decomposition matrix of the module
AGx clearly embeds in that of AG (it corresponds to certain columns of it).
We then show that Decpg(AGxy) embeds in Decyg(AGx). This gives our
claim by Proposition 5.27 (with M = 4 A). The module AGxy is the image of
AGx under the map p:a — ay.If M is an indecomposable direct summand of
AGxy, there is an indecomposable direct summand P of AGx sent onto M
(uniqueness of projective covers). If S is a simple component of M @ K we
have to show that it is not a component of Ker(x) ® K. To see that, it suffices
in fact to show that AGxy ® K and Ker(xt) ® K have no simple component
in common. In terms of characters this amounts to checking that Ind$ 1 is or-
thogonal to Indgl - Indg 1. Using the Mackey formula ([Ben91a] 3.3.4), one
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finds (Ind$1,Ind{1)¢ = |[B\G/U| and (Ind$1, Ind§1)c = |B\G/B|. Both
are equal to |W| by Bruhat decomposition. This completes our proof. O

5.5. A proof of Brauer’s third Main Theorem

We prove the following generalization of R. Brauer’s third Main Theorem
(where H = {1}, p = 15).

Proposition 5.29. Let p € Irr(G) and H be a subgroup of G such that Resgp
is irreducible and is in Irr(H, by ), where by is an £-block idempotent of AH
with central defect group (in H). Let Q C Q' be two £-subgroups of Cg(H).
Then (Q, bego)(Resg, ,0)) S (Q', begion(Resg, (gp)) in G.

Proof. For every subgroup H’ such that H € H' C G, denote oy =
dey/ p(g~ g € Z(AH'). One has Resg,p € Irr(H’). The ¢-block idem-
potent by € Z(AH') corresponding to Resg,p satisfies by .e = e, where
e =|H'|"'p(1)oy is the primitive idempotent of Z(K H’) associated with
Resg,p € Irr(H') (see [NaTs89] 3.6.22). Therefore

(E) G = O

Remark 5.6 also allows us to write by = \H;pz((lf)m ZgEHw p(g~"g and (con-

ﬂently) ‘ H:"Z((II)JM is a unit in A. Then there exists some g € H such that
p(g) # 0. Then o' # 0 in kG, and (E) above characterizes by as a result of
the orthogonality of distinct block idempotents.

Now, to check the proposition, it suffices to check the case when Q <1 Q’.
Then Reng ()P 1s fixed by Q' since p is a central function on G, thus oc, o) and
beg (o) are fixed by Q’. One has Bry/(6¢,(0)) = 0c,(0)- In order to check the
inclusion it suffices to check Bry/(bc(0))0c, (o) = 0c,(o)- Using the fact that
Bry induces an algebra morphism on (kG)<', we have Bro (bc,(0))ocq(0) =
Bro (bc(0)Bro (Gc,0) = Bro/(beg0)0ca(@) = Bro/(6¢s0) = ey as
claimed. O

Exercises

1. Let B, B’ be finite subsets of N. Fixm > 1. Assume o: B — B’isabijection
such that, for any b € B, o(b) — b € mN. Then B may be deduced from B’
by a sequence of removal of m-hooks. Prove a converse.

Show that the map of Theorem 5.16 is actually onto.
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2. If D, D' are matrices, one defines D C D’ by the condition that there is a
permutation of rows and columns of D’ producing a matrix which can be

D x
(0 2)
If A and B are A-free finitely generated algebras and B is a quotient of
A, show that ‘Dec(B) C 'Dec(A).
If N is a direct summand of M in A—mod, show that Decs(N) C
Deca(M).

3. Let G be a finite group with split B N-pair of characteristic p. Let (A, K, k)
be an £-modular splitting system for G, where £ is a prime # p. Denote
Y :=Ind A where A is considered as the trivial AU-module. Show that
Y is projective. Show that Endag(Y) = @neNAan where the a,,’s are de-
fined in a way similar to Definition 6.7 below. Check Proposition 6.8(ii) for
those a,’s. Show that o := ZteT a; is in the center of Endsg(Y), and that
aY = IndgA. Deduce that EndAg(IndgA) is a quotient of End,g(Y) as a
A-algebra. Deduce Theorem 5.28 by applying the above.

written as

Notes

Brauer’s “local” strategy for G, applies well to many finite groups G close to
the simple groups.

Picking any irreducible character x € Irr(G), one would find some non-
central £-element x such that d* x # 0, thus starting an induction process by
use of the second Main Theorem (see, for instance, [Pu87]).

There are, however, blocks where this does not work. Let G be a central
non-trivial extension of G, by Z = Z(G) of order 2,

1-72—->G—6,—~1.

For ¢ = 2, there are many y € Irr(G) such that d*x = 0 for any 2-element
x € G\ Z butthe corresponding 2-block B () has defect # Z (see [BeOI197]).
Theorem 5.28 is due to Dipper [Dip90].
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Simple modules in the natural characteristic

Wekeep G a finite group endowed with a strongly split BN-pair B = UT, N, . ..
of characteristic p. In the present chapter, we give some results about representa-
tions in characteristic p (‘“natural” characteristic). For the moment, k is of char-
acteristic p, U denotes the Sylow p-subgroup of B. We study the permutation
module Indgk := k[G /U] and its endomorphism algebra H; (G, U). The sym-
metry property of Hecke algebras mentioned in transversal characteristic (see
Theorem 1.20) is now replaced by the self-injectivity of H; (G, U). This allows
us to relate the simple submodules of Ind$k to the simple (G, U)-modules.
The latter are one-dimensional, a feature reminiscent of the “highest weight”
property of irreducible representations of complex Lie algebras. Among the
direct summands of Indgk, one finds the “Steinberg module,” which is at the
same time simple and projective. This leads us quite naturally to an enumeration
of the blocks of kG, and a checking of J. Alperin’s “weight conjecture” in this
special context of BN-pairs represented in natural characteristic.

6.1. Modular Hecke algebra associated with a
Sylow p-subgroup

Let G be a finite group with a strongly split BN-pair of characteristic p with sub-
groups B = UT, N, S (see Definition 2.20). Let us recall that 7' is commutative.

In the remainder of the chapter, k is a field of characteristic p containing
a |G| th root of 1 (so that kH/J(kH) is a split semi-simple algebra for any
subgroup H of G; see [NaTs89] §3.6).

Proposition 6.1. Let Q be a finite p-group. Then the unique simple k Q-module
is the trivial module. One has the following consequences. The regular module
kQ is indecomposable. Any k Q-module M # 0 satisfies M2 0.

88
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Proof. See [Ben91a] 3.14.1. O

Definition 6.2. If § € A (see §2.1), let Gs be the group generated by X5 and
X_s. Let Ts = T N Gs.

Proposition 6.3. (i) There isns € XsX_sXs N N such that its class mod. T is
the reflection ss associated with §.

If each ns (6 € A) is chosen as above, we have the following properties.

(ii) NN Gs = Ts UnsTs and G has a split BN-pair (XsTs, N N Gs, {ss})
of characteristic p.

(iii) ny ' (Xs \ {1D)n;" € X5Tsn; " X

(iv) [T, ns] < Ts.

(v) Take 8y,...,8,68],....8,€ A, and t € T such that ns ...ns =

ng ...ngt andl(ns, ...ns) =1 Thent € Ty, ... Ty,

Proof. (i) Using Theorem 2.19(v), one has B_s = ssBsss C Bs U Bsss Bs,
while Bs N B_s = T # B_s. Then B_s N BsssBs # (. So there is a represen-
tative of s5 in Bs B_s Bs. But this last expression is X5 X _s X7, so one may take
the representative in X5 X _5Xs.

(i1) We have G5 C L (see Definition 2.24) and we have seen that Ls N N =
T U Tng (Proposition 2.25). So N N Gs = Ts U Tsng. It is now easy to check
that (X575, N N Gs, {ss}) satisfies the axioms of a split BN-pair since ns € G
and L;s has a split BN-pair. One has X; N X_s = {1} by Theorem 2.23(i) or
Proposition 2.25.

(iii) Using the Bruhat decomposition in G4, one has ngl(X(; \ {1})n§l €
Xs T,;na_lX(; since nglxgngl N TsXs C Ts (use Theorem 2.23(i), for instance).

(iv) This is because [T, ns] € T and [T, Gs] C Gs.

(v) Induction on /. The case [ = 1 is trivial. Using (i) and the exchange

condition, one may assume that (8],...,68,) = (8;,81,...,8,—1) and 8] =
85, - - - 55,_,(81). Then (G Yl = Gy, and ¢ = (n(s_il)n"l"'"'xl—ln,;] € G, This
proves our claim. g

Lemma 6.4. Leté € A, then Indgjk is a direct sum of | Ts| + 1 indecomposable
modules.

Proof. Assume G = G;. Then Indgk = P, » where the direct sum is over
A € Hom(T, k*) and the same letter denotes the associated one-dimensional
kT-, or kB-module. So it suffices to show that Ind§A is indecomposable
when A # 1, and is the direct sum of two indecomposable modules when
A = 1. First Res§(Ind§A) = A @ Ind5A™ thanks to Mackey decomposition,
i.e. a sum of two indecomposable kU-modules since Resf}(lnd?k”ﬁ )=kU
(Mackey formula) is indecomposable by Proposition 6.1. Thus, if Ind§A is
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not indecomposable, it is a direct sum of two indecomposable kG-modules
M, & M, with Rengl = A. But then M, is one-dimensional. But a one-
dimensional kG-module is necessarily trivial since G is generated by X and
X_s, two p-subgroups. So, if A # 1, Indgk is indecomposable. So Indgk isa
sum of < |Ts| 4+ 1 indecomposable modules. The equality won’t be used and
is left to the reader. O

Definition 6.5. Take § € A, and n; as in Proposition 6.3(i). Let z5: Ts — N be
defined by z5(t) = |nsXsns N Xsnst Xs|.
Ifne N, letU, =UNU™Y, where w is the class of n mod. T

Proposition 6.6. G is a disjoint union of the double cosets UnU forn € N.

Proof. The Bruhat decomposition (Theorem 2.14) implies that the union is G
and that UnU = Un'U implies n’ = nt forat € T. But tU N U" C U since
U is the set of elements of B of order a power of p. Sot = 1. O

An endomorphism of Indgk = kG Q®yy k is defined by the image of 1 ® 1,
and this image must be a U-fixed element. A basis of those fixed elements
is given by the sums s¢ := erc/u x ® 1 for C € U\G/U. By the Mackey
formula, each sum defines an element of Ende(Inle]k), and those form a basis.
Proposition 6.6 then suggests the following definition and the first point of the
next proposition.

Definition 6.7. If n € N, one defines a, € Ende(Indgk) by a,(g®1) =
8 ZueU,l I/H’lil ® L

Proposition 6.8. (i) One has Endyg(Ind$k) = @, ykan.

(ii) If I(nn") = l(n) 4+ L(n), then a,a, = auy.

(iii) Take 8§ € A and ns as in Proposition 6.3(i). Then (a,)* =
4y (Cser, 25(0a).

Proof. (ii) It suffices to show that a,a,(1 ® 1) = a,,(1 ® 1). One has
anaw(1® 1) =Y, ey, Wn' 'un™" ® 1. Using Theorem 2.23(ii) and
Proposition 2.3(iii), one has U, (U,)" = U, with U, N (U,)" = {1}. So
anay(1®@ ) =3y v’ Il @ 1 = a,y (1 ® 1) as stated.

(iii) It suffices to show that (ané\)2 and an&(zten zs(t)a,) coincide on
1 ® 1, which generates Y. One has (and)z(l ®1)= ZM,U€X5 un;lvna_l ®
1. The sum for u € X5 and v=1 gives zero since Zuexa ulng)~2 =
(ng)~2 > uex, 4 and the Y acts by [Xs5| =0on 1 ® 1. If v € X5\ {1}, then
n;lvna_l € X(;t(v)’lna_lX,g for a unique t(v) € Ts by Proposition 6.3(iii)
and Proposition 6.6. Then (a,,)*(1® 1) = Zu,veXg,v#l I,tt(v)*ln;1 ®1=
Zl#vexa Anyiry(1 ® 1). Therefore (ay,)* = ay, Z#UGX& aiw by (ii). But
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now zs(t) = |nsXsns N Xsnst Xs| = |n§_1X(;n(3_1 N X(;t’ln;ngL So eventu-

ally (a,,)* = any (3 ser, 25(t)as) as claimed. a
Definition 6.9. If ). € Hom(T, k), let A, = {8 € A | M(Ty) = 1}.
Theorem 6.10. (i) For allt € Ty, z5(t).|Ts| = —1 mod. p.

(ii) Hi(G,U) can be presented in terms of generators a, (n € N)
obeying the relations a,a, = a,, when l(nn') =1(n)+1(n') and (a,,)* =
—|Ts)7! Zzen ang: for all § € A (and ns is as in Proposition 6.3(i)).

(iii) The simple H (G, U)-modules are the one-dimensional (A, I) such
that A € Hom(T, k*) and I C A, defined as follows:

Yh, Diay) = (=D'A@) ifn = ng, ...ng.twithdy...§p€landt €T,

YA, I)a,) =0, ifn & Ny

Proof. In what follows, we consider the integers zs(¢) mod. p, i.e. as elements
of k. Note first that the intersections ns Xsns N Xsnst X5 (t € Ty) are disjoint by
Proposition 6.6 and they exhaust ns(X;s \ {1})ns by Proposition 6.3(iii). Then
Zten zs(t) = | Xs] — 1 = —1, 50 (i) is equivalent to showing that z; is constant
on Ts. We show that:

(@) zs(tt)) = zs(t) forallt € Ty, t’ € [ng, T].

This is proved as follows. If s € T, a,,a; = ansa,, by Proposition 6.8(ii),
s0 (a,,)* commutes with a,. Using the expression of Proposition 6.8(iii), this
gives z5(t) = z5(¢ts™s~1). Thus (i) is proved.

Let us now show the following presentation with generators (a,),cy and
relations

(ii") a,a, = a,,y when l(nn') = I(n) + I(n’) and
(an,)* = Zten zs(t)ay,, forall § € A.

By Proposition 6.8(ii), (iii), Hx (G, U) is a quotient of the above k-algebra,
so it suffices to show that the above has dimension less than or equal to |N]|.
For this it is enough to show that any product a,a, is a linear combination of
(ap)nren. Whenn' € T, the first relation applies. Otherwise, writing n’ = nns
with § € A, and [(n") =I(n;) + 1, one has a,, = a,,a,,. Using induction on
[(n"), one may therefore assume n’ = ns. If I(nns) = I(n) + 1, then the first
relation gives a,a,, = a,, . Otherwise n = nyns with I[(n) = I(n,) + 1. Then
ay = Ay, ay, and a,a, = anz(ané)2 = Z,En Z5(t)ay,a,,. . But the last expression
is Zt T, 26 (t)an,n,:, again by the case of additivity.

Using this presentation of Hy (G, U), one may construct the following one-
dimensional representations (described as maps H; (G, U) — k).

Let A € Hom(7T, k*),and I € A,;. Note first that A is fixed by N;, by Propo-
sition 6.3(iv). Let (A, I): Hy(G, U) — k be defined as in (iii). Let us show
that this is well defined. If n = ns, ...n5t = ng, ...ngt" with [ = I(n), then
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Proposition 6.3(v) implies thatt'r~! € T, ... Ty . Ifallthe §; arein I C A, then
A(t't™!) = 1. Otherwise the image of the two decompositions under ¥ (A, I)

is zero since {81, ..., 8} ={8;,.... 8} € I.
Letus show now that (A, ) is amorphism by using the relations of (ii’). The
second relation of (ii’) is satisfied since Zzen z5(t) = |Xs5| — 1 = —1in k. For

the first, letn = ny, ...nst,n" = ng .. .n(;’f/t’ withz,t' € Tandl(nn’)y =1+1'.
Then nn' = ns, ...n5ns; .. .n(;;t”'t’. If all the §; are in 7, then n’ fixes A so the
relation is satisfied. If one of the §; is outside I, then the relation amounts to
0=0.

(i) Assume that zs is not constant on T5. In the case G = G5, we have
constructed above |Ts| + 1 one-dimensional representations of Hi(Gs, X5).
Since zs is a function on T3 /[Ts, ns], and since k(75/[Ts, ns]) is split semi-
simple, there would be some ns-fixed linear character Ao € Hom(75, k™) such
that b := Z[En z5(t)Ao(t) # 0. Then one may define ¥y on Hi(Gs, Xs) by
Yolar) = Ao(t), Yolam,) = —bro(t). Itis easy to check that this is a well-defined
(since Ao = (X)) representation of H;(Gs, Xs), not among the ones we de-
fined earlier. Then H;(Gs, X;) has at least |T5| + 2 simple modules. But the
simple Ende(Indgk)—modules are in bijection with the isomorphism types of
indecomposable summands of Inle,k. Then Lemma 6.4 gives a contradiction.
Thus (i) is proved.

(ii) is clear by combining (i) and (ii’).

(iii) The representations have already been constructed. It remains to show
that they are the only ones. Let M be a simple H; (G, U)-module. The sub-
algebra generated by the (a,),cr is isomorphic to k7, as a result of Proposi-
tion 6.8(ii). But kT is commutative, split semi-simple by hypothesis, so M is
a direct sum of lines stable under the a;’s. Let L be one, let n € N be an el-
ement of maximal length such that a@,.L 5 0. It suffices to show that a,.L is
‘Hi (G, U)-stable to obtain M = a,,.L and thus of dimension 1. The g,’s stabi-
lize a,.L since a,a,.L = ay,am.L C a,.L. By Proposition 6.8(ii), it is clear
that Hy(G, U) is generated by the a,’s and the a,,’s. If I(nsn) =1(n) + 1,
then an,a,.L = a,,,.L =0 by the choice of n. If I(nsn) =I(n) — 1, then
Anyy = (an3)2an5_1n = Y ety 26(1)An@,,-1,,,,-1, b Proposition 6.8(ii) and (iii).
Then a,,a,.L < a,.L since the a,’s stabilize L.

It remains to check that any ¥ € Hom(H; (G, U), k) is of the form stated.
Restricting to the a,’s yields a A € Hom(7, k*). Then v (a,,) must sat-
isfy ¥ (an,).(Y(an,) + |Ts|~! Zten A(t)) = 0. Therefore ¥ (ay,) is either O or
—|Ts| ! > e, Mo). Interpreting |Ts|~! > e, M(t) as an inner product of char-
acters of Ty, one sees that it is 1 or zero depending on whether A(Ts) = 1 or not,
i.e. § € A, or not. |
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Proposition 6.11. Endkg(Indgk) is Frobenius (in the sense of [Ben91a] 1.6.1;
see also Definition 1.19).

Proof. For any n, n’ € N, it is easy to show that a,a, € ka,, +
Zn”eN, 1"y <l(m)+i k.a, (use induction on [(n) + [(n") and Proposition 6.8(ii)
and (iii)).

Letny € N be an element of maximal length. Let us show that Ende(Inle]k)
is Frobenius for the linear form f sending a,, to 1 and all other a, to 0. This
gives our claim ([Ben91a] 1.6.2).

If a € Hi(G, U) is written as a = ), Ana, with A, € k not all zero,
choose n; € N of maximal length such that A, # 0. Now, it is clear
from the above remark and Proposition 6.8(ii) that f (a.a,lrlno) = Ap, =
f(anonlfla). Then f(aHy(G, U)) # 0and f(Hi(G, U)a) # 0. Thus our claimis
proved. O

6.2. Some modules in characteristic p

By Frobenius reciprocity and Proposition 6.1, any simple kG-module M sat-
isfies Hom(Ind$k, M) = MY # 0, so any simple kG-module is a quotient
of Ind{k. Since Ind$k is isomorphic with its dual, every simple kG-module
injects in it. By Proposition 6.11, one may therefore apply Theorem 1.25 to kG
and Ind§ k. Here are some consequences on the simple kG-modules.

Theorem 6.12. The simple kG-modules are in bijection with the one-
dimensional simple Hy (G, U)-modules.

Let M be a simple kG-module associated with : Hy (G, U) — k defined
as in Theorem 6.10(iii) by a linear character A: T — k™ and a subset I C A,;.
One has the following results.

(i) MY isalineand Y, ., xn~'.m = yr(a,)m forallm € MY, n € N.

(ii) The following three conditions are equivalent:

* M is of dimension |U|,

* M is projective,

e [ =A.

Otherwise, the dimension of M is less than |U|.

(iii) Let J C A, denote Uy = U™ NU™"’ and letrad(kU; ) be the Jacob-
son radical of the group algebra of U (i.e. its augmentation ideal; see, for
instance, Proposition 6.1). Then

Resf M = MY @ rad(kU; )M
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and MY is a simple kL j-module associated with A and I N J (with respect to
the BN-pair of L ; described in Proposition 2.25).

Proof. Theorem 1.25(@i) tells us that the functor HomkG(Indgk, -):
kG—mod — mod—H; (G, U) induces a bijection between the simple mod-
ules. Taking duals over k bijects the right and left modules, so the simple left
‘Hi(G, U)-modules are described by Theorem 6.10(iii).

Assume M is a simple kG-module such that HomkG(Indgk, M) provides
the one-dimensional (G, U)-module associated with A € Hom(7', k™) and
1 C A)\.

The Frobenius reciprocity allows us to identify Homys(Ind$k, M) with
the fixed points MY. This implies that MY has dimension 1. The explicit bi-
jection Homyg (Inle,k, M) — MV is the one sending ¢ € Hom,g (Indgk, M)
to ¢(1 ® 1). According to Notation 1.24, the right action of the elements
of Hy(G,U) = Ende(Indgk) is by composition on the right, so the above
identification Homkg(lndgk, M) - MY givesp(1 ® 1).a, =poa,(1®1) =
ZMGUH un~'¢(1 ® 1). This gives the formula announced in (i).

Denote X, = U" N U™™ . Let us show now that

(iii’) kL,.MY = kX;.MY.

One must check that kX ;.M Y is stable under L ;. Taking the w;-conjugate
of the usual BN-pair of L, one sees that L, is generated by T, X and the
ns for 8 € J. The groups T and X stabilize kX;.MY. Let § € J. One has
X;=X;Nn nng;n(;)X,a (apply Theorem 2.23 to the w;-conjugates). Then
nskX;.MY C kX7 .kXsns. M. It suffices to check kXsns. MY C kX_s.MY.
If x € X5, x # 1, then xns € X_;T X5 by Proposition 6.3(iii). Then xnsMY C
kX_sMY. When x = 1, one has ng.m = a,-1(m) =3 cx,
m € MY by (i). The sum is in kX _;.MY by the case x # 1 just treated. Then
nsm € kX_sMU as claimed. Thus (iii).

(i) Applying (iii’) with J = A, one gets kG.MY = kU™ .MY.But kG.MY
is a non-zero kG-submodule of M, so M = kU™ .MV . Taking 0 # m € MY,
one has M = kU"m, which means that the map

w1 Xns.m for all

kU™ — ResgwoM Yy y.m

is onto. Then dimy M < |U| with equality if and only if the above map is
injective. The kernel of this map is a left ideal of kU™ . This module is in-
decomposable so its socle is simple, hence equal to the line generated by the sum
of elements of U"°. Then the map above is injective if and only if )", u, tt.m #
0.By (i), thisis equivalent to ¥ (a,,) # 0 where ng is an element of N of maximal
length. Then ny € Ny, wy € Wy, and therefore I = A.
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Since this is also the condition for the map above to be an isomorphism, we
see that I = A implies that Resgwo M is projective. This in turn is equivalent to
M being projective (apply, for instance, [NaTs89] 4.2.5) since U™ is a Sylow
p-subgroup of G. Conversely, if M is projective, its dimension is a multiple of
|U™| (deduce this, for instance, from Proposition 6.1), thus implying that the
map above is an isomorphism.

(iii) Note first that kL;.MY € MY/. Let us check now that kL ;. MV is
a simple kL ;-module. If 0 £ M’ C kL;.MY is L -stable, M’ has non-zero
fixed points under the action of U N U™/ since this is a p-subgroup of L.
But the elements of M’ are all fixed by Uy, and U,;.(U N U""’) = U (The-
orem 2.23(ii)). So M’ contains the line MY and therefore M’ D kL;.MY. So
the latter is a simple kL ;-submodule of MY" . Its type is given by the action on
MUY of the sums ZueU” xn~! forn € N; as aresult of (i). This gives the same
linear character of 7 and the subset / N J in A.

We have seen, as a special case of (iii’), that M = kU™ .MY. Now
U™ = U; X7 by Theorem 2.23(ii). So M = kX; .MV + rad(kU; )k X;.MY
since rad(kQ) is the augmentation ideal for all p-groups Q (as annihi-
lator of the unique simple kQ-module; see Proposition 6.1). Then M =
kX7.MY +rad(kU;)kX;.MY. To complete the proof of (iii), it suffices
to check that MY Nrad(kU;)kX;.MY = 0. Suppose it is not 0. This in-
tersection is a kL ;-module, so it must have non-zero fixed points under
U N UY%/  Again, this implies that this intersection contains the line MY . Then
kX7 .MY Crad(kU;)kX ;.M. By iteration, this would contradict the nilpo-
tence of rad(kU ;). So MY Nrad(kU; kX ;.MY = 0. Since MY D kX;.MY
and M = kX;.MY + rad(kU;)kX;.MY, this yields atonce MY’ = kX;.MY
and MY’ @ rad(kU; )kX;.MY = M. Thus our claim is proved. a

Definition 6.13. The Steinberg kG-module is the simple kG-module corre-
sponding to the pair (7, 1) = (1, A).

The Steinberg module is also projective by Theorem 6.12(ii). See also Exer-
cises 2—4.

6.3. Alperin’s weight conjecture in characteristic p

We keep G a finite group with a strongly split BN-pair of characteristic p (see
Definition 2.2). We recall the existence of subgroups B = UT, the set A, and
subgroups P; = U;L; when C A (see Definition 2.24). We assume moreover
the following.
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Hypothesis 6.14. If V is a subgroup of G such that it is the maximal normal
p-subgroup of its normalizer Ng(V), then there are g € G and I C A such that
V =gU;g .

Remark 6.15. Let us show how this hypothesis may be verified for groups of
type G = G' where G is areductive linear algebraic group and F is a Frobenius
endomorphism associated with the definition of the reductive group G over a
finite field of characteristic p (see [DiMi91] §3; this context is described in
more detail in A2.4 and Chapter 8, below).

For the terminology about algebraic groups, we refer to [Hum90] and [Borel].
A statement similar to Hypothesis 6.14 for reductive groups is as follows (see
[Hum90] 30.3).

Let B be a Borel subgroup of G. If V is a closed subgroup of R, (B) (unipotent
radical of B), then the ascending sequence Vo =V, V; = V,_1R,(Ng(Vi_1))
stabilizes at some group of type R,(P(V)) where P(V) is a parabolic subgroup
of G, i.e. P(V) contains a G-conjugate of B (([Hum90] 30.3). Note that the
sequence Ng(V;) is also ascending (and stops at P(V)).

When G = G’ for F a Frobenius endomorphism, a BN-pair is given in G
by B := B for B an F-stable Borel subgroup, N = Ng(T)? for T C B an F-
stable maximal torus. The G-conjugates of parabolic subgroups of G containing
B are the subgroups P¥ where P contains a G-conjugate of B and is F-stable
(see [DiMi91] §3).

Returning to our problem of checking Hypothesis 6.14 for G, let V be a
p-subgroup of G such that it is the maximal normal p-subgroup of N (V).
Since B, = R,(B)" contains a Sylow p-subgroup of G, one may assume
V € R,(B). Then the above process may be applied (V is closed since finite).
Since F(V) =V, we have F(V;) = V; for all i and therefore F(R,(P(V))) =
R, (P(V)). Taking normalizers, we find that P(V) is F-stable, too. Then, upon
possibly replacing V with a G-conjugate, one finds that there is a parabolic
subgroup P; 2 B suchthat V C U; and Ng(V) € P;. Now Ny, (V) is normal
in Ng(V) since Ng(V) € P; normalizes U;. By maximality of V, this im-
plies Ny, (V) = V. But V C U is an inclusion of p-groups, so we must have
V =U,.

J. Alperin’s “weight” conjecture is as follows (see [Ben91b] §6.9).

Conjecture. Let X be a finite group, p a prime, k an algebraically closed
field of characteristic p. Then the number of simple kX-modules equals the
number of X-conjugacy classes of pairs (V, ) where V is a p-subgroup of
X and 7 is a simple projective k(Nx(V)/V)-module. Note that simple pro-
jective kX -modules are in bijection with blocks of kX with defect zero (see
§5.2 above).
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We prove the following.

Theorem 6.16. The above conjecture is true if X is a group with a strongly split
BN-pair of characteristic p satisfying Hypothesis 6.14, and k is of characteristic

p-

Proof. Letus notice first that, if there is a simple projective k X-module 7, then
X has no non-trivial normal p-subgroup, since such a normal subgroup should
be included in all defect groups (see [Ben91a] 6.1.1).

A consequence of this remark, applied to quotients Nx(V)/V, is that each
p-subgroup V of Alperin’s conjecture must be the maximal normal p-subgroup
of its normalizer Ny (V).

Assume G is a finite group with a strongly split BN-pair of characteristic p
satisfying Hypothesis 6.14 and k is an algebraically closed field of characteristic
p. By Hypothesis 6.14, the pairs (V, ) are of type (U;, w) for I C Aand a
simple projective kL ;-module.

By Proposition 2.29, a U; is conjugate to a U if and only if I = J. Then the
number of G-conjugacy classes of pairs (V, ) of Alperin’s conjecture is the
number of pairs (/, ) where I C A and 7 is a simple projective kL ;-module.
The group L; has a strongly split BN-pair of characteristic p, so its simple
projective modules are given by Theorem 6.12(ii). Their number is the number
of A € Hom(T, k™) such that A; contains /. Taking the sum of those numbers
over I C A, we find the number of pairs (I, A) where A € Hom(T, k*) and
I € A,. This is the number of simple kG-modules by Theorem 6.12. O

6.4. The p-blocks

Let X be a finite group and k a field of characteristic p containing a |X|th
root of 1. We will use the results of §5.1 about the blocks of kX (p-blocks
of X) and associated defect groups, particularly principal blocks and blocks
with defect zero. One further property of defect groups is the following (see
[CuRe87] 57.31 or the proof of [Ben91a] 6.1.1).

Theorem 6.17. If D is a defect group of a p-block of X, and S is a p-group
such that D C S C X, then there is x € Cx(D) such that D = § N §*.

Theorem 6.18. Let G be a finite group with a strongly split BN-pair (B =
UT, N) of characteristic p satisfying Hypothesis 6.14. Assume that W = N/ T
is of irreducible type (i.e. there is no partition of A into two non-empty orthog-
onal subsets) with Cq(U) = Z(U) (hence Z(G) = {1}). Then every p-block is
either the principal block or a block of defect zero.
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Remark 6.19. Theorem 2.31 tells us that, when W is irreducible of cardinality
# 2, the axioms of strongly split BN-pairs imply the condition Cs(U) =
Z(G)Z(U).

Proof of Theorem 6.18. Let b be a p-block of G with defect group D. We
prove that the group D is either 1 or a Sylow p-subgroup of G. This is enough
to establish our claim since U is a Sylow p-subgroup, C¢(U) = Z(U) and a p-
group has just one block, the principal block (use, for instance, Proposition 6.1),
thus giving our claim by Brauer’s third Main Theorem (see Theorem 5.10).
We may assume that D € U and Ny (D) is a Sylow p-subgroup of Ng (D).
As recalled above, we have D = U N U8 with g € Cg(D). Then g € Ng(D)
and therefore D is the maximal normal p-subgroup of Ng(D). Then D is G-
conjugate to a U; by Hypothesis 6.14, hence D = U, by Proposition 2.29(ii)
We have U; = U N U? for some g € Cg(U;) € Ng(Uy) = Py (see Propo-
sition 2.29(ii)). Let us write g € BwB for w € W;. Then, since B normalizes
U and Uy, one has U; = U N U™. Theorem 2.23(i) then implies &, = dﬁ
and therefore that w is the element of maximal length in W;. We may
now apply Lemma 2.30. This tells us that / =@ or A, iie. D=U or 1, a
contradiction. O

Exercises

1. (a) Show that Theorem 6.12 can be proved under the hypothesis that k is
just big enough so that kT is split. This occurs if and only if k£ contains
roots of unity of order the exponent of 7.

(b) Find a version of Theorem 6.12 where k is any field of characteris-
tic p (replace one-dimensional k7T -modules with simple k7T -modules).
Deduce that kG is split if and only if kT is split.

2. Use the setting of Theorem 6.12.

(a) For any simple kG-module M, show that M = kB.MY™ where U~ =
U™ and MY" = woMVY is a line.

(b) Show that if M is the Steinberg module (see Definition 6.13), then
Res§ M is a quotient of Ind2k, hence is equal to it.

(c) Let A be a complete valuation ring with residue field k. Show that the
Steinberg kG-module lifts to a projective A G-module whose restriction
to B is Ind? A (one may use properties of permutation modules; see
[Thévenaz] §27, [Ben91a] §5.5).

(d) Deduce [DiMi91] 9.2 and its corollaries.

3. Usethenotation of Theorem 6.12. Let . € Hom(T', k*)and I € A,,defining

a one-dimensional representation ¥: Hx (G, U) — k.
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(a) There is an indecomposable direct summand Y (A, I) of Indgk as-
sociated with . Show that it is characterized by the property that
M(A, I) :=hd(Y (A, 1)) is a simple kG-module such that M(A, I)V is
a line satisfying the relations of Theorem 6.12(ii).

(b) Show that Y (1, #) = k, the trivial kG-module.

(c) If 1 € J C A,denoteby Y;(X, I) the kL ;-module defined as above for
L;y,BNL;,NNLy,Jinsteadof G, B, N, A.Considering Y;(A, I)asa
U,-trivial k P;-module, show that Ind§ (Y, (%, 1)) is a direct summand
of Ind{k.

(d) Show that Inng(Y,(A, D) =@, Y(r, I') where the sum is over sub-
sets I’ € A; such that I'NJ =1 (compute Homg(Ind§ Y, (A, I),
M), I)) by use of Theorem 6.12(iii)).

(e) Show the following equation in the representation ring (see
[Ben91a] §5.1) of kG

YOu ) =) (=DYIndg, | (Y6, 9)

Py
J<I

where J(A) denotes J U (A, \ I).
(f) Show that the Steinberg module (see Definition 6.13) is

Z(—l)'”lndgl

ICA

in the representation ring of kG (where 1 denotes the trivial module).
Let A be a complete valuation ring with residue field k. Show that the
Steinberg kG-module lifts to a projective A G-module defined by the
same equation in the representation ring of AG (use [Ben91a] §5.5).
Show that the irreducible character associated with the p-block of de-
fect zero defined by the Steinberg module is also defined by the above
formula.

4. We use the notation of §5.4. Let wy € W be the element of maximal length.

(a) Let e = (—=1)/®o|T|~! > neNinT=w, @ € Hix(G, U). Show that e.a, =
eand e.a,, = —eforallt € T and § € A. Show that e is an idempotent
and that e.Ind$ k is isomorphic with the Steinberg module Y (1, A).

(b) Leto € kG be the sum of the elements of the double coset BwyB. Show
that kGo is isomorphic with the Steinberg module.

5. Show that the invariance with regard to parabolic subgroups implied by Theo-
rem 3.10 does not hold in characteristic p. Consider (B, U)—(T.U™, U™)
and associated fixed point functors applied to a simple k G-module associated
with (A, @) where A™° # A.
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Notes

Representations of finite BN-pairs in natural characteristic are generally studied
by use of algebraic groups, Lie algebras, and related structures (see the book
[Jantzen]). Irreducible rational representations of reductive groups are described
by Lusztig conjectures, see [Donk98b] for an introduction.

The elementary approach to simple modules followed here originates in
[Gre78], and also borrows from [Tin80], [Sm82], and [Ca88]. See also [Tin79],
and [Dip80], [Dip83]. A related subject is that of Hecke algebras where the
parameter is 0; see [No79], [Donk98a] §2.2, [KrThi99] and their references.

Though it is “only” about simple modules, Alperin’s weight conjecture has
not been solved in general. It was introduced in [Al87]. Checkings ensued
for natural characteristic ([Ca88]; see also [Ben91b] §6.9 and [LT92]), for
symmetric groups and general linear groups ([AIF090]), and many other BN-
pairs in non-natural characteristic ([An93], [An98]).

Many reformulations of Alperin’s weight conjecture have been given, in
particular by Knorr—Robinson [KnRo89]. Dade stated stronger conjectures in
terms of exterior action and character degrees ([Da92] and [Da99]), in an attempt
to find a (still elusive) version that could reduce to quasi-simple groups. See
also [Rob98] and the references in [AnO1]. For relations with Broué’s abelian
defect conjecture, see also [RickO1].



PART II

Deligne-Lusztig varieties, rational series,
and Morita equivalences

Let G be a finite group with a split BN-pair of characteristic p. In this part, we
expound the approach initiated by Deligne—Lusztig [DeLLu76] which describes
certain linear representations of G stemming from its action on the étale coho-
mology groups (see Appendix 3) of certain algebraic varieties. This approach
requires us to realize G as G where G is a connected reductive group over an
algebraic closure F of the field with g elements F, (¢ a power of p) and

FoiG—)G

is the Frobenius endomorphism associated with a definition of G over I, (see
A2.4 and A2.5). This is analogous to GL,, (IF,) being constructed from GL, (F)
as fixed point subgroup under the map F raising matrix entries to the gth power
(another example is that of the unitary group where Fj is replaced with Fj o o,
where o is defined by transposition composed with inversion).

A basic idea in Grothendieck’s algebraic geometry is to consider, together
with any given algebraic variety X, all possible ways to realize it as a rea-
sonable quotient of another by a finite group action (thus providing a notion
of fundamental group; see A3.16). The Lang map g — Lan(g) := g~ Fy(g),
for instance, realizes G as Galois group of such a covering G — G. When
P =V >«<L is a Levi decomposition in G with Fy-stable L, one defines the
Deligne-Lusztig variety Ygf;) as Lan~!(V.F,V)/V. The finite group G x L
acts on it, and the associated étale cohomology groups are bimodules defining
a generalization of Harish-Chandra induction.

In the case when L = T, some Fj-stable maximal torus of G, this defines
generalized characters R%G for : T — K any character of T/ (where K is
a field of characteristic zero such that the group algebras K H are split for any
subgroup H C G'0). The G-conjugacy classes of pairs (T, 6) are in bijection
with conjugacy classes of semi-simple elements in (G*)*, where G* is the
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connected reductive group dual to G (e.g. for G = SL,,, G* =PGL,,, the explicit
definition is given in Chapter 8 below). This implies a partition of irreducible
characters over K

Irr(GT) = U,E(GT, )

(“rational series”; see [DiMi91] 14.41) where s ranges over (G*)£? mod. (G*)?-
conjugacy. For s = 1, one uses the term “unipotent characters” for the elements
of £(G', 1). Each of the above sets is in turn in bijection with a set of unipotent
characters

E(G™, 5) = E(Cg ()", 1)

thus establishing a “Jordan decomposition” for characters (see [DiMi91] 13.23
and further results in Chapter 15).

In order to discuss modular representations of G, let £ be a prime, and
let (A, K, k) be an £-modular splitting system for G, In Chapter 9, we ex-
hibit the relation between blocks of AG and rational series (Broué—Michel,
[BrMi89]). Chapters 10 to 12 contain the proof that the above Jordan decom-
position, at least when Cg-(s) is a Levi subgroup L*, is induced by a Morita
equivalence between a block of AL’ and one of AG (Bonnafé-Rouquier,
[BoR003]).

Bonnafé-Rouquier’s theorem essentially allows us to reduce the study of
blocks of finite reductive groups to the study of blocks defined by a unipotent
character (“unipotent blocks”). The remaining parts of the book focus attention
on them.

The three appendices at the end of the book gather the background necessary
to understand Grothendieck’s theory (derived categories, algebraic geometry
and étale cohomology).
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Finite reductive groups and Deligne—Lusztig
varieties

The present chapter is devoted to the basic properties of Deligne—Lusztig va-
rieties that will be useful in the later chapters of this part. Recall from the
introduction to this part that G is a connected reductive group over F, an alge-
braic closure of IF,. We denote by

F:G—> G

an endomorphism of an algebraic group such that a power of F is the Frobenius
endomorphism Fy associated with a definition of G over IF,,. The starting point
is the surjectivity of the Lang map

Lan:G — G

defined by Lan(g) = g~ F(g).
Let P = LV be a Levi decomposition (see A2.4) with FLL = L. One defines
the Deligne—Lusztig varieties

Y& = Lan ' (F(V))/VN FV, X := Lan™'(F(P))/P N FP = Y\’ /L".

We show here that they are smooth of constant dimension, that of V/V N FV
(P =LV is a Levi decomposition with FL. = L). Note that, when moreover
FV =V, one finds the finite sets G /V and G’ /P’ relevant to Harish-
Chandra induction; see Chapter 3.

We also prove a transitivity property Y(\%, = Y(‘f;) X Yg?) /LT (for the diag-
onal action of L) when V' is the unipotent radical of a parabolic subgroup of
L (Theorem 7.9).

An important special case is when P is a Borel subgroup. Then the cor-
responding varieties Xy may be defined by an element w of the Weyl group
W = Ng(Ty)/ Ty, where Ty 2 By are a maximal torus and a Borel subgroup,
both F-stable. The varieties X(w) € G/By are intersections of the cells O(w)
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(see A2.6) with the graph of F on G/By. The closure X(w) of X(w) in G/By
is smooth whenever w is a product of commuting generators in the Weyl group
W, a fact that is essential for computing étale cohomology of those varieties.
The closed subvariety X(w) \ X(w) is a smooth divisor with normal crossings
(Proposition 7.13).

Another important property of the varieties Y(‘? ) and X(‘f; ) is that they can be
embedded as open subsets of affine varieties (Theorem 7.15, due to Haastert,
[Haa86]). Here one uses the criteron of quasi-affinity in terms of invertible
sheaves (see A2.10).

The reader will find the background material concerning algebraic groups
and quotient varieties in Appendix 2.

7.1. Reductive groups and Lang’s theorem

Recall that F is an algebraic closure of a finite field ;. Let G be a connected
affine algebraic group over F, and let Fy: G — G be the Frobenius endomor-
phism associated with a definition of G over IF,.

Theorem 7.1. Let F: G — G be an endomorphism such that F™ = F, for
some integer m. Denote Lan: G — G defined by Lan(g) = g~ ' F(g).

(i) Lan is onto (“Lang’s theorem”).

(ii) The tangent map (see A2.3) TLan,: TG, — T GLan(x) is an isomorphism
forall x € G.

(iii) There exists a pair To C By consisting of a maximal torus and a Borel
subgroup of G such that F(By) = By and F(Ty) =Ty

(iv) F composed with any inner automorphism satisfies the same hypotheses.

Proof. Denote by 1:G — G the inversion map «(x) =x~'. Let F:G — G
be a rational group morphism such that 7 F| is nilpotent. Denote Lan'(x) =
x 1 F’(x). We also use the notation [-x] (resp. [x-]) for the map G — G defined
by [-x](g) = gx (resp. [x-1(g) = xg).

Decomposing Lan’ as G — G x G — G where the first arrow is (¢, F’)
and the second is multiplication, we get 7Lan, = 7[-F'(x)],-17 ¢, +
T[x’l-]F/(x)TF)é, where in addition 7Tt = 7[x ', 7T0,7T[x" ., Ty =
—Idrg, and TF] = ’T[~F’()c)]l’]'Fl’(’T[~x]1)’1 (see A2.4). Then 7 Lan) =
T[-F ), T[x "1 (=1drg + TF{)T[-x’l]x and all terms in this compo-
sition are bijections since 7 F| is nilpotent. Taking F = F' is possible since
(T F1)" = T(Fp); = 0 (see A2.5). This gives (ii).

Since G is smooth (A2.4) and 7 Lan’, is an isomorphism, we know that Lan’
is separable (see A2.6), hence dominant.



7 Finite reductive groups 105

Leta € G. Then one may take F’ defined by F/'(x) = aF(x)a~' since (F')"
is then F™ composed with an appropriate conjugation. This tells us that the
image of g > g~ 'aF(g)a~" contains a non-empty open subset of G. The same
is true for the images of g > g 'aF(g) and g > g~ ' F(g). Arguing that G
is irreducible because it is smooth (see A2.4) and connected, those two open
subsets must have a non-empty intersection. So we get g~ 'aF(g) = h™' F(h)
for some g, h € G. One obtains a = Lan(hg™"). This gives (i).

Note that F is injective since Fj is (see A2.5). Then FG = G since FG is
closed of the same dimension as G (see A2.4) and G is connected.

If B is any Borel subgroup, FB is also a connected solvable subgroup, so
there exists g € G such that FB C B$. Writing g = a~! F(a), by (i) we get that
By := “B satisfies FBy C By. The equality comes from the remark above. The
case of maximal tori is checked in the same fashion within By. This gives (iii).

(iv) If we are looking at x > aF(x)a~', one decomposes a = g~ F(g) by
(i) and gets a map sending gxg~! to gF(x)g~!. Its mth power is gxg~!
gFy(x)g~", i.e. a Frobenius map for a definition of G over F, where the sub-
algebra Ay (see A2.5) is now the original one conjugated by g (or better its
comorphism). O

—

7.2. Varieties defined by the Lang map

We introduce a broad model of varieties associated with a Lang map g +—
g~ ' F(g) where F: G — G is an algebraic group endomorphism such that some
power of F' is a Frobenius endomorphism. We recall the notions of a tangent
sheaf 7X of an F-variety X (see A2.3) and quotient varieties (see A2.6).

Theorem7.2. Let G be alinear algebraic group defined over IF; with Frobenius
Fy. Let F: G — G an endomorphism such that F™" = Fy for some integer m.

Let V C V' be closed connected subgroups of G (not necessarily defined
over F,) such that

(*) VNFV'is connected, and T(VOFV'), =TV, NT(FV)in TG,.
Denote
Yvev :={gV | g7'F(g) € V.FV'} C G/V.

We abbreviate Yycy = Yy.

(i) Yycy is a smooth locally closed subvariety of G/V of dimension
dim(V’) — dim(V N FV') at every point.

(ii) GF acts on Yycvy' by left translation and permutes transitively its con-
nected components.
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(iii) Assume V C 'V also satisfies (*). The quotient morphism G — G/V
induces a surjective morphism Y |cyv — Yvcy whose differentials are also

onto. The quotient morphism G/(V N FV) — G/V induces an isomorphism
Yvnrvev—>Yvev.

Theorem 7.3. Let (G, F) be as in Theorem 7.2. Assume further that G is
connected reductive. Let V be the unipotent radical of a parabolic subgroup with
Levi decomposition P = V > L and assume L is F-stable, FL. = L. Let V' C
H C L, C C H be closed connected subgroups of G. Assume H normalizes
C and FH = H. Assume T(CNV'), = TC, N7V, and that the inclusions
V' CViand V' C CV’ satisfy (*).

Denote K := {h e H| h~'F(h) € FC). Then the following hold.

(i) K = K°.H”.

(ii) The inclusions V. C VC and VV' C VCV’ satisfy (*).

(iii) (Y\2ve X Yol ) /K Z Y, ooy by the map (xV, x'V') > xx'VV’
(the K-quotlTent is for the diagonal action, and superscripts indicate the ambient
groups used to define the varieties).

The following will be useful.

Lemma 7.4. Let P = LV, P = L'V’ be two Levi decompositions. Assume L =
L. ThenP NVCVand LNVV = {1}.

Proof of Lemma 7.4. Tocheck P’ NV C V', one may use the ideas of Chapter 2
(the condition L’ = L implies (P, V)—(P’, V")) then take a limit from the finite
case (write G as an ascending union | J, G™' of finite BN-pairs). In a more
classical way, one may also select a maximal torus in L and argue on roots (see
A2.5). O

Proof of Theorem 7.2. DenoteY := G/V,Y := G/FV’'.Wedenote Lan(g) :=
g 'F(g).

The group G acts diagonally on Y x Y’ and we denote by Q the or-
bit of (V, FV'), Q :={(gV, gFV’) | g € G}, a locally closed subvariety of
G/V x G/FV’' (see A2.4). Moreover, the map g — (gV, gFV’) induces an
isomorphism G/V N FV' = Q. This is because the kernel of the tangent map
at 1 of eachreductionmap G — G/VandG — G/FV'is7TV,resp. 7 (FV'),
and their intersection is 7 (V N FV’); by condition (*), so that [Borel] 6.7(c)
applies. Then 2 is smooth of dimension dim(G) — dim(V N FV’), its tangent
space being the image of that of G.

The morphism F induces a morphism F": Y — Y'. We denote by I its graph
I':={(gV, F(g) FV') | g € G}, a closed subvariety of Y x Y’ isomorphic to



7 Finite reductive groups 107

G/V by the first projection. This isomorphism obviously sends I' N 2to Yycy'.
So Yycv is a locally closed subvariety of G/V.

Since I" is of dimension dim(G) — dim(V), Theorem 7.2(i) will follow once
we check that I and 2 intersect transversally (see A2.3).

Lety = (gV, F(g)FV') € I' N Q. Up to an appropriate right translation by
anelement of V, we may arrange g "' F(g) € FV'sothaty = (gV, F(g)FV') =
(gV,gFV'’). Denote by m:G — Y, 7:G — Y’ the quotient maps. By
what has been said above, we have 72y = (T7g, Tn,). TG,. Similarly,
wehave TTy = (Tldgy, TFyy)T Yoy = (Trg, Trp,) o T Fe)T Gy sincen’ o
F = F' o . Denoting by p: G — G the right translation by F(g~!)g, we
have n’ =7’ o p since F(g g = (g7 'F(g))~' € FV'. Differentiating at
F(g) yields Ty, = T, T pr(g)- Then Trp, 0 TF: TGy — TYpy, can
also be written as 7 JT(é o g, where ¢ € Endg(7 G,) is the differential at g of
poF:t— F({t)F(g~)g. We have (p o F)"(t) = F’"(t)F'”(g’l)g whose dif-
ferential is O everywhere, by A2.5. Then ¢ = 0.

The transversality now reduces to the following lemma in linear algebra (the
proof is left as an exercise).

Lemma7.5. Let0 > V > G——>H —> 0and 0 — V' — GLH’ -0
be exact sequences of finite-dimensional F-vector spaces. Let ¢ € End(G) be
nilpotent with ¢V C V'. Then (a, a’)(G) and (a, @’ o €)(G) intersect transver-
sally in H x H', their intersection being {(a(x), a'(x)) | x € (1 — &)~ (V/)} =
vV/vnv.

(iii) is clear for the morphisms. For the differentials, Lemma 7.5 above
gives (TYvcv)gv = Try((Id — 8)"(TgFV/)g) with the same notation as
above. Replacing V by {1}, we indeed get (7 Yicv/), = (Id — 8)_1(TgFV/)g
and therefore (7 Yvcv),v = Tmg(T Yicv'),. This will also give the isomor-
phism we state. First the morphism is clearly a bijection. Both varieties in
bijection are smooth, as a result of (i). The morphism is separable by what
has been seen about differentials (see A2.6). So this is an isomorphism by the
characterization of quotients given in A2.6 applied here to the action of a trivial
group.

(i) Denote V' = FV’. We now prove that Lan is a quotient map
Lan~!'(V”) = V”, i.e. that the variety structure on Lan~'(V”)/GF induced by
the bijection (and the variety structure of V") is actually the quotient structure on
Lan~'(V”)/G*. We apply again the criterion given in A2.6. First V" is smooth
since it is a closed subgroup (see A2.4), and Lan~!'(V”) is smooth by (i). The
differential criterion of separability amounts to checking that 7 Lan, is onto for
every x € Lan~!(V”). This is the case because of Theorem 7.1(iii) and the fact
that 7(Lan~'V”), and (7 V")Lan(x) have the same dimension (that of V"), by (i).
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Now G' acts transitively on the irreducible components of Lan™! (V") (see
A2.6), i.e. its connected components, since it is smooth. This gives (ii) for
Lan~ (V") = Y, cy- As for Yycy, (iii) tells us that it is the image of Ycy by
the reduction ma[; G — G/V, which is an open map (see A2.6) and a G*-map.
Then the connected components of Yycy' are unions of images of the ones of
Y cv, thus our claim is proved. O

Proof of Theorem 7.3. (i) is Theorem 7.2(ii) in H since K = Y{'"\..

(i1) First there is a maximal torus Ty of L such that F Ty =T,
(Theorem 7.1(iii)). Any closed connected unipotent subgroup V € G normal-
ized by Ty is of the form Xy, ...X,,, where {a;, ..., o} € (G, T)) is the
list of roots « such that X, C V (see A2.4 and [DiMi91] 0.34). Moreover
V=X, X x X, = A’ by the product map, and 7'V (we omit the subscript
1) is the subspace of the Lie algebra 7G = 7Ty & §,, 7 X,, corresponding to
{orr, ..., 0} (see A2.4). Then F induces a permutation of the roots and clearly
the inclusion V C V satisfies (*). If P = V >< L is a Levi decomposition with
FL = L, one may take Ty € L. As for P, we have FP = FV ><L and there-
fore PN FP=(VNFV)>L. Then7(PN FP)=7L&®7(VNFYV).

Now, to check that the inclusion VYV’ C VCV’ satisfies (*), one first notes
that Lemma 7.4 implies VV' N F(VCV) = (VN FV)>1(V' N F(CV),
the last expression being an algebraic semi-direct product (tangent spaces in
direct sum), thanks to the above. Then we have 7(VV' N F(VCV)) =T(V N
FVYT(VNFICV)). But T(VV)NT(F(VCV)=TVeTV)N
(TFVOTFICV)=TVNTFEVY®(IVNTFCV)=(TVNTFV)®
T (V' N F(CVY)), as a result of (*) for V' C CV’, and the above description of
TG, TP and 7 FP in terms of roots. Then (*) for VV' C VCV’ follows from
(*) for V C V. Note that the above also applies for V' = 1.

(iii) The map is the restriction of G/V x H/V — G/VV', (xV, yV') >
(xyVV’), which in turn is induced by multiplication and the quotient morphisms
7:G— G/V,n":H—> H/V,7n":G — G/VV'. Thisis therefore a morphism.

IfxeG,yeHand x'F(x) e VC, y"'F(y) € V/, then y~'x ' F(xy) =
@~ 'F(x))Yy~'F(y) € (VC)’V' = VCV’ by the hypotheses. So the map is well
defined and is obviously a morphism.

We check that it is onto. If z € Lan™!(VCV’), we have z~! F(z) = uv with
u € VC, v € V'. By Lang’s theorem applied in H, we have v = y~! F(y) for
some y € H. Now, the above rearrangement shows Lan(zy~') = Yu € VC, so
one may take x := zy L.

To show that the map of Theorem 7.3(iii) is a bijection up to K-action, we take
g1, 8 €G,l1,l, e Hsuchthat g;V € Yngc, LV e Yv/gvf and gllIVCV/ =
221, VCV'. We may choose g; within g,V so that gl_lF(gl) € F(VC). Since
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g1 € g2 VH, we may also choose g, within g,V sothatf := gz_lgl € H. We then
get gl_1 F(g)) = t’lgz_1 F(g)F(t) e t"'VF(VC)F(t) =t ' F(t)VF(VC) and
therefore 1~ F(t) € F(VC)V. Now Lemma 7.4 applied to P and F(P) gives
t7'F(t) € FC,ie. t € K. Now gi[;VV' = g:[bVV' gives t1;VV' = ,VV' €
V ><H. Taking the components in L, we get t/;V' =15LV'. So we have
g1V, 1V') = (g2V, LV').t (diagonal action) as claimed.

To show that (xV, yV') > u/(xV, yV') = xyVV’ is an isomorphism mod.
diagonal action of K, and since the varieties involved are smooth (Theo-
rem7.2(i)), it again suffices to check that 1 is separable (see A2.6). The differen-
tial criterion reduces this to showing that 7 i, v/ is onto for at least one point
(xV, yV’) in each connected component of Y@VC X Yg,{)cv,. So we may take
x € GF, y € H", as a result of Theorem 7.2(ii). Denote by 11: G x L — G the
multiplication in G. We have i’ o (7, ') = 7" o u so, by Theorem 7.2(iii), we
have to check that 7 1 (7 (Y e X Y )w) = (TY D oy)ry in TGy

Recall the notation [-x] (resp. fx~]) for the mapG - G defined by [-x](g) =
gx (resp. [x-](g) = xg).

By the classical formula, (7 1), ,y(7Lan™'(VC), x 7(H N Lan~'(V)),) =
(T[-y]):TLan"'(VC), + (T[x-1),7(HNLan"'(V’)),. We must show that
this is 7Lan~'(VCV’ )xy in 7Gyy. We apply the isomorphism 7 Lan,,
(see Theorem 7.1(ii)). Our claim now reduces to 7 (Lano [ y])xTLan_'
(VO); +T(Lano [x-]),7THN Lan_l(V’))_v =T7(VCV'),. Since yeHT,
Lano [-y](z) = [-y] o [y~'-] o Lan(z) for all z € Lan~'(VC), and therefore
T(Lan o [-y])y7Lan"'(VC), =T ((VC)*); =7 (VC);. Similarly Lan o [x-] =
Lan, so 7(Lano [x-]),7(HN Lan_'(V’))y =TV)]. So our claim amounts
to the equality 7(VCV’) =7(VC)+ 7V'. We have an inclusion, so it
suffices to check dimensions. The surjection VC x V' — VCV' gives
dim(VCV’) < dim(VC) + dim(V’) — dim(VC N V') (see A2.4). Each of the
above dimensions coincides with the dimension of the tangent space, so it suf-
fices to check that 7(VC N V') = 7(VC) N 7V'. By the Levi decomposition,
we have VC NV = CN V’, and the same for tangent spaces, so our claim is a
consequence of the hypothesis 7(CNV)=7CN7TV. O

7.3. Deligne-Lusztig varieties

We keep G aconnected reductive F-group, Fy: G — G the Frobenius morphism
associated with the definition of G over IF,, F: G — G an endomorphism such
that F" = F, for some m > 1.

We prove a series of corollaries of Theorem 7.2 and Theorem 7.3.
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Definition 7.6. If P =V ><L is a Levi decomposition in G with FL =L,
define

Y§&P = (gV | g7 F(g) € V.F(V)},
X§ D = (gP | g7 F(g) € P.F(P)).

Clearly, GF acts on the left on YD ana XG0 Moreover, LE acts on
Gr Y, v v
Yy~ on the right.
v

Here is a series of corollaries of Theorem 7.3.

Theorem 7.7. Both Y(\?’F) and X(‘?'F) are smooth of dimension dim(V) —
dim(V N FV). Both are acted on by G' on the left, and this action is tran-
sitive on the connected components.

. (G,F)
Theorem 7.8. The finite group LT acts freely on Yy

map

on the right, and the

G/V—> G/P, gV gP,
induces a Galois covering Y(‘?’F) — Xi?’F) of group LF.

Theorem 7.9. (Transitivity) If P = V ><L is a Levi decomposition in G with
FL =L, and Q = V' >1M is a Levi decomposition in L with FM = M, then
the multiplication induces an isomorphism

(G,F) (L,F) F_ (G,F)
(YV x Yy, )/L - Yyy ',

where the action of LT is the diagonal action.

Theorem 7.10. Let G C G be an mcluszon of connected reductive F- groups
deﬁned over IF, such that G= GZ(G) with Frobenius endomorphism F : G —
G. LetP = V ><L bea Levi decomposition in G with FL. = L. Then Z(G)P =
V >« (Z(a)L) is a Levi decomposition in G and Y(VG’F) = (éF X Y(VG’F) )/GF
by the obvious product map.

Proof of Theorems 7.7-7.10. We omit superscripts (G, F). First note that Xy =
Yp in the notation of Theorem 7.2.

Then Theorem 7.2(i) and Theorem 7.3(i) imply that Yy and Xy are smooth
varieties of dimensions dim(V) — dim(V N FV), dim(P) — dim(P N FP) re-
spectively. But these are equal since P = L x V as varieties, and FL = L.
This gives Theorem 7.7, the second statement being Theorem 7.2(ii).

Theorem 7.9 is implied by Theorem 7.3(iii) with H = L and C = 1. Theo-
rem 7.8 is also a consequence of Theorem 7.3(iii) with V' = H = L (for which
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the condition (*) is clear) and C = 1, since then Yg“,) is one point fixed by L,
while VV' = P.

For Theorem 7.10, note that Theorem 7.3(iii) for V= C = {1} (and the
ambient group renamed é) gives

~ F ~ ~
(G) x YY")/H =Y

for any H and V’ satisfying certain conditions. These are clearly satisfied by
H = G and V'’ a unipotent radical normalized by an F-stable Levi subgroup
(see Theorem 7.3(i1)). O

Using the usual presentation of Coxeter groups and the Word Lemma (see
[Bour68] IV.1.5), we may rephrase the property mentioned at the end of A2.4 as
follows. Let T be a maximal torus of a connected reductive F-group G. Recall
the notation W(G, T) := Ng(T)/T for the associated Weyl group (see A2.4).

Theorem 7.11. There is a map
W(G, T) = Ng(T), wr w

such that wT = w, 1 = 1, and w = w'w” whenever w = w'w” with lengths
adding.

Here is a proposition showing how to parametrize Deligne-Lusztig varieties
a little more precisely using a pair To € By as in Theorem 7.1(iii).

Definition 7.12. When By 2 T are some F-stable Borel subgroup and max-
imal torus, and w € W(G, Ty), let Y& (w) := {gUy | g7 F(g) € UywUy},
and XC(w) = {gBg | g7 F(g) € BowBy}, where Uy denotes the unipotent
radical of By.

Proposition 7.13. Let To € Bg be a pair of F-stable maximal torus and Borel
subgroup, respectively (see Theorem 7.1(iii)). Recall (G, Ty) 2 A, the asso-
ciated root system and set of simple roots, respectively (see A2.4).

Let P = V ><1L be a Levi decomposition with FL. = L.

Let w € W(G, Ty).

(i) There exist v e W(G,Ty), I C A, and a € G such that aF(a™") =
v, vII)C A, eV=U,, ‘“L=L;, and x — “x induces an isomorphism
Y(VG SRS Ygﬁ,vF) where VF denotes F composed with conjugation by v, see
Theorem 7.1(iv)).

(ii) For any b € Lan~!'(w), the map x +— xb~" induces isomorphisms

YOO w) - Vg™ and XEPw) > X7,
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(iii) The dimension of X(w) is [(w) (length relative to the generators S C
W(G, Ty) associated with A; see A2.4).
(iv) Denote by < the Bruhat order on W(G, Ty) relative to S above. Then

X(w) := Uw,SwX(w’)

is the Zariski closure of X(w) in G/By.

(v) If w is a product of pairwise commuting elements of S, then X(w) is
smooth and the X(w')’s forw’ < wandl(w') = l(w) — 1 make a smooth divisor
with normal crossings equal to X(w) \ X(w) (see A2.3).

Proof. (i) There are x € Gand I C A suchthatP =*P;,L =*L,,V ="Uj,.
Since F induces a permutation of A, we have FL; = L, for some I’ C A.
The condition FL = L now reads *  F®L, = L;. By transitivity of L; on its
maximal tori (see A2.4), we have x "' F(x) € L;v where v € W(G, T) satisfies
"L; = L;. By transitivity of W; on the bases of its root system (see Chapter 2),
one may even assume vI’ = I. Applying Lang’s theorem to y — *F(y) on L;
(see Theorem 7.1(iv)), we have x ' F(x) = y~'9F(y) for some y € L;. Then

Yy ={gV|g 'F(g) € VFV}
= {gxUx~' | g7 F(g) € xUx 'F(x)FU, F(x )}

But xU;x ' F(x)FU; F(x~") = xy~'U;9FU; F(yx~") since y € L; normal-
izes U;. Then g — ya! g transforms Yy into

Y§" = (gUs | g7 '0F(g) € U0 F U

where the exponent v F indicates the Frobenius we are taking to build this Yy,
By this change of variable, the action of G¥ x L is replaced by the one of
G’ x L since F(*t) = *tisequivalentto*t € L}” fort € L;. One then takes
a= yx_l.

(ii) Easy.

(iii) By (ii) and Theorem 7.7, Y(w) is of dimension dim(®Up) — dim(®Uy N
F(®Uyp)) = dim(Up) — dim(Uy N “Uyp) = I(w).

(iv) One may (as in the proof of Theorem 7.2) view X(w) as the intersection
of the graph of F on G/B( with the G-orbit on G/By x G/By associated
with w. That is, O(w) = {(gBo, gwBy) | g € G}. The graph of F is closed
while the expression of ‘O(w) in terms of the Bruhat order is well known (see
[Jantzen] I1.13.7, or A2.6). This shows that X(w) is closed. The subvariety X(w)
is dense in it, since X(w) \ X(w) is a union of subvarieties X(w’) of dimensions
l(w) < I(w).

(v) If w is a product of commuting elements of S, then {w’ | w’ < w}is a
parabolic subgroup </> where I € S. Then X(w) = {¢Bo | g7 F(g) € P;}.
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This is isomorphic with the intersection of the graph of F on G/By with
0, := {(gBo, g'By) | gP; = g'P,}. Those varieties intersect transversally since
their tangent spaces are of the form Im(Idy x &) CV x Vand E C V x V (re-
spectively) for V a vector space, ¢ € End(V) a nilpotent endomorphism and E
a subspace containing the diagonal (see Lemma 7.5). It remains to check that
'O/ is smooth and that the O:’s for I’ C I with |I| = |I’| + 1 make a smooth
divisor with normal crossings.

By [Hart] I11.10.1.(d), O, which is G/By x¢,p, G/By for the evident map
G/By — G/P,, is smooth over G/P; of relative dimension 2 dim(P; /By) in
the sense of [Hart] §II1.10. Then O; is smooth over Spec(F) of dimension
dim(G/Bg) + dim(G/P;) by [Hart] 10.1(c).

From the smoothness of Oy, it is now clear that the map 51 ={(g,g) €
G x G | gP; = ¢g'P;} — O is a B x B-quotient (see A2.6). Then our state-
ment about the O ’s reduces to the same in 5, = G x P; where it is a trivial
consequence of the fact that the corresponding P;:’s are of codimension 1 in P,
and have tangent spaces in general position (remember that the root system of
P; is of type (A)! since the elements of I commute pairwise). O

The following is a slight generalization of Theorem 7.8 and will be useful
in Chapter 11.

Theorem 7.14. Let P = V >< L be a Levi decomposition and n € G such that
n(FLn=' = L. Let H2 C be closed connected subgroups of L such that
n(FH)n~' = H and H normalizes C.

Define K:={h e H|h™'nF(h)n=' € C}, Y := (gV | g7'F(g) € C.VnF
M)}, and X := {gHV | g7 'F(g) € H.VGnF(V)}. Then K is a closed subgroup
of G acting on'Y (on the right) and

(i) K = K°.H"" (where nF denotes the endomorphism g nF(g)n’l),

(ii) Y and X are smooth locally closed subvarieties of G/V, G/HV respec-
tively, and Y/K = X by gV > gHV.

Proof. By Lang’s theorem (Theorem 7.1(i)), we may write n = aF(a~") for
some a € G. Then aY = Yg}c)vm Fyic and aX = Y(‘%gVH (notation of Theo-
rem 7.2) for the endomorphism n F'. This endomorphism is a Frobenius endo-
morphism (Theorem 7.1(iv)), so we may as well assume n = 1. Denoting by
C’ a closed connected normal subgroup of H such that FC’' = C (for instance,
(F~'CNH), left as an exercise), our claim follows from Theorem 7.3(iii)
with V' = H once we check that the inclusions H € H and H C C'H satisfy
(*) of Theorem 7.2 and that 7(C’' " H) = 7 C’ N 7TH. Those conditions are

trivial. O
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7.4. Deligne-Lusztig varieties are quasi-affine

We now prove another important property of Deligne-Lusztig varieties (see
also Exercise 11.2).

Theorem 7.15. Let (G, Fy) be a connected reductive F-group defined over IF,,.
Let F: G — G be an endomorphism such that F™ = Fy for some m > 1. Let
P = V><L be a Levi decomposition with FL. = L.

Then Xy and Yy (see Definition 7.6) are quasi-affine varieties.

The proof involves the criterion of quasi-affinity of Theorem A2.11.

Write P = V ><1 L. Let VoTj be an F-stable Borel subgroup of L (see The-
orem 7.1(ji))) with FTy = Ty. Then Yy = L /V{. Theorem 7.9 now implies
that Yyy, = Yy /Vg , so Corollary A2.13 implies that it suffices to check the
quasi-affinity of Yy y, to get that Yy is quasi-affine. This in turn implies that
Xy is quasi-affine, by Theorem 7.8 and Corollary A2.13 again. Similarly, the
T(f -quotient Yyy, — Xy.y, of Theorem 7.8 implies that it suffices to check
the quasi-affinity of Xy where V is the unipotent radical of a Borel subgroup
of G.

By Proposition 7.13(i),(ii) (with I = ), one may assume that Xy is in the
form X(w) for w € W(G, Ty), having fixed By 2 Ty, both F-stable. So, in
view of the quasi-affinity criterion of Theorem A2.11, it suffices to prove the
following (see A2.8 for the notion of ample invertible sheaf on a variety).

Proposition 7.16. If w € W(G, Ty), then the structure sheaf of X(w) is ample.

If we have an ample invertible sheaf on G/By, then its restriction to X(w)
(i.e. inverse image by the corresponding immersion) is also ample, and its
further restriction to the open subvariety X(w) (see Proposition 7.13(iv)) is
then ample too (see A2.8). So, to prove Proposition 7.16, it suffices to arrange
that this restriction is the structure sheaf of X(w) to have the quasi-affinity of
X(w).

Let us show how invertible sheaves on G/By can be built from linear char-
acters of Ty (see A2.9). The quotient G/By is locally trivial, as a result of
the covering of G/By by translates of the “big cell” BowoBo/Bg (see A2.6).
If A € X(Ty), we denote by the same symbol the one-dimensional By-module
and consider Lg/g,(A) (see A2.9). This is an invertible sheaf over G/By, us-
ing the characterization in terms of tensor product with the dual (see A2.8)
and since ﬁG/BU(K)V = EG/BU(_)\) and ‘CG/BO()") ® EG/BUO"/) = LG/BO()\ + )\./)
(the group X(Ty) is denoted additively) by the general properties of the L(A)
construction.
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Let us denote by j: X(w) — G/By the natural immersion. We shall prove
the following.

Proposition7.17. j*L¢/p,(A o F) = j*Lg/p,(w(X)), where w(L) is defined by
wA)(t) = A(tY) forallt € Ty.

Let us say how this implies Proposition 7.16. From [Jantzen] I1.4.4 (or even
11.4.3), we know that the set of 1 € X(Ty) such that Lg/, (1) is ample is non-
empty. Let w be such an element of X (Ty).

By Lang’s theorem applied to Ty, the map X(Ty) — X(Ty) defined by
A= w(A) — X o F is injective (use Theorem 7.1(iv) and (i)), so its cokernel is
finite. There exist A € X(Ty) and an integer m > 1 such that w(A) — Ao F =
mo. Then Lg/g,(w(X) — Ao F) = Lgp,(mw) = LgB,(w)®" is ample since
Lg/B,(w)is ample (see A2.8). Its restriction to X(w), j*Lg B, (w(A) — A o F),is
the structure sheaf, because Proposition 7.17 allows us to write j*Lg/B,(w(A) —
Ao F) = j*"(Lem,(wh) ® Lgm,(A o F)Y) = j*Lgm, (W) ® j*La/s,
(Ao F) = j*Lgm,(A o F)® j*Lgp, (ko F)" = Oxw) since we are tensor-
ing an invertible sheaf on X(w) with its dual (see A2.8). As said before, this
completes the proof of Proposition 7.16.

Proof of Proposition7.17. Denoteby F: G/By — G /B the morphism induced
by F. Taking X = X' =G, G = G' =Bp and ¢ = F in A2.9, we get

(1 F*L, (L) = Lg,(Ao F).

As in the proof of Theorem 7.2, we consider 2 := {(gBo, gwBy) | g € G} C
G/By x G/By which is locally closed in G/By x G/By (being a G-orbit),
and I' = {(gBy, F(gBy)) | g € G} € G/By x G/By (closed), so that X(w) =
Q N T by the first projection G/By x G/By — G/By.

Now Q = G/By N VBy is the quotient by Ty of E,, := G/Uy N *' Uy, where
T acts freely on the right (see [Borel] 6.10). This quotient is locally trivial since
the “big cell” satisfies BowoBy = Ty x Uy x Uy as a Ty-variety. This allows
us to define Lq(A). We have a commutative diagram, where the top map is To-
equivariant, vertical maps are quotient maps, and where pr; is the restriction of
the first projection G/By x G/By — G/By

Ew — E1

l l

E,/To=Q 2% G/By=E/T,

Now A2.9(I) for X = E,, X' = E{,G = G' =Ty, @ = 1d, p(x) = xUy, gives

(2) priLgB,(A) = La(A).
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Leti: 2 NI — € be the natural immersion, so that pr; oi = j o 7y, where
m: QN T — X(w) is an isomorphism and therefore (2) above gives
3) i*Lo() = 7] j Lam,(V).

Now there is another commutative diagram

Ew _—> E]
E,/Toy=Q — G/By=E/To

where vertical maps are the same as in the first one, the top map is ¢ = (g(Up N
“Up) — gwUyp), which is compatible with the automorphism o = (¢t — t%*)
of Ty, and pr, is the second projection. Then A2.9(I) for X =E,,, X' = E,,
G =G’ =T, gives

“ pr3 LB, (1) = Lo(w(h).

Using (3) for A o F and w(X), along with the fact that | is an isomorphism,
Proposition 7.17 reduces to

iI"LohoF)Zi*Lo(w)).

Using (1) and (2) for the left-hand side, (4) for the right-hand side, we are
reduced to checking

(F opry 0i)*Leg/m,(A) = (pry 0 i) L/m, ().

But F o pr, oi = pr, o i, both sending (gBy, F(g)Bo) to F(g)By. This com-
pletes our proof. O

Exercises

1. When G is no longer connected in Theorem 7.1, express the image of g
g ' F(g) in terms of the same question for a finite G.

2. Under the hypotheses of Theorem 7.2 for (G, F'), show that, if X is a closed
smooth subvariety of G, then Lan~'(X) is a closed smooth subvariety of
G and Lan: Lan~!(X) — X is a G"-quotient map. Show that Yvycy can be
considered as a V-quotient of Lan~'(V.FV).
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Notes

For the more general subject of flag varieties G/B and Schubert varieties, see
the book [BiLa00] and its references.

The surjectivity of the Lang map goes back to Lang, [La56]. See also
[Stein68b]. Deligne—Lusztig varieties were introduced in [DeLu76]. Most of
their properties are sketched there (see also [Lu76a] 3 and [BoRo03]).

The quasi-affinity of the Deligne—Lusztig varieties is due to Haastert; see
[Haa86].
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Characters of finite reductive groups

In the present chapter, we recall some results about finite reductive groups
G’ and their ordinary characters Irr(G'). The framework is close to that of
Chapter 7, G is a connected reductive F-group, F: G — G is the Frobenius
endomorphism associated with the definition of G over the finite field F, C F.
The group of fixed points G is finite. We take ¢ to be a prime # p and K to be
a finite extension of Q, assumed to be a splitting field for G and its subgroups.
One considers Irr(G”) as a basis of the space CF(G”, K) of central functions
G - K.

The Frobenius map F' is expressed in terms of the root datum (see A2.4)
associated with G and we recall the notion of a pair (G*, F*) dual to (G, F)
around a dual pair of maximal tori (T, T%).

The Deligne-Lusztig induction,

Rf p: ZIrr(LF) — ZIm(G"),

is defined by étale cohomology (see Appendix 3) of the varieties Xy associated
with Levi decompositions P = LV satisfying FL. = L (see Chapter 7). We
recall some basic results, such as the character formula (Theorem 8.16) and
independence of the R¥_, with respect to P when L is a torus. But the main
theme of the chapter is ‘that of Lusztig series. Let us begin with geometric
series. When (T, T*) is a dual pair of F-stable tori, then Irr(T) is isomorphic
with T*F. A basic result on generalized characters Rg’é (where 0 e Irr(TF))
is that two such generalized characters are disjoint whenever they correspond
with rational elements of the corresponding tori of G* that are not G*-conjugate.
This gives a partition

Irr(GF) = Usé(GF, 5)

indexed by classes of semi-simple elements of (G*)', two series & (GF, s)being
equal if and only if the corresponding s are G*-conjugate. A finer partition is
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given by rational series. One has
Ir(G") = £@G", 5)

indexed by semi-simple elements of (G*), two series £(G, s) being equal if
and only if the corresponding s are (G*)"-conjugate. The two notions differ
only when the center of G is not connected.

In the following, we refer mainly to [Springer], [Cart85], and [DiMi91].

8.1. Reductive groups, isogenies

Recall G, the multiplicative group of F, considered as an algebraic group.
Let G be a connected reductive F-group (see A2.4). Let T be a maximal
torus of G. Then a root datum of G is defined, i.e. (X, Y, ®, ®¥) where

* X = X(T) = Hom(T, Gy,) is the group of characters of T,

e Y = Y(T) = Hom(Gp, T) is the group of one parameter subgroups of T,

¢ @ is a root system in X ®z R, any o € ® is defined by the action of T on
some non-trivial minimal closed unipotent subgroup of G normalized by T,
® is the set of “roots of G relative to T,

* ®Yisarootsystemin Y ®z R, via the pairing between X and Y, the elements
of ®V, as linear forms on X are exactly the coroots «", o« € ®.

The root datum so defined characterizes G up to some isomorphisms and
any root datum is the root datum of some reductive algebraic group. Morphisms
between root data define morphisms between reductive algebraic groups (see
[Springer] 9.6.2).

By the type of G we mean the type of the root system, a product of irreducible
types among A, (n > 1),B,,C, (n > 2),D, (n > 3), Gy, Fy4, E¢, E7, Eg.

One has G = Z(G)°[G, G]. Let Z® be the subgroup of X(T) generated by
the set of roots. The group is semi-simple, i.e. G = [G, G], equivalently Z(G)
is finite, if and only if Z® and X (T) have equal ranks. Let Q := Hom(Z®", Z)
be the “weight lattice;” then the cokernel of Z® — Q2 is the fundamental
group of the root system, a finite abelian group. When G is semi-simple the
restriction map X — Qisinjective and 2/ X = (2/Z®)/(X/ZP) is in duality
with Y /Z®". The group G is said to be adjoint, denoted G,q, if X = Z® and
then Z(G) = {1}. The group G is simply connected, denoted G, if X = €,
and then Z(G) = Hom(2/Z®, G). For any G, corresponding to Z&d —
X([G, G]) — Q2 and to Z® — X(T), one has surjective morphisms

Gsc - [G’ G] - Gada G— Gad
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and the latter has kernel the center of G. That does not imply that G| is
a quotient of G”. In any case, the groups G~ [G, G]* and G[; have equal

orders ([Cart85] §2.9). Frequent use will be made of the following elementary
result.

Proposition 8.1. Let f be an endomorphism of a group G. Denote by [G, f]
the set of g. f(g~") for g € G.

(i) Let Z be a central f-stable subgroup of G, so that f acts on G/Z. One
has a natural exact sequence

1> G'/z! — (G/2)) — (G, f1N 2)/1Z, f1— 1.

(ii) Assume G is finite commutative and H is an f-stable subgroup. Then
|H| = |H7|.|[H, f1|, in particular |H : [H, f]| divides |G¥|.

References to Proposition 8.1 are numerous and generally kept vague. Often
(i) is used in the case of central product (G being a direct product). Also,
Lang’s theorem allows us to simplify the commutator groups [Z, f] when Z is
a connected F-group and f is a Frobenius endomorphism.

Any o € ® defines a reflection s,: X(T) ® R — X(T) ® R, and & is stable
under s,. The group generated by the s, (o € ®) is the Weyl group of the
root system; denote it by W(®). Then W(d) acts by restriction on X(T), a
left action, hence on Y(T), by transposition, a right action. Then W(®) is
canonically isomorphic to (and frequently identified with) Ng(T)/T; denote
it by W(G, T), or W when there is no ambiguity. The actions of W(T) on T,
by conjugacy from Ng(T), on X(T) and on Y (T) are linked as follows, where
(x,t,n,a) € X(T) x T x Y(T) x F,

Wx)(®) = x(w™'tw), (qw)a) = w ' 'nl@w, (n, wy) = (nw, x).

A Borel subgroup B of G containing T corresponds to a basis of @, the sets
of simple roots with respect to (T, B). Let S be the set of reflections defined by
the simple roots with respect to such a pair and (T, B), and let N = Ng(T). We
may consider S as a subset of W = N/T. Then (G, B, N, S) is a split BN-pair
of characteristic p, with a finite Coxeter group W, in the sense of Definitions
2.12 and 2.20 (see [DiMi91] 0.12).

In the non-twisted case G is defined over F, by a Frobenius map F (see
[DiMi91] 3 and references) and we are interested in the group of points of
G over I, or fixed points of F. More generally we shall have to consider
an endomorphism F: G — G such that some power F? of F is the Frobenius
endomorphism F; of G defining arational structure on IF;, . Note that the positive
real number (g;)"/? is well defined.
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The endomorphism F gives rise to — or may be defined by — an endomor-
phism of the root datum of G defined around an F-stable maximal torus T. First
F acts on the set of one-dimensional connected unipotent subgroups of G that
are normalized by T; that action defines a permutation f of ®, F(X,) = X s
(e € @). Then F actson X(T)by (x +— x o F)and the transpose of F', denoted
FY, acts on Y(T). One has

8.2) F:X—> X, F':Y—=Y, q¢®— {p'lien, f:P— O,
F(fa) =q@a, F'(a’)=q@)(fa)’, aecdc X(T),

where g(«) is a power of p — recall that X is a contravariant functor. Further-
more, F acts as an automorphism f’ of W(T) and the group W.< f’> acts on
X(T) as W.< F>, hence frequently we write F instead of f’.If F is a Frobenius
morphism with respect to Iy, then g(«) = ¢ forall « € ® and F(a) = gf ().
Such an automorphism of ® composed with multiplication by a power of p is
sometimes called a p-morphism.

Conversely, let (G, F) be a connected reductive F-group defined over F,.
There exist T C B a maximal torus and Borel subgroup, both F-stable (see
Theorem 7.1(iii)). The Weyl group N(T)/T and its set of generators associated
with B are F'-stable. That is how F induces a permutation of the set of roots
and of the set simple roots.

The isogeny theorem ([Springer] 9.6.5) says that if G is defined by the root
datum (X, Y, ®, ®Y), any (F, FV, f, q) that satisfies (8.2) may be realized by
anisogeny F: G — G. The isogeny is defined modulo interior automorphisms
defined by elements of the torus T.

To every orbit @ of F on the set of connected components of the Dynkin
diagram of G there corresponds a well-defined F-stable subgroup G/, of [G, G]
and a component G, = Z°(G)G/, of G. Recall that the only non-trivial auto-
morphisms f of irreducible root systems have order 2 for types A, (n > 2),
D, (n > 3), Eg, or order 3 for type D4. The finite group (G(w)/Z(G,))" is
characterized by its simple type X, € {A,,?A,,B,, C,,D,,’D,, G, Dy,
F.4, E¢, ’E¢, E7, Eg} and an extension field F me of I, of degree m(w) equal
to the length of the orbit w. Call (X,,, ¢™®) the irreducible rational type of
G, and x,(X,, ¢"®) the rational type of (G, F).

The split BN-pair of G’ is obtained by taking fixed points under F in
a maximal torus and a Borel subgroup T C B, both F-stable. The type of
the Coxeter group of G’ is then the same as that describing the rational
type, except for twisted types that obey the following rules %A, > BCj,11 21
’D, > BC,_; (see the notation of Example 2.1), ’E¢ > F, (standard notation),
while *Dy gives a dihedral Coxeter group of order 12.
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8.2. Some exact sequences and groups in duality

Let (G, F) be defined around a maximal torus T by a root datum and p-

morphism. The endomorphism F gives rise to four short exact sequences.

They are well defined after a coherent choice of primitive roots of unity via

monomorphisms of multiplicative groups

8.3) @ZX;(Q/Z)I,/—L)FX, K =L’ot_l:FX—>@@X.

Let D = (Q/Z), . Using ¢, one has an isomorphism

YT)®zD —> T,

84)
n®a = n(a))

and natural isomorphisms

X(T) < Hom(Y(T) ® D, D),

(8.5)
Y(T) < Hom(X(T) ® D, D)

with F-action. The first short exact sequence describes T as the kernel of the
endomorphism (F — 1) of T, T viewed as in (8.4):

(8.6) 1—TF — S ¥Y(T) @3 D=5 ¥(T) @, D—0.

By the functor Hom(—, D) (or Hom(—, G,,)) one gets from (8.5) and (8.6) the
second sequence

es

(8.7) 0— X(T) =5 X (T) 2 (T ) —— 1

where Res is just the “restriction from T to T through the morphism «.

Applying the snake lemma, from (8.6) one gets T” as a cokernel of (F — 1)
on Y (T). Assume that F? is a split Frobenius endomorphism with respect to
[, for some ¢’ (i.e. is multiplication by ¢’ on Y(T)), put ¢’ = «(1/(¢' — 1)),
then the explicit morphism N;: Y(T) — T’ one gets is

(8.8) 0—yY(M)—Lym-u1f 1,
8.9) Ni(n) = Npajp((g))  (n € Y(T)).

N depends on ¢, ¢/, but not on the choice of d.
Similarly, using the snake lemma and (8.7), or applying Hom(—, D) to (8.8),
one gets

(8.10) | ——Ir(TF ) — X(T) @7, D——5% X(T) @, D—0.

Note that the pairing between X and Y reduces modulo (F — 1) to the natural
pairing between Irr(T)" and TF.
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Recall the classification under GF of F-stable maximal tori of G (see
[DiMi91] §3, [Cart85] §3.3, [Srinivasan] II). Let T’ be such a torus in G.
Let g € G be such that T' = gTg~!'. Then g~!'F(g) € Ng(T), so let w =
g 'F(g)T € W. With this notation g~! sends (T’, F) to (T, wF). The GF-
conjugacy class of T’ corresponds to the W.< F >-conjugacy class of wF. One
says that G -conjugacy classes of F-stable maximal tori of G are parametrized
by F-conjugacy classes of W and that T’ is of type w with respect to T, denoted
by T,, ([DiMi91] 3.23).

The preceding constructions from (T, F') apply to the endomorphism w F'
of T for any w € Ng(T)/T. Let d be some natural integer such that F¢ is
split t 14" on any F-stable maximal torus of G. Let ¢ = 1«(1/(g? — 1)). The
sequences (8.7) and (8.8) become

(8.11) 0—— ¥ (D)X y (1) e puf 1,
(8.12) N = Npajwr(@)  (n € Y(T).

For convenience we fix ¢, but Ny, is defined independently of the choice of d.
The superscript F is often omitted.

If (X,Y, ®, ®) is a root datum, then (Y, X, ®V, ®) is a root datum. The
algebraic groups they define are said to be in duality. More generally we say
that G* is a dual of G, or that G and G* are in duality (around T, T*), when
T, T* are maximal tori of G and G* respectively, with a given isomorphism of
root data

(8.13) (X(T), Y(T), (G, T), (G, T)")
< (Y(T"), X(T"), (G*, T*)", &(G", T")).

The isomorphism has to preserve the pairing between the groups X, Y and to
exchange the maps (@ > «) and (8Y +— B) (a € ®(G, T), 8 € ©(G*, T*)).

If B is a Borel subgroup of G containing T, then the bijection ®(G, T) —
O(G*, T*)V (resp. ®(G, T)” — P(G*, T*)) carries the set A of simple roots
(resp. the set A of simple coroots) defined by B to a basis (A*)" of ®(G*, T*)"
(resp. a basis A* of ®(G*, T*)) that defines a Borel subgroup B* of G* contain-
ing T*. The bijection between the sets of simple roots gives rise to a bijection
between the sets of parabolic subgroups containing the corresponding Borel
subgroups (see Definition 2.15 and Theorem 2.16). We frequently identify A
and A*, considering A as a unique set of indices for sets of simple roots (or
coroots) or simple reflections. Thus for any subset I of A are defined corre-
sponding parabolic subgroups of G containing B, and of G* containing B*,
and standard Levi subgroups L; and Lj. One sees easily that the given duality
(8.13) restricts to a duality between L; and L} around T and T*.
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In this situation the tori T and T* are in duality (we may consider that they are
defined by the functors X, Y and an empty root system). The given isomorphism
induces an anti-isomorphism (w — w*) between Weyl groups W(G, T) (left-
acting on X(T)) and W(G*, T*) (right-acting on Y (T*)). The map (w > w*)
takes the set of reflections onto the set of reflections, simple ones onto simple
ones, in the case of corresponding Borel subgroups.

If furthermore (F, FY, f, q) satisfying (8.2) is given by an isogeny F of
G, then (FV, F, f~!, g o f~!) defines a quadruple (F*, (F*)V, f*, g*) that is
realized by an isogeny F*: G* — G*. Then we say that (G, F) and (G*, F*)
are in duality over F,. If n € Y(T*) corresponds to x € X(T), then F*on
corresponds to x o F (i.e. F corresponds to (F*)"). One has F*((F(w))*) = w*
for any w € W. In other words the Frobenius maps operate in inverse ways on
the (anti)-isomorphic Weyl groups.

When T and T* are in duality with endomorphisms F and F*, the iso-
morphism (X(T), Y(T), F, F¥) — (Y(T*), X(T*), (F*)¥, F*) sends the short
exact sequence (8.7) (resp. (8.6)) for T to (8.8) (resp. (8.10)) for T* and vice
versa.

Let B be a Borel subgroup of G such that T € B and F(B) = B. Then F
stabilizes the corresponding basis of ®(G, T) and the dual Borel so defined is
F*-stable. More generally, if I € A and F(I) = I, then the duality between
L; and Lj extends to (L;, F') and (L}, F*).

Therefore there is a well-defined isomorphism

(THT  «— Ir(MF

.14
(8.14) s = 0 =35

such that @ = § € Irr(TF) and s € (T*)" correspond as follows, after some
identifications, for any n € Y(T) = X(T*) and any A € X(T) = Y(T*)

(8.15) O(Npa p((2))) = ke (g HNetr My = e (n(s))

In (8.15) ¢ is a fixed root of unity as in (8.12), because the duality may
be extended to other pairs of tori. Indeed, once the duality with p-morphisms
between (G, F) and (G*, F*) is defined around maximal tori T and T* by an
isomorphism (8.13) between root data with p-morphisms, for every maximal
F-stable torus T’ of G there exists a maximal F*-stable torus S of G* such that
the duality between G and G* may be defined around T” and S. Precisely, if
T = gTg ! is of type w with respect to T, and S = hT*h~! is of type F*(w*)
with respect to T*, where g € G, h € G* and (w + w™*) are as described above,
then the given isomorphism (8.13) between root data is send by conjugacy, using
(g, h), to another one between root data around T’ and S, with p-morphisms
induced by the action of F' and F* respectively ([Cart85] 4.3.4).
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Recall that G¥-conjugacy classes of F-stable Levi subgroups L of not-
necessarily F'-stable parabolic subgroups of G are classified by F-conjugacy
classes of cosets Wyw, where I C A and w satisfies wF(W)w™' = W,
([DiMi91]4.3). Here L is conjugate to L.; by some g € G suchthatT,, = g’ng
is a maximal torus of L, of type w with respect to T. We shall say that
Wiw is a type of L. To such a class of F-stable Levi subgroups in G there
corresponds a class of F*-stable Levi subgroups L* in G*, whose parame-
ter is the coset W} F*(w*). In this context the outer automorphism groups
Ng(L)/L = Ny )(W(L))/ W(L) and Ng-(L*)/L* are isomorphic, with F'- and
F*-actions, via (w — w*) around (T, T* p+(y)).

8.3. Twisted induction

Let P = LV be a Levi decomposition in G with FL. = L. The methods of étale
cohomology allow us to define a “twisted induction”

Rf_p: ZIrr(LF) — ZIr(G")

generalizing Harish-Chandra induction. Its adjoint for the usual scalar product
is denoted by *R¥_p.

The construction is as follows. Recall the variety Yy := {gV | g7 F(g) €
V.F(V)} of Definition 7.6. It is acted on by G¥ on the left and L7 on the right;
each action is free. We recall briefly how étale cohomology associates with such
a situation an element of ZIrr(G* x (LF)°PP), which, in turn, by tensor product
provides the above R _p.

Let (A, K, k) be an €-modular splitting system for G¥ x L¥. Let n > 1,
and denote A™ = A/J(A)". The constant sheaf A" for the étale topol-
ogy on Yy (see A3.1 and A3.2) defines an object R, := R.I(Yy, A®) of
the derived category D?(A™[GF x (LF)PP]) (see A3.7 and A3.14) such that
Ry = Ry41@& i A™. The limit over n of each cohomology group H'(R,)
gives a AGT-ALF-bimodule, which, once tensored with K, is denoted by
H!(Yy, K), or simply H!(Yy, Q,) if one tensors with Q,. The element of
ZIe(GF x (LF)°%) is then 3, (— 1Y H/ (Yy, K), i.e.

Rfcp(—) =D (=D)'H (Yy, K) ®pr —

The subscript ¢ in R.I" above indicates that direct images with compact sup-
port are considered. This has in general more interesting properties, for instance
with regard to base changes. But, here, it coincides with ordinary cohomol-
ogy by Poincaré—Verdier duality (A3.12) since the variety Yy is smooth (see
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Theorem 7.7). Similarly, the above definition of RECP coincides with that of
[DiMi91] 11.1 since the variety Y cv (see Theorem 77.2) used there is such that
Yv =Y ,cv/V N FV, alocally trivial quotient (see Lemma 12.15 below).
The following is to be found in [DiMi91] 12.4, 12.17, and [Cart85] 7.2.8.
Let eg = (—1)°®@ where o(G) is the F,-rank of G, see [DiMi91] 8.3-8.6.

Theorem 8.16. Let P = LV be a Levi decomposition in G with FL = L.
(i) If f € CR(L", K), and s is the semi-simple component of an element g
of GF, then

Rf_pf(9)
Cg(s)

= Ce@ ITILIT Y IGE Re (hee, o' ).
{heGF|seL}

(i) RE p f(1) = egen|GF - L), f(1).
For the following see [DiMi91] 11.15 and 12.20.

Theorem 8.17. (i) Let T be an F-stable maximal torus of G. Let 0 be a linear
representation of T with values in Q,. The generalized character R(T}CB 0 is
called a Deligne-Lusztig character and is independent of the choice_of the
Borel subgroup B. Hence R(T;CB is simplified as R(T;.

(ii) Let s be a semi-simpie element of G¥. For any subgroup H of GF
containing s, let nSH be the central function on H with value |Cy(s)| on the
H-conjugacy class of s and 0 elsewhere. One has

F F
ecyw|Cer (@), =) exRE (")
T

where the sum is over all F-stable maximal tori T of G with s € T.

Remark 8.18. (i) When P = LV isaLevidecompositionin G with FL. = L and
FP = P, the outcome of the above construction is Harish-Chandra induction
denoted by R](:’FF in Notation 3.11. This comes from the fact that Yy = G and
étale topology is trivial in dimension 0.

(i1) The space of central functions Z(T,g) K .R(T; 0 € CE(GF, K) is usually
called the space of uniform functions on G”. By Theorem 8.17 (ii), the charac-
teristic function of a semi-simple conjugacy class of G is a uniform function.
The regular character of G is a uniform function.

Lett: G — [G, G]beasimply connected covering. Onehas G = Tt(Gy.),
hence GF = TF1(GyF) by Proposition 8.1(i) and Lang’s theorem since T N
7(Gy) is connected. Thus Irr(G* /7(Gs.©)) may be identified with a subgroup
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of Irr(TF). As X(T N [G, G]) may be identified with Z®, the isomorphism
(8.14) (T*)F" — Irr(TF) defines by restrictions an isomorphism
ZGH" — Im(GF/t(G"))

b4 — Z

8.19)

As a consequence of Theorem 8.16(i) and with this notation one has, for any
pair (S, 0) defining a Deligne—Lusztig character,

(8.20) £ @R§ O =R§(Res 2 © 6)

8.4. Lusztig’s series

We now introduce several partitions of Irr(G”) induced by the Deligne—Lusztig
characters R$6.

Proposition 8.21. Let T and S be two maximal F -stable tori of G, 6 € Irr(TF),
& e Irr(ST). Let T* and S* be maximal F*-stable tori in G*, in dual classes
of T and S respectively, and t € T* (resp. s € S*) corresponding by duality,
i.e. by formula (8.15), to 6 (resp. & ). The pairs (T, 0) and (S, &) are said to be
geometrically conjugate if and only if s and t are G*-conjugate.

Thus the geometric conjugacy classes of pairs (T, 6) are in one-to-one cor-
respondence with F*-stable conjugacy classes of semi-simple elements of G*.
Similarly, the G -conjugacy classes of pairs (T, 0) are in one-to-one corre-
spondence with the G*I" -conjugacy classes of pairs (T*, t), where t € T*F".

Remark 8.22. (i) The last assertion of Proposition 8.21 allows us to write Rr(;’* s
for R(T; 6 when (T*, s) corresponds with (T, ).

(ii) Let v be a set of prime numbers. If (T, 8) corresponds with s, then (T, 6,)
corresponds with s, .

Definition 8.23. Let s be some semi-simple element of G*" .

The geometric Lusztig series associated to the G*-conjugacy class of s is
the set of irreducible characters of GT occurring in some R(T; 0, where (T, 0) is
in the geometric conjugacy class defined by s. It is denoted by & (GT, s).

The rational Lusztig series associated to the G** *-conjugacy class [s] of s
is the set of irreducible characters of G' occurring in some Rg’ 0, where (T, 9)
corresponds by duality to a pair (T*, t), where t € T*F" N [s]. It is denoted by
E(GF, s).

The elements of g(GF ,1) = E(GF, 1) are called unipotent irreducible
characters.
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Indeed the G” -conjugacy classes of pairs (S, &) are in one-to-one correspon-
dence with the (G*)f"-conjugacy classes of pairs (S*, s) where S* is an F*-stable
maximal torus of G* and s € (S*)F". The correspondence (S, £) — (S*, 5) is
such that S* is in duality with S as described in the preceding section and £ maps
to s by the isomorphism Irr(S7) > (S*)F" of formula (8.14) (see [DiMi91]
11.15, 13.13).

Theorem 8.24. (i) The set of geometric Lusztig series & (GF, s) is a partition
of Irt(GF). One has g(GF, §) = g(GF, s") if and only if s and s are conjugate
in G*.

(ii) Let s be a semi-simple element of G**". The geometric Lusztig series
g(GF, s) is the disjoint union of the rational Lusztig series E(GT, t) such that
t is G*-conjugate to s. One has E(GF, 1) = EGF, 1) ifand only if t and t’ are
conjugate in G*F.

(iii) If the center of G is connected, then any geometric series is a rational
series.

Proof. Assertion (i) is proved by Deligne-Lusztig in a fundamental paper
[DeLu76], as a consequence of a stronger property. LetB = U.TandB’' = U.T’
be Levi decompositions of Borel subgroups of G, with F-stable maximal
tori, assume that (T, #) and (T’, ') correspond to s and s’ respectively. If
H'(Yy, Q,)) ® 6 and H (Y};, Q,)) ® 0 have acommon irreducible constituent,
then s and s” are G*-conjugate; see also [DiMi91] 13.3, and §12.4 below.

A connection between geometric conjugacy and rational conjugacy is de-
scribed in §15.1.

Note that any F*-stable conjugacy class of G* contains an element of G*©~
by Lang’s theorem (Theorem 7.1(i)) and G*F *—conjugacy classes of rational
elements that are geometrically conjugate to s are parametrized by the F*-
conjugacy classes of Cg(s)/Cg(s) ([DiMi91] 3.12, 3.21). By a theorem of
Steinberg (see [Cart85] 3.5.6), if the derived group of G is simply connected,
then the centralizer of any semi-simple element of G is connected. If the center
of G is connected, then the simply connected covering of the derived group of
G* is bijective. An equivalent condition on the root datum is that the quotient
X(T)/Z® has no p’-torsion (see [Cart85] 4.5.1). Hence when the center of
G is connected, an F*-stable conjugacy class of semi-simple elements of G*
contains exactly one (G*)f"-conjugacy class, hence (iii). O

Proposition 8.25. Let P =V ><{L be a Levi decomposition where L is F-
stable. Let s (resp. t) be a semi-simple element of G* (resp. L*'", L* a Levi
subgroup of G* in duality with L), and let n € E(LF, t). One has

RS pn € ZEGT, 1)
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If n occurs in *RLCI, x and x € g(GF, s), then t is conjugate to s in G*.

Proof. The second assertion follows from the first by adjunction.

LetB; = U,;T C B = UT C P be Levi decompositions of some Borel sub-
groups of L and G such that the L-geometric class of (T, ) corresponds to that
of ¢ (see Proposition 8.21). By Definition 8.23, Theorem 7.9 and the Kiinneth
formula (A3.11) any irreducible constituent of H’ (Y(G £ ,Q)® 1) appears in
some H/ (Y(G ) Qz) R H"(Y(L -F) Qz) ®rr 6 hence belongsto E(GF 1) (see
the proof of Theorem 8.24 (i)). This proves RLCI, n € ZE (GF , ). O

From formula (8.20) one deduces the following (see [DiMi91] 13.30 and its
proof).

Proposition 8.26. Let z € Z(G*)F " let 3 be the corresponding linear character
of G¥,(8.19). For any semi-simple element s in (G*)F" multiplication by % defines
a bijection £(GF, s) — E(GF, (s2)).

Theorem 8.27. We keep the hypotheses of Proposition 8.25. Assume
Cg+(5).Cg- () C L*, then the map BGSLREQ, induces a bijection ELF,s) -
E(GF, s).

Proof. See [DiMi91] 13.25 and its proof. See also Exercise 2 for a translation
of the hypothesis on s.

Exercises

1. Prove Proposition 8.1. As a corollary, show that if G is a semi-simple reduc-
tive group with a Frobenius F then |G"| = |Gf,

2. Let L* be an F*-stable Levi subgroup in G*, let S* be a maximal F*-stable
torus in L*. Assume that (T,,, L) and (S*, L*) are in duality by restriction
from the duality between G and G*. Here w = g~ ! F(g)T € W is a type of
T, = gTg~! with respect to an F-stable maximal torus T of an F-stable
Borel subgroup of G. Let W, w be atype of L. Let (T, &) and (S*, s) be corre-
sponding pairs (¢ € Irr(TE), s € (S*) ) and let® = £ oad g~! € Irr(T¥F).
Show that
(a) C.(s) C L* if and only if for all @ € ® such that (N, («¢")) = 1 one

has @ € @y,
(b) Cg+(s) € L* if and only if for all v € W such that (6 o N,,)" = 6 o Ny,
one has v € W;.

Hint. By [Borel] 1L, 4.1, Cg,.(s) is generated by a torus T containing s and
the set of root subgroups of G for roots vanishing on s. Use (8.12), (8.15).
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Notes

Reductive groups in duality over F were first used by Deligne—Lusztig in
[DeLu76], thus extending to arbitrary fields a construction over C due to Lang-
lands. We have also borrowed from [Cart85] §4 and [DiMi91] §13.

As said before, the methods of étale cohomology in finite reductive groups,
and most of the theorems in this chapter, are due to Deligne—Lusztig ([DeLu76];
see also [Lu76a] for Theorem 8.27).

Two natural problems were to be solved after Deligne—Lusztig’s paper. The
first is to describe fully, at least when the center of G is connected (and there-
fore all centralizers of semi-simple elements in G* are connected), the set
Irr(G") and the decomposition of the generalized charcters R%(G) in this ba-
sis. This was done by Lusztig in his book [Lu84], the parametrization being
by pairs (s, A), where s ranges over (G*)£, mod. G*/'-conjugacy and X ranges
over £(Cg+(s)F, 1). This is called “Jordan decomposition” of characters (see our
Chapter 15 below). This goes with acombinatorial description of unipotent char-
acters and Harish-Chandra series; see [Lu77] for the classical types. The fairly
unified treatment in [Lu84] involves a broad array of methods, mainly inter-
section cohomology (see [Rick98] for an introduction), and Kazhdan-Lusztig’s
bases in Hecke algebras. The case when Z(G) is no longer connected was
treated in [Lu88] (see also Chapter 16 below).

A second problem is to describe the integers (Rf’cpg, x)gr for ¢ € Irr(LF)
and x € Irr(GF). This was done essentially by Asai and Shoji, see [As84a],
[As84b], [Sho85], and [Sho87]. The proofs involve a delicate analysis of the
combinatorics of Fourier transforms (see [Lu84] §12), Hecke algebras and Shin-
tani descent. Remaining problems, such as the case of special linear groups, the
Mackey formula, or independence with regard to P, were solved only recently
(see [Bo00] and its references).



9

Blocks of finite reductive groups and
rational series

We now come to £-blocks and £-modular aspects of ordinary characters for a
prime £. Let (A, K, k) be an £-modular splitting system for the finite group G.
The decomposition of the group algebra

AG=B; x---xB,

as a product of blocks (“£-blocks of G”) induces a corresponding partition of
irreducible characters

Irr(G) = | J Ir(G. B))  (see §5.1).

Take now (G, F) a connected reductive F-group defined over F, (see A2.4
and A2.5). For G = G¥, we recall the decomposition

r(G") = £@G*. )

into rational series (see §8.4) where s ranges over semi-simple elements of
G*F, and where (G*, F) is in duality with (G, F). If s is a semi-simple £'-
element of (G*)”, one defines £(GF, 5) := | J,E(G", st) where t ranges over
the £-elements of Cg-(s)F.

A first theorem, due to Broué—Michel, on blocks of finite reductive groups
tells us that £(GF, s) is a union of sets Irr(G”, B;); see [BrMi89]. The proof
uses several elementary properties of the duality for irreducible characters (see
Chapter 4 or [DiMi91] §8) along with some classical corollaries of the character
formula, in order to check that the central function ) ve& G5y X (D) x sends GF
into |G| A.

We then turn to the “isometric case” where the semi-simple element s €
(G*)F defining the series £(GT, s) satisfies Cg+(s) € L* for some F-stable
Levi subgroup of G*. We show that the isometry of Theorem 8.27 induces
an isometry on the unions of rational series defined above, and that Morita
equivalence between the corresponding product of £-blocks holds as long as a

131
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certain bi-projectivity property is checked ([Bro90b]). This prepares the way
for the “first reduction” of Chapter 10.

9.1. Blocks and characters

We briefly recall some notation about £-blocks and characters (see Chapter 5
and the classical textbooks [Ben91a], [CuRe87], [NaTs89]). Let G be a fi-
nite group and £ be a prime. Let (A, K, k) be an £-modular splitting system
for G.

We denote by CF(G, K) the space of G-invariant linear maps KG —
K, a K-basis being given by the set Irr(G) of irreducible characters. It
is orthonormal for the scalar product on CF(G, K) defined by (f, )¢ =
|G|~} deG f(g)f(g~"). Another way of stating that is to define the following
idempotents.

Definition 9.1. If x € Ire(G), lete, = |G| x(1) Y, x(87")g € KG bethe
primitive idempotent of Z(K G) acting by 1d on the representation space of x
(see [Thévenaz] 42.4).

Recall the partition of Irr(G) induced by blocks of AG

Definition 9.2. Irr(G) = | J,Irr(G, B;) where Iri(G, B;) =Irr(G, b;) = {x €
Irr(G) | x(b;) = x (1)} whenever B; = AG.b; for the primitive central idem-
potent b; (see §5.1).

Proposition 9.3. Let E be a subset of Irr(G) and prg: CF(G, K) — CF(G, K)
be the associated orthogonal projection of image K E. The following are equiv-
alent.

(i) E is a union of sets Irt(G, B;) where B;’s are £-blocks of G,

(i) prg(regg)(g) € IGIA = |GleA forany g € G,

(iii) erE ey € AG.

Proof. (ii) and (iii) are clearly equivalent since reg; = Zx ey X(Dx-
Denote each block of AG by B; = AG.b; where b; is the corresponding
central idempotent. One has b;e,, = e, or O according to whether x € Irr(G, B;)
or not. Then er[rr(G,B,-) e, = b;. So (i) implies (iii)
Assume (iii). Then }_ _pe, = |G|! dec pre(regs)(g)g~
idempotent b € AG, so it is a sum of block idempotents. This gives (i). O

I'is a central
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9.2. Blocks and rational series

For the remainder of the chapter, we fix (G, F) a connected reductive F-group
defined over I, (see A2.4 and A2.5). Let (G*, F) be in duality with (G, F) (see
(8.3)).

Let ¢ be a prime not dividing g and let (A, K, k) be an £-modular splitting
system for G¥.

Definition 9.4. Define E(GT, ') as the union of rational series E(GF, 5) (see
Definition 8.23) such that s ranges over the semi-simple elements in (G*)F
whose order is prime to €. If s is any such element, define £,(G¥, s) as the
union of rational series E(G', t) such that s = ty.

Definition 9.5. A uniform function is any K -linear combination of the R%@ s
for T an F-stable maximal torus and 6: T — K* a linear character (see
Remark 8.18(ii)).

A p-constant function is any f € CF(GF, K) such that f(us) = f(s) for
any Jordan decomposition us = su with unipotent u and semi-simple s in G¥.

We recall some corollaries of the character formula (Theorem 8.16). See
§8.3 for twisted induction and its adjoint.

Proposition 9.6. Let f € CF(G”, K) be p-constant.

(i) f is uniform.

(ii) *RE_p f = Resf; f.

(iii) If ¢:LY — K is a central function, then ng,(g).f =
RE_p(¢.Resgs f).

References for proof. (i) [DiMi91] 12.21. (ii) Combine [DiMi91] 12.6(ii)
and 12.7. (iii) [DiMi91] 12.6(i).

Definition 9.7. Let Dg = Y ,(—1)''IR{ o *R{ defined on ZIrt(G) for a finite
split BN-pair (G, B, N, S), the sum being over subsets of the set S.

We list below the properties of Dg, where G = G that will be useful to us.

Proposition 9.8. (i) D% = Id, Dg permutes the characters up to signs.

(ii) If f is a p-constant map on G, then Dg(f.x) = f.Dg(x).

(i) |G* I;,' reggr is the image by D¢ of the characteristic function of unipo-
tent elements of GF.

(iv) Let T be an F-stable maximal torus of G. Then Dg o Rg = SGSTR(T}
and therefore D¢ preserves rational series.
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Proof. (i) is [DiMi91] 8.14 and 8.15. One may also use Corollary 4.19
for the split semi-simple algebra KG. (iii) is [DiMi91] 9.4 (see also Exer-
cise 6.2). For (ii) apply [DiMi91] 12.6 (or see the proof of [DiMi91] 9.4). (iv)
is [DiMi91] 12.8.

Definition 9.9. Let effF € KGF be the sum of central idempotents associated
to the characters in E(GF, £') (see Definition 9.4). If M is a AG* -module, one
may define e?F.M C MQK. If M is A-free of finite rank, then e?F.M isa
A-free NG -submodule of M ® K.

If s € (G*F is a semi-simple {'-element, let by(GT,s) = Zx e, € KGF
where x ranges over £(GF, s).

Theorem 9.10. If P is a projective AGF -module, then the map

F F
P—>e? P, xn—)e? X

defines a projective cover whose kernel is stable under Endgr (P).

When (A, K, k) is an £-modular splitting system for a finite group G, recall
the map d': CF(G, K) — CF(G, K) consisting of restriction of central func-
tions to G¢ and extension by 0 elsewhere (see Definition 5.7).

Lemma 9.11. If T is an F-stable maximal torus and 6 € Irr(TF), then
d'R$6 = d'R$6, = |TF|;' Y, R$E(06') where 6 ranges over the set of ir-
reducible characters of TF with Tf; in their kernel.

Proof of Lemma 9.11. Viewing d' as multiplication by the p-constant func-
tion d'(1), Proposition 9.6(iii) gives d'R$¢0 = R$(d'6). One has d'6 = d'6y,
whence our first equality. The second comes fromd ' (1) = |TF |zl > o 0, where
6’ ranges over the linear characters with T/, in their kernel (regular character
of TF/T}). O

Proof of Theorem 9.10. The map is clearly onto. Its kernel 2 satisfies Q ®
K=(0- e?F).(P ® K) and has no irreducible component in common with
¢S (P ®K). So Q® K is stable under Endggr(P ® K). Then € is stable
under Endpgr (P).

Now, in order to show that the map is a projective cover, it suffices to check
the case of an indecomposable P. Then it suffices to check that e?F.P # {0}.
Let us denote by v the character of P (the trace map on the elements of G'). If
eg’F.P = {0}, thene, P = {0} forany x € E(GF, ¢')and therefore (Y, x)gr =0
forany x € £(G”, £'). Thisin turn implies (1, R(T;G’)GF = Oforany (T, 6") such
that 0’ is of order prime to £. But reg;» is a uniform function (Theorem 8.17(ii)),
so, if ¥ (1) #£ 0, i.e. P # {0}, there is some (T, 0) such that (1, R(T;G)Gr #+ 0.
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However, using Lemma 9.11 and the fact that v is zero outside ¢’-elements (see
[NaTs89] 3.6.9(ii)), we get (¥, R$0)gr = (', R$O)gr = (¥, d'R$0)gr =
(¥, d'R§0p)gr = (d' ¥, R$Op)gr = (¥, R$Op)gr = 0 by our hypothesis. A
contradiction. O

Theorem 9.12. Let s be a semi-simple €'-element of G*¥ .

(i) £(GF, 5) is a union of £-blocks Irt(G”, B;), i.e. by(G',s) € AGF.

(ii) For each {£-block B such that Irt(GF, B) C E(GF,s), one has
Irr(GF, B) N E(GT, 5) # 0.

Definition 9.13. A unipotent {-block of G' is any €-block B of G such
that Irr(GT, B) N E(GT, 1) # @. By the above, this condition is equivalent to
Irr(GF, B) being included in U,E(G*)[E(GF, 1).

Proof of Theorem 9.12. For (ii) we apply Theorem 9.10 with P = AG'.b #
{0} where b is the unit of B. One has $". P # {0}, therefore ¢§ .b # {0}. That
is, Irr(GF, B) N E(GF, £') # §. Once (i) is proved, this gives (ii).

Let us denote by pr the orthogonal projection

CR(GT, K) = KIrr(GF)) > K(E(GT, 5)).
Lemma 9.14. If f is a uniform function on G, then pr(d'. f) = d'pr(f).

Proof of Lemma 9.14. One may assume that f = R(T}G for some pair (T, 6)
(Definition 9.5). One must show that, if (T, 6) corresponds with some semi-
simple (T*, s) where T* is an F'-stable maximal torusin G*, s” € T*F (see §8.2),
and such that 5, = s, then pr(d' f) = d' f — and that pr(d' f) = 0 otherwise.
Since the various & (G, s) make a partition of Irr(G*"), it suffices to check that
d'R$6 € K(E(GF, 9)).

By Lemma 9.11, one has d'R$6 = Y, R$66’ with (6')y = 6, for each
¢’ in the sum. Then each Rg(@@’) e K(E(GF, 5)), whence our claim. 0

Let us now prove Theorem 9.12(i). If  is a set of primes, denote by 6, €
CF(G", K) the function defined by 8,(g) = 1if g € G, §,(g) = 0 otherwise.
Note that it is p-constant (see Definition 9.5) as long as p € w. Note also that
d'(1) = 8.

The central function 8y, ) is uniform (Proposition 9.6(i)), so we may apply
Lemma 9.14 with f = §;, (). This gives

(N pr(8,) = e .pr(8p,e})-

Let us now apply the duality functor D¢ to (1). By Proposition 9.8(iii) and
(iv), the left-hand side gives D¢ o pr(d,) = pro Dg(3,) = |IGF I;,lpr(regGF).
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By Proposition 9.8(ii), the right-hand side gives 8¢ .pr o Dg(8;p,¢;)- Then

() pr(reggr) = |G [.8¢.pro D (8(p.0)).-

We have §;, ¢ € AIrr(GF)) by a classical result on “f-constant” functions
(see [NaTs89] 3.6.15(iii)). Then also pr o Dg(8p,¢)) € A(Irr(G™)) by Proposi-
tion 9.8(i). Now, (2) implies that pr(reggr) takes values in |G|, A = |GF|A.
Then Proposition 9.3(ii) gives our claim (i). O

Let P =LV be a Levi decomposition with FP =P and FL = L. Recall
(Remark 8.18(i)) that, in this case, RECP coincides on characters with the clas-
sical Harish-Chandra functor denoted by Rf; in Chapter 3 (see Notation 3.11).
In the following we use the notation RECI, (resp. *RP_p) to denote Harish-

Chandra induction R (resp restriction *R ) applied to modules.

Proposition 9.15. Let M be a A-free ALF-module. Then §' R ,M =
LCP(ee, .M). Similarly eL *RECPN = *RE’CP(eZCfF.N) for any A-free ALF-
module N.

Proof. By Proposition 8.25, (1—eS RS p(ek’ M)=eS R (1 — ek ) M)=
{0} since this is the case for M ® K. Now, regarding RSCPM =
AGFe(R,(P))®pr M as a subgroup of RE_p(M ® K) = KGFe(R,(P)F)
®pr M ® K, one has the equality ¢§ RE_,M = RE_ (el M) in RchM ®K.
This is because, if m € M and x € AGFe(R,(P)F), then €§ x@m=
eg'Fx ® ez‘,Fm = eSFx ® m by what is recalled in the beginning of this proof.

The statement concerning *RECP is proved in the same fashion, replacing
the bimodule AGF e(R,(P)F) with e(R,(P)F)AGF . O

9.3. Morita equivalence and ordinary characters

We keep (G, F) a connected reductive F-group defined over I, and (G*, F)
in duality with (G, F).

Let L be an F-stable Levi subgroup of G in duality with L* in G* (see §8.2).
In the following, we show that the isometry of Theorem 8.27 extends to the sets
E«(GF, 5) (see also Exercise 5).

Theorem 9.16. Let s € (L*)" be a semi-simple {'-element. Assume
Cf;*(s).C(;*(s)F C L*. Then, for any Levi decomposition P = VL, the map
SGSLRECp induces a bijection between £,(GF, s) and E,(LT, 5).

In pa;ticular, when Cg+(s) = C* is a Levi subgroup, 8(;8(:R8Cp§ induces a
bijection between E(GF, s) and E,(CF , 1) (see (8.14) for the notation 3).
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Proof. Let st € G*I' be a semi-simple element such that (st), = . Then t €
Cg+(s)F € L*F. This implies that £(G", 5) = J,E(GT, st) and E(LF, 5) =
U,ELF, st) are both indexed by Cp:(s)f . Moreover two sets £(G*, st) and
E(GF, st') are equal if and only if st and s¢’ are G*F-conjugate. But a ra-
tional element bringing st to st' must centralize s = (st)y, so it belongs
to Cg+(s)F. This is included in L*¥ by our hypothesis, so st and st’ are
L*"-conjugate. This shows that the disjoint unions &(G”, s) = |J,E(G", st)
and E(LF, s) = U,€ (L¥, st) have the same number of distinct terms. More-
over Cg,. (st)Cq-(s)F C Cg(5)Co= (s)F € L*, so Theorem 8.27 implies that
8(;8LRECP induces a bijection £ (L, 5) — £(GF, s). O

The next theorem sets the framework in which we will prove a Morita
equivalence in subsequent chapters. For Morita equivalences, we refer to
[Thévenaz] §1.9.

The following lemma is trivial.

Lemma 9.17. Let R be a ring, ¢: L' — L” a map in mod — R. Assume L is
a left R-module isomorphic with g R. Then ¢ is an isomorphism if and only if
¢ Qr L: L' ®r L — L” Qg L is an isomorphism.

Theorem 9.18. Let G, H be two finite groups, let £ be a prime, and let (A, K, k)
be an €-modular splitting system for G x H. Let e € Z(AG), f € Z(AH) be
central idempotents. Denote by A = AGe, B = A H f the corresponding prod-
ucts of blocks. Let M be a AG-A H-bimodule, projective on each side. Denote
Ak := A®n K, etc. Assume that I — Mg ®p, I sends Irr(H, B) bijectively
into Irr(G, A). Then M f Qp — induces a Morita equivalence between B—mod
and A—mod.

Proof. Note first that (1 — e)M f = 0 since this holds once tensored with K
by the hypothesis on M and the fact that Ax and Bk are semi-simple. So we
may replace M with Mf = eM f and consider it as an A-B-bimodule.

Denote MY = Homux (M, A), considered as a B-A-bimodule.

Then MY is bi-projective, and MY ® 4 — is left and right adjoint to M @5 —
(see [KLRZ98] 9.2.4). The same is true for (M")gx = (Mg)" with regard to
Ak and Bk over K.

It suffices to show that M @z MY = 4A4 and MY @4 M = gBp (see
[Thévenaz] 1.9.1 and 1.9.2).

Denote N := M". The algebras Ax and Bk are split semi-simple, so the
hypothesis that Mg ®p, — bijects simple modules translates into the isomor-
phisms

MK®BK NK’EAK and NK®AK MK;BK
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as bimodules. The hypothesis on Mg ®p, — implies that Mx = P;_,S: ®«
T;” where i — S; and i — T; are indexations of simple modules for Ax and
By, their (common) number being v. Then Nx = My = P, T; ®k S’ and,
for instance, Mg ®p, Nx = P;S: ®k S = Ak as a bimodule since Ak is
the corresponding product of matrix algebras.

Let us consider M ®p N as a left A-module. It is projective since M and
N are bi-projective (see Exercise 4.9). We have seen that (M ®p N) @, K =
Mk ®p, Nk, as a left Ax-module is isomorphic with Ag. By invertibility
of the Cartan matrix for group algebras (see [Ben9la] 5.3.6), this implies
that 4(M ®p N) = 4 A. Similarly, (M @p N)4 = A4, p(N ®4 N) = B, and
(N ®4 N)p = Bsp.

Now, take e: B —- N ®4 M and n: M ® g N — A the unit and co-unit as-
sociated with the (right and left) adjunctions between M ®pg — and N ®4 —.
The composition of the following maps

€®pN N®an
N——— >N/ MRS N ———> N

is the identity by the usual properties of adjunctions (see [McLane97] IV.1).
As right A-module, the middle term is N since (N ® 4 M)p = Bpg. Then all
three terms are isomorphic in mod — A, and therefore the two maps are in-
verse isomorphisms (another proof would consist in tensoring by K and using
Nk @4, Mg ®p, Nx = Nk to show that e @ N, and therefore N ®4 1, are
isomorphisms).

Since the first morphism above is an isomorphism, upon tensoring with M
on the right, one gets that

€QpNRuM
N ®s M NQRsM®®pNQR M

is an isomorphism. The above Lemma 9.17 for R=B, L =L" =N ®, M
and L’ = B tells us that € was an isomorphism in the first place. The same can
be done for n. O

Corollary 9.19. Assume C.(s).Cg-(s)F € L*, and that L* is in duality with
a Levi subgroup L of an F-stable parabolic subgroup P = VL. Then the sums
of blocks AGT .by(GF, 5) and ALF .by(LF, 5) are Morita equivalent, i.e.

AGF b (GF, s)—mod = ALF .0, (LT, s)—mod.

Proof. Let M = AG"e where ¢ = [VF|7! Y\, v e AGF. Since ¢ is an
idempotent fixed by L -conjugacy, M is a bi-projective AG? - AL -bimodule.
When [ is any AL"-module, M @ o+ I is the G-module obtained by in-
flation from L to PF, then induction from P¥ to GF. On characters, this
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is Rf (see Remark 8.18(i)), so Theorem 8.27 implies that M ®, K in-
duces a bijection Irr(L7, by(LF, 5)) — Irr(GF, by (GT, s5)). Now Theorem 9.18
tells us that AGF b, (G, s) and ALFb,(LF,s) are Morita equivalent. The
latter algebra is isomorphic with ALFb,(LF, 1) by the map x — A(x)x
(for x € LF) corresponding with the linear character A = §: LY — A (see
Proposition 8.26). O

Remark 9.20. One has AG”.b,(G”,s) = Matgr.pr| (AL .by(LF, 5)); see
Exercise 6.

Exercises

1. As a consequence of Theorem 9.12(i), show Lemma 9.14 for any central
function f.

2. Show that§y, ¢y € KE(GF, ). Deduce that formula (2) in the proof of Theo-
rem 9.12(i) can be refined with pr replaced by the projection on K (£(G, s))
in the right-hand side (only):

3) pr(reggr) = |G” |,y8¢.pr, 0 D(Sie,p))-

Deduce Theorem 9.12(ii) from this new formula.

3. Prove directly equation (3) above by showing that the scalar products with
all the R$6’s are equal.

4. Show Proposition 9.15 by showing first that e?FAGFe(Ru(P)F) =
AGFe(R,(P)F)el = 8" AGFe(R,(P)F)el’ as A-submodules of KGF.
Give a generalization with two finite groups G and L, sets of characters
Eg and E; and a G-L-bimodule B over A such that B ® K has adequate
properties with regard to E¢ and E .

Show that egM = M/N where N is a unique A-pure submodule such
that N ® K has irreducible components only outside £(G, £').

5. Let G, H be two finite groups. Let £ be a prime, and (A, K, k) be an ¢-
modular splitting system for G x H. Let b (resp. ¢) be a block idempotent
of AG (resp. AH).

Let u = Zx.w/f my X ® ¥ be a linear combination where yx ranges
over Irr(G,b), ¢ over Irr(H,c) and m, y € Z, ie. an element of
ZIrr(G x H, b ® c¢).

We say that u is perfect if and only if it satisfies the following for any
ge€eG,he H:

() u(g, h) € |Co(@IANICH(R)IA,
(i) if u(g, h) # 0, then g, = 1 if and only if h, = 1.
The conditions above clearly define a subgroup of ZIrr(G x H, b ® c).



140 Part Il Deligne—Lusztig varieties; Morita equivalences

(a) Let M be a AGb-A Hc-bimodule. Show that, if M is bi-projective, then
its character is perfect (for (i) reduce to g € Z(G), H = <h> and use
Higman’s criterion (see [Ben91a] 3.6.4, [NaTs89] 4.2.2); for (ii) one
may also assume G = <g>).

(b) Let P =LV be a Levi decomposition in a connected reductive group
(G, F) defined over F,. Assume F(L)=L and let us consider
RE_,: ZIrr(LT) — ZIrr(GT). Show that the associated generalized char-
acter of GF x LF is perfect (use A3.15 and the above).

(c) Let u € ZIrr(G x H) (not necessarily perfect). Considering it as
a linear combination of K G-K H-bimodules, it induces a map
Irr(H) — ZIrr(G) and therefore also a (K-linear) map [,,: Z(KH) —
Z(KG),since Z(KH) = @WEIH(H)K.% (see Definition 9.1). Show that
(T ) = e UHI™ Sy 1. A for 3, nh € Z(K H)
with A;, € K (reduce to u € Irr(G x H)). Show that, if u satisfies (i),
then I,(Z(AH)) C Z(AG).

(d) If u € ZIrt(G x H) is perfect and induces an isometry ZlIrr(H, ¢) —
ZIrr(G, b) (this is sometimes called a perfect isometry), show that it
preserves the partition induced by £-blocks.

(e) Deduce from the above that the bijection of Theorem 9.16 preserves the
partition induced by £-blocks.

(f) Show that a derived equivalence (see Chapter 4) between AG.b and
A H.c induces a perfect isometry.

6. Assume the hypotheses of Theorem 9.18. Assume moreover that there is
an integer n > 1 such that dim(Mg ®p, S) = n.dim(S) for any simple B -
module S. Show that A = Mat, (B) (assuming M = M f,prove Mg = (Bp)"
as a projective right B-module).

7. Show Theorem 9.18 for arbitrary A-free algebras A, B of finite rank; see
[Bro90b].

Notes

Theorem 9.12(i), and the proof we give, are due to Broué—Michel; see [BrMi89].
Theorem 9.12(ii) is due to Hiss; see [Hi90]. Theorem 9.18 is due to Broué
[Bro90b].

Perfect isometries (see Exercise 5 and [KLRZ98] §6.3) were introduced by
Broué; see [Bro90a].
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Jordan decomposition as a Morita equivalence:
the main reductions

We recall the notation of Chapter 9. Let (G, F) be a connected reductive F-
group defined over I, (see A2.4 and A2.5). Let (G*, F) be in duality with
(G, F) (see Chapter 8). Let £ be a prime not dividing ¢, let (A, K, k) be an
¢-modular splitting system for G Let s be a semi-simple £'-element of (G*)¥.
We have seen that the irreducible characters in rational series £(GT, t) with
ty = s are the irreducible representations of a sum of blocks AG”.b,(G”, s)
in AG”. Assume Cg:(s) € L*, the latter an F-stable Levi subgroup of G*.
Then RE induces a bijection

Irr(LE, bo(LF, 5)) = Irr(GF, be(GF, s))

(Theorem 9.16). The aim of this chapter is to establish the main reductions
towards the following.

Theorem 10.1. (Bonnafé—Rouquier) AG”.by(GF, 5) and ALY .b,(LF, s) are
Morita equivalent.

In view of Theorem 9.18, one has essentially to build a AGT - ALF -bimodule,
projective on each side and such that the induced tensor product functor provides
over K the above bijection of characters.

The RE functor is obtained from an object of D?(A(GF x L)—mod) pro-
vided by the étale cohomology of the variety Yy := Y(VG’F) (LV being a
Levi decomposition; see Chapter 7). It can be represented by a complex 2
of A(G" x LF)-modules, projective on each side (see A3.15).

It is easily shown that our claim is now equivalent to checking that €2 can
be taken to have only a single non-zero term. To obtain this, one reduces the
claim to showing that the sheaf F; on Xy := Yy/L’ naturally associated with
the constant sheaf on Yy, and the representation AL" b, (L, s) of L¥, satisfy

141
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a certain condition relative to a compactification Xy— X, namely that its
extension by O coincides with its direct image (see A3.3)

and that its higher direct images vanish:
R j,F, = 0 fori> 1.

This kind of problem is known as a problem of ramification, related to
the possibility of extending F; into a locally constant sheaf on intermediate
subvarieties of Xy (see A3.17). But here F, is associated with a representation
of L7 which is not of order prime to p (“wild” ramification). One further
reduction, due to Bonnafé—Rouquier, is then checked (§10.5), showing that
the above question on direct images is implied by a theorem of ramification
and generation (Theorem 10.17(a) and (b) in §10.4 below) pertaining only to
Deligne-Lusztig varieties X(w) and their Galois coverings Y(w) — X(w) of
group T*¥ (see Definition 7.12), clearly of order prime to p. Theorem 10.17 is
proved in the next two chapters.

Recall from Chapter 9 that we have fixed p # ¢ two primes, g a power of
p, F an algebraic closure of I, K a finite extension of Q;, A its subring of
integers over Zy, k = A/J(A), such that (A, K, k) is an £-modular splitting
system for all finite groups encountered.

10.1. The condition i* R j, F= 0

In this section, we establish a preparatory result that rules out the bi-projectivity
and D’(A(GF x L)—mod) vs A(G' x L)—mod questions, thus leading to
a purely sheaf-theoretic formulation. We use the notation of Appendix 3.

Condition 10.2. Let X be an F-variety and j:X — X be an open immersion
with X a complete variety. Let i: X \ X — X be the associated closed immer-
sion. Let F be a locally constant sheaf in Shi(X¢). Then the following two
conditions are equivalent.

(a) The natural map ji\F — j.JF (see A3.3) induces an isomorphism jiF =
Rj.F in D!(X).

(b) i*Rj.F = 0in DX(X \ X).

Both imply

(c) the natural map R.I'(X, F) — RI(X, F) in D’(k—mod) is an isomor-
phism.
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Proof. By A3.9, we have the exact sequence
0— ji— ju = ii"jo — 0.

All those functors are left-exact. Taking the derived functors (see A1.10) yields
a distinguished triangle in D} (X)

JF-Rj.F — i,i*Rj.F — jF[1]

where we have used the fact that jj, i* and i, are exact (see A3.3).
We get at once the equivalence between (a) and (b) since i,i*Rj,F = 0in
D?(X) if and only if i*Rj,F = 0in D?(X \ X) by applying i* (see A3.9).
We now check (c). Denote by o: X — Spec(F), o: X — Spec(F) the struc-
ture morphisms. By (A3.4) and the definition of direct images with compact
support (A3.6), the natural transformation

() R.o. = Roy,
is the image by Ro, of the natural transformation
(@) Jr = Rj.

Applying this to F satisfying (a), we get that (a’) and therefore (c’) are isomor-
phisms. O

Proposition 10.3. Let X be a smooth quasi-affine F-variety. Let A be A/ J(A)?
for some integer n > 1. Let F be a locally constant sheaf on X (see A3.8) with
A-free stalks at closed points of X.

Assume that we have a compactification X — X of X satisfying (c) of
Condition 10.2 for F @ k and its dual (F Q k)" (see A3.12).

Then HYI™X(X, F) is A-free of finite rank, and H.(X, F) =0 when
i # dim(X).

Proof. Let X%X/ be an open immersion with X' an affine F-variety
of dimension d. Note that d is also the dimension of X. Let X'—>X  be an
open immersion with X a complete F-variety (for instance, the projective va-
riety associated with X’; see A2.2). Then J o j’ is an open immersion of X
into a complete F-variety and this may be used to define R, (see A3.6) on
Sh(Xg). The natural transformation 7, j| — 7, j. is the composition of the nat-
ural transformations 7, j| — 7,j| — 7,.Jj.. Then the natural transformation of
corresponding derived functors 7,j = (7)1 = R(7j’)« is the composition

Tt = R7DJ = R(G,J-



144 Part Il Deligne—Lusztig varieties; Morita equivalences

Composing with Ro,,, where o: X — Spec(F), and taking homology at F, we
get (see A3.4)

H.X, F) - HX/, j|F) - HX, F)

where the composition is the natural map H (X, 7) — H(X, F). By (c) of
Condition 10.2, we know that it is an isomorphism of commutative groups, so
the second map

HX, jiF) - HX, F)

above is onto.

Since X' is affine of dimension d, the finiteness theorem (A3.7) implies that
H (X', 7') = Oaslongasi > d and F is a constructible sheaf on X'. We may
then take ' = j/F (see A3.2 and A3.3). Applying the surjection mentioned
above, we get the same property for the homology of I'(X, F). Since F has
A-free stalks, RI'(X, F) is therefore represented by a complex of A-free (i.e.
projective) modules (see A3.15). Since it has zero homology in degrees i > d,
it may be represented by a complex of A-free modules in degrees € [0, d], zero
outside [0, d] (use Exercise A1.2). The same applies to F .

Since X is smooth, the Poincaré—Verdier duality (A3.12) implies that
R.I'(X, F) =Z RI'(X, FY)Y[—2d]. By the above, this implies that R.I'(X, F) is
represented by a complex C of free A-modules, zero outside [d, 2d]. Its homol-
ogy is in the corresponding degrees but since R.['(X, F ® k) = RI['(X, F ® k),
the universal coefficient formula (see A3.8) implies that this homology is also
in [0, d]. So eventually H(C) = H?(C)[—d]. But since C has null terms in
degree < d, C is homotopically equivalent to a perfect complex in only one
degree d (use Exercise A1.2 again). Then H(C) = HY(C)[—d] and is A-free.
Thus our Proposition. O

Remark 10.4. When Xis affine, the first part of the above proof may be skipped,
and the hypothesis that 7 satisfies Condition 10.2(c) can be avoided.

10.2. A first reduction

We now fix (G, F), G*, and (A, K, k) as in the introduction to the chapter.
We assume that s € (G*)F is a semi-simple ¢'-element such that Cg-(s) € L*
where L* is a Levi subgroup in duality with L (see §8.2) and such that FL. = L.
Let P = VL be a Levi decomposition.

Recall (Chapter 7) the Deligne—Lusztig varieties Y(\E; ) and X(VG ) (often
abbreviated by omitting the superscript (G, F)) and the locally trivial L -
quotient map 7: Y(VG’F) — X(‘? F) (Theorem 7.8).
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Definition 10.5. Let F = JT:‘F Avyy, a sheaf of ALY -modules on Xy (see
A3.14). Let F; = F.by(L", 5) (see Definition 9.9). Denote .775 = F; Q@ k.

The following is then clear from the definition of twisted induction (see §8.3).

Lemma 10.6. Let n > 1; then R.I' Xy, Fs @a A/J(A)Y") =R.TI(Yy, A/
J(AY).bo(LT, s) and may be considered as an object of Db(A/J(A)”GF—
mod—A/J(A)'LF). The limit (over n) of its homology induces the RE’Cp
functor. -

Here is our first main reduction.

Theorem 10.7. Let Xy be the Zariski closure of Xy in G/P, and
jv:Xy — Xy be the associated open immersion. Assume that (Xy, jv, Ff)
and Xy, jv, ff,l) satisfy Condition 10.2.

Then there is a Morita equivalence

ALT by (LF, s)—mod—— AG” .b,(GF, s)—mod.

Proof. The A-duality functor permutes the blocks of AG’ and sends
be(GF,s) to by(GF,s~") since the conjugate of the generalized character
R$6 is R§6~! (exercise: use the character formula or the original definition),
and (T, 6~") corresponds to s~! when (T, 6) corresponds to s (see §8.2). So
(F)Y = Fy-r and (FFyY = ff,].

Denote by iy: Xy \ Xy — Xy the closed immersion associated with jy.

Denote A™ := A/J(A)" and F™ := F, @, A™.

The variety Xy is smooth (Theorem 7.7) and quasi-affine (Theo-
rem 7.15). Moreover Xy is complete, being closed in the complete var-
iety G/P (see A2.6). We may apply Proposition 10.3. This ensures that
R (Xy, F™) € D’(A™—mod) is represented by a complex in the single
degreed := dim(Xy) = dim(Yy) which is moreover A™-free. Both G and
L7 act on it by A3.14. Let us show that it is projective as a A® G -module
(and as a A™LF-module).

The stabilizers of closed points of Yy in G are intersections with G* of con-
jugates of V, since Yy € G/V. So they are finite p-groups. By A3.15, this im-
plies that R.I'(Yy, A™) € D*(A™G* —mod) can be represented by a complex
of projective A™GF-modules. So H¢(Xy, F®) = HY(Yy, A™).by(GF, s) is
a projective A™G*-module (apply Exercise Al.4(c) with m = m’). Similarly
for the (free) right action of LY. So HY(Xy, F™) is a projective right A®L*-
module.

The projective limit lim, HY(Xy, F™) is both a projective AG’-module
and a projective AL”-module, its rank being the same for all n. To
complete our proof, we must show that Theorem 9.18 may be applied, taking
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A = AGF.by(GF,5),B = ALF .by(LF,s)and M = lim, H¢(Xy, F™). This
is a matter of looking at M ®y,r — on simple K L’ -modules (see also the proof
of Corollary 9.19). On characters of L7, My ®r — is by definition the pro-
jection on KLF.b,(LF, s) followed by the twisted induction R¢_,, times the
sign (—1)? (see Lemma 10.6 above). Then Theorem 9.16 tells us at the same
time that My ®pr — sends the simple KL .b,(L", s)-modules into simple
KGT .by(G", s)-modules, and that it bijects them. Thus our theorem. O

10.3. More notation: smooth compactifications

We keep (G, F) a connected reductive F-group defined over [F,. Let us fix
By © Ty a Borel subgroup and maximal torus, both F-stable (see Theo-
rem 7.1(iii)). Let Uy be the unipotent radical of By. Denote by S the set of
generating reflections of W(G, Ty) associated with B.

Notation 10.8. Let X(S) be the set of finite (possibly empty) sequences of
elements of S U {1}. We often abbreviate X(§) = X. We denote by X4 the
subset consisting of reduced decompositions.

Concatenation is denoted by w U w’ for w, w’ € ¥. This monoid acts
on T( through the evident map ¥ — W(G, Ty). Recalling the map w — w
from W to Ng(Ty) (see Theorem 7.11), we define T})”F CTyas {teTy|
§1...8F@)s .. 57" = tyforw = (s1,...,s,). (If, moreover, s ...s, isa
reduced expression, the product $; . . . §, depends only on sy . . . 5,, thus allowing
us to define w F as an automorphism of any F-stable subgroup containing T.)

We denote by [/(w) the number of indices i such that s; # 1. If w' =
(s7,...,8.) € X,denote w < wifandonlyifr =r"and, foralli,s; € {1, s;}.

If X,Y € G/Uj (resp. G/By) and w € W, denote X—25Y if and only if
XY = UpwU (resp. X~'Y = BowBy).

Whenw = (s1,...,s,) € X,denoteby Y(w) (resp. X(w)) the set of r-tuples
Yy, ..., Y) € (G/Up) (resp. (G/By)") such that

s 52 Sr—1 Sy

Y, Yo,— ... Y,

F(Y)).

Let X(w) := U, -, X(w). When w’ < win X, denote j2: X(w') — X(w).

w'<w

Let us show how to interpret the above varieties associated with w € X as
examples of the varieties defined in Chapter 7.
Consider now, for some integer r, the group G := G x --- x G (r times)
with the following endomorphism
F:G" — GV

(81,82,-..,8) = (&2,...,8 F(gD).
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Since G is defined over F, by F, G is defined over F, by (F,)". Further-
more G is isomorphic to (G")* by the diagonal morphism (but (G")F)" =
(GT)"). We identify the Weyl group of G with respect to Tg) with W(G, Ty,
as well as the variety G /B with (G/B)", and so on.

If w € (S U {1})", one may consider it as an element of W(G", Tg)) and
form the varieties of Definition 7.12. Note that w is a product of pairwise
commuting generators of the Weyl group of G with respect to Tg). Using
the above group G and morphism F,: G” — G, then Y- F)(w) and
X(G".F, ")(w) are the varieties defined above and denoted by Y(w), X(w) respec-
tively. Note that the commuting actions of the finite groups (G*)f and (Tg))”JF"
on Y(©"-F (w) may be identified with actions of G and Ty f (see Notation
10.8) on Y(w). For the action of G this is the isomorphism (G")f = GF
mentioned above. For the action of Tg’F , we have clearly

Lemma10.9. Letw = (w;)i1<j< € W(G, Typ)’, denote Ty = T(lf‘”'w"F and
define v,,: To — T}, by

() = (t, wl_ltwl, o (wp... w,_l)_ltwl ..we_y) (t € Ty.
One has Lw(Tf)“F) = (T6)WF'. Hence t,, defines an isomorphism Tg’F —
()",

Theorem 7.8 and Proposition 7.13 now give

Proposition 10.10. Let w € X. Then

(i) Y(w) (and X(w)) are smooth, quasi-affine, of dimension [(w),

(ii) Y(w) — X(w) is a Galois covering of group Ty¥,

(iii) X(w) is closed in (G/By)’,

(iv) the X(w') for w' < w and [(w') = I(w) — 1 form a smooth divisor with
normal crossings making X(w) \ X(w).

The next proposition needs a little more work. We show how the transitivity
theorem on varieties Yy (see Theorem 7.9) applies to varieties Y(w).

Definition 10.11. If I € S and v € W(G, Ty) is such that vF(Iv™' = 1,
let Yi, = {gU; | g 'F(g) e Uy F(U))} € G/Uy, a variety with a GF' x
(L))" -action, and X, = {gP; | 7' F(g) € PivF(P;)} € G/P,.

Note that, if @ € G is such thata~! F(a) = v, thena.Y;, = YE?I’DF) (see
Definition 7.6). This left translation by a, Y;, — Yg’”), transforms G x
L, "F-action into G*F x L;"F -action.

Proposition 10.12. Let I, v, Y, , be as above. Let d, € ¥ be a minimal de-

composition of v. Let w € (I U {1})". Then we have an isomorphism

(Y1, x Y ' F () /LY — Y(w U d,)
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uniquely defined on Y, x Y'''F (w) by
X, (Vi, Vo, .. 5V = (Vi V),

with V. = XV, fori <r.
As a consequence, Y& F(w) = YC I (d,) foranyw € W(G, To)andd,, €
S'™ q reduced decomposition of w.

Proof. Note that, if I =, then U; =Uy, Y;, = Y& ), L; =T,
w =1 and Y™ *F(w) is a TyF -orbit. The isomorphism indeed reduces to
Y& P (y) 2 YC"-F)(d,) = Y(d,) where [ is the length of v, whence the last
assertion.

Let us now return to the general case with w = (s1,...,s,) € (1 U{l}).
Note that I(s,v) = I(s,) + [(v) since v~! sends the simple roots corresponding
to I to positive roots. Define

Y ={(g1Uo, - .., &Uo) | g1Up—> g2Up—> . .. g, Up——> F(g1)Up}
C (G/Up)'.

By the arguments used above for the varieties Y(w) (w € X), it is a locally
closed subvariety in a variety of the type defined in Chapter 7 for the group G
(with w — w defined on the whole of W (G, Tgﬁ)) = W(G, Ty) instead of
just (S U {1})"), hence smooth of dimension /(w) + [(v) (see Proposition 7.13).

The existence of a natural bijective map Y(w Ud,) — Y’ is given by the
following lemma.

Lemma 10.13. Assume [(wiw,) = [(wy) + I(wy) in W(G, Ty). Thean)y
in G/ Uy, if and only if there is a z € G /Uy such that xlmi)y. This z is
unique.

Proof. Denote ws := wjw;. It is enough to check that Uyw;Uyw,Uy =
UpwsUy. Since w3 = wiw, (see Theorem 7.11), it suffices to check
Upw Upw,Uy = Ugw;w,Uy. This is a consequence of Uy = (Uy N Ug" YUp N
¥2Uy) which in turn can be deduced from the corresponding partition of positive
roots (see Proposition 2.3(iii)) as in the finite case — or even as a limit of the
finite case. O

As a result of Lemma 10.13, the map (giUo,...,&g+wUo)
(g1Uo, ..., g-Up) is abijective map Y(w U d,)) — Y’. As a bijective morphism,
clearly separable, between smooth varieties, one obtains an isomorphism (see
A2.6).

It remains to check that multiplication induces an isomorphism (Y, x
YL”’F(w))/L?F —-Y.
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Consider v = (1,1,...,1,v) € W(G, Ty)". One has v'F, = (vF), as
endomorphisms of G*). The diagonal morphism gU; — (gUy, ..., gU;) €
G» JU;" restricts to an isomorphism of varieties Y;; — Y-, which pre-
serves GF x L;°F 2= (G x (L; )@ _actions.

Let a € G be such that aF.(a)~"' = v/. We have seen that aYry =
Y¢ " For b € L;" such that b(0 F),(b)~" = w, one has Yl 0P (w)b =
YOO \here V' = b~!(L;y NUL)b (Proposition 7.13(ii)). Then UV’ =
b~'Ufb. Theorem 7.9 applies, there is an isomorphism, given by multiplic-
ation,

G’ ,(VF), (L7, (0F),) vF), ~ v (G (VF),
Y (VF) XYV,’ /(L[r)(l ) :Y( ® ))‘

Ur b=1Upb

The initial product is then isomorphic to a"Y(b(i’:ég?")b‘l .But baF,.(ba)™! =

wi'. So (ba)*lbYﬁé;lf b1 = (ba) 'Y " = Y' by Proposition 7.13(ii).
O

10.4. Ramification and generation

We now give some notation in order to state Theorem 10.17. We keep (G, F) a
connected reductive F-group defined over IF,. We keep (G*, F') in duality with
(G, F) (see Chapter 8). We recall that Ty C By are a maximal torus and a Borel
subgroup, both F-stable. We introduce the sheaves F,,(M) on X(w), for M a
kTyF-module, and the related complexes of kG -modules S, ).

Definition 10.14. Let ©(G, F) denote the set of pairs (w, 0) where w € X (see
Notation 10.8) and 0 is a linear character Ty¥ — k*.

Since k is big enough so that we get as 0 all possible ¢'-characters of all
finite groups TY¥ (w € W), the partition into rational series (see §8.4) implies
a partition (G, F) = U, O(G, F, s) where s ranges over (G*)T -conjugacy
classes of semi-simple £'-elements of (G*)F.

Definition 10.15. If w = (sq,...,s,) € X, let, for each i such that s; # 1,
o; be the image by s; ...s;_1 of the positive root corresponding to s;. Define
wp :=(s),....,50)€X bys; = lifs; # land @o N, (o)) = 1, let
s, = s; otherwise (see (8.11) and (8.12) for the definition of N,: Y (T¢) — T(';F

forv e W(G, Ty)).

Definition 10.16. Ler (w, 0) € O(G, F). Define ko as the one-dimensional
. . 1 _
kTg’F-module corresponding to 6. Let by := |Tg)F|[, Zte(T(u),vF)[/ o' e
kTO'”F, i.e. the primitive idempotent of kT(l)“F acting non-trivially on ky. Since
Y(w) is a variety with right TY F_action, with associated quotient w:Y(w) —
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X(w), the direct image m.ky(, may be considered as a sheaf of (right) kT(lfF -
modules on X(w) (a locally constant sheaf; see A3.16). One defines

Fo kT —mod — Shygr(X(w)e)

by Fu(M) = 71 kv ®pnyr Mxqu) = nfgpky(w)ékwaw (notation of
A3.14).

We abbreviate F, (ko) = F,(0) and F .0y = ﬁ,,(kTO"’Fbg) = (mky@w))bo €
Shp(X(w)).

Since the quasi-projective variety Y(w) is acted on by G x (TyF)°Pp,
A3.14 tells us that RT (Y(w), ky() is represented by a complex of kG -kT(l)“F-
bimodules. So we may define S,.9) := RI'(Y(w), ky))-be as an object of
D?(kGF —mod).

Keep the hypotheses and notation of the above definitions. Note that the
following theorem does not mention Levi subgroups or the condition Cg«(s) €
L*. For the notion of a subcategory of a derived category generated by a set of
objects, see Al.7.

Theorem 10.17. (a) (Ramification) Let w' < w in X and 6: TO'”F — k*. Then
GEYRGI)Fu(@) = Ounless wy < w'.

(b) (Generation) Let s be a semi-simple {'-element of (G*)F. The subcat-
egory of D"(kGT) generated by the Sw.0)’S for (w, ) € O(G, F, s) contains
kGT .b,(GF, s) (see Definition 9.9).

10.5. A second reduction

‘We now show that Theorem 10.1 reduces to the above Theorem 10.17, thatis a
question on the varieties X(w), i.e. varieties Xy where V is a unipotent radical
of a Borel subgroup.

Theorem 10.18. Theorem 10.17 implies Theorem 10.1.

Proof. LetP = V > L with FL. = L, and L in duality with L* such that
Cg+(s) € L* as in Theorem 10.1. In view of Theorem 10.7, it suffices to check
that Xy, the immersions iy: Xy \ Xy — Xy, jv: Xy — Xy, and F¥ satisfy
Condition 10.2, i.e.

iVRGV)FY = 0.
We give the proof of the following at the end of the chapter.

Proposition 10.19. Assume P = LV is a Levi decomposition with FL. = L.
Let ve W(G,Ty), I €A, aeLan™'(v) such that v='(I) C A, *“V = Uy,



10 Jordan decomposition: the main reductions 151

‘L = Lj, and x — “x induces an isomorphism Y(VG‘F) — ng‘w) (see Propo-
sition 7.13(i)). Let s € (L")Y be a semi-simple element in a Levi subgroup
of G* in duality with L and such that Cg+(s) C L*. Then, for all w € X(I)
and 6: TO“”’F — k> such that (w, 0) € O(L,, d, F, s) (see Definition 10.14), we
have (w Ud,)s = wy Ud,, where (w U d,)g is computed in G relative to F,
and wy is computed in L relative to d, F.

In view of the above, it suffices to show the theorem with (G, F) replaced
by (G, vF) and (P, L) by (P;, L;). We use the same notation for F; but omit
the exponent.

We abbreviate L := L?¥. We denote by i, j the closed and open immersions
associated with X, , C XLU where Xl,v denotes the Zariski closure of X; , in
G/P; (see Definition 10.11). We must check

ey i"Rj.Fs = 0.

Letwl:Y;, — X;, be the map defined by 71 (gU;) = gP;, an L-quotient
map by Theorem 7.8 and Definition 10.11. We have F, = (wlky,,).b(LF, )
where lky,, € D?, (X;,,). So our claim will result from checking that

L
(1) i*Rjs (( ) ky, )@k M) =0

for the kL.by(L, s)-module M = kL.b,(L,s). The above, seen as a functor
D’(kL—mod) — D,f (X1, \ X7.,), preserves distinguished triangles as a com-
position of derived functors. So Theorem 10.17(b) applied to (L;, 0 F) implies
that it suffices to check

L .
2 PR ((mlky, )@ S ) = 0

for any (w, 0) € O(L;, vF, s) (see Al.7 and A1.8).
For the remainder of the proof of the theorem, we fix such a (w, 6) €
OL,, 0F,s).

Lemma 10.20. Assume w € (I U{1})Y. Let t:X¢P(wud,) — X;, be
the map deﬁnedL byF ©(g1Bo, .. ., &r+iyBo) = &1P1. Then Rt (Fuyud,.0) =
(mlky,,) @i Siylay -

Proof of Lemma 10.20. Let
Y =Y, x YD () Y(w U dy) s X(w U dy)—— X,

where 7’ and 7” are defined by Proposition 10.12 and Proposi-
tion 10.10(ii) respectively. Then, 7" being a L-quotient, we have Rt kx(wua,) =
R(zn")4(w ky QL k) (see equation (1) in A3.15).
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The above composite also decomposes as

t ><Id

Yio x YD) ==X, , x YR w) —= X, ,

where o is the first projection. Then R(z7"7')ky: = R(o ('t x 1)) ky =
(Ro)((r" x 1d),ky) by the usual properties of direct images (see A3.4). We
have (% x Id).ky = wlky,, X kyw,omqy on X, x Y& 2P (w), and in turn
its image under Ro, is wlky,, ® RC(Y®"F)(w), k).

So Rtukxwud,) = (mlky,, ® R[(YE*F)(w), k)) @y, k. Since the action
of L on the tensor product inside the parentheses is diagonal, we have
Rt.kxwud,) = Tlky,, Qi RDYE"P(w), k) = mlky, & RI(YLD
(w), k) (see A3.15). The action of Tg}“F is the one on the right side induced by
the right-sided action on Y&-"F)(w). So, applying — ®kTw“‘ KTy by, we get
Rt.(Fwud, 0) = wlky,, ®ir S(Luf é))F =, ky,v®kLS(w gy by our definitions
and A3.15. This is our initial claim. d

In view of Lemma 10.20, (2) will be implied by
(3) "R jx Rt Fwud, .0) = 0.

Consider now the diagram

~wUdy

X(wUd,) 2% Xwud,) <*— Z
gl L I
X7 s X/, ~— X\ X5,

where T is defined by 7(g1By, ...) = g1P;, and the right square is a fibered
product, thus implying Z = X(w U d,) \ z~'(X}.,). The left square commutes,
so (3) can be rewritten as

@) i"RER (o0 ) Fuvd.o = 0.

The varieties X(w Ud,) and il,v are closed subvarieties (Proposi-
tion 7.13(iv)) of the complete varieties (G/Bo)’ W+ apd G /P, respectively
(see A2.6). Then T is a proper morphism (see A2.7). The base change theorem
for proper morphisms (A3.5) then yields i*R7, = (Rt,)i; so that (4) will be
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implied by

&) i;R(jwwjj:‘)*}‘(wwae) =0.

The above can be written as izR( jlfb)if‘)*fwudv, which is a composi-
tion of derived functors applied to the projective module kT (UF)b(;. But
Db (kT “F py—mod) is generated by the only simple kT, P hy-module kg
(see A1.12 or Exercise A1.3), so it suffices to check the following

(©) iR ) Fuua, @) =0,

If Z—2> X is a closed immersion, Z = U, Z, is a covering by locally closed
subvarieties with associated immersions Z; X ,andif C € D,'j (X), then the
criterion of exactness in terms of stalks (see A3.2) easily implies that i5C = 0
in D}(Z) if and only if i¥C = 0 in D}(Z,) for all ¢.

So our claim (6) is now a consequence of Theorem 10.17(a) and the follow-
ing.

Lemma 10.21. X(w Ud,)\ T7'(X;,) = Uy X(w' U V') where the union
ranges over w' < w and v’ < d, in X. In particular, (w U d,)g £ w' UV

Proof of Lemma 10.21. Concerning the first equality, the inclusion X(w U d,,) \
7! X;p) S Uw,’v,X(w’ U v’) is enough for our purpose (the converse is left as
an exercise). By definition of the Bruhat order, we clearly have X(w U d,) =
U, X(w" U v') where the union is over w" < w and v" < d,. We must check
that T(X(w’ Ud,)) C X, for all w’ < w. Let (g1Bo, .. ., gr+1(u)Bo) e X(w' U
dy). Since w’ is a sequence of elements of I U {1}, we have gl_lg,+1 eP;
while g, 1Bo——> F(g1)Bo by Lemma 10.13, i.e. g, F(g1) € BovBo. Then
gl_lF(gl) € P;vB and therefore g|P; € X; ,.

The last assertion comes from Proposition 10.19. O

Proof of Proposition 10.19. Let w = (s, ..., 8:), wUdy, = (S1, ..., S, Srtl,
...841). Fori € [1,r 4[] such that 5; # 1, denote by §; the simple root cor-
responding with s; and let o; = 57 ...5;-1(;). The claimed equality amounts
to showing the following two statements.

(DIfi < rands # 1, then §o Ny ), (@) = 1 if and only if
6o N;}’F )(Oli\/ ) = 1 (where the exponent in the norm map indicates which
Frobenius endomorphism is considered).

(2)If i > r (and therefore s; # 1) then @ o Nt ), (@) # 1.

The first statement is clear from the definition of the norm maps (8.12)
implying Nf = N?¥ forany b € X.
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Let us check the second (see §2.1 for the elementary properties of roots used
below). Let B; := s,41...5;_1(8). The latter is positive since d, is a reduced
decomposition. But v=1(8;) = $,4s8ri—1 - - . 5i(8i) = —SpiSrpi—1 - . . Si4+1(8;) s
negative since s,48,4+;—1...S5; is a reduced decomposition. This implies that
Bi & ®; since v~!'(I) € A. Then any element of W; sends it to an element of
D\ @, 50 ; € O,. By Exercise 8.2, this implies 6(N,uq, (o)) # 1. |

Exercises

1. Assume that L is a torus in Theorem 10.1. Show that Theorem 10.17(a)
(ramification) is enough to get Theorem 10.1 (note that, in the nota-
tion of §10.5, (dy)e = dy, Fy = Fa,(bg), and therefore (jl’f,")*R(jjv”)*]-"x =
o RGN Fyr = 0 forall v’ < d,).

2. Show that the condition in Theorem 10.17(a) is equivalent to the existence
of some 6’: Tg’/F — k> such that (w, 8) and (w’, 8’) are in the same rational
series.

Notes

Proposition 10.3 mixes a classical argument ([SGA.4%] p- 180; see also
[Bro90b] 3.5) with some adaptations in the quasi-affine case (see [Haa86]).
The first reduction (Theorem 10.7), assuming affinity of Deligne—Lusztig var-
ieties, is due to Broué, thus covering the case of a torus ([Bro90b], see Exer-
cise 1). The second reduction (§10.5) is taken from [BoRo03].
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Jordan decomposition as a Morita equivalence:
sheaves

This chapter is devoted to determining where the locally constant sheaves F,(6)
on X(w)g (see §10.5) ramify. This includes the proof of Theorem 10.17(a), due
to Deligne-Lusztig.

Recall that (G, F) is a connected reductive F-group defined over [F,. We
have fixed T € B a maximal torus and a Borel subgroup of G, both F-stable.
This allows us to define the Weyl group W(G, T) and its subset S of simple
reflections relative to B. Recall the notation X for the set of finite sequences of
elements of S U {1} and the partial ordering < on . When w’ < w in X, recall
the varieties and the immersion

Jh:X(w') — X(w)

(see Notation 10.8). Recall that, with 8: T*F — k* considered as a one-
dimensional representation of T*%, F,(9) is the locally constant sheaf on
X(w)e associated with 8 and the T*F -torsor Y(w) — X(w).

We prove the following theorem. The first statement is the “ramification”
part of Theorem 10.17. The second statement, due to Bonnafé—Rouquier, will
contribute to the proof of the “generation” part of Theorem 10.17, completed
in the next chapter.

Theorem 11.1. Let w € ¥, 8 € Hom(T¥F, k).

(a) If w' < w, then (j2)*R(j¥)Fu(0) =0 unless wy < w' (see Defini-
tion 10.16).

(b) The mapping cone of ()1 F,(0) — R(j¥)Fu(0) is in the subcategory
of Dy(X(w)) generated by the (j2), o (I WFu(0')'s for wg < w' < w and
0’ € Hom(T*'F | k).

The proof of (a) is §11.1 below. It involves the techniques of A3.16 and A3.17
about ramification of locally constant sheaves along divisors with normal cross-
ings. The underlying idea is to reduce X(w) — X(w) to the “one-dimensional”

155
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case of G, — G,, or even the more drastic reduction, suited to étale cohomol-
ogy, to the embedding of the generic point {5} — Spec(F[z]*").

The proof of (b) occupies the next three sections. This time, one constructs
a T¥F /Ker(6)-torsor for X[wy, w], the open subvariety of X(w) corresponding
to the X(w’)’s with wg < w’ < w.

11.1. Ramification in Deligne—Lusztig varieties

Let (G, F, B, T) be as in §10.5. Recall S € W(G, T)" and the corresponding
simple roots A(G, T) in the root system ®(G, T). Letr > 1, w = (5;)1<i<r €
(S U {1})". Recall X(w) (resp. X(w)) the locally closed (resp. closed) subvariety
of (G/B)” (see Notation 10.8).

Lemma 11.2. Let a < w in (S U {1})" with [(w) > 1. Then [1, w]\ [a, w] =
Uv[l, v] where the union is over v € [1, w]\ [a, w] such that [(v) = [(w) — 1.
The corresponding union | J, X(v) is a smooth divisor with normal crossings
in X(w).

Proof. The first equality is an easy property of the product ordering in (S U
{1})". The consequence on X comes from Proposition 10.10(iv). O

To prove Theorem 11.1(a), as a result of the above lemma (with a =
wy) and since jg = jiw o jg, for w’ <v <w, it suffices to show that
(YR 2)Fp(0) = 0 when I(v) = l(w) — 1, v < w, wy £ v. By the real-
ization of X(w) \ X(w) as a smooth divisor with normal crossings, and Theo-
rem A3.19, it is equivalent to showing that F,,(6) (see Definition 10.16) ramifies
along those X(v)’s. Inputting also the definition of wy, it is enough to prove the
following.

Theorem 11.1(a"). Let v € [1, r[ such that s, # 1. Define w, from w =
(si)1<i<r by replacing the vth component s, by 1, and let

D, = X(w)).

Let §, be the simple root corresponding to the reflection s, and let B, =
(s1...85-1)8,). Let Ny:Y(T) = T*F be as defined in (8.12). Then F,,(6)
ramifies along D, N X(w) when 6(N,, (B))) # 1 (see (8.11) for the definition
of N,,: Y(T) — T¥F).

Let w’ = (8i)1<i<rs=1. Recall the varieties Y(w) of Notation 10.8. One
has clearly a canonical isomorphism between (Y(w’) — X(w’) — X(w’)) and
(Y(w) = X(w) = X(w)). Thanks to the following lemma we shall replace



11 Jordan decomposition: sheaves 157

(T, wF) by (T", wF,), 6 by 8 o1,,~", where t,,: T*F — (T)*F" is the iso-
morphism defined in Lemma 10.9, and replace (G, F) by(G™", F,).

Lemma11.3. Leta € A(G, T), let B =51 ...5,—1() and leta, = (i) 1<i<r €
Y(T") = Y(T)" be the coroot of G defined by
0 ifi #v,
. { fi #

a  ifi =

One has Lw(Nw (,8\/)) = N(r)(a\/)-

w

Proof. Here N{" is the canonical morphism Y (T")) — (T"))»F".

Let d be such that (wF)? = F? is a split Frobenius map over F, i.e.
amounts to 7 — 4 on T. Then (wF,)? = (F,)? induces multiplication by ¢“
on Y (T™"). Let ¢ be aselected primitive (¢¢ — 1)throot of unity in Q,. By (8.12),
Ny(BY) = Npasur(BY(2)) and N () = Npar o, () (£)). We compute the
lastexpression. Onehas o) (¢) = (1, ..., 1,%, 1,..., 1) wherety = «”(¢)isin
component number v. Hence (w F; ) (a)(¢)) has all components equal to 1 apart
from the component of index v — & modulo r, which may be written wj,(t).
Here wj, is the word of length % on the r “letters” sy, 52, . . ., (s, ) which is ob-
tained by left truncation of the long word 5155 . . . (s, F)s182 ... (8, F)$182 ... Sy
(v — 1+ Cr) letters, C large enough). The equality N (ar)) = 1,(N,,(8Y))
follows. O

Replacing now G" with G (or, better, denoting G” by G), one is led to prove
Theorem 11.1(a") above with w € W(G, T) a product w = 555 ...s; of com-
muting simple reflections, X(w) — X(w) being therefore smooth subvarieties
of G/B and Y(w) a T*F-torsor over X(w) defined as in Chapter 7. Note that
now B, = «,.

We abbreviate by writing just Y - X — X instead of Y(w) — X(w) —
X(w).

As T*T is of order prime to p, the ramification of Y — X relative to D is
tame.

Recall kg, the kT*F-module with support k defined by 8, and F,,(9) the
locally constant sheaf on X defined by the T  torsor Yy := Y x kg/TVF —
X.

LetX, = X\ Ui#v D; (see Theorem 11.1(a")), D, = D, N X,.Letd, be the
generic point of the irreducible divisor D), and let dy: Spec(F(z1, ..., 2,-1)) =
X, be a geometric point of X, of image d,,. Following the general procedure of
A3.17, the ramification to compute is the ramification of the map A%h xx, Yo —
A%h where x: A;h — X, is such that the closed point (z) of A;h = Spec(F[z]*")
is mapped onto d, and d, = x o E;, where 3:} is a geometric point of A",
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We further prove that Theorem 11.1(a’) will be deduced from the following
proposition.

Proposition 11.4. Let A" — X, as above. Let 1':Y' := G, xt T — Gy, be
the pull-back of the Lang covering T — T, (t — t~'wF(t)), (with group T*F),
under the morphism &) : Gy, — T. Consider A*" as Spec(Og, p)- The Ash-
schemes A" xx, Y and AN x, Y' have isomorphic fibers over the generic
point of A™.

Let us say how this implies Theorem 11.1(a"). By Proposition 11.4, the
covering Y — X ramifies along D, N X in the same way as Y’ — G, ramifies
at 0 (considered as divisor of G, with G, = G, U {0} as F-varieties). Let F;,(0)
be the locally constant sheaf over G, defined by the T* -torsor Y’ — G, and
6. To prove Theorem 11.1 we consider F, (6) instead of F,(0).

By functoriality of fundamental groups (see A3.16), y € Y(T) =
Hom(Gy,, T) defines a map :7(Gn) — 7j(T) between tame fundamental
groups. The Lang covering T — T defined above is a T*?-torsor, so it de-
fines a quotient p: 7{(T) — T»F. The ramification of F/,(9) at O is that of
Y'/Ker6 — G, along the divisor {0} C G,. So it is given by the composed
map 6 o p o (o/z]? ).

We show that, for any y € Y(T), N, (y) is a generator of the image of p o
9. Remember that 7{(Gy,) is the closure of (Q/Z), = F* (see (8.3)) with
regard to finite quotients (see A3.16). If T = G, and wF = F, p is just the
identification g =F; = TF. Then y € Y(T) is defined by an exponent & €
Z. Let a be the generator of I defined by «(a) = 1/(¢ — 1). Then N(y) = a”.
However, $ is (¢ — ¢") on any nth root of unity. The split case (F(t) = 19
for all # € T) follows. The non-split case reduces to the split one. Assume that
(wF) = Fyisa split Frobenius. Let pp: 7{(T) — T be defined by the Lang
covering of T relative to Fy. There are surjective norm maps Ny: Tfo — T%F,
Ny:Y(T) — Y(T) such that, with Ny: Y(T) — T* defined by (8.8), one has
N, o Ny = Nt o Ny. Furthermore Ny defines Ny: 7(T) — n}(T) such that
p o Ny = Nz o py. Assume y = Ny (yy) € Y(T), then § = Ny o 5. As No(yo)
is a generator of the image of py o J9, N7(No(yp)) is a generator of the image
of N7 0 pg o 5. But Nr(No(y0)) = Ny (y) and N7 0 pg o 5o = p o Ny o o =
poy.

To prove Proposition 11.4, we view X(w) as the intersection of the G-orbit
of type w, O(w) € G/B x G/B, with the graph I" of the map F: G/B — G/B
(see the proof of Theorem 7.2 and Proposition 7.13(iv)). So we write Y = {gU |
F(gU) = gwU} (see §10.3) and the map Y — Xis gU — (gB, F(g)B). Then
Y appears to be the subvariety of G/U defined by the equation F(u) = ¥ (u),
where ¥ = ¥ is well defined. We easily get the following.
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Proposition 11.5. Let pr}’ (i =1, 2) be the projection on G/B of O(w) C
(G/B)*. Let Y; — O(w) (i = 1,2) be the pull-back under pr? of the T-torsor
G/U — G/B. The right multiplication by w induces a map between T-torsors
over O(w), ¥¥: Y, — Vo, and ¥¥ is compatible with the automorphism (t
") of T.

Proof of Proposition 11.5. The scheme and T-torsor Y, (resp. )»)
is defined by a subvariety of G/U x G/B:{(gU, gwB) | g € G} with
the morphism (gU, gwB) — (gB, gwB) € O(w) (resp. {(gwU, gB)| g €
G} with (gwU, gB) — (gB, gwB)). The map ¥* sends (gU, gwB) onto
(gwU, gB). O

If w is fixed then we may write y instead of ¥ ¥.

As the Frobenius map extends all over G/B, the ramification of Y relative
to D, depends on the local behavior of v near d,. The image in T*? of the
tame fundamental group JTID (X) (see A3.17) is defined by its various quotients
in T*F /Ker(@) for @ a linear character (see [GroMur71] 1.5.6). For such a 6
there is some A € X(T) such that T*F N Ker(1) = Ker().

Proposition 11.6. For A € X(T) let E;, — G/B be the line bundle (A2.9) over
G/B defined by A and the T-torsor G/U — G/B. Let E; ; — X (i =1,2)
be their pull-back under pr}'. The map  restricts to an isomorphism of line
bundles Y, Ey .1 = Ejoadw.2-

Proof of Proposition 11.6. Recall the notation w~'(1) = A o adw. There are
natural morphisms of schemes over G/B: G/U — E, and G/U — E,),
hence )y — E, ;. Using the description of }; we gave in the proof of Propo-
sition 11.5, we see that the following diagram is commutative

¥
Yy — W
¥
Eii —— E,i)02 0

The map v, may be viewed as a section of E;-1 | ® E,-1(3) 2. It extends to
X, if and only if its local order along D, is zero (see Exercise 3).
That order is given by the following.

Proposition 11.7. Let «, be as in Theorem 11.1(d'), let v be as in Proposi-
tion 11.6. The order of W, along the divisor D, is (L, o).

Proof of Proposition 11.7. The fiber over any b € G/B is a principal homoge-
neous space for T; denote it U (b). If w = w;w, and [(w) = [(w;) 4 I[(w,), then
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O(w) may be seen as the product over G/B of O(w) with its second projection,
and O(w,) with its first projection. One has clearly, for any u € U(b),

Y = (" o )W)

here ¥ (u) € U(b') and U(P') is a fiber of y;”z identified with a fiber of y;‘“
(evident notations).

Letw,_ | =§;...8,_1,let A, = w;_ll()»), and define w’' by w = w,_s,w’,
so that w = w,_$,w’. That decomposition allows us to write O(w) as a fiber
product O(w,) x O(s,) x O(w’) and view O(w) as a subvariety of (G/B)*.
The four projections give rise to four T-torsors over X,, and the composi-
tion formula ¥ = ™"y ¢ %1 makes sense: for any (b, ') € O(w) and any
u € U(b) one has ¥ (u) = (Y ¢ y-1)(u) € UD') where y: Y — V¥,
Yre Y — Y7 and ¢ are defined by Proposition 11.5. The maps
Y1 " and % define isomorphisms of line bundles E; — E,,, E ) —
Ey-10y, Ex, = Es ). As ™' and ¥ have null order near a general point
of D, the order to compute is the order of ¥ along D,,.

Then the restriction of ¥ to a fiber U(b) is defined inside a minimal
parabolic subgroup P containing the Borel subgroup corresponding to b and a
reflection in the conjugacy class of s,.. Clearly 1/* may be described in the quo-
tient P/ R, (P), or in its derived subgroup, or in its universal covering SL;(F).
So we study that minimal case.

We take SL,(F) acting on F?, let e be the first element of the canonical basis
of F2. Then B is the subgroup of unimodular upper triangular matrices and is
the stabilizer of Fe, U is the stabilizer of e, T is the subgroup of unimodular
diagonal matrices and acts on Fe. One may identify G/B with the projective
line, or the variety of subspaces of dimension 1 of F. For any g € SLy(F), T
acts on gB/gU as gTg~! acts on Fge. Hence we identify G/U with F? \ {0}.

. 0 1
Takes_(_1 0

equivalent to b # b’. The divisor is the diagonal set in (G/B)?. Let p be defined
by te = p(t)e, any t € T, where p is a character of T. Let « be the simple root
corresponding to s; one has (o, «") = 1. With the preceding identifications
and ¥ = ¥*, whenu, v € F? and u ¢ Fv, ¥ (u, Fv) = (Fu, cv) where c € F is
such that ge = u and g(se) = cv for some g € SL,(F) (see the proof of Propo-
sition 11.3). Thus —cdet(u, v) = 1 and ¥, is induced by the map (u, Fv, a) >
(Fu, v, —det(u, v)a) where a € F. We see that v, vanishes with order 1, equal
to (p, a), for Fu — Fv. More generally v, is of order ¢ = (a”, cp).
Coming back to the general situation we see that the order of ; along
D, is (p, o)) = (A, wy_1(@)") = (A, o)) (recall that we assume that the s;’s
commute). O

). The relation b2b’ between two projective points is
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Proof of Proposition 11.4. Begin with h': A" xg Y — A", the easiest
to compute. As a variety Y is G, x1 T ={(z,1) € G x T | t ' (wF)(t) =
) (z)}. The equation of the fiber of 4’ above the generic point of A" is

(D T WF)(1) = o) ()

Consider now the fibred product

Ash xx, Y — Y

r |
Ash 5 X,

By base change, ¢ defines a morphism W between T-torsors above the
generic point 7, i.e. over F[z]*"[z~"], and the fiber of & over 7 is the T -torsor
{n} xx Y, kernel of (¥, F). As x is transverse, in the composition formula
V() = (Y Sy P-1)(u) the maps ¥ and ¥ extend over A (may
be defined over F[z]*") and we have to consider ¥ . So, as in the proof of
Proposition 11.7 and with the same notation, we go down to the minimal case.
The image of the generic point of A*" is the generic point of an affine curve
in (G/B)?. Without loss of generality we may assume that x is defined by
x(z) = (b(2), '(2)) (z € F) with b'(0) = b(z) = Fe and b’'(z) = Fu(z) where

1
u(z) = ) Now, as is shown in the proof of Proposition 11.7, W is given

by the equation W (ae, b'(z)) = (Fe, —a~'z7'u(z)). As ae = a"(a) fora € F,

one defines an isomorphism W, of order zero at z = 0 by the formula Wy(u) =

W(ua(z)™") for u € U(b(z)), z # 0. By construction Wy extends over A",
Coming back to the initial w, we define ®: Ey — E, over n by

Ou) = V(ua)(2)")

where @ is the composition of the pull-back of ¥*-!, W, and the pull-back
of ¥, and ® extends over A*". By pull-back under x the fiber to compute is
defined by the equation

) F(u) = ®(uay (2)7").

One has ®(ut) = ®w)w™'tw, F(ut)= Fu)F(t) and F(u) € ®u)T
for any u € U(b(z)), z # 0, t € T. The equation F(u) = ®(u) has a solu-
tion by the Lang theorem applied to the endomorphism wF of T. As
F and ¥, extend over A® and A is a strictly henselian ring, there exists
uo with the equality F(uo) = ®(up) over A" For any u € E,, there is
t €T such that ut = uy, hence F(u) = F(ug)F(t)~'. The equation (2)
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becomes  D(ug) = P(ugt ') (z))F (), but Duot'aY(z)"HF(t) =
(uot Lw)F(t) = upt " (wF®)w™).w = d(uot ' (wF)(t)a)(z)~'). Hence
the equation is equivalent to

up = uot ' (WF)(He) ()",

equivalent to (1).
The fibers of 4 and /' over 5 are isomorphic T* ¥ -torsors. O

11.2. Coroot lattices associated with intervals

We now begin the proof of Theorem 11.1(b). We return to the general setting
where (G, F,B, T), S € W(G, T) are as in §10.5. Recall the simple roots
A(G, T) in the root system ®(G, T). Let r > 1, w = (si)1<i<r € (SU{1})".
Here we consider various subgroups and quotients of T**. The notation is that
of Chapter 10.

Recall that we write wF: T — T for the endomorphism defined by w F(t) =
wi-wr B(¢), Similarly, the norm map Y (T) — TF in the short exact sequence

Nll)

(11.8) 0 Yy (D)2 y () Les o f 1

will be denoted by N, := Ny, .4, (see (8.12)).

Notation and Definition 11.9. Let v = (v;);, w = (w;); in (S U {1})" be such
that v < w.
(a) Denote

Iw,wy:={jll=j=r vi=1#w}.
(b) For j € I(1, w) let 5(w;) be the simple root that defines the reflection
w; and denote
Mw,j = Wi ... wi—1(3w;)").

(c) Denote

Y[v,w] = Z an,j~

jel(v,w)

Ifv<x=<y<w,thenI(x,y) C I(v,w)and Y,y € Y[y,

Proposition 11.10. Letv < x < w in (SU{1})".

(i) The quotient groups T’”F/Nw(Y[v,w]) and TXF/NX(Y[U,W]) are naturally
isomorphic to the same quotient of Y (T).

(ii) One has Y[u,x] + Y[x,w] = Y[v,w]~
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Proof. 'We prove first the inclusion
(*) (w = v)Y(T) S Y,

We use induction on the number of elements of I(v, w). I(v, w) is empty if
and only if v = w and then the inclusion is evident. If 7(v, w) is not empty,
let m be its smallest element. Let x = (x;); € (SU{1})" such that v < x <
w and I(v, x) = {m}, so that Y|, ) € Yjy,w), I(x, w)=1I(v, w)\ {m}. One
has (w — v)Y(T) € (w — x)Y(T) + (x — v)Y(T). By the induction hypothesis,
(w = x)Y(T) € Yixw)- As v < x, Yy w) € Yo,w)- One has §(x,,) = §(w,,) and
Nx.m = Nw.m because x and w coincide on the first m components. By definition
of x, x —v)Y(T) Cw; ... wu_1(w, — 1Y (T), hence (x — v)Y(T) S Znym
and 1y, € Y[y w) by Definition 11.9.

(1) is equivalent to the equality (x F — 1)Y(T) 4 Yy = (WF — DY(T) +
Y[y by (11.8) above. Using (x) and the inclusion Yy ) € Yy ), One has

(xF — DY(T) € (wF — DY(T) + (x — w)FY(T)
C WF = DY(T) + Yy,

(wF — DY(T) € (xF — DY(T) + (w — x)FY(T)
C (xF — DY(T) + Ypy -

To prove (ii) we prove

(%) Yow) = Y Zxi...x;1(w;)")

jel(v,w)

Letn,, ;j =w;... wj_l(S(wj)v) be some generator of Y|, ,, (j € I(v, w)). One
has

Wi wj =X )W) S Y Ly
iel(x,w)N[l,j—1]

by (%) applied with r = j to the sequences of the first j components of x and w.
Furthermore I(x, w) € I(v, w). Then the family (x;...x;—1(8(w;)")) jerw,w)
is expressed as a linear combination of generators of Y[, ,) by means of a
unipotent triangular matrix with coefficients in Z. This implies (xx).

Clearly I(v, w) is the disjoint union of /(v, x) and I(x, w), and x; = w;
when j € I(v, x). Applying (x%) twice, to the triples (v, x, w) and (v, v, w),
one obtains (ii). O

In the following we go beyond (i) of Proposition 11.10 to define some diago-
nalizable subgroups of T"”. Recall (see §10.3) that the endomorphism F, is de-
fined on G = G’ hence on T") by F.(g1,82,---,8) =(82, ..., &, F(g1)).
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Then (S U {1})" may be identified with a subset of W(G", T").
Recall the following from Lemma 10.9.
For x = (x;)1<;<, an element of (S U {1})", define t,: T — T by

~1 —1
L@) =, x1 Xy, e, (X X)) XL xmy) (2 €T

For v<w in (SU{1}), define T[v,w] C T as the image of
ITjer(v,u)d(w;)” where §(w;)" takes values in the jth component of T, Finally
denote

Slv, wl = {r € T” | 7' (*"1) € T[v, wl}.

Proposition 11.11. Letv < x = (x;); < w in (S U {1})". One has
(i) L (T*FY = (TOYF and S[v, w] = (T*FHS[v, w]°,
(i) tx (Nx(Yv.w1)) € Slv, wl° and the product of homomorphisms

YD) T S S[w, w]— S[v, w]/S[v, w]°

is independent of x € [v, w],
(iii) if the coroots of G are injections Gy — T, then 1,(Ny(Ypy,w)) =
S[v, w]°.

Proof. The verification of the equality ¢, (T*F) = (T®)*f" is immediate (and is
valid for any (x;); € Ng(T)"). One has T[x, w] € T[v, w] because I (x, w) C
I(v, w)and ¥t € T[x, w]*t for all r € T"). Hence

Stv, wl = {r e T | t7'*F 1) € T[v, wl},

1
M (w —x)Y(T") € Y(T[v, w]).

Hence (i) by Theorem 7.14(i) with C = T[v, w]and P =L = G", H = T®",
n =(x1,...,5c,).

(i) Let d € N be such that (wF)? is split, i.e. wF)(@) = tqd, forallt € T
and w € W. Then (wF,)? is split. This allows us to define N: Y(T®) —
(T®)y»F as N, is defined in (11.8), by

N.(n) = Npra)ep,(n(@)) (1 € Y(T?))
where o is the selected element of order ¢g¢ — 1 in F*. As **N Fraxr, (1) =
Nepra)cr, (a1, Ngrajxr, (Tlv, w]) € S[v, w]. But Npra ), f, preserves connect-
edness and has a finite kernel, contained in (T")*” ‘ Hence N Frayxr,(Tlv, w]) €
S[v, w]°, and the tori T[v, w] and Nprajpr, (T, w]) have equal dimension. Via
Lang’s map, T[v, w] and S[v, w] have equal dimension. Hence

2 Npraypr,(Tlv, w]) = S[v, w]°.

As a consequence N (Y (T[v, w])) € S[v, w]°.
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Now we compare Npri/c, and Ngra,p, on Y(T)). These maps may be
extended to the vector space V = Q ®7 Y (T"). Let n € Y(T") and let £
V be such that n = (wF, — 1)§. One has Ngri),r,(WF, — 1)§) = (q”’/’”0 —
D& = Nprajep,(xF, — 1)§) and n=(xF, — D§ +(w —x)F,(§). Hence
Ngrajpwr, (M) — Nprajxr,(n) = —Npra)cp,(w — x) F,.(§)). From the inclusion in
(1) above, we see that (w — x)F,(§) € Q ®z Y (T[v, w]), then by (2) above,
Npra jwr, (1) — Nprajcp,(n) € Q ®z Y (S[v, w]°) N Y(TW) = Y(S[v, w]°).

The last relation implies that the composition of morphisms

(T‘”) (T(’)) (T<r>)xF’/ (T(r))XFr' A S[v, w]°
= S[v, w]/S[v, w]°

is independent of x.

To obtain (ii) from the last result, factor N, via ¢, o Ny. Let n € Y(T),
let £(n, j)=(0,...,0,1,0,...,0) € Y(T") with n on component j. The
first component of N (£) is precisely N.(x...x;j_i(n)). Hence the map
Py Y(TT) — Y(T), such that p,(£(n, j)) = x1 ... x;_1(n) forall (, j), satis-
fies m; o N; = Ny o p, where 7, is the first projection. But N; have values in
(TOYF = (T*F) and 7, o 1, is the identity, hence

3) N;.ztonxopx.

Clearly p, (Y (T[v, w])) = Y[y ), hence t,(Ny (Y} u1)) € Slv, w]° and py is sur-
jective.

(iii) For a coroot a” € Y(T) (a a root) one has aV(Gm)F =aV(F* d/mo)
Hence T[v, w]"r = {n(w)}yerrw.wp- Then by definition of N, one
has N;(Y(T[v, w])) = Npajer(Tlo, w]"). As  (xFy o Nprajop, )(t) =
(Ngrijer, o xF)0) = Npajep (019", one has Nejep, (T[v, w]) =
Nprajcp,(T[v, w]) N (TO)*F Thus one gets

N o, (Tlo, wl) 0 (TO) = N(Y(T[v, wl)).

With (2) and (3) above, this implies (iii). O

11.3. Deligne-Lusztig varieties associated with intervals

We keep the notation of the preceding section. We write B = UT where U is
the unipotent radical of B.

For r > 1 and we(SU{1}), recall F:G"” — G» and, for
w = (w,...w,) €(SU}, Yw) ={gU"|ge G, g 'F(ge
Uy, ..., w ) U}, X(w) = {gB” | g € G, g7 F.(g) € BPwB")}.
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Definition 11.12. Letv < w in (S U {1})".
(i) Let

X[v, w] := U X)),
a locally closed subvariety of (G/B)".

(ii) For any simple root § let Gs be the subgroup of semi-simple rank 1
of G generated by Xs and X_; (a central quotient of SLy(F); see A2.4 or
[Springer] §7.2). Recall the definition of §(w;) (see Definition 11.9). Let U =
Uy x - xU <GP be defined by (v, w) and the components

U = {Gg(w/.)U lf] e l(v,w),
P Uw; U ifj ¢ I(v, w).

Define Y[v, w] by
Y[v, w] = {gU" | g € G, g7 'F,(g) e U}.

Proposition 11.13. Keep v < w in (S U {1})".

(i) Y[v, w] is a locally closed smooth subvariety of G® /U and the mor-
phism Y(w) — Y[v, w] is an open dominant immersion. The group GF =
(G acts on Y[v, w] on the left.

(ii) The group S[v, w] (see Proposition 11.11) stabilizes Y[v, w], and
the projection G/B — G/U defines a map Y[v, w] — X[v, w] that fac-
tors through the quotient Y[v, w] — Y[v, w]/S[v, w]. The induced map
Y[v, w]/S[v, w] = X[v, w] is an isomorphism.

Proof. 1f j € I(v, w), denote T; = T N Gy(y,). Then U; = Uw,;UT; UUT;
by the BN-pair structure in the parabolic group Pj,,) and since w; € Gs,).-
Then (i) is obtained by applying Theorem 7.14 to V=U", L =TV, n =
(W;)j, C = Mjesw,w)Gsw,; embedded in G by completing with 1’s when
Jj &I, w).

(ii) The projection (G/U)" — (G/B)" sends Y[v, w] in X[v, w]. From the
definition of Y[v, w] it follows that, for any y € Y[v, w] and t € T®, y.t is in
Y[v, w] if and only if ¢ € S[v, w]. Hence the morphism Y[v, w]/S[v, w] —
X[v, w] is defined and is bijective. It remains to check that it is separable (see
A2.6). It suffices to check that it is an isomorphism over some open dense
subvariety of X[v, w]. We take X(w). Then our claim is a consequence of The-
orem 7.14 withP = B, L = H = T, C = T[v, w] since then K = S[v, w]
(see the proof of Proposition 11.11(i)). |

It is classical to embed a glven (G, F ) in a connected reductive (G F)
with connected center Z(G) and G = Z(G) G (see [DiMi91] p. 140 or §15.1
below). Taking the dual of this construction, one finds G — G, a surjection of
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F-groups defined over F, with kernel a subtorus of Z°(G) and all coroots of G
being injections.

Theorem 11.14. Let v < w in (SU{1}). Let G — G be a covering as
above, with standard identifications and kernel C. Let ?[v, w] — X[v, w]
(see Definition 11.12) be defined from G, identify X[v, w] and X[v, w]. Let
Yo[v, w] := Y[v, w]/CFS[v, w]°. Let

Pow: Yolv, w] — X[v, w]

be induced by the natural map (Proposition 11.13). The above is a
TYF /Ny, (Y(y.w))-torsor:

Let x € [v, w]. The natural morphism Y(x) — Yo[v, w] has values in
pv_,,lu(X(x)). Via the isomorphism of groups T"F /N, (Yiy ) = T /N (Y1)

obtained in Proposition 11.10(i), the T*F | N, (Y{y..))-torsor
Y(x)/Nx(Y[v,w]) — X(x)
is isomorphic to the T*Y | N, (Y}y.w))-torsor defined by restriction of py .,

Powt Py p(X(x)) —> X(x).

Proof. From Proposition 11.11 one sees that the injection Y(x) — Y[v, w]
is a morphism of G -varieties-T** via G = (G")f and 1,: T — S[v, w].
Using Proposition 11.11(i) and definition of p, ,,, one has isomorphisms of
coverings of X(x)

Y(x)/(t(TF) N S[w, w]°) = (Y(x) x S[v, w])/T*F)/S[v, w]°
= p,(X(x)).

Assume first that G = G. By Proposition 11.11(ii) and (iii), Y(x)/ Ny (Y[y,w))
is isomorphic to Py, ,lu(X(x)) as S[v, w]/S[v, w]°-torsor, independently of x.

In the general case, with p: G->G C= Ker(p) and defining p(s) = p(5)
for all s € S (s and p(s) may be identified) one has a natural isomorphism
f((x) /CT — Y(x) by Theorem 7.14. Furthermore, for any x between v and w,
by functoriality of the functor ¥ and relations between root data of G and of G,
TF /N, (¥1y.7) and T5F /N, (Y;,.7) are isomorphic via p. a

Corollary 11.15. Let v<x <y <w in (SU{1})". The canonical im-
mersion Yolx, y] = Yolv, w] defines a GF-equivariant isomorphism of
T“’F/Nw(Y[v.w])-torsors over X[x, y] via the isomorphism T"F/Ny(Y[v,w]) =
TYF /Ny (Yy.w)) (Proposition 11.10(i))

Yolx, Y1/ (Ny(Yiw.w1) /Ny (Yiey1)) — Py sy XL, ¥]).
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Proof. One has I(x,y) € I(v, w) hence Y, y) € Yy and an immersion
Yolx, y] = Yo[v, w] of image p;, (X[x, y]), over X[x, y] = X[v, w] by
Theorem 11.14. The map in Corollary 11.15 is well defined. Itis an isomorphism
over the open subvariety X(y) by Theorem 11.14 again. O

11.4. Application: some mapping cones

We keep the notation of the preceding section (see Definition 11.12). When
A C Baresubsetsof (S U {1})", we denote by jff the immersion _J X(w) —
Uwep X(w). We abbreviate [17, w] as w.

We now fix w e (SU({1})" and 6: TF — k* a morphism. Recall wy e
(S U{1})" (see Definition 10.15). In the notation of Definition 11.9, a defining
property of wy is as follows

weA

(11.16) [we, wl={y € (SU{L} |y <w, 60 N,(Yjyu) =1}

By Proposition 11.10(i), any y € [wy, w] defines a morphism 6,: T'F — k*
with Ny (¥jy,,»)) in its kernel.

Lemma 11.17. y, = wy.

Proof. If x <y, then 6 o N, (Y}, ) = 6y o N, (Y[, 1) by Proposition 11.10(i)
and (11.16) above. This implies [ygy, v] = [wg, y], again by (11.16). |

Proposition 11.18. For [x, y] C [wy, w], the locally constant sheaf
Fie (@) on X[x, yls associated with Q:T"F/NX(Y[wg,w]) — k> and the
TxF/Nx(Y[woyw])—torsor on X[x, y] of Corollary 11.15 satisfy

Fro1©) = (i3h) Fia(0)
forall [x',y'] C [x, y].

Proof. The definition of F, ,1(@) is consistent by Proposition 11.11(ii) and
Lemma 11.17. Using stalks, the claimed equality is clear from the definition of
the locally constant sheaf. O

Ifv < x < win(SU{1})", wedefine () , )i DY(X[v, x]) = D}(X(w)) by

(j[lf,x])! = (JXF)* o (].[x;,x])!' Note that (j[?x])! = Rc(]'[?x])* since ]yu_) is a proper
morphism.

Lemma 11.19. If x € [wg, w], the natural map (j[‘:’_ug’x])!f[wa,x](é) —
R(j{%, ) Flug.x1(0) is an isomorphism.
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Proof. “@have (j[?ue,x])! = (]}w)* o (j[i)g,x])! and (J;[mwe,x])* = (wa)* o (j[fus,x])*’
where j is a closed immersion, so that (j¥). is exact. The natural
map (j[‘fva’x]);}"[g}ﬁ,x](e) — R(j[’f’uyqx])*f[iwﬁ.x](e) is the image by (j¥')s of the
natural map (j[waJ)gf[we,x](O) — R(j["wg’x])*]:[wﬁ,x](é). Since xg = wy (see
Lemma 11.17), our claim now reduces to the case w = x, i.e., we must show

(1 (it 1) Fruwew) @ ——R(jifn, 1), Frun.w1(6).

By the criterion of isomorphism in terms of stalks (see A3.2) and the expression
of X(w) \ X[wy, w] as |J,, X(w’) where w’ ranges over elements of [1”, w] \
[wg, w] such that [(w’) = I(w) — 1 (see Lemma 11.2), it suffices to check that

(2) (jg)*R(j[];U;g,w])*f[wg,w](g) = 07

for any w’ € [1, w] \ [wy, w] such that /[(w’) = I[(w) — 1. For such a w’, The-
orem 11.1(a’) tells us that F,,(8) ramifies along X(w’), and therefore (see The-
orem A3.19) (jg)*(jg)*}'w(e) = 0. Since F,,(0) = (jlo-wly* F, 01(0) (see
Proposition 11.18), this can be rewritten as

G2 (), (e Froy o 0) = 0.

By cohomological purity (A3.13), we have (jzgng’m)*(jz[uwg’w])*}_[wg,w](e) ~
Flws,w1(0), so the above gives

(jg)*(jgg,w])*f[we,w](e) = 0

By Theorem A3.19, this implies that F,,, ,,(9) ramifies along the divisor X(w"),
thus implying (2) by Theorem A3.19 again. O

Let us define several subcategories of D,f X(w)).

Definition 11.20. Let D, be the subcategory generated by the R( Jg, )
Flox1(0)’s for x' < x in [wg, w].
Let D, be generated by the R(j[wwy’xl)*.ﬁwﬁ,x](e) s for x € [wg, w].

Let D' be generated by the (j)1F,(0)’s for x € [wy, w].
Let D) be generated by the (j[f,!x])gf[x/,x](e)’sfor x' < xin[wg, wl

Lemma 11.19 implies at once that D, equals the category generated by the
(i )1 Flug.x1(0)’s for x € [wy, w], and therefore D, < D;.

Let us show that D} € D’. Suppose we have wy <v <v' <x <w in
(SU{1}p" with {(v') =1(v) + 1. Then X[v, x] = X[v/, x]u X[v, x’] where
x" € (SU{1}) (see Lemma 11.2). By Proposition 11.18, the associated open-
closed exact sequence (A3.9) can then be written as

0= (), Frxa®) = Fru@) — (i), Frow(@) — 0.



170 Part Il Deligne—Lusztig varieties; Morita equivalences

Applying the exact functor ( j[wu 9= ) j[fv’x])! we get the exact sequence

0= (i) Fivn1©@) = (gsr) Fioa1©) = (Ji.00) Fivs(0) = 0

since, regarding the fourth term, we have

(J[v x]) (J[[J)f/]]) Rc(j[fv,x]) R. (J[[i};f]]) = Rc(j[fv,x/])*z (j;)*(jf;’_x/]),

(see A3.6 and use the fact that J[[:)} " ]] is proper, being a closed immersion). This

exact sequence implies that the middle term is in the bounded derived category
generated by the others (see Exercise Al.3(c)). Then ( j[f, x])!f[v,x](e) is in
the category generated by the (ji; )1 Fa,51(6)’s where [a, b] C [v, x] (a strict
inclusion). Using induction, this implies that ( j[’fj’x J)!F[v’ () isin D’. Thus our
claim is proved.

Letus show that D; C D,. Takingagainwg < v <v' <x < win(SU {1})
with /(v') = I(v) 4+ 1 and the associated decomposition X[v, x] = X[v’, x] U
X[v, x'] (Lemma 11.2), the fact that Fiy.)(8) = (i })* Fru.1(8) (Proposi-
tion 11.18) does not ramify along X[v, x'] implies that R( j[[ﬁ”i]])*f[v/,x](é) is
represented by a complex

0= Froxg = (o)), Froxn® — 0

(see Theorem A3.19). So R( ][[5 ’;])*}"[U x](0) is in the category generated by
Fiv.x and (j J[v’x, J)*]-"[U, +1(0) (being the mapping cone of the map of complexes
concentrated in degree 0 associated with the above). Applying the derived
functor R(j["’:,ﬂ)*, one finds that R(j[w;,’x])*]-"[vr.x](e) is in the category gener-
ated by R(jliixl)*f[v,x] and R(j[lﬁ’x,l)*f[v,x/](é). Thus, for any [v/, x] C Jwg, w],
this implies that R(jj; ))«Fv.21(0) is in the subcategory generated by the
R(j[';”b])*f[a,,,](e)’s for [a, b] C [wy, x] with a < v'. By induction this tells
us that R(ji 1)« F(v.21(0) is in D;. Thus our claim is proved.

Summing up the inclusions we have proved, we get D; € D'.

We now finish the proof of Theorem 11.1(b). Let C be the mapping cone of
the map

(i), Fu®) — R(jI), Fu(®).

We now know that, given that this map is in D', C is in D', i.e. in the
category generated by the (j¥)F,(0)’s for x € [wy, w]. But this mapping
cone is annihilated by the exact functor (j”)* since the image of the nat-
ural transformation (j¥), — (j). is the identity transformation Id — Id.
Also clearly (j, wyx (]“’) F(0) =0 when x € [wg, w[ (use stalks). So, denot-
ing by i the closed immersion X(w) \ X(w) — X(w), we have i,i*C = C and
L (GUNF(0) = (jU)Fe(0) when x € [wg, w[, as aresult of the open-closed
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exact sequence. But i,i* annihilates (j),F,(0) since i*(j¥) = 0. So C is
in the image of D’ by the exact functor i,i*, which is actually the category
generated by the ( jf)g]-"x(e)’s for x € [wyg, w[. This completes our proof of

Theorem 11.1. O

Exercises

1. Let G = GLy(F), and B, resp. T, be its upper triangular, resp. diagonal,
subgroup. Let F be the Frobenius endomorphism raising matrix entries to the

0 1 . N
gthpower. Lets := ( | 0), so that T*F is isomorphic with 44, the group

of (¢ + Dth roots of 1 in F*. One considers the T -torsor Y(S)L>X(s)

and X(s) as in Definition 7.12 and Proposition 7.13(iv).

(a) Show that one may identify Y(s), resp. X(s), with the subvariety of A2,
resp. Pk, defined by xy? — yx? = 1,resp.xy? — yx? # 0, and the above
T*F -torsor with the Hg+1-action on Y(s) defined by a.(x, y) = (ax, ay).
Then X(s) identifies with Pj..

(b) Let Y'(s) be the closed subvariety of ]P% defined by xy? — yx9¢ = 77+,
Show that there is an open embedding Y(s)—p>Y’(s), which pg41-
action extends, and that Y’(s) is smooth. Show that we have a commu-
tative square

Ys) —2>  Y(s)

rrl lﬁ
X(s) —— X

where 7 is induced by (x, y, z) = (x, y) and is a j4441-quotient (but not
a torsor).

(c) Let w be a closed point of X(s) \ X(s), so that |7~ '(w)| = 1. Use the
arguments in the proof of Theorem A3.19 to check that (R j, F(0)), = 0
when 6: T5F — kX is # 1.

(d) Noting that the positive coroot of ¥(T) is sent to a generator of T*F by
the norm Ny, deduce that the above gives Theorem 11.1(a) in that case.

2. We use the notation of §11.1. Let A € X(T).

(a) Consider v; as a section of an invertible sheaf on G/B. Show that if
(A, B))Y > 0forany v € [1, r], then ¥, vanishes outside O(w).

(b) Use Proposition 11.7 to show that i induces a section of the invertible
sheaf prT(ﬁG/B(w’l(k) o F — 1)) on X(w) which is zero outside X(w).
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(c) Use the criterion of affinity (([EGA] 1.5.5.7) to prove that X(w) is affine
whenever CG/B(w“(A) o F —})isample and (A, B) > Oforany v €
[1,r].

(d) Show that the above two conditions can be achieved as long as there is
some p € X(T) such that (i, 8") > 0and (u — o F, §Y) > 0 for any
simple root § (use [Jantzen] I1.4.4). Show that this is in turn possible as
long as ¢ is bigger than the sum of coordinates in A(G, T) of any root
(Coxeter number of W(G, T), see [Bour68] VI.1.11, [Hum90] 3.20).

3. Let X be a smooth F-variety such that X = U U D where D = {d} is of
codimension 1. Let ¥ — U be a Gy,-torsor. Let ¢ be an automorphism of

Y over U.

(a) Show that the possibility of extending i over D reduces to the study
of some morphism G, — X with O — d and its pull-back to Y (see
A3.17).

(b) With X = G, and U = Gy,, show that ¢ is defined in a neighborhood
of 0 by an endomorphism of F[u, w11 ®p Flz, z7!] such that z — z,
u +— az"u for some a € F*, m € Z. Call m the local order of { near
0. Then ¢ extends to F[z] if and only if m = 0.

4. (a) Using Proposition 11.18, show the converse of Theorem 11.1(a’).

(b) Compute (j5)*R™(j¥)Fu(0) for wy <w' <w, l(w)=I(w)—1,
m =0, 1 (use A3.11 and the case of the constant sheaf; see [SGA.4%]
p- 255).

Notes

Section 11.1 draws on [DeLLu76] §9.5 and §9.6. See [BoR004] for an alternative
approach. The rest of the chapter is taken from [BoRo03]. Exercise 1 was
communicated to us by Cédric Bonnafé.
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Jordan decomposition as a Morita equivalence:
modules

This chapter is essentially about modules for kG and kTY¥, the correspond-
ing derived categories and the functors defined by Deligne—Lusztig varieties
between them. We expound Bonnafé—Rouquier’s proof of Theorem 10.17(b),
which is the last step to check Theorem 10.1 establishing a Morita equiv-
alence between AGT.b,(GF,s) and ALF .by(LF,s) when s € G* satisfies
Cg+(s) C L™

Theorem 10.17(b) requires us to show that kG .b,(G”, s) is generated by
the elements S, 4y of D?(kG') defined by étale cohomology of varieties X(w)
and pairs (w, 0) (see §10.4) with #: T*F — k> in a rational series associated
with s.

One first proves a general criterion of generation of D?(A-proj) (A a finite-
dimensional algebra over a field) by complexes satisfying a kind of triangularity
with respect to simple A-modules. The remainder of the chapter consists in
showing that the complexes S, ) satisfy the three main hypotheses of this
general criterion.

The first hypothesis is checked in §12.2 (Proposition 12.3).

The second hypothesis is checked in §12.3 (Proposition 12.9). A key fact
is that, given P a projective indecomposable kG’ -module, then the small-
est w such that S, ¢y displays P has it essentially in degree /(w). The main
argument uses quasi-affinity through Proposition 10.3. This is also where The-
orem 11.1(b), established in the preceding chapter, is used.

The third hypothesis of the generation criterion of Proposition 12.1 is
checked in §12.4. The important fact is the disjunction of the complexes S, )
according to rational series. The proof is modeled on the case of characters
(disjunction of R%G’s). Several arguments involve characters over k or A (i.e.
the Grothendieck group of KG* or kG') and especially the independence of

twisted induction Rgg; with regard to B (see Theorem 8.17(1)).

173
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12.1. Generating perfect complexes

In the following, A is a finite-dimensional algebra over a field k. Note that the
objects of D?(k—mod) may be identified with their homology (see for instance
Exercise 4.12).

Proposition 12.1. Let C be a finite set of objects of C’(A-proj), endowed with
amap l:C — N and an equivalence relation ~ such that

(1) if S is a simple A-module, there is at least some C € C such that
RHomy(C, S) # 0,

(2) if C is of minimal I(C) satisfying the above for a given S, then
RHomu(C, S) has non-zero homology in degree 0 and only there,

(3)if C # C"inC, then RHomu(C, C") = 0.

Then A = Icecj~Ae, a direct product where the simple Ac-modules are the
simple A-modules S such that RHom,4(C, S) # 0 for some C € ¢. Ifc € C/ ~,
denote by <c> the smallest full subcategory of C’(A—mod) containing ¢, and
stable under direct sums, direct summands, shifts and mapping cones (see Al1.7).
Then <c> contains the regular module 4, A.[0].

Proof of Proposition 12.1. Let us first forget about ~, i.e. we assume that
C/~={C}.

In view of the hypotheses and the conclusion, one may assume that the
objects in C have no direct summand null homotopic. We prove the following.

Lemma 12.2. If C is a perfect complex with no summand null homotopic and
S is a simple A-module, then H~'(RHomy (C, S)) # O for both the smallest and
the biggest i such that Hom,(C', S) # 0.

Note that the above implies that, in addition to (1) and (3), we have, for any
simple A-module S,

(2)if C € Cis of minimal /(C) satisfying RHom 4 (C, S) # 0, then
Homy(C?, §) # 0if and only if i = 0.

Proofof Lemma 12.2. Let i be the smallest integer such that Hom4 (C™, S) # 0
and let us check that H™0(RHomy4(C, S)) # 0. Assume that on the con-
trary Homy (Co*!, §) — Homy(C™, S) — 0 is exact (see Al.11). Choose
a surjection C* — S. Then the above exact sequence allows us to extend
our C' — S to a morphism C — Sp;,.;,+1] (see the notation My; ;1) for A-
modules M in Exercise Al.2) onto in each degree (this is where we use
minimality of ip). Denote by P a projective cover of S. Then the projec-
tivity of Py i,+17 in C b(A—mod) (see Exercise 4.11) implies that we have
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morphisms
t
Pligig+11—>C = Sjig,ig+1]

whose composition is onto. By projectivity of C*!, there is a retraction
t': Cotl— 5 P of tot! and ¢/ 0 §%: C'o—— P is also a retraction of 7. This
yields a retraction C — Py, ;117 of the above ¢ in C?(A—mod), and therefore
C has a direct summand = Py, ;,+17, hence null homotopic: a contradiction.
Similarly, if iy is now the biggest integer such that P is a direct summand of
C' and if H*(RHom(C, S)) = 0, this implies that 0 — Hom4(C™, S) —
Homy4 (C =1, §) is exact. Then a surjection C* — S will yield a morphism
C — Sji,—1.i,) onto in each degree, and the same arguments as above would
imply that C has a direct summand = Py;,_ ), a contradiction.

We now replace (2) with (2').

We mustcheck that 4 A € <C>, orequivalently <C> contains any projective
indecomposable module. Assume this is not the case. By (1), this means that
some C' for some C e Cisnotin <C>.Let £ C C be defined by C € £ if and
only if some C’ is not in <C>. Let C € & be such that /(C) is minimal. Now
(2') implies that any C with i # 0 is in <C>, and that C* ¢ <C>.

Assume there is ip < 0 with C = 0. We may assume that C' = 0 for
i <ip. Let f:C — C[—iy] be defined by Id at degree iy. Then Cone(f) =
(C)iy—1.i1 ® C>™[1], where C > is the complex obtained from C by replacing
C'o with 0 and leaving other terms unchanged (see Exercise A1.3(a)). By iter-
ation, we get that the complex C' ;== ... >0 —- 0 —> C’ - C~! — ...isin
<C>. Taking now iy to be the highest degree such that C’ # 0, we may consider
g: C[—ig] — C' defined by Id at degree iy (same as above on k-duals) and
easily find that the mapping cone of g is isomorphic with (C™);, _1 ;.1 @ (C)<%.
Iterating this as long as iy > 0 (and therefore C b[—jy] € <C>), we get finally
that C® € <C>: a contradiction.

Assume now that ~ is non-trivial. In view of our claim, we may assume that
C =C'U(C” with RHom,4(C',C") =0 for all C’ € C’, C" € C”. This can be
written as

Homps4)(C’, C"[i]) =0
foralli € Z (see Al.11). The above is true for any C’ € <C'>, C” € <C"> by
the basic properties of derived functors. Then <C' U(C"> = <(C'> x <C">.

We know that 4A € <C>. So we may write 4A = C) @ C{ with C| €
<C'> and C| € <C"”>. Taking endomorphism algebras, we get A = B’ x B”
as k-algebras with B'C” = B"C' =0 in D”(A) for all C' e/, C" € C".
Then the simple B’-modules are exactly the simple A-modules S such that
RHom,(C’, S) # 0 for some C’ € C’ by Lemma 12.2. O
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12.2. The case of modules induced by Deligne-Lusztig
varieties

Recall that (G, F)is aconnected reductive F-group defined over F,, with T € B
a maximal torus and Borel subgroup, both F-stable and with respect to which
the Weyl group W := Ng(T)/T with set S of generators is defined (see §10.3)

We plan to apply Proposition 12.1 in the following framework.

For A = kG, we take C and [ as follows. Recall the set =(S),eq of reduced
decompositions of elements of W. One takes C as a set of representatives of
the Sqy.o)[[(w)]’s for w € Z(S)red, & € Hom(T?F, k*) (see Notation 10.8 and
Definition 10.16). One defines [(S,,9)) = [(w), and ~ to be the relation on the
(w, 0)’s defined by rational series (see Definition 10.14).

Proposition 12.3. Theorem 10.17(b) reduces to showing that the Sq,.9)’s above
satisfy conditions (2) and (3) of Proposition 12.1.

Proof of Proposition 12.3. Tt suffices to show that condition (1) is satisfied
and that A, D kG .b,(G", s) (see Definition 9.9) whenever ¢ corresponds
to s € G*F'. Note that the latter inclusion will imply equality A = kG .b,
(G", s) by Proposition 12.1 and the fact that the b,(G”, s)’s are all the block
idempotents of AGF.

Lemma 12.4. If (w, 6) € ©(G, F), the Brauer character (see [Ben9la] §5.3,
[NaTs89] §3.6) of the element of the Grothendieck group of kG' associated
with Sy.g) is the generalized character of hm RF(Y(w) (AT (A )yw))- b
(where b} denotes the primitive idempotent of ATWF lifting by € kT*T).

Proof of Lemma 12.4. This is a straightforward consequence of the fact that
RI(Y(w), Aya)).b) may be represented by a complex I' of projective AG*-
modules (using the fact that the stabilizers of closed points of Y(w) in G” are £'-
groups; see A3.15). Then the Brauer character of S, gy = RI'(Y(w), kyw))-bs
is that of I ® k, therefore it is Zi(— DI[T?]. The same reasoning gives that this
is also the character of RI"(Y(w), Ay(w)).bg\. O

Let M be a simple kG -module; denote by p its Brauer character (a central
function G¥ — K which vanishes outside ¢'-elements; see [Ben91a] §5.3).
By Theorem 8.17(ii) for the regular character, there is some w € W(G, T) and
some @ € Irr(T¥F) such that (RSO p)gr # 0, where RSG = RG 0 for T, of
type w with regard to T (see §8.2). Since p = p§, for §, the characterlstlc
function of £’-elements and since (SgrRGO = Rg((SyG) (see Proposition 9.6(iii)),
we may replace 6 by its £'-part. So we assume that 6 is £’. We use the same letter

to denote the associated linear characters T*F — A* or k*. If we define the
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(G*)f-conjugacy class of s € (G*)f as corresponding to (w,6), then
be(GF, 5).RS0 = RS0 and M is akG" .b,(GT, 5)-module by the above about p.

Let d,, be a reduced decomposition of w. Then (d,,, 8) € Ox(G, F). Let us
show that RHomygr(Sy,.0), M)) # 0.

By its definition, Rg@ is the Lefschetz character (see Al.12) of
[HRT(X(w), 7" Ayw))), @ K 1.¢4. Therefore, since by = Y . eg, (the sum
being over £-characters of T*Y), we have that >, Rg(é‘r) is the Lefschetz
character of H(RI'(X(w), n*T“"FAY(w).bg )) ®a K. Denoting by I' a representa-
tive of RI'(X(w), n*TW Ayw)-bg) in C’(AGF-proj) (see A3.15) without non-
zero summand null homotopic, we have that I' ® k represents S, 9 (use
Proposition 10.12 with I = @, then Y(w) = Y(d,,)). Using again that p = pdy
and that multiplication with 8, commutes with the twisted induction Rf (see
Proposition 9.6(iii)), we get (3, R¢(07), p)gr = |T*F[,(RGO, p)gr # 0. By
the above, this implies that there is some i such that (H(I") ® K, p)gr # 0
(we identify K GF-modules and characters). Then (I'' ® K, p)gr # 0. But I'
being a projective AG*-module, and p the Brauer character of M, this means
that the projective cover of M is a direct summand of I'! ® k (see for instance
[NaTs89] 3.6.10(1), [Thévenaz] 42.9). By Lemma 12.2, this gives condition (1)
of Proposition 12.1 for our situation. O

12.3. Varieties of minimal dimension inducing
a simple module

In view of Proposition 12.3, we now show that condition (2) of Proposition 12.1
is satisfied by the class C defined in §12.2.
Let us first introduce some more notation.

Definition 12.5. Let w € X(S). This defines Y(w) (see Notation 10.8), a va-
riety with action of GT' on the left and of T*F on the right. One denotes by
Sy, Ry DP(KTPFY — DP(kGF) the associated “inductions.” That is,

L L
Sy M = RT(Y(w), )®pur M, RyM = R.I(Y(w), k)@ppor M

for M in DP(kT"F). Whenever M is a projective kT"F -module, we choose
representatives of SyM and R, M in C®(kG'-proj) (see A3.7 and A3.15)
without non-zero summand null homotopic. Recall (§10.4) the notation Sg.¢) =
Sy (kT¥Fby) and Rw.o) = R (kT¥F by) where by is the primitive idempotent
of kT associated with 6: T*F — k*.

The following is what will be used from Theorem 11.1(b).
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Theorem 12.6. The mapping cone of the morphism R, (0) — S,(0) is in
the subcategory of DP(kGT) generated by the S, (0')’s for w' < w and
6’ € Hom(T"'F, k).

Proof. If w' <w in S, denote by j¥:X(w) — X(w) and by j¥:X(w') —
X(w) the open and closed immersions, respectively. By Theorem 11.1(b), the
morphism

(), Fu(® = R(jy)), Fu(®)

in D,lj (X(w)) has a mapping cone which is in the subcategory generated by
the sheaves F/,,(0") := (jg)*(j,f/);f,,,,/(e’) forw’ < wand0”: T¥F — k*. The
morphism R,,(0) = S,(#) is the image RI'(X(w), —) of the above mor-
phism (see A3.4 and A3.6), so its mapping cone is in the subcategory of
D?(kGT) generated by the RT'(X(w), F.,,(9")). We have RT'(X(w), F/,(0)) =
RI'X(w), (jff)!]-‘w,(e’)) =R I X(w'), Fu(0")) = Ry /(0') by A3.6 again. So
the mapping cone of the morphism R, () — S, (#) is in the subcategory
of D’(kGF) generated by the S, (9") for w’ < w and 8’ € Hom(T%'F, k).
But R, (8") = S,y (0~H)[—2[(w’)] by Poincaré—Verdier duality (A3.12) and
smoothness of X(w’). Thus our claim is proved. O

Lemma 12.7. Let X be a quasi-affine ¥-variety of dimension d. Let F be a
constructible sheaf of k-spaces on Xg. Assume that D(F) is quasi-isomorphic
to G[—2d] for G a sheaf (see the notation D(F) in A3.12). Assume that both F
and G satisfy Condition 10.2(c). Then H (X, F) = 0 for i # d.

Proof. The proof is almost identical to the one for Proposition 10.3. We do
not have that X is smooth or that D(F) is the naive k-dual Hom(F, kx[—2d])
but we do have H.(X, §) = H*~/(X, F)* by Poincaré-Verdier duality (in the
form of A3.12) and since D(F) is concentrated in degree —2d. This allows us
to proceed with the same arguments on i’s as in Proposition 10.3. O

Here is a case where D(F) is easily computed without the variety being
supposed smooth, but a finite quotient of a smooth variety.

Lemma 12.8. Let G be a finite group acting on a variety X such that the stabi-
lizers of closed points are of order invertible in k. Assume X is quasi-projective,
smooth, with all connected components of same dimensiond. Lett: X — X/G
be the finite quotient. If M is a kG-module, denote Fy := N*ka ®re Mx/6 =
JT*GkXQLbk(;MX/G (see A3.15(1)) on (X/G)s. Then

(i) RI'X/G, Fy) = RHomyg(M*, RI'(X, k)), and R.IX/G, Fy) =
RHomyg(M*, R.I'(X, k)),

(i) D(Fy) = Fy+[2d].
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Proof. (i) See A3.15(1).
(i1) We have

L
D(Fuy) = RHOm(T[*kX®kGMX/Gv 0§/Gk)
= R'Hom(Mx/G, RHOm(ﬂ*ka U)!(/Gk))

by the right-left adjunction between the functors Hom(mw.kx, —) and m.kx
®kg — inherited from the corresponding assertion for modules. Since 7 is finite,
7, is exact (see A3.3) and , = R.m,. So the adjunction formula between R. 7,
and 7' (see A3.12) gives RHom(m kx, O’)!(/Gk) = 1. (RHom(kx, n!a;(/Gk)) =
m.(RHom(kx, a,’(k)) = m,D(kx). Since the variety X is smooth, one has
D(kx) = kx[2d] (see A3.12).

This gives D(Fy) = RHom(Mx, g, mkx[2d]) and our claim. O

Proposition 12.9. The S, g)’s for w € Z(S)rea, 0 € Hom(T(l)”F , k™) satisfy (2)
of Proposition 12.1.

The following is reminiscent (and a consequence) of independence of the
R%gs functor with regard to B (see Theorem 8.17(i)).

Proposition 12.10. Ler (w, 0) € Ok(G, F). Let w' € X(S) be such that the
associated product in W(G, Ty) is the same as the one for w (thus (w', 0) €
Ok(G, F)). Then Sy 0y and Sqy gy have the same image in the Grothendieck
group of kGF.

Proof of Proposition 12.10. Using Lemma 12.4, it suffices to check that
RI(Y(w), AY(w)).bé‘ and RI'(Y(w"), AY(w/)).bé‘ have the same character. Let
us write w = (sy, ..., s,), w = (5], ..., s.,). Up to completing one of those se-
quences with 1’s, we may assume r = r’. From Proposition 7.13(ii), we know
that Y(w) is of type YE((;U;) where F,: G" — G’ is defined by (g1, ..., &) —
(g2,..-,8r F(g1)) and a 'F.(a)=w := (§1,...,5) in G" (see also §10.3).
This is a situation where G” is a reductive group over F and (F,) = F x
.-+ x F has in turn a power which is a Frobenius map for a definition of G
over a finite subfield of F. Let a; € G be such that al_1 F(a;) = $;...5.. Then
a:=(ay,aisi,...,ais1 ...5—;) satisfies a~' F.(a) = w.

Denote v := §; ...5, € Ng(To). By Theorem 7.11, we have §; ...5, = fov
for some #y € To. By Lang’s theorem (Theorem 7.1(i)) applied to Ty and
vF, there is some ¢ € Ty such that t~'vF(¢) = fyv. Then a) = ajt satisfies
ai’lF(ai) = §] ..., and therefore a’ := (a}, ai$}, ..., a;$;...§,_,) satisfies
a 'F.(a)=w.
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GThe characters we are looking at are of type sz;('fg)gtf(Bg)(Zr 70) and

' (TpS (By)
Theorem 8.17(i). (The 7’s range over £-characters of Ty’ Fy

We clearly have “(Tj )—“(T ) =(“Ty)". So the above characters

coincide. O

(-, t6) and this does not depend on the Borel subgroups, by

Remark. The context of Theorem 8.17(i) is slightly different from the present
one, since there, asin [DiMi91] §11, F: G — G is the Frobenius map associated
with a definition of G over IF,. Here we need to apply this theorem in a case
where G is replaced with G and F with F,. But the arguments of [DiMi91]
can still be used in this situation (see Exercise 7).

Proof of Proposition 12.9. Let M be asimple kG -module. Letw € (S U {1})
with minimal /(w) such that RHomy g (S, kT* T, M) # 0. We are going to prove
that this complex is concentrated in degree —/(w), and that w € X,.q. This will
clearly give our claim.

Lemma 12.11. For any w' € (S U {1}) of length < I(w), and for any kT*'F -
module M', RHomygr(S,y M', M) = 0.

Proof of Lemma 12.11. (See also Exercise 2.) By the definition of w,
we have the lemma for M’ = kT"F. This can be expressed as the fact
that (S, kT*'F )*®GFM is acyclic as a complex of k-spaces. By Poincaré
duality (A3.12), R.I'(Y(w’)°PP, k)®GFM 0 in DP(kT®F), where Y(w’)
is considered as a G x (T*'F)°PP_variety. Let 6": T*'F — k*. Recall the
notation kg to denote the one-dimensional AT F-module associated with
0. LApplying the derivedeunctor ko @qwr— to the anve, one finds that
ko @pwr R (Y(w)°PP, k)®gr M is acyclic. The first ® can be written as
Ry (ko )°PP by equation (1) of A3.15. So we get our claim for k4 by Poincaré
duality. Our claim for arbitrary M’ follows by generation in D?(kT*'F) (see
Al.12). O

By Lemma 12.2, the condition RHom;gr(S,kT"F, M) # 0 is equiva-
lent to the projective cover of M being a summand of S,kT"F. The
same lemma applied to k-duals shows that this is now also equiva-
lent to RHomygr(M, S,kT"F) #£ 0. By Theorem 12.6, we have a mor-
phism R, kT*F — S,kT"F whose mapping cone is in the subcategory
of D’(kGF) generated by the S, kg with w’ < w. For each, we have
RHomygr (M, Syks) = 0 by Lemma 12.11.

Now, using preservation of mapping cones by derived functors (see A1.8),
the following canonical map is an isomorphism

D RHomygr (M, R kT*F) - RHomygr (M, SpkTVT).
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By Lemma 12.8(i), this means that Fj;- := n*kékTm:«'M,";(w) satisfies Condi-
tion 10.2(c).

Let us show that w is also of minimal length such that RHomygr
(SpkT¥F | M*) # 0. It suffices to check that RHomygr (S, kT¥F, M*) # 0, be-
cause then, by symmetry of hypothesis, a w’ of smaller length satisfying that
would give RHomygr (S, kT F, M) # 0, a contradiction.

What we have to check is that the projective cover of M* is a direct sum-
mand in some component of the perfect complex S,kT". Since k-duality
permutes simple and projective indecomposable modules in the same way
within kG —meod, this is equivalent to the projective cover of M being a
summand in (S, kT*F)*. But Lemma 12.8(i) and Poincaré—Verdier duality tell
us that (S, kT*F)* = R, kT*F[2[(w)]. So we are reduced to checking that
RHomygr (S, R,kTVF) = 0. This is now clear from (I) above and our hypoth-
esis on w.

This gives RHomygr (M*, S,,kT"F) # 0 as claimed.

Applying now to M* what we had for M, we know that F, also satisfies Con-
dition 10.2(c). Recall that X(w) is quasi-affine by Proposition 10.10(i). Then
Lemma 12.7 and Lemma 12.8(ii) give that the homology of F,- is concentrated
in degree dim(Y(w)) = I(w). Lemma 12.8(i) tells us that RHomygr (M, Suw.0))
is concentrated in degree /(w), or equivalently (Lemma 12.2) that the pro-
jective cover of M is present at degree [(w) and only there. This gives that
RHomygr (S0 [l(w)], M) has non-zero homology at degree 0 and only there.

It remains to show that w is reduced. Let v € X, represent the product
s182...85, € W(G, Ty), where w = (s1, 82, ...,5,). Then (v, 0) € O(G, F),
and Proposition 12.10 implies that S, ¢, has the same Brauer character as
Sw,e)- Since RHomygr(M, Syp.0)) is in a single degree, this means that the
projective cover of M occurs in only one degree of S, ¢y (Lemma 12.2 again).
Then, by linear independence of Brauer characters of projective indecompos-
able modules (see [Ben91a] 5.3.6), the Brauer character of M occurs in that of
S(w,0), hence in that of S, ¢). This in turn clearly forces the projective cover of
M to be present in at least one S(iu,e)- Then RHomyr(S(,6), M) # 0. But the
minimality of /(w) now implies v = w. O

12.4. Disjunction of series

In the present section, we show that the Sy, 9y’s satisfy condition (3) of Propo-
sition 12.1.

We have to check that RHomygr(Sqw 6y, Swr,en) = 0 whenever w, w’ €
2 (Sreas O0:TYF — k%, 0 TY'F — k* and (w,0), (w',0’) correspond to
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semi-simple elements of (G*)F, not (G*)F-conjugate. Let us first check the
following.

Proposition 12.12. Let VS, V'S’ be Levi decompositions of Borel subgroups of
G with S, S’ some F-stable maximal tori. Let 0:S¥ — k* and 0":S'F — k*.
Denote by by and by the associated primitive idempotents of the group algebra
kS (resp. kS'F); see Definition 10.16.

Recall Yicy ={z€ G|z 'F(z) € FV}, a closed subvariety of G,
G x SF-stable (see §7.1). Denote by w:Yicy = Ylgv/SF, 7" Yicy —
Y]gV'/S/F the associated quotients. Let R := RCF(Ylgv/SF,TL'*kY]gV.bQ),
R =R (Yicv /S, wlky, ., .bo) in D’(kGT —mod).

If (S,0) and (8,0 are not in the same geometric series, then
RHomg+ (R, R") = 0.

Proof of Proposition 12.12. The proof is very similar to the classic one over
K (see [Srinivasan] 6.12, [DiMi91] §11 and §13). We restate the main steps for
the convenience of the reader and take the opportunity to make more precise a
couple of arguments.

We have

L
RHomgr(R, R)) = RY Qg R
= (R (Yigv, ky,y)-b9)” @k ReL(Yicv, ky, y)-bo))Gr

(co-invariants) since R.I'(Yicv, ky,.).by is represented by a complex of pro-
jective kG -modules (see A3.15). Using also the Kiinneth formula (A3.11), we
get RHomygr (R, R') = R.I'(Yicy x Yicy /GF, k).byg-1 ® by where Yicy x
Y cv'/GY is the quotient for the diagonal action and the quotient is still endowed
with the action of S” x S'F (on the right) making R.I'(Yicy x Yicv/GF, k)
into a class of bounded complexes of (right) k(S* x S'F)-modules. We are
going to study Yicy x Yicy/GF.

Let Z :={(u,u',g) € FVx FV x G |uF(g) = gu'}. By differentiating
the defining equation, it is easily proved that it is a closed smooth subvariety of
FV x FV' x G.1tis stable under the action of ¥ x §'F given by (u, u’, g)
', u?, s 'gs") for s € S, s' € 'F. The morphism Yicy x Y,y — Z de-
fined by (x, x") — (x "' F(x), x’ "' F(x"), x~'x’) is clearly bijective between
Yicv X Y]gv//GF and Z (see also [DiMi91] 11.7). By differentiating the mor-
phism above, we easily find that it is a separable map. So we have an iso-
morphism Y;cy X Y]gV’/GF;)Z (see A2.6). This is an isomorphism of
ST x §'F_sets.

If x eG satisfies S* =98/, one defines Z, :={(u,u',g)eZ|gc¢c
SVxS'V'}. We have clearly Z = | J, Z,, a disjoint union when x ranges over a
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(finite) representative system of double cosets x € S\G/S’ such that S* = §'.
Those x are of the form nxy where n € Ng(S) and xg is some fixed element
of G such that §* = §” and V* = V’. The Bruhat order on Ng(S)/S with re-
spect to VS allows us to list the distinct Z, soastogetZ=7Z,UZ,U...a
(finite) disjoint union where each union Z; UZ, U ... U Z; is closed since the
corresponding union Uﬁ,zl VSn;xoV'S' = (Ui,leSni/VS)xo is closed. These
Z; are ST x S'F-stable, so the open-closed exact sequence (see A3.9) implies
that there is some x such that S* = S’ and R.I'(Z,, k).bg-1 ® by # 0.

Let V’_ be the unipotent radical of the Borel subgroup opposite V'S" with
regard to S’ (i.e. V. = V"% where ny € Ng(S) is such that VN V* = 1). One
defines

SExSF CH, :={(s,s)|sF(s) '=Fx)s'F(s)'"F(x)"'} S xS

Then H, is obviously a group which is made to act on Z, as fol-
lows. Write VSxV'S' = (VN xV_x HSxV =ZVNxV_x~! xS x V' by the
unique decomposition g = byxv, = vgsexv), where v, € VNV x7!, s, €
S, v; eV, and b, =v,s,. If s€8, 5" €8, define (u,u,g).(s,5) =
(WF(vg)y F(v)™', (u’F(vé)‘l)‘V/F(v;‘Y'), s~'gs’). Itis easily checked that this
defines anactionof S x §’on F'V x FV' x VSxV'§’ (note that (v,)* = vs-14),
and (less easily) that Z, is preserved by H,. This last action extends the action
of ST x §'F on Z,. See also [DiMi91] 11.8 where a V N V'-torsor makes the
above formulae more natural.

Let m be an integer such that F™"(x) = x (see A2.5). We show that 6 o
Npnjp =00 Npw/p o ad(F(x)™").

Let H,y i= {(Npn/p(s), Npn/p(sF@)) | s € ST} € SF x S'F (one has
(STHF® < ' since ST =8'). Let H, , := {(Npn/r(s), Npn/p(sT@)) |
s € S} a subtorus of S x S’. One has H, ,, € H, since, denoting by Lang
the Lang map g+ g 'F(g), it is easily checked that Lany o Npw 5 =
Lang»  on S and therefore F()c)LanF(Npm/p((s’1)F(")))F()c)’1 =
F()Langn (s HFONF(x)™! = Fx)sTOF" (s HYFO F(x)~! = Langn (s ")
forany s € S.

The proof of the following lemma will be given later.

Lemma 12.13. Let X be a quasi-projective F-variety and H be a torus acting
on it. Let k be a finite commutative ring whose characteristic is invertible in F.
Let H' be a finite subgroup of H. Then H' acts trivially on H.(X/H', 7/ kx).

Applying the above for H, ,, and H' = H,,, acting on Z,, we find that
H, ,, acts trivially on any H (Z,, k). But H (Z,, k).by-1g¢ only involves simple
k[ST x S'F]-modules isomorphic to the one associated with the linear character
7' ®0',s0Res} S H (Zy, k).bg-159 # Oonlyif (0~ ® 6')(Hy,) = 1. This

m
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means 6 o Npn/p(s) = 60" o Npn;p(s¥™) for all s € S This contradicts the
fact that (S, 0) and (S, 6") are not geometrically conjugate (see Proposition 8.21
and (8.15)).

Then R.I(Z, k).bg-1 ® by is acyclic, i.e. equal to 0 in D?(k). O

Proof of Lemma 12.13. 1f H' C H” are finite subgroups of H, then
Res HL(X/H”, w/"kx) = H{(X/H', n/'kx) (see A3.8, A3.14). So our claim
will follow from the cyclic case. Assume H' = <h’> for some 4’ € H. The
sum €D, H (X, kx) is a finite group by A3.7. Let N be the order of its automor-
phism group. Since H is a torus, hence a divisible group, there is 4 € H such
that A" = &’. But h induces an automorphism of H.(X/<h>, 7 ~"> kx) whose
Nth power is trivial. This implies that #Y = &’ acts trivially. O

Lemma 12.14. Let V be a connected unipotent group acting on an F-variety
X such that there exists a locally trivial V-quotient w: X — X' with X' smooth.
Then R.m, induces an isomorphism R.I"(X, k)%RCF(X’, k)[—2d] where d
denotes the dimension of V.

Proof. By A3.6, it suffices to show that R.m.k = k[—2d]. By [Milne80]
VI.11.18, we have a “trace map” n: R.w.k — k[—2d] in D”(X’) which is an
isomorphism at degree 2d cohomology (or use A3.12). To get our claim, it
suffices to show that R,k and k[—2d] have isomorphic stalks at closed points
of X (see A3.2). Let Spec(F)—x>X be a closed point and let us form the fiber
of i, i.e. the fibered product

X, — X

lm ln
Spec(F) —~5 X

The base change for direct images with proper support (A3.6) gives
Remek)y = Re(my)sk. But X, E V= A‘é since locally everything is trivial.
Then R. (7, ).k = k[—2d] by the classical result on cohomology with compact
support for affine spaces (see A3.13, giving RI'(A}, k) = k[0], then use the
Kiinneth formula to get RT'(A¢, k) = k[0], and apply Poincaré duality). O

Let us embed G C G= G.Z((N}) where Z((N}) is connected (use a central
quotient of G x T where T is an F'-stable maximal torus; see §15.1 below).

Lemma 12.15. Let VS be a Levi decomposition of a Borel subgroup of G with
FS =8, and let b be an idempotent of the group algebra kS*. Then
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(i) RD(Y Dy, k) = RO(Yyy. b)[—2dim V],
(ii) RCF(Y(IZ)V, k) = RI(Yy2y, b)[—2dim V],
(iii) ReD (Y Dy, k).b = Ind%; R, L(Y\Ey. k).b.

Proof. (i) is a consequence of (ii) using Poincaré duality (A3.12) since Y;cv
is smooth (see Theorem 7.2(i)).

(ii) is a consequence of Lemma 12.14, knowing that the map Y,cy — Yvcv
induced by G — G/V is locally trivial (see A2.6).

(iii) We have Y&y ——G* x Y%, /GF as a GF x SF-variety, by Theo-
rem 7.10. So, using_equation (1) of A3.15 and the Kiinneth formula (A3.11),
we get

R.I" (Y(\EN;Q)V’ k)—>R.[(G", ORI (Yvey k)

in D*(kG* @ kSF). We have R.I(GF, k)—kaF trivially (use finite

quotient), so RCF(Y$£V,k)—>kGF QrgF Re F(YVCV,k) and therefore

R (Y2y, k)b——>kGF @ir ReT(Y\y, k)b by further tensoring — ®sr
kS¥b. We may replace the index V C V with 1 € V by (ii). This completes
our proof. O

Letus now check condition (3) of Proposition 12.1, thus completing the proof
of Theorem 10.17(b) (see Proposition 12.3). Let (w, 6), (w’, 8") € (G, F)be
in distinct rational series with w, w’ € X(S)eq (see Notation 10.8).

Denote w = (sy,...,s,). Taking a € G such that a~'F(a) =3 ...5,
and denoting S:=Tg, V:=Uj, we have Y(w) =Yy as a GF x TO'”F-
variety (see Proposition 10.12 for I = (). We do the same for (w’,6’).
This gives (S, 0) which is in a rational series different from the one of
(S, 6). Take an embedding G C G as above. Let S := Z(é).S, S = Z((E).S’,
and let 6 (resp. 5’) be linear characters extending 6 (resp. 6') on SF
(resp. S’F). Then (g, 5) and (§/,5/) are in distinct rational (=geometric)
series (see Theorem 8.24(iii)). Proposition 12.12 applied in G gives that
RHom, & (R.I(Y @y, )., RC(YS,, k).b) = 0. Summing over all exten-
sions 6,6’ of 6, 6', we find RHom, & (R, F(Yl(é)v, k).bg, Re F(Yl(é)v k).bg) =0
since by = Za . Using Lemma 12.15(iii) and the Mackey formula giving
Resgf o Indgf = deG'”/GF ad(g), we have

D RHomygr (*(RI(Y(Ey. k).by). R (Yicy,. k).by) = 0.
9eGF /GF
Then RHomygr(R:I(Y\ Dy, k).by, RI(Y{2y,, k).by) = 0. We may replace
R.I" with RI" by Poincaré duality, and Y;cy with Yy by Lemma 12.15(i).
This is now our claim. O
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Exercises

1. Prove Lemma 12.2 for all degrees where Hom4(C?, S) # 0.

2. Show Lemma 12.11 by using free resolutions of kT*' ¥ -modules and the fact
that S, is a functor represented by a bounded complex of bimodules. Find
a connection with Lemma 1.15.

3. Let G be any connected F-group acting on an F-variety X. Show that G acts
trivially on H (X, Z/n)’s.

4. Show that H; = H, ,, (notation of the proof of Proposition 12.12).

5. Show that the hypothesis that G satisfies Condition 10.2(c) is implied by the
other hypotheses of Lemma 12.7 (use Exercise A3.1).

6. Prove Theorem 9.12(i) as a consequence of Proposition 12.1 being satisfied
by the S(w,g)’s.

7. We use the notation of Proposition 12.12 and its proof. We identify 6
with a morphism 8 — A* and denote by Ky the one-dimensional KS*
it defines. Let A™ = A/J(A)" for n > 1. Assume S =S’. Show that
[1131 R.I(Yicy X Yiey/GF, A™)] ®grysr (Ky ® Kg-1) is of dimension

NG~ (S, ) : S¥| (use the arguments of [DiMi91] §11).
Deduce that Theorem 8.17(i) holds in the context of the proof of Propo-
sition 12.10.

Notes

The whole chapter is taken from [BoRo03]. §12.4 is based on the proof in
[DeLu76] of the corresponding statement for representations in characteristic
0 (see also [DiMi91] §11).



PART III

Unipotent characters and unipotent blocks

Let (G, F) be a connected reductive F-group defined over FF,.

We have seen in the preceding part that unipotent blocks constitute a model
for blocks of finite reductive groups. We now focus a bit more on characters, and
show some properties of unipotent characters among ordinary representations
of a unipotent block.

Let us recall the partition

I(GF) = Usg(GF, 5)

of irreducible characters of G¥ into rational series, where s ranges over con-
jugacy classes of semi-simple elements in (G*)F (see §8.4). We denote by ¢
a prime not dividing ¢, and by £ (GF, ") the subset of the above union cor-
responding to semi-simple elements of order prime to £. Let (O, K, k) be an
£-modular splitting system for G

When £ does not divide the order of (Z(G)/Z°(G))", the elements of
E(GF, ¢') are approximations of the (Brauer) characters of simple kG’ -modules
(see Theorem 14.4). These results prepare the ground for the determination of
decomposition numbers (see Part IV). The proof of Theorem 14.4 involves a
comparison of centralizers of £-elements in G and (G*)F. These are mainly
Levi subgroups, so we need to relate types of maximal F-stable tori to the
possibility of containing rational £-elements, hence the necessity of consider-
ing cyclotomic polynomials as divisors of the polynomial order of tori. This
analysis of tori will also be needed in Part V.

An important fact about unipotent characters is that many of their properties
only “depend” on the type of the group, not on the size of ¢ or Z(G). We prove
some “‘standard” isomorphisms for unipotent blocks showing that they do not
depend on Z°(G). The proof needs, however, a thorough discussion of non-
unipotent characters and how they restrict from G to [G, G]¥. Embedding G
in a group with connected center and same [G, G] may also be necessary in
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order to deal with non-connected centralizers of semi-simple elements Cg-(s)
in G*. This leads to establishing a fundamental property of Jordan decomposi-
tion of characters (see Chapter 8) with regard to Deligne—Lusztig generalized
characters R(T;G (see §15.2). A theorem of Lusztig shows that restrictions to
G’ of irreducible characters of [G, G]¥ are sums without multiplicities of ir-
reducible characters. The combinatorial proof of this result in spin groups is in
Chapter 16.



13

Levi subgroups and polynomial orders

Let (G, F)be aconnected reductive F-group defined over IF,,. As is well-known,
the cardinality of G¥ is a polynomial expression of ¢, with coefficients in Z.
We call it the polynomial order of (G, F). In this polynomial P, r)(x), the
prime divisors # x are cyclotomic polynomials.

If S is an F'-stable subgroup whose polynomial order is a power of the dth
cyclotomic polynomial ¢4, then S is a torus. It is natural to study those “¢,4-tori”
like £-elements of a finite group (¢ a prime). This leads to an analogue of Sylow’s
theorem, due to Broué-Malle; see Theorem 13.18 below. If S is a ¢;-torus, then
C(S) is an F-stable Levi subgroup, called a “d-split” Levi subgroup of G. We
show how this class relates to centralizers of actual £-elements of G¥ .

A related type of problem is to compute more generally centralizers of semi-
simple elements.

This is to be done in view of the local methods of Part V, but also in connection
with the Jordan decomposition of characters (see Chapter 15).

13.1. Polynomial orders of F-stable tori

We need to give a formal definition of the fact that the order of G¥ is a “poly-
nomial in g.”

Theorem 13.1. For each connected reductive group (G, F) defined over I,
there exists a unique “polynomial order” P r\(x) € Z[x] satisfying the fol-
lowing:
e there is a > 1 such that |G| = P, r(q™) for all m > 1 such that m = 1
(mod. a).
One has P(G,F) = P([G,G],F)P(ZC(G),F) and P([G,G],F) has the form
xN [Ty ¢ for va, N € N, where ¢4 denotes the dth cyclotomic polynomial.

189
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Proposition 13.2. (i) Polynomial orders are unchanged by isogenies.
(ii) If His a connected F -stable reductive subgroup of G, then Py, r) divides
PG, r), with equality if and only if H = G.

Proofs of Theorem 13.1 and Proposition 13.2. 1f (T, F) is a torus defined over
IF,, then Pt ) is the characteristic polynomial of g~ 'F acting on Y(T) ® R
(see [Cart85] (3.3.5)).

For more general connected reductive F-groups (G, F) defined over F,,
let T be an F-stable maximal torus of an F-stable Borel subgroup. Then
([Cart85] 2.9), one has |G| = |Z°(G)F|q" [],.;-(q¢* — &) where 2N =
|®(G, T)|, the exponents d; are so-called expon:an_ts of W(G, T) acting on
the symmetric algebra of Y (T) ® R ([Bour68] §V.6), and the roots of unity ¢;
are defined from the action of ¢~ F on the subalgebra of W(G, T)-invariants.
Let a be the order of ¢g~' F, then ¢! F and ¢~ F™ are equal symmetries of
Y(T) ® R whenever m = 1 (mod. a), hence the (d;, ;) are the same for F and
F'™. Clearly Pg,r) is uniquely defined by an infinity of values.

Note that the degree N + ), d; = 2N + 1 of P, g}, r) is the dimension of
[G, G].

One has Pg r = Pg,6),F Pzo(c),r by Proposition 8.1 (with G =[G, G] x
72°(G), Z = H =[G, G] N Z°(G)) and Lang’s theorem (see also Exercise 8.1).

Proposition 13.2(i) follows from the above.

Let H C G be as in Proposition 13.2(ii); Py r and Pg p are elements of
Z[x] with leading coefficient 1. There are infinitely many ¢’ = ¢™ such that
Pu.r(q’) is non-zero and divides Pg r(q’). Now, using euclidean division
Pc.r = Pur.Q + R in Z[x] one sees that R = 0. When equality holds be-
tween degrees of Py r and Pg,r, the groups have equal dimension. ]

Definition 13.3. Ler § # E C {1,2,3,...}. One calls a ¢g-subgroup of G
any F-stable torus S such that P, ry can be written as Il,ep(¢pq)" for some
integers ng.

An E-split Levi subgroup of G is the centralizer in G of some ¢g-subgroup
of G.

When E is a singleton {e}, we may write e-split instead of {e}-split. A
1-subgroup is just a split torus, i.e. F' acts as multiplication by g on its character
group. The group G itself is E-split for any E. A 1-split Levi subgroup is
an F-stable Levi subgroup of an F-stable parabolic subgroup of G ([BoTi]
4.15).

Example 13.4. (i) Let T be a reference torus. If T' = gTg~! is obtained from
T by twisting withw € W, i.e. g’1 F(g)T = w, then Py r) is the characteristic
polynomial of (¢! F)w acting on Y(T) ® R.
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(ii) Let G = GL,(F) and F be the usual map (x;;) (xiqj) raising all ma-
trix entries to the gth power. Let T be the diagonal torus of G and let us use
it to parametrize G’ -conjugacy classes of F-stable maximal tori by conju-
gacy classes of Ng(T)/T = G, (see §8.2). If the conjugacy class of w € G,
corresponds with the partition A,...,A; of n (i.e. w is a product of ¢ dis-
joint cycles of orders Aq, ..., %;), the polynomial order of the tori of type w
is (x** —1)...(x* — 1). Note that the polynomial order determines the G-
conjugacy class of the torus. The Coxeter torus T, is associated with the class
of cycles of order n. This maximal torus T, is the only n-split proper Levi
subgroup of G. To see this, note that its polynomial order x" — 1 is the only
polynomial order of an F'-stable maximal torus divisible by ¢,,.

Let e > 1, m > 0 be such that me < n. Let S, be a Coxeter torus of
GL,(F). Then let L' be GL,_(F) x (S(,))" embedded in G = GL,(F) via
any isomorphism F” = F"~"¢ x (F¢)". Then L™ is e-split as a result of the
above. A maximal e-split proper Levi L subgroup of G is isomorphic to
(GL,,)¢ x GL,,_,n. with LF = GL,,(¢¢) x GL,_ne(q).

Now let F’ be the Frobenius endomorphism (x;;) ’(xiqj)“. Then G is
the general unitary group on Iz, often denoted by GL,,(—¢), and with rational
type (°A,_1, —q). The diagonal torus has polynomial order (X + 1)" and is not
1-split, but it is a maximal 2-split torus and its polynomial order determines its
G*'-conjugacy class.

(iii) When the type of G is a product of types A,,, we define a diagonal torus
of G as a product of diagonal tori of components. Then all diagonal tori are
GT -conjugate, and if an F-stable Levi subgroup L contains a diagonal torus T
of G, then T is a diagonal torus of L.

(iv) Assume (G, F) is semi-simple and irreducible and has type X €
{A,, D2y41, Eg}. Let Ty be a reference maximal F-stable torus in G. An el-
ement wy in the Weyl group which is of greatest length with respect to some
basis of ® acts on Y(T) ® R as —o, where o is a symmetry that restricts to ® as
an automorphism of order 2 of the root system and Dynkin diagram [Bour68].
If (G, F) has rational type (X, g), (G, o F) is defined over I, with rational type
(>X, g). One sees that if T (resp. S) is obtained in (G, F) (resp. (G, o F)) from
Ty by twisting by w (resp. wwy), then Pr r(X) = Ps o r(—X). The polynomial
orders of (G, F) and of (G, o F) are related in the same way.

Proposition 13.5. If T is a torus defined over IF, with Frobenius F, if E is a
non-empty set of integers, then there is a unique maximal ¢g-subgroup in T.
One denotes it by Ty, .

Proof. By Proposition 13.2(ii), the polynomial order of the subtorus Ty, has
to be the product Pr of biggest powers of cyclotomic polynomials ¢, ¢ € E,
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dividing Pr, r. That property defines Y (T, ) as a pure subgroup of Y (T): there
is a unique subspace Vg of Y(T ® R) such that the restriction of (g~' F)~! to
Ve has characteristic polynomial Pg and Y (T, ) = Y(T) N V. O

In the following proposition, we show that an F-orbit of length m on the set
of irreducible components of G induces the substitution x +> x”
orders.

in polynomial

Proposition 13.6. Let (G, F) be a connected reductive group defined over
F,. Assume G = G1.Gy...G,, is a central product of connected reductive
subgroups G; such that F(G;) = G;1 (i is taken mod. m). If the product is
direct or if G is semi-simple, then P, r\(x) = PG, rm(x™). The F-stable Levi
subgroups of (G, F) are the L;.F(Ly)... F"~'(L,)’s, where L, is any F"-
stable Levi subgroup of (Gy, F™).

Proof. By Theorem 13.1 and Proposition 13.2, it is enough to prove this for
direct products. It is clear that the projection 77;: G — G bijects G** and GI™
for any k > 1, so P, F)(q") = P((;I,Fm)(q’”k) for infinitely many k’s, whence
the claimed equality.

Consider L = C¢(S) where S is a torus of G. One has L = Cg, (71(S))
F(Cg,(m(S)). .. Frl (Cg, (1 (S)); this gives the second statement with L; =
Cg, (11()). O

Proposition 13.7. Let E be any non-empty set of integers. A Levi subgroup of
G is E-split if and only if its image in Guq is so, or if and only if L N [G, G] is
E-split.

Proof. Letm: G — Gy be the natural map. If S is an F-stable torus in G, then
7(S) is an F-stable torus in w(G) and one has PszoG).F = Pr(s).F Pzo(G).F-
Furthermore Cg(S) = Cg(SZ°(G)) and 7 (Cg(S)) = Cr()(w(S)). The first
assertion follows. The second equivalence follows from Cg(S) = Cg(SN

(G, GD). O

Proposition 13.8. Groups in duality over F (and their connected centers) have
equal polynomial orders.

Proof. See §8.2 and [Cart85] 4.4.

Proposition 13.9. Let (G, F) be a connected reductive group defined over IF,,
let (G*, F) be in duality with (G, F). For each non-empty set of integers E the
bijection L — L* between G* -conjugacy classes of F-stable Levi subgroups
of G and (G*)F'-conjugacy classes of F-stable dual Levi subgroups of G*
(see §8.2) restricts to a bijection between respective classes of E-split Levi
subgroups.
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Proof. By symmetry, it suffices to check that, if L is E-split, then L* is E-
split. Let S* := Z°(L*)4, , then M* := Cg+(S*) 2 L* is in duality with M such
that G © M D L. One has Z°(M*),, = Z°(L*)y,, while Pz r = Pz F
by Proposition 13.8 and Pzoqvi+),r = Pzeomy, > S0 Z°(M)g, = Z°(L)g, and
M C Cg(Z°(L)g,) = L since L is E-split. So L = M and L* = M*, which is
E-split. O

13.2. Good primes

The notion of “good primes” for root systems was defined by Springer—
Steinberg in order to study certain unipotent classes. Here we are mainly inter-
ested in semi-simple elements (see in particular Proposition 13.16(ii) below).

Definition 13.10. A prime £ is said to be good for a root system @ if and only
if (Z®/ZA), = {0} for every subset A C ®. If G is a connected reductive F-
group, a prime is said to be good for G if and only if it is good for its root
system.

Note that the notion does not depend on the rational structure.

In the following table, (G, F) is a connected reductive F-group defined over
[F,, it has irreducible rational type (X, ) with r a power of g (see §8.1). We
recall the list of good primes for G (see [Cart85] 1.14), along with |Z(G.)"|,
the number of rational points of order prime to p in the fundamental group (see
§8.1). The group is of rational type (X, r).

Table 13.11
type X An 2An Bn’ Cn Dm 2Dn 3D4
good £’s all all #2 #2 #2

IZGHF ||+ 1,r —=D|n+1Lr+D|Q2,r—1D|&r>=1) 1

type [Ee Fi4, Gy Eg E; J O
good ’s| #£2,3 |£2,3|£23|£2,35
|Z(Gsc)F | 1 3, 2p, 1

Proposition 13.12. Let (G, F) be a connected reductive group defined over IF,.
Let £ be a prime good for G.

(i) If G has no component of type A, then ¢ divides neither |Z(G)/Z°(G)|
nor |Z(G*)/Z°(G™)|.
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Let H be an F-stable reductive subgroup of G which contains an F-stable
maximal torus of G.

(ii) If (Z(G)/Z°(G))F | is prime to £, then |(Z(H)/Z°(H))F | is prime to £.

(iii) If |(Z(G*)/Z°(G*))F| is prime to €, then |(Z(H*)/Z°(H*))F'| is prime
to L.

(iv) If H is a Levi subgroup, then (ii) and (iii) above hold for any prime ¢,
without the assumption that € is good for G.

Proof. (i) As G = Z°(G)[G, G], Z(G)/Z°(G) is a quotient of Z([G, G]), itself
a quotient of Z(Gy.). Hence (i) follows from Table 13.11.

(ii) and (iii) Let T be a maximal F-stable torus of G contained in H. Let
® C X(T) (resp. @ C Y(T)) be the set of roots (resp. coroots) of G relative to
T. We may assume that (H*, F) is in duality with (H, F) and is defined by the
root datum (Y (T), X(T), ®g"”, ®n), where @y is a subsystem of ® and dy”
is the set of roots of H* relative to T*. But if £ is good for @, then it is good for
®" and for any subsystem. So, if it is good for G, then it is good for G*, H and
H*.

The groups of characters of the finite abelian groups Z(G)/Z°(G),
ZH)/Z°(H), Z(G*)/Z°(G*) and Z(H*)/Z°(H*) are isomorphic, with F-
action, to the p’-torsion-groups of X(T)/Z®, X(T)/ZPw, Y(T)/ZdV
and Y(T)/Z®y" respectively ([Cart85] 4.5.8). Under hypotheses (ii)
(X(T)/Z®F), = {0}. But £ is good for @, hence (ZP/ZPy)} = {0}. Then
(X(T)/ZPn)f = {0}, s0 (Z(H)/Z°(H))! = {1}. So (ii) is proved, and similarly
(iii) because £ is good for ®V.

(iv) If H is a Levi subgroup of G then Z®/Z®y and Z® /ZPy" have no
torsion, hence the torsion groups of Y(T)/Z®" and Y(T)/Z®y" — and of
X(T)/Z® and X(T)/Z Py — are isomorphic. |

13.3. Centralizers of ¢-subgroups and some
Levi subgroups

For references we gather some classical results and give some corollaries.

Proposition 13.13. Let T be a maximal torus of G. Let w: G — Gyq. Let S be
a subset of T. Then the following hold.
(i) Ce(8) =<T,X, ; a € &G, T), a(S) = 1> and
Cg(S) = Ci(8). <w € W(G, T); w(S) = 1>. Both groups are reductive.
(ii)If ' C T, then C%E(S,)(S) = Cg(5'9).
(iii) T (CG(8)) = C (7 (9)).
(iv) If S is a torus, then Cg(S) is a Levi subgroup of G, hence is connected.
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Proof. (i) See [Cart85] Theorems 3.5.3, 3.5.4 and the proof of Proposition 3.6.1.
(ii) Clear since T C Cg(S).
(iii) follows from (i).
(iv) [DiMi91] Proposition 1.22. O

Here is Steinberg’s theorem on centralizers (see [Cart85] 3.5.6).

Theorem 13.14. If the derived group of G is simply connected, then the cen-
tralizer in G of any semi-simple element is connected.

Example 13.15. Let s be a semi-simple element in GL,,(F). One has an iso-
morphism Cg(s) = [],s GL(V,), where S is the set of eigenvalues of s and
V, 1s an eigenspace of s acting on F”". The centralizer of s is a Levi subgroup
of G and its center S is connected.

Let F be a Frobenius endomorphism as in Example 13.4(ii) so that GL,,(¢) =
GL,(F)" and assume that F(s) = s. Then Cg(s)" = [, cs/-p- GLy(w)(g')
where w is an orbit under F in S and m(w) is the dimension of V,, for any
o € w. Hence S is an F-stable torus with polynomial order [, (Xl — 1).

Let F’ be as in Example 13.4(ii) so that GL,,(F)* " = GL,(—q), and assume
now that F'(s) =s.Foro e Slet@ = {a™' | « € w} and let g, = ¢!*! if ® #
w and g, = —¢'“/? if ® = w. Then Cg(s)" = [T(.2) GLm()(4s) and S has
polynomial order [,_,(X'! — DT, _5(X'“//> +1).

Let e be the order of ¢ modulo £. If s has order £ and w # {1}, then e = |w]|,
hence Cg(s) = Cg(S) = Cg(S,) is an e-split Levi subgroup of G in both cases.

Proposition 13.16. Let E be a set of primes not dividing q. Let Y be an E-
subgroup of G¥ included in a torus.

(i) Cg(Y)/Cg(Y) is a finite E-group and it is F-isomorphic with a section
of Z(G*)/Z°(G™).

(ii) If any £ € E is good for G, then C,(Y) is a Levi subgroup of G.

Proof. (i) Follows from Theorem 13.14 and Proposition 8.1; see [DiMi91]
13.14(iii) and 13.15@).

(ii) By Proposition 13.13(ii), it suffices to check the case of a cyclic £-group
Y = <y>. Proposition 13.13(iii) also allows us to switch from G to any group
of the same type. So we may reduce the proof to the case of simple types. If
the type is A, we may take G to be a general linear group. Then the statement
comes from Example 13.15.

Assume now that the type of G does not include type A. By Propo-
sition 13.12(i), £ does not divide the order of (Z(G*)/Z°(G*))". Then (i)
above implies that H:= Cg(y) is connected. One has y € Z(H)". But
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Proposition 13.12(ii) implies that (Z(H)/Z°(H))" is of order prime to ¢, so
y € Z°(H). Then clearly H = Cg(Z°(H)). This is a characterization of Levi
subgroups. O

From now on, assuming that the prime £ does not divide ¢, let E, ¢ :=
{d | £l¢4(q)}. Thisis {e, el, e€?, ..., el™, ...} where e is the order of ¢ mod. £.

Lemma 13.17. Assume that £ does not divide |(Z(G)/Z°(G))F|. Let m: G —
Gyq be the canonical morphism.

(i) If X is an F-stable subgroup of G, then n(X)ZF = JT(X{).

(ii) Assume ¢ is good for G. Let S be a ¢, -subgroup of G. Then C(S) =
C&(SH).

Proof. (i) By Proposition 8.1, 7(X)f = (XZ(G)/Z(G))" is an extension of
([XZ(G), F1NZ(G))/[Z(G), F] by (XZ(G))F /Z(G)F. By Lang’s theorem,
7°(G) C [Z(G), F]. Therefore the hypothesis on £ implies that ([XZ(G), F] N
Z(G))/[Z(G), F1is £’ ; thus (X))} € 7w (XT). Moreover, if s is of finite order,
then 7 (s¢) = 7(s),. This implies 7 (X)} = n(X}).

(i1) Let us show first that Sf C Z(G) if and only if S C Z(G).

The “if” part is clear, so assume 7 (S) # {1}. In G,q, 7(S) is a non-trivial
¢k, ,-subgroup (Proposition 13.7), so |7 (S)F|, which is the value at g of some
non-trivial product of cyclotomic polynomials ¢4 with d € E, ¢, is a multiple
of £. Then, by (i), w(S)! = 7 (SF) # {1}. Hence S}’ Z Z(G).

Let us now prove (ii) by induction on dim G. If S is central in G, then
everything is clear. Otherwise, we now know that S Z Z(G). LetL = Cg(S/),
this is a Levi subgroup by Proposition 13.16 (ii). By definition of good primes
£ is good for L. Then one may apply the induction hypothesis to (L, F) by
Proposition 13.12(iv). It provides the equality sought. O

Theorem 13.18. Let (G, F) be a connected reductive F-group defined over IF,,.
Given an integer d > 1, there is a unique G -conjugacy class of F-stable tori
S such that Ps_ r is the biggest power of ¢4 dividing Pg, r. They coincide with
the maximal ¢4-subgroups of G.

Proof. In view of Proposition 13.5 the theorem reduces to a statement about
F-stable maximal tori, and can be therefore expressed in terms of the root datum
of G around an F-stable maximal torus T and the p-morphism induced by F
(see §8.1).

We prove the proposition by induction on the dimension of G in connection
with preceding results. Given d, we may choose ¢ and ¢ such that

(a) £ is a prime good for G,

(b) £ = 1 mod. d and Z is bigger than the order of the Weyl group of G,

(c) g is of order d mod. £.
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Condition (a) excludes only a finite number of primes, hence (b) is pos-
sible by Dirichlet’s theorem on arithmetic progressions (see for instance
[Serre77b] §VI). The same argument and the fact that (Z/£Z)* is cyclic al-
lows (¢).

Then the order formula (proof of Proposition 13.2) and (b) imply that
|GT s = (¢a(q)*)e where a is the biggest power of ¢, in Pg. . Moreover, £
does not divide the order of Z(G)/Z°(G) (see Table 13.11).

Assume that S and S’ are ¢,-subgroups such that Ps p = ¢,“. We show
by induction that S contains a GF'-conjugate of §’. Once the existence of S is
established (see below), this will give all the claims of our theorem.

Applying Propositions 13.2 and 13.5 to S.Z°(G)y,, we see first that S D
Z°(G),,. However, Sf is a Sylow ¢-subgroup of G*. So we may assume
that S/ 2 §'/. By Lemma 13.17(ii), C&(S,”) is a Levi subgroup of G. If
L =G, then §' € Z°(G)4, € S. Otherwise, C&(S;ZF ) is a proper Levi sub-
group containing both S and S’. The induction hypothesis then gives our
claim.

For the existence, one may assume that G = G,q by Proposition 13.7. If
a # 0, then |G¥| is divisible by £. Let S be a Sylow £-subgroup of G¥ and let
x € Z(S), x # 1. Then L := Cg(x) is a proper F-stable Levi subgroup of G
with L = Cgr(x) (apply Proposition 13.16 knowing that £ is good and bigger
than |Z(Gs.)|; see Table 13.11). Then Py, ¢ divides Pg, r (Proposition 13.2(ii))
and is divisible by ¢,“ since |GF : L¥| = Pg r(q)/ PL.r(q) is prime to £. The
induction hypothesis then implies our claim. O

Proposition 13.19. If an F-stable Levi subgroup L of G satisfies L =
CE(Z(L)[), thenitis E, ¢-split. If, moreover, £ is good for G and (Z(G)/Z°(G)F
is of order prime to £, then the converse is true.

Proof. We use the abbreviated notation £ = E, ,. By definition of E, ,, one
has T} = (Ty,)f for any F-stable torus T.

Assume first that (Z(G)/Z°(G))" is of order prime to £. By Proposi-
tion 13.13 (iv), one has Z(L){ = Z°(L)}, hence L = Cg(Z(L)f) implies that
L = Ci(Z°(L)y,) so that L is E-split.

Conversely let S be a ¢ g-subgroup of G and let L. = Cg/(S). If £ is good then
L = C4(S{) by Lemma 13.17(ii).

Now assume only that L. = C¢ (Z(L)[F ). There is an embeddmg G — G
deﬁned on F,, with isomorphic derived groups and such that Z(G) ZO(G)
(take G =G x T/Z(G) where T is an F'-stable maximal torus of G; see §15.1
below) Then L := ZO(G)L is a Levi subgroup of G.Onehas L = C2 (Z(L)e ),
hence L = COG(Z(L) ). By the first part of the proof, Lis E- -split. By Proposi-
tion 13.7, L is E-split. O
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Exercises

1. Give an example of a centralizer of a semi-simple element which is not
connected (take G = PGL). Deduce an example of a finite commutative
(non-cyclic) subgroup which is made of semi-simple elements but is not
included in a torus. Show that, if g # 2, then PGL,(IF,;) has Klein subgroups
but none is in a torus.

2. Assume £ is good and does not divide ¢|(Z(G*)/Z°(G*))F|. Let Y be a
commutative £-subgroup of GF'. Show that Y is included in a torus.

3. Let W be a Weyl group. Let w € W. Let d be the order of one of its eigen-
values in the reflection representation. Show that d divides at least one “ex-
ponent” (see [Bour68] §V.6) of W. Hint: apply Proposition 13.2(ii) and the
expresssion for Pg r in terms of exponents.

Notes

The results of this chapter are mostly a formalization of easy computations.
The vocabulary of polynomial orders was introduced by Broué-Malle (see
[BrMa92]), with the underlying idea that many theorems about unipotent
characters should be expressed and checked at the level of the root datum,
forgetting about g, and ultimately be given analogues in the case of com-
plex reflection groups instead of just Weyl groups of reductive groups (see
[BrMaRo098], [Bro00], and their references).

Theorem 13.18 is related to the existence of certain “regular” elements in
Weyl groups, a notion introduced by Springer. See [Sp74], where the proof uses
arguments of elementary algebraic geometry (over C).
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Unipotent characters as a basic set

We now come back to irreducible characters of groups G’. Recall from
Chapter 8 that Irr(G*) decomposes as Irr(G*) = |, £(GF, s) where s ranges
over (G*)F -conjugacy classes of semi-simple elements, for G* in duality with G.

Let £ be as usual a prime different from the characteristic of the field over
which G is defined. Denote by £(G*, £) the union of the £(G*, s) above where
s ranges over semi-simple ¢'-element.

The main property of £(GF', £') proved in this chapter is that, when £ does not
divide the order of (Z(G)/Z°(G))", the restriction of the elements of £(GT, ') to
¢’'-elements of GF form a K -basis of central functions Gf, — K (Theorem 14.4,
due to Geck—Hiss). We prove a stronger statement, namely, that £ (GF, ¢ is
a basic set of characters (see Definition 14.3). This is a key property that will
allow us to consider the elements of £(G*', £) as approximations of simple kG -
modules (compare Theorem 9.12(ii)). More in this direction will be obtained
in Part IV, when we study decomposition matrices. The proof of Theorem 14.4
involves a comparison between centralizers of £-elements in G* and (G*)F.

14.1. Dual conjugacy classes for /-elements

Let (G, F) be a connected reductive F-group defined over IF,. Assume (G, F)
and (G*, F) are in duality. We write W* and F for actions on X(T) = Y (T*)
(see §8.2).

We show the following result.

Proposition 14.1. Let £ be a prime not dividing q, or |(Z(G)/Z°(G)T| x
(Z(G*)/Z°(G*))F|, and good for G (see Definition 13.10).

There exists a one-to-one map from the set of G -conjugacy classes of £-
elements of G' onto the set of (G*)¥ -conjugacy classes of £-elements of (G*)"

199
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such that, if the class of x € GI' maps onto the class of y, then Cg(x) and
Cg-(y) are Levi subgroups in dual classes.

Proof of Proposition 14.1. Let E = E, , be the set of integers d > 1 such that
¢ divides ¢4(q) (see Lemma 13.17). Then (x € Gf  Cg(x)) defines a map
from the set of G’ -conjugacy classes of £-elements of G¥ to the set of G-
conjugacy classes of E-split Levi subgroups of G (Proposition 13.19). Now
G' -conjugacy of elements x, x’ such that L = Cg(x) = Cg(x') is induced by
conjugacy under Ng(L)”. It is sufficient to show that, for any E-split Levi
subgroups L and L* in dual classes, the number of orbits of Ng(L)" acting
on X := {x € G} | L = Cg(x)} is equal to the number of orbits of Ng:(L*)"
actingon Y := {y € (G*); | L* = C&.(»)}.

Let T be a quasi-split maximal torus (see [DiMi91] 8.3) in L and put
A= Z(L)g . The intersection (Ng(T) N Ng(L))/T is a semi-direct product
W(L, T).V of F-stable subgroups of W(G, T). This can be seen by looking at
the action of Ng(L) on the Borel subgroups of L, or by proving, in the nota-
tion of Chapter 2, that Ny (W;) = W; > W' (see Definition 2.26 and Theo-
rem 2.27(iv)). Now the action of Ng(L)* on the center of L reduces to the action
of V. Recall that the hypothesis on Z(G*) implies that Ce(Z)" = Cg(Z)" for
any £-subgroup Z of G included in a torus (Proposition 13.16(i)). Hence, if
x € A is fixed under some v € V¥ \ {1}, then v e Cg(x) and x ¢ X. Thus the
number of orbits in X under the action of Ng(L)* is | X|/|V|. For Levi sub-
groups L and L* in dual classes, the quotients Ng(L)/L and Ng-(L*)/L* are in
natural correspondence, i.e. Ng«(L*)/L* is isomorphic to V* := {v* | v € V}
(see the end of §8.2). We have to show that | X| = |Y|.

If x € A\ X, then Cg(x) is an E-split Levi subgroup of G that strictly
contains L, hence there exists v € W(Cg(x), T)" \ W(L, T)* with v(x) = x.
So X is defined by the equality

X=A\ U AV
veWF v¢W(L,T)
where A = A N Crp(v). Of course one has, with B = Z(L*){,

s

Y =B\ U BY.
vre(WH)F u*¢ W (L*, T*)
As W(L*, T*) = W(L, T)*, by the inclusion-exclusion formula, if one has |A N
Cg(U)| = |B N Cg(U*)| for any subset of subgroup U of W', then | X| = |Y]|.
We prove the following (after the proof of Proposition 14.1).

Lemma 14.2. Let L be any E-split Levi subgroup of G, let T be an F-stable
maximal torus in L, and let V' be a subset of Ng(T)F. Then C%’(Z(L)éF N
Cg (V")) is the smallest of the E-split Levi subgroups of G that contains Land V'.
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Let S be the maximal ¢z-subgroup of the center of L. We write AY (resp.
SY) for AN Cg(U) (resp. S N Cg(V)), and Ly for Cg(AY). Lemma 14.2 im-
plies that Ly = Cg((SY)°). In a duality between L and L* around rational
maximal tori, the ¢p-subgroups S and Z(L*)4, correspond as well as (SY)° and
(Z(L*)gg)o, so that Ly, and C&,(BY") = CG*((Z(L*)gE)O) are in dual classes.
As U C Cy(AY) because AV is an ¢-group, AY =Z°(Cg(AY))f and sim-
ilarly BY" = Z°(Cg.(BY"))! by Proposition 13.9 and Proposition 13.12(ii).
Now |AY| = |BY"| follows from Proposition 13.8. O

Proofof Lemma 14.2. Let A’ = AN Cg(V’). Weknow that L = Cg,(A) and that
Cg(A')isan E, ¢-split Levi subgroup of G that contains L by Proposition 13.19.
As A’ is an £-subgroup of G and V' € Cg(A’)F, Proposition 13.16(i) implies
V' € Cg(A"). Conversely, let M be an E-split Levi subgroup of G that con-
tains L and V’. One has M = Cg(Z(M);) and clearly Zg(M)/ C A’, hence
Ca(A) S M. O

14.2. Basic sets in the case of connected center

Let G a finite group. Let £ be a prime. Let (O, K, k) be an £-modular splitting
system for G. Recall the space of central functions CF(G, K) (see §5.1) and
the decomposition map d': CF(G, K) — CF(G, K) (see Definition 5.7).

Definition 14.3. Let b be a central idempotent of OG, so that OG.b is a product
of £-blocks of G (see §5.1). Any Z-basis of the lattice Zd'(Irr(G, b)) is called a
basic set of b. A subset B C Irr(b) is called a basic set of characters if and only
if the (dlx)xeg are distinct and a basis of the lattice in CF(G, K, b) generated
by d'x’s for x € Irr(G, b).

Note that it is enough to check that (d'y) xeB generates the same lat-
tice as (d' XyeimG,by and that |B| has a cardinality greater than or equal
to the expected dimension, i.e. the number of simple kG.b-modules (see

[NaTs89] 3.6.15).

Note that a set of characters B C Irr(G, b) as above is a basic set for b if and
only if it is one for each central idempotent ' € Z(OG.b).

Theorem 14.4. Let £ be a prime good for G and not dividing the or-
der of (Z(G)/Z°(G))F. Let s € (G*)F be a semi-simple £'-element. Then
{dl(X)}Xeg(G",s) is a basic set for OGY .by(GF | 5) (see Definition 9.4 and The-
orem 9.12(i)).

The “generating” half of Theorem 14.4 is an easy consequence of commu-
tation of the decomposition map d' and the RE induction.
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Proposition 14.5. Let ¢ be a prime good for G. Assume the order of
(Z(G)/Z°(G))F is prime to L. Let s € (G*)F be a semi-simple £'-element. Let
x € E(GT,5) =Trr(GF, be(GF, 5)). Then d' x is in the group generated by the
d'x"’s for x' € E(GF, s).

Proof of Proposition 14.5. By definition, there exists t € Cg+(s)f such that
x € E(GF, st). Let L be a Levi subgroup of G such that L and C,(¢) are in
dual classes (see Proposition 13.16(ii)). One has Cg-(1)7 < Cg- (1) by Proposi-
tion 13.16(i) and the hypothesis on £, hence Cg,. (st)Cg= (sH)f C Cg-(0).By The-
orem 8.27, for any choice of a parabolic subgroup having L as Levi subgroup,
ELSGRE induces a one-to-one map from E(LF, st) onto £(GT, st). Since ¢ is
central and rational in the dual of L there exists a linear character 6 of LY, in du-
ality with ¢, such that .£(LF, s) = (", st) (Proposition 8.26). Thus one has
X = sLsGRE(G ® &) forsome £ € E(LF, 5). The order of 6 is the order of . We
get d'y = epegRE(d'(0 ® &)) = eLegRE(d'€) = d'(eLegREE) by Proposi-
tion 9.6(iii). By Proposition 8.25, RE& decomposes on elements of g (GT,s),
so that d'y € d"(ZE(GT, £)) (see Definition 9.4). But if x' € £(GF, s’) for
some semi-simple £'-element of (G*)¥, then d'x’ € CR(GF, by(GF,s")) by
Brauer’s second Main Theorem (Theorem 5.8). So d'x € Zd'(E(GT, s)) (see
also Proposition 15.7 below). O

Proof of Theorem 14.4. Let us introduce the following notation. If G is a
finite group and 7 is a set of primes, let [G], denote any representative system
of the G-conjugacy classes of w-elements of G. Recall that 7’ denotes the
complementary set of primes.

In view of Proposition 14.5 above, it remains to check that |E(G, ¢/)| equals
the dimension of d'(CF(GF, K)), i.e. |[[G1¢|. In other words, we must prove
the equality

(BS(1)) IG"ll= ) IEG", 9.
Sel(GH)F e, py
Lett € (G*) f , and define G(¢) in duality with C..(¢) as in the proof of Propo-
sition 14.5. Then Proposition 14.5 applies to G(¢), by Proposition 13.12(ii). So
the set of d'(£), where £ € £(G(¢)F, 5), is a generating set for by (G(¢)", s)
whenever s is an £’-element in Cg.. (t)F. With evident notation this yields

(GS(1) GO < Y 1EGOH, 9.
SE[CL (O Ve, py
Recall that Cg:(1)" = Cg.(1)" if t € (G*)]'; see Proposition 13.16(i). So
we may assume that the union of the [CE*(I)F lie,py-t when t runs over
[(G*)F'], is a set of representatives of (G*)F -conjugacy classes of semi-simple
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elements of (G*)", i.e. equals [(G*)"],. From Irr(G") = |, ,, £(G”, s1) and
IE(GT, st)| = |EG@)F, 5)| when t = (s1), (see §8.4), we get

(GS) > IIG® el < (G,

te[(GHF,

Let us assume that (Z(G*)/Z°(G*))" is prime to £, for instance Z(G*) is
connected. Then we may apply Proposition 14.1. So there is a one-to-one map
(t > 1), from [(G*)F], onto [GF],, with G(r) = C(1'). Since the number of
irreducible characters equals the number of conjugacy classes, which in turn
can be computed using the decomposition of each element into its £ and £'-parts,
we get

r(GH = Y [Cor(t)]el
r'e[GF],

with Cgr(t') = G(t)F. Therefore there is equality in (GS), and this implies that
there is equality in (GS(2)) for all t € [(G*)F],. With t = 1, we get (BS(1)).

We no longer assume that Z(G*) is connected. Let G* — H* be a closed
embedding of reductive F-groups defined over [F, , such that H* = Z(H*).G*
and Z(H"*) is connected (take for instance H* := G* x S/Z(G™*) where S is an
F-stable torus of G* containing Z(G™), the action of Z(G*) on G* x S being
diagonal). By duality, G is a quotient of a dual H of H*, with kernel a central
torus K defined on F,, so that G = H /K” (see §15.1). If s € G*F is a
semi-simple element, then s € H*F and the elements of E(H”, 5) have KF in
their kernel, and they provide bijectively all of £(G*, s). This is easily seen
from the corresponding property of the Deligne-Lusztig characters (see §8.4).
Concerning the centers, we have Z(G) = Z(H)/K and Z°(G) = Z°(H) /K. Then
(Z(H)/Z°(H))* is of order prime to £. So the preceding proof applies to H. This
tells us that the d'x’s for x € EHF, s) are distinct and linearly independent.
This gives the same for £(G”, s) since central functions on G{, are in bijection
with K*-constant central functions on H},.K”". O

As a conclusion, let us state a generalization without condition on
Z(G)/Z°(G), which is not used in the remainder of the book.

Theorem 14.6. Let (G, F) be a connected reductive F-group defined over IF,,.
Let £ be a prime good for G and not dividing q. Let G C G be an embedding of
reductive groups defined over ¥, such that G= Z((N}) and Z((N}) is connected.
LetGF € H < GF such that H/GF isaSylow €-subgroup ofaF/GF. Then the
restrictions of the elements of E(G* , ') to G}, are distinct, linearly independent,
and generate the space of H-stable maps G{, — K.
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For the fact that characters in £(GF, ') are fixed by H, see Exercise 17.1.
See also Exercise 5.

Exercises

1. Let G < H be a closed group embedding defined on FF, between groups
with connected centers such that H = Z(H).G. Let H* — G* be a dual map.
Let r € H* be a semi-simple rational ¢’-element, with image s in G*. Show
that the linear independence of the d'(x) for x € £(GF, s) is equivalent to
linear independence of the d'(¢) for & € EHF, 1).

2. Assume that G is a group with connected center such that each simple
factor of the derived group of G is of type A. Show that {d'(x)} YeEGF 1)
is a basic set for by(G*, 1) (Hint: use the linear independence of unipotent
Deligne-Lusztig characters; see [DiMi91] 15.8). Then, using the isometry
of Theorem 9.16, prove Theorem 14.4 for G.

3. Assume that G is simple and that £ is an odd prime, good for G and not
dividing the determinant of the Cartan matrix of the root system of G. Let
(X, R, Y, R", F)be aroot datum with F-action for (G, F). Let A be a basis
of R.

(a) Identifying T with ¥ ® F* and T* with X ® F*, show that any element
of T} has a unique expression as Xyepa ® (@), with pu(er) € FZ

(b) Prove that the correspondence (Zgcpa @ () > Lgyep’ ®
(o) induces a W-equivariant one-to-one map from T, to T} such
that the connected centralizers of corresponding elements are in dual
classes. Then prove Proposition 14.1 for G.

4. Assuming that the center of G is connected, deduce the conclusion of Propo-
sition 14.1 from Exercises 1 to 3.

5. Find a prime £ not dividing ¢, n > 2 and two distinct (unipotent) classes of
SL,(q) that are fused by some g € GL,(¢) with det(g) an £-element of IF;

Notes

Considering the elements of £(G, £') as abasic set is one of the main arguments
of Fong—Srinivasan in [FoSr82]. It was generalized by Geck—Hiss (see [GeHi91]
and [Geck93a]). Their proof is slightly different from the one given here (see
Exercise 3). For Theorem 14.6, see [CaEn99a] 1.7.
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Jordan decomposition of characters

The aim of this chapter is to give one further property of the partition into
rational series

Irr(GF) = USS(GF, 5)

(see Chapter 8).
Each rational series is in bijection

E(GF,5) «—> E(Ce()F, 1).

This is the “Jordan decomposition of characters,” thus reducing the study of
series £(GF, s) to series E(HF, 1). One must, however, pay attention to the
fact that the centralizers of semi-simple elements, such as Cg:(s) when Z(G)
is not connected, are reductive but generally not connected, in contrast with
G. The bijection above is therefore a complex statement which requires some
preparation, even to make sense.

Let us embed our connected reductive F-group G defined over IF, into a
group G with the same properties, such that G= Z((E)G, and Z((N}) = Zo(a).
Then each rational series £(GF, s) is obtained by restriction of a single series
for GF.

A crucial intermediate theorem to get the above “Jordan decomposition”
states that Resg; sends the elements of Irr((EF ) to sums of irreducible characters
without multiplicities. This is a general fact in all cases where the quotient
GF /G' may be taken to be cyclic, so it remains essentially the case where G
is a spin group in dimension 4n (and G is some associated conformal group).
The checking in this case will be done in the next chapter.

Jordan decomposition of irreducible characters of finite reductive groups was
proved by Lusztig (see [Lu84] — connected center — and [Lu88] — general
case).

205
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Note that the Jordan decomposition of characters is basically a bijection
whose canonicity is not fully established in the form we prove. It will be used
in the rest of the book only through the “multiplicity one” statement given by
Theorem 15.11.

15.1. From non-connected center to connected center
and dual morphism

Hypothesis 15.1. Let
0:G— G
be a morphism between reductive ¥-groups defined over ¥, such that

(15.1(0))
o is a closed immersion, o ([G, G]) = [("i, é], Z(é) = Zo(é).

Given G, one may define G as follows. Choose a torus S C G containing
Z(G) (for instance a maximal torus) and let G be the quotient S x G/Z(G) where
Z(G) acts diagonally. If G is defined over I, by a Frobenius endomorphism
F:G — G, one takes an F-stable S, so that the embedding G — (~} is defined
over IF,.

If T C B are F- stable maximal torus and Borel subgroup, respectively, in
G, the root datum of (G F) around T:= o(T). Z(G) T x S/Z(G) is easily
defined from the root datum of (G, F') around T. (A stronger condition on G
would be that the quotient X(T)/Z®(G, T) (see §8.1) has no torsion at all, but
this is not what we ask for in general.)

On the dual side there exist dual groups G* and G*anda surjective morphism
of algebraic groups

c*:G" — G*

such that

(15.1%(c*))

o*(G*) = G*, Ker(o*) = Ker(c*)° C Z(G"), (G <> [G*, G*].

One might first define o* from a simply connected covering of [G*, G*], and
then o by duality (see also Exercise 1).
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More precisely consider tori T* and T* in duality, with Tand T respectively,
with F-action, and o*(T*) = T*. That means that one has dual sequences of
torsion-free groups

0—— X(T/T)— X(T) 2 X (T)——0

and

X(o™*)

0—— X(T" =23 X (T*)—— Hom(X (T/T), Z)——O0.

Hence Ker(c*) is a central torus in G* in duality with 'T‘/ T, a group isomor-
phic with é/ G because G = U(G)’T, and this duality is compatible with the
Frobenius endomorphisms (both denoted by F). It follows that o* induces a
surjective morphism (é*)F — (G*)F and isomorphisms (see (8.19))

(Ker(c*)f — I(TF/TF) «— Im(GF/GF)
Z = Z = Z

(15.2)

As Y('T‘*) J7d* = X (’T)/ZCD has no p’-torsion, the simply connected covering
(G)se — [G*, G*] (see §8.1) is a bijection. As Z(G)F is in the kernel of 2
if and only if z € [(N}*, é*], the isomorphism (15.2) restricts to (Ker(o*))F N
[G*, G*] — Irr(GF /GFZ(G)F). By Proposition 8.1, GF /GF Z(G)F is naturally
isomorphic to the group of F-co-invariant points on G N Z((N}) = Z(G), i.e. the
maximal F-trivial quotient of Z(G)/Z°(G). These groups are finite groups,
hence some power of F acts trivially on them and one obtains a well-defined
isomorphism

(15.3) Ker(c*) N [G*, G*] < Irt(Z(G)/Z°(G)).

Using the adjoint group G,q4, one may recover the quotient G* /GFZ(G)F .
Let mg: G— G,q be the quotient morphism. Let7: G — G— G 4. By Propo-
sition 8.1(i) and Lang’s theorem, one has 7o(GF) = GE, and GE /7 (GF) is
isomorphic to the group of F-coinvariants of Z(G)/Z°(G), giving natural iso-
morphisms

(15.4) G /GTZ(G) < GL/n(GF) «— (Z(G)/Z°(G))F.

Let s be a semi-simple element of ((E*)F andt = o*(s). Tothe (N}*-conjugacy
class of s is associated a geometric class of pairs (S, &), where S is an F-stable
maximal torus in G and & € Irr(S). Let T = o ~!(S). Then the geometric class
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associated to 7 in G is the class of the pair (T, ResT &). Indeed one has the

equality ResGF R(s; = RG ResTF (restrictions via o, see [DiMi91] 13.22). More

generally, let P=V.L be a Levi decomposition in G, with F (L) =L, then
_1(V.L) = V.L is a Levi decomposition in G and one has

G G LF
(15.5) ResGF RY 5 =RicpRespr.

Using the notation of §8.3, formula (15.5) follows essentially from the iso-
morphism H! (YG K)~K GF ®xar H (Y(G SR ¢ ), itself a consequence of
the decomposmon Y( ) =D ecir/Gr & YV , Theorem 7.10 (see the proof of
Lemma 12.15(iii)).

When s runs over a (C~}*)F -conjugacy class, t = o*(s) runs over a (G*)-
conjugacy class — a consequence of Lang’s theorem in the kernel of o*, which
is connected — and the pair (o' (S), Resgi, S)F &) runs over a rational conju-
gacy class. When s runs over the set of all ((N}*)F -conjugates of elements of
CRARGIs ((N}*)F, the pair (o ~(S), Resiil(s),. &) runs over a geometric conju-
gacy class. As for Lusztig’s series, one obtains the following.

Proposition 15.6. Leto: G — G satisfying (15.1(o0)), and let o*: G* — G*be
a dual morphism. Let § be a semi-simple element of(a*)F, and let s = o*(5).
(i) The rational Lusztig series E(GF | 5) is the set of irreducible components
of the restrictions to GT of elements of £ (GF , 8).
(ii) The geometric Lusztig series & (GF, s) is the set of irreducible compo-
nents of the restrictions to G* of elements of | J; € (GF,7), where T runs over
the set of rational elements of (o*)™'(s).

Note that the commutative group Irr(G* /GF) acts on Irr(GF) by tensor
product. The isomorphic group (Ker(o*))f acts on conjugacy classes of (é*)F
by translation; a connection is given by formulae (8.20) and (15.5).

The following strengthens Proposition 8.25.

Proposition 15.7. Let P =V >< L be a Levi decomposition where L is F-
stable. Let s (resp. t) be a semi-simple element of G*¥ (resp. of L*F', L* a Levi
subgroup of G* in duality with L), let { € E(LF, t). One has

Rf_p¢ € ZEGE, 1).
If ¢ occurs in *RLCP x and x € E(GF | s), then t is conjugate to s in G*F.

Proof. The second assertion follows from the first by adjunction. If the center
of G is connected, Theorem 8.24 and Proposition 8.25 give our claim. When the
center of G is not connected, use an embedding G — G, as in Hypothesis 15.1,
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and a coherent choice of T C L, 8 € Irr(TF), B = U.T ¢ P = V.L with (T, 9)
corresponding to o *(¢), and (T, 6) to . Now ¢ occurs in some H/ (Y(L), K) ®rr
6. By Theorems 7.9 and 7.10 x occurs in the restriction from G* to G of the
similarly defined tensor product (from 8, T,L,... ) and Proposition 15.6 implies
that any irreducible constituent of H/ (Y\™, K) @+ 6 is in the series (L7, 7).
Now one may mimic the proof of Proposition 8.25. O

15.2. Jordan decomposition of characters

The following fundamental theorem is an immediate corollary of the classifica-
tion of Irr(G*) = [, £(G*, s) in the book [Lu84]. One of the main theorems,
[Lu84] 4.23, describes series and projections of each irreducible character on
the space on uniform functions (linear combinations of Deligne—Lusztig char-
acters R%G). Applying this theorem in (G, F) and in (Cg+(s), F) one has the
following.

Theorem 15.8. Jordan decomposition of irreducible representations. Let
G be a connected reductive ¥-group defined over F, with a Frobenius F. Let
(G*, F) be in duality with (G, F). Assume that the center of G is connected.
Let s be a semi-simple element of (G*)F and let Gy = Cg-(s). There exists a
bijection

I/IS: E(GFv S) i é‘((}SF? 1)
such that, for any F -stable maximal torus S of G* containing s,

ec{x, RSs)er = e, (¥, (). RS )ar .

If all components of G, are of classical type, any x € E(GF, s) is uniquely
defined by the scalar products (x, RgS)GF.

For the notation Rg s see Remark 8.22(i). Such a bijection 1 is said to be
a Jordan decomposition of elements of £(GF, ).

On unipotent characters, the fundamental result is the following, which re-
duces their classification to the study of adjoint groups.

Proposition 15.9. Let f: G — Gg be a morphism of algebraic groups between
two reductive F-groups such that G and Gg are defined over I, by Frobenius F
and Fy, f is defined over ¥, the kernel of f is central, and [Go, Go] S f(G).

Then the restriction map yx +— x o f for x € E(Gg", 1) is a bijection
E (Gg”, 1) — E(GF, 1). It commutes with twisted induction and its adjoint.
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Proof. The first statement is well-known (apply [DiMi91] 13.20). For the
commutation with R and *R, apply [DiMi91] 13.22 to the inclusion [G, G] —
G, to an embedding G — G as described in Hypothesis 15.1 and to the quotient
(N} — (N}ad = G- O

Theorem 15.8 and Proposition 15.9 show that when (G, F) and (G*, F) are
dual groups over I, there is a bijection between series of unipotent irreducible
characters, with acommutativity property with respect to orthogonal projections
on spaces of uniform functions.

In many cases the centralizer of s, or its connected component containing 1,
is a Levi subgroup of G* (see Proposition 13.16(ii)). Then the Jordan decom-
position reduces the computation of twisted induction on £(GF, s) to that on
unipotent characters.

Proposition 15.10. Let s be some semi-simple element of G*F. Assume that
Cg-(s) is a Levi subgroup of G* and let G(s) be a Levi subgroup of G in duality
with it. Let P be a parabolic subgroup for which G(s) is the Levi complement.
Then let § € Irr(G(s)F) be defined by s € Z(C%,(s))F thanks to (8.19).

(i) Forany A € E(G(s)F, 1), GGeG(J)Rg(S)CP(M) is a sum of distinct elements
of E(GF, s).

(ii) If the center of G is connected, then xs, := GGGG(S)CPRg(S)CP(§A.) €
E(GT, 5). Moreover, A +— x.;. is a bijection E(G(s)F, 1) — E(GF, 5). It com-
mutes with the orthogonal projection on the spaces of uniform functions.

Proof. Assume first that Cg«(s) is a Levi subgroup of G*. Then com-
bining Theorem 8.27 and Proposition 8.26 (with (s, 1, G(s)) instead of
(z, 5, G)) one obtains a bijection £(G(s)", 1) — £(GF, s) such that A goes
to SGSG(S)RS(S)QP (SA). If the center of G is connected, then Cg+(s) is con-
nected. Then, for any pair (T, 6), T a maximal F'-stable torus and 6 € Irr(TF),
one has
G(s) :
(RE 6, RE ,,(SM))gr = { (()k’ Ry Dy E :OtC G(s),

as a consequence of the Mackey formula and the fact that T¢ C G(s) and
08 = Res?T(j)): § is equivalent to g € G(s) ([DiMi91] 11.13).

When Z(G) # Z°(G), let 0: G — G and o*: G* — G* be the usual dual
morphisms satisfying (15.1(o)), (15.1%(c ™)), lett € é*fsbe suchthato*(r) = s.
One has 0*(Cg: (1)) = Cg.(s) and there exists a Levi subgroup é(t) of G in
duality with Cg:(¢) and such that é(t) NG = G(s). Then Resgg)): restricts to
bijections (% > ) (resp. (FA > $A)), from E(G(1)F, 1) to £(G(s)", s) (resp.

from E(G(1)F, 1) to £(G(s)F, 1)) and RE\p(§1) = Resggg;i (RE (Z)(ii)). The
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claim follows from the case of (~}, Proposition 15.6(ii) and Theorem 15.11 to
come. O

The following is a crucial step to go down from connected center to non-
connected center. The proof will be continued in Chapter 16.

Theorem 15.11. For any x € Irt(GF), the restriction of x to [G, G1¥ is a sum
of distinct elements of Irr([G, G]7).

If the conclusion of Theorem 15.11 is true then we say that “Res%'G]F is
multiplicity free”.

Proof of Theorem 15.11: Reduction to a single case.
(a) Reduction to an arbitrary embedding of [G, G] in a group with connected
center. Theorem 15.11 is equivalent to the following.

Theorem 15.11". If a morphism G — G is defined over ¥, and induces an
isomorphism between derived subgroups, then the restriction from G¥ to G
of any x € Irt(GF) is a sum of distinct irreducible characters.

Indeed the multlphclty one property of Res[G G implies the same property
for ResGF, and of Res[G GF- We keep the notation of Theorem 15.11’.

Consider first a monomorphism o: G — G between two groups with con-
nected centers and which satisfies (15.1(0)) as in §15.1. Let 0 *: G* — G* be
a dual morphism. Thanks to the isomorphism in (15.2), any linear character of
G’ /GF canbe written as 2 for some z € (Ker(c*))F . Let § be a semi-simple ele-
ment of (G*)F As the center of G is connected, Cg.(8) is connected, hence, by
the isomorphism given in Theorem 15.13, Kero™* N [, (G*)F* ={1}.Ifz # 1,
then § is not conjugate to 5z, so £(GF,5) # E(GF,5z) (Theorem 8.24(ii)).
By (8.20) one has x ® Z # x for any yx € 5((~}F, §) and any non-trivial Z in
Irr(GF /GF). By Clifford theory, between G and G the restriction of x to
GT isirreducible, hence the multiplicity one property holds. Now Exercise 15.2
shows that, if the property is true for at least one embedding satisfying condition
(15.1(0)), then it is true for all others.

By Theorem 15.11, it is sufficient to consider the map [G, G] — G, ie.to
prove the conclusion of Theorem 15.11 for only one embedding of the given
semi-simple group [G, G] in a group G with connected center.

(b) Reduction to a simply connected group G = [G, G].

When G = [G, G] is not simply connected let n: Gy — G be a surjective
morphism defined over I, satisfying (15.1*(»)). A dual morphism n*: G —
Gg, satisfies (15.1(n*)). Thus the kernel of  is connected, hence 77(G(‘)F ) = G
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[Go, Go] is simply connected and n([Gy, Go]) = [(~}, (~}] = G. Furthermore
[Gg, Gil = [é*, é*] is simply connected, hence the center of Gy is connected.
Any ¥ in Irr((N}F ) is the restriction of some y in Irr(Gg ). Clearly the natural em-
bedding of [Go, Go] in Gy satisfies Hypothesis 15.1. If some multiplicity occurs
in the restriction of ¥ to G¥, it occurs in the restriction of xq to [Go, Gol”.

So assume now that G is simply connected but not necessarily equal to
[G, G]. G is a direct product and the map F acts on the set of components.
An F-orbit (H;);<j<4 of length d defines a component of G¥, isomorphic to
Hf ‘. Let G — G be adirect product of embeddings H; — fI,- compatible with
F-action and for which multiplicity 1 holds. Then multiplicity one holds from
G to GF.

(c) Assume G = [G, G], simply connected.

From Z(G)* GF to GF the restriction is multiplicity free since the question
clearly reduces to the inclusion of commutative groups Z(G)F 2 GF N Z(G)F.
If GF /Z(G)F GF is cyclic, the restriction from GF to Z(G)F GF is multipli-
city free by a general theorem (see for instance [NaTs89] Problem 3.11(i) or
Lemma 18.35 below). The above occurs when Z(G)” is cyclic and the embed-
ding is defined so that the center of G is of minimal rank. Indeed if the center Z
of G is cyclic, then it is contained in an F'-stable torus S of rank 1 of G and one
may consider G=Sx G/Z. If the center of G is not cyclic, then G is a spin
group, of type D and even rank in odd characteristic. Then Z(G) is contained
in a torus S of rank 2, but in the rational type *D (where the quadratic form
on FF, has no maximal Witt index) Z(G)F is of order 2, S is non-split so that
G* /Z(G)F GF is of order 2. Thus the only case to consider to prove Theorem
15.11 is the following: g is odd, the center of G is connected, ([G, G], F) is a
split spin group of even rank defined over IF,, and the quadratic form on ¥ has
maximal Witt index.

Clearly the restriction from [G, G]17Z(G) to [G, G]” is multiplicity free.
Applying Proposition 8.1 with (G, f, G/Z) = (Z(G) x [G, G], F, G) one gets
that the quotient G¥'/[G, G]¥ Z(G)F is isomorphic to Z(G) N [G, G], hence of
order 4 and exponent 2.

To show the multiplicity one property in this particular hypothesis and that
it goes through the Jordan decomposition we need the following consequences
of standard “Clifford theory” (see [Ben91a] §3.13, [NaTs89] §3.3).

Proposition 15.12. Let H be a finite group, let H' be a normal subgroup of H
with a commutative quotient A = H/H'. Then A acts naturally on Irr(H)' and
AV (i.e. Irr(A) with tensor product) acts on Irt(H) by tensor product. Let £ be
an A-stable subset of Irr(H'), let F be the A" -stable set of elements of Irr(H)
whose restriction to H' contains some element of £.
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(i) Assume that H/H' is of order 4. When j € {1, 2, 4}, let y; be the number
of elements of F whose stabilizer in A" is of order j. The restriction from H
to H' of any element of F is multiplicity free if and only if

4 F| =y + 4y + 16y4.

(ii) Assume that any x in some subset F of Irr(H) restricts to a multiplicity
free representation of H'. Then there is a unique bijection between sets of orbits

EJA «— FJAY

such that the A-orbit of x corresponds to the set of constituents of IndZ, X for
any x € . Moreover, the stabilizers of elements in corresponding orbits are
orthogonal to each other.

Proof. (i) The action of A € AY on Irr(H) is (x = A ® x). The dual
group A acts on Irr(H') by H-conjugacy. By Clifford’s theory, the condi-
tion (Resz,x, xYu # Ofor (x, x) € Irr(H) x Irr(H’) defines a bijection from
the set of AV-orbits on Irr(H) to the set of A-orbits on Irr(H’). Assuming
m = (Resg,x, x Y # 0, let I,, be the normalizer of x’ in H, and let A, be
the stabilizer of y in AY. Using the Frobenius reciprocity theorem, one sees
that the following four cases may occur.

eIy =H,A, ={lym},m=1,Reshh x = x', and Ind}, x' is a sum of four
distinct elements of Irr(H’).

e[, =H, A=A m=2, ResZ,x =2y, and Indf,,x’ =2yx.

e I,,/H'is of order 2, A, is the dual of I,,/H', m = 1, Ind},, x" and Res, x
are sums of two distincts irreducible characters.

e lo=H m=1, ResZ,X is a sum of four distinct elements of Irr(H'), x =
Indf x', Ay = Ire(H/H').

Let y be the number of elements x of £ for which the second case occurs.
One has

[Fl=y1/4+y+y2+4(ys — ).

Thus y = 0 is equivalent to the equality of the proposition.
The proof of (ii) is left to the reader. O

A second key result establishes a quasi-uniqueness of Jordan decomposition
of irreducible representations:

Theorem 15.13. Let 0:G — G be an embedding over T, that satisfies
(15.1(0)), let 0*: G* — G* be the dual of 0. Let s be a semi-simple element of
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(G*)F and t = o*(s). Let G, = Cg.(s),
A(t) = (Ce-(1)/Co. (1), B(s) = Ker(a®) N[5, G*T].

There is a natural isomorphism from A(t) to B(s), actions of A(t) on €(G 1),
of B(s) on E(GF s), and a Jordan decomposition E(GF s) — E(GF 1) that
is compatible with those isomorphism and actions.

On the proof of Theorem 15.13. The isomorphism is defined as follows. Let
ge G+" besuch thato*(g) € Cg+(t), then o *(g)Cg.(#) mapsto [s, g] (details of
the proof are left to the reader). Then g normalizes C¢.. (f) and commutes with the
action of F, hence g acts on £(C.(¢+)F, 1), soon E(éf, 1) by Proposition 15.9.
It is clearly an action of A(z).

Any z € Ker(o*)F defines alinear character 2 of G /G¥ by (15.2) hence acts
on Irr(G:‘F) by (x — Z ® x). Thus B(s) is precisely the stabilizer of S(éF, s)
(Proposition 8.26). Let g := 0*(g)C%.(t)" € A(t), Theorem 15.13 says that
there is a bijection ¥ that satisfies ¥, (Z ® x) = g.¥(x) forany x € E(GF, s),
where gsg~! = zs.

By definition of the action of A(#) one has

(2.1 RS, 1) = (. RE 1),

for any n € 5( , 1) and maximal F-stable torus T in G From equality
(8.20), for any x € E(GF, 5) and central z in (G*)F one has (2 ® x, R$s)gr =
(x RG(z s)>GF As g(T,z 's)g™! = (gTg~!,s) and g € (G*)F one has
RG(Z*IS) Rg o-1(5). Now Theorem 15.8 gives

(Vs ® 10, RE 1), = (1500, RS- -

Hence (Y;(Z ® x) — &.¥s(x), R% 1)@5 = 0. In case v, is uniquely determined
by the scalar product with Deligne—Lusztig characters, ¥, has to exchange
the actions of B(s) and A(z). That is the case for simply connected groups

= [G, G] of classical types. There is nothing to prove when A(t) is {1}. There
remains one exceptional case in type E7; see the book [Lu84] and Lusztig’s
article [Lu88].

Then Theorem 15.13 is proved by a reduction process to the case of a sim-
ply connected G = [G, G], as in the paragraphs (a) and (b) of the proof of
Theorem 15.11 above.

The last assertion is given by isomorphisms (15.3), (15.4). |

Corollary 15.14. Let (G, F) and (G*, F) be in duality, let t be a semi-simple
element of G*¥, let A(t) = (Cg-(1)/Co.(1))F. Let : G — Gq be the canonical
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morphism. There is a one-to-one correspondence between sets of orbits
EG", 0 /(Z(6)/Z°(G)r——E(Ce- (", /A

such that

(i) the group (Z(G)/Z(G)*))r acts on E(GF, t) via the isomorphism (15.4)
as GE/m(GF),

(ii) if Q +— w, the number of elements in the orbit 2 is the order of the
stabilizer in A(t) of any A € w,

(iii) for any F-stable maximal torus T of CS..(t) and any x € E(GF, t) whose
(Z(G)/Z(G)) p-orbit corresponds to the A(t)-orbit w, one has

G |
e RS t)gr = ec 3 (1 Ry Degoorr

AEW

Proof. Once more leto: G — G be an embedding in a group with connected
center (see §15.1). Clearly G* acts on G¥ and leaves fixed any Deligne—
Lusztig character R$# (r € TF, T C G*) by Proposition 15.6. It is an action
of (G/Z(G))F = GI and (G") acts by interior automorphisms of G*', hence
one has an action of G /n(GF) on £(GT, 1).

Proposition 15.12 applies to (H', H) = (GF,GF) with F = £(GF, ) by
Theorem 15.11 and then £ = Uy (5= ,E(G ,§) by Proposnlon 15. 6(11) Thus
one has a bijection between £(GF, t)/GFd and U o (5)= ,S(GF s)/[G* G*] N
(Ker(c*))". By intersection with one series E(GF ,80) on the right-hand
side the orbits are those of B(sy), as defined in Theorem 15.13, and
the stabilizers of elements in an orbit are unchanged. One obtains a
bijection

(15.15) E(GT,1)/GE <« E(GT, 50)/B(so)

such that the length of an orbit on the left-hand side is the order of a stabi-
lizer of an element of the corresponding orbit on the right-hand side (Proposi-
tion 15.12(ii)). One may identify (G, 1) and £(Cg,. (1), 1), with A(r)-action
(Proposition 15.9). Thus by Theorem 15.13 one has a bijection

(15.16) 5((~}F, 50)/B(s0) < E(Cq:(t)", 1)/ A(t)

By composition of (15.15) and (15.16) and the isomorphism (15.4) one has the
bijection of the proposition satisfying (i) and (ii).

Let QCEGH, 1, QC 5((~}F, 50), wo € ECL.()F, 1), and w C
E(Cg-(s)T, 1) be corresponding orbits by the bijections (15.15), (15.16) and
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Proposition 15.9, and let x € @, n € w. Let T = o*~1(T); one has

F

(6 RE 1), = {1 Resgr (RS sl = (IndGs x. RS so)g

= > (X Rfsolgr = e, D (V) R5 gy

x'€Q0 x'€Q

= €GE€Cy.(1) Z (n, Rga*@) 1)cg*(s>F

new

where we have applied successively formula (15.5), the Frobenius reciprocity
theorem, Theorem 15.11 and the definition of Q2 — 2, Theorem 15.8 with its
notation and wy = ¥, (£29), Proposition 15.9 giving wy — . O

The following description of the action of non-special transformations on
the unipotent series of some special orthogonal groups will be used in the next
chapter. Recall briefly the parametrization of £(G”, 1) when (G, F) is of ra-
tional type (D, ¢) ([Lu84] §4, [Cart85] 16.8). To each x € £(GF, 1) there
corresponds a class of symbols, defined by an integer ¢ and a set of two parti-
tions «, B of a € N and b € N respectively such that @ + b = n — 4¢?. Fixing
¢ > 0 one obtains the constituents of a Harish-Chandra series defined by the
unique unipotent cuspidal irreducible representation of a Levi subgroup of
type (Dye2, q), the corresponding Hecke algebra being of type BC, 4. (see
[Lu84] §8). Each symbol determines only one element of £ (GF, 1), except that
there are two unipotent characters corresponding to a symbol when o = 8 and
¢ = 0. Those are called degenerate symbols and the corresponding unipotent
characters twin characters. The unipotent characters that correspond to symbols
for which ¢ = 0 are constituents of the principal series, whose Hecke algebra is
of type D,,, hence are in one-to-one correspondence ¢ +—> ¢, with elements of
Irr(W(D,,)). The degenerate symbols correspond to irreducible representations
of W(BC,,) whose restriction to W(D,,) is not irreducible.

Proposition 15.17. Let (G, F) be a connected conformal group with respect
to a quadratic space V of dimension 2n and defined over F,, with maximal
Witt index on IF,: (G, F) has rational type (D,, q), a connected center and
[G, G] = SO(V). Let (G*, F) be adual group. Let o € O(V)F \ SO(V)F. Then
o acts on E(GT, 1) in the following way: if { € E(GF, 1) corresponds to a
degenerate symbol, then () and ¢ are twin characters and, if ¢ € E(GF, 1)
corresponds to a non-degenerate symbol, then () = ¢.

Sketch of a proof of Proposition 15.17. One may assume that o centralizes a
maximal F'-stable torus Ty of G. Thus o actson W = W(Ty, G) and <W, o >
is a group of type B,. By transposition, o* acts on a dual torus Tj; in G*. The
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dual group is a Clifford group on a quadratic space V* and we may assume that
o* is a non-special element of the rational Clifford group, acting on G*.
For any pair (T*, s) one may define "(R(T;s) by

°(R¥s)(&) = Rfs (6" go).
The correspondence between classes of maximal F-stable tori in G and G*,
classified by conjugacy classes of the Weyl group W = W (T, G) (see §8.2),
is such that (o, 0*) preserves duality and one has
(15.18) °(R¢s) =R, o*so* .

o*To*

Let R, denote R% 1 for T of type w € W withrespect to Ty. The scalar products
(¢, Ry)gr are given by Fourier transforms as follows. When ¢ € Irr(W) let
Ry = [W|~! > @(W)R,,. There is a partition of Irr(W) in families Irr((W) =
L[ F such that for any ¢ € E(GT, 1), there is a family F(¢) with

(15.19) (€, Ru)er = Y ¢w)(¢, Ry)ar

$eF ()
because ¢ is orthogonal to Ry when ¢ € (Irr(W) \ F(¢)) (see [Lu84] §4). Now
(15.18) implies “ Ry = Roy and from (15.19) one has clearly

(15.20) (C.Ruder = Y “pw)(t, Ry)er

PEF(N)
Examination of the action of ¢ on Irr(W) shows that if ¢ has no twin then o
fixes any ¢ € F(¢), hence o fixes ¢. But if ¢ has a twin ¢/, then F(¢) reduces
to {¢;} and o' (¢;) = ¢,'. Furthermore { = Ry, and ¢’ = Ry,,. Formula (15.20)
reduces to (°¢, Ry )gr = ¢, (w) hence ¢ and ¢’ have equal projection on the
space of uniform functions, hence are equal. O

Exercises

1. Translate Hypothesis 15.1 into the language of root data. Deduce the fact
that (15.1(—)) and (15.1*(—*)) are equivalent when — and —* are dual.

2. LetG — Gand G — Gy be two embeddings between connected reductive
groups defined over IF, satlsfylng Hypothesis 15.1. Prove that there exist
a connected reductive group Go defined over IF, and embeddings G —
Go, Gy — Go such that the square diagram so defined is commutative and
Hypothesis 15.1 is satisfied for all four morphisms.

3. We use the hypotheses and notation of Corollary 15.14. Let £(Cg-(¢)", 1) be
the set of x € Irr(Cg-(¢)7) such that some xo € £(C2.(¢)F, 1) occurs in the
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restriction of x to C%,(#). Assume that the restriction of any x to C&.(s)"
is a sum of distinct irreducible characters. Show the existence of a bijective
map

U EGF, 1) — ECe()F, 1)

such that, for any F-stable maximal torus T of C. (t) and any x € (G, 1),
one has

G Ce+()F 5 Cq (O
EG<X’ RT Z‘>GF = GC(O;*(Z)(wI(X)a Indcg*(I)FRTG 1>C(;*(t)F'

4. We use the notation and hypotheses of Theorem 15.8 for G, G*, s, ¥,. As-
sume thatany x € Irr(G') is uniquely defined by its orthogonal projection on
the space of uniform functions. Let z € Z(G*)F, let A, € Irr(G") be defined
by (8.19), let x € £(GF, 5). Let g € (G*)F be such that gsg~! = zs. Show
that there is then a natural one-to-one map £(Cg-(s)", 1) = E£(Cg:(zs)", 1),
(¢ = g.5) such that Y- (A; ® x) = g-.¥s(X)-

Notes

For general notes about the classification of Irr(G'), see Chapter 8.

For a more detailed study of canonicality and uniqueness of the Jordan
decomposition of characters, see [DiMi90]. Most of the present chapter is due
to Lusztig, see [Lu88]. The results were annouced in 1983. Proposition 15.17
may be found in [FoSr89].

According to the conclusion of [Lu88], it is expected that the theory of
character sheaves might help settle the question of canonicality of Jordan de-
composition, and simplify the proof of Theorem 15.11. For character sheaves,
see [Lu90] and its references. Most constructions on character sheaves are de-
fined on G itself. But it is often necessary to assume that ¢ is large to derive
results about representations of G*'; see [Sho97] and its references, and see also
[Bo00].
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On conjugacy classes in type D

This chapter is devoted to the second part of the proof of Theorem 15.11. By
the first part of the proof and Proposition 15.12(i), it is sufficient to prove the
following.

Theorem 16.1. Let (G, F) be a connected reductive group defined over IF,,.
Assume q is odd, the center of G is connected, (|G, G, F) is a split spin
group of even rank defined over I, with respect to a quadratic form which has
maximal Witt index on F,. Let A := G JZ(G)F[G, G1*, a group of order 4
and exponent 2. When j € {1,2,4} let y; be the number of elements of Irr(GF)
whose stabilizer in Itr(A) is of order j. One has

4Ir(Z(G) [G, G17)| = y1 + 4y> + 16y

As the equality has to be proved in any even rank, one checks an equality
between generating functions that are power series in ¢ and an indeterminate ¢
whose degree denotes the dimension of the orthogonal space.

The left-hand side of the equality is obtained by enumeration of the num-
ber of conjugacy classes of the spin group. To do this one uses the standard
parametrization of elements of the orthogonal group, going by elementary argu-
ments from the orthogonal group O,,(g) to the spin group through the special
orthogonal group SO,,(g) and its derived group €25,(g), of which the spin
group is an extension. Doing that classification of orthogonal transformations,
one cannot avoid considering simultaneously all types of quadratic forms and
all dimensions. In the process we give formulae for the number of conjugacy
classes of orthogonal, special orthogonal, conformal and Clifford groups in odd
characteristic (see §16.2 to §16.4). The reader may easily obtain similar for-
mulae for the symplectic groups (see Exercise 3). Nevertheless, in view of the
length of the proof, we focus on the critical group Spiny, ¢(¢). In this notation
the symbol 0 in index denotes a Witt symbol on IF,, (see the beginning of §16.2).

219



220 Part 1l Unipotent characters and blocks

To compute the numbers y; one uses Jordan decomposition of irreducible
characters of G* (Theorem 15.8). Thus one has to classify conjugacy classes of
rational semi-simple elements of a dual group (G*, F) defined over IF, and use
the classification of unipotent characters of classical groups (see [Lu84]). As
[G, G] is simply connected and the center of G is connected, one may assume
that G* is isomorphic to G.

16.1. Notation; some power series

A fundamental function is the series of partitions. Let p(n) be the number of
partitions of the natural number 7, put p(0) = 0. Define

1
P@) =Y pmi" =[] 5 Pai=PU, Pri=P-r),

neN Jj=1

G(1) := Po(Py) 2.
Recall a classical relation
(16.2) PP Py =P,
and the Gauss identity (see [And98] Corollary 2.10) G(¢) = > jez t*. Hence
(16.3) GOG(—1) = G(—1*P, GO +G(—1) = 26(*).

To classify representations of semi-simple elements, let F (resp. Fg) be the
set of irreducible monic elements f of I, [#] with all roots non-zero (resp. with
no root in {—1, 0, 1}). We may identify f with its set of roots in the algebraic
closure F, an orbit under the Frobenius map (x — x7) on F. The degree of f
is denoted by | f|. We define two involutive maps on F

fefo e f (f Rl
that are induced by
x> x L xe —x xeF,x#0)

respectively. The roots of f (resp. f) are the inverses (resp. the opposites) of
the roots of f.

Notation 16.4. Letd € N*. Let Ny(q) = N, be the number of f € Fy of degree
d such that f = f. Let My(q) = M, be the number of pairs (f, f) € Fo* of
degree d such that f # f. Let

Fé):)(l‘) — 1_[ PogMitNaa,
d>1

The elementary proofs of the following lemmas are left to the reader.
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Lemma 16.5. (i) One has N; =0 if d is odd and 2d N,y = ZCCD(—I)M
(q¥ Myec P — 1) where D is the set of odd prime divisors of d. Hence N1y(q*) =
2N4a(q).
(ii) One has
(g—3)/2=N,—-1 ifd=1,
M; = { Ny ifdisoddandd > 1,

Nog — Ny ifd is even.

Lemma 16.6. One has

PaF” () = [ [ Py

where w runs over the set of orbits under the four-group <(f +— f), (f — f)>
acting on Fy and f € w.

Lemma 16.7. Let 7 C F2[t] be defined in a similar way to Fy C TF,[t].
Let A (resp. B) be the group <(f' + ), (f' — ), (f' — F(f"))> (resp.
<(f'= ) (f' = F(f")>) acting on F},

(i) If F(f') = f/, then |f'| is even. If F(f') = f' then |f'| is odd. If the
order of a root a of f' does not divide 4, then the stabilizer of f' in A has at
most two elements.

(ii) One has

- b
Py PlE = [Pwis
CU/
where ' runs over the set of orbits under B in Fjand f' € o'.
(iii) One has
b
PaFy (1) = [ [ Py
w,

where ' runs over the set of orbits under A in F) and f' € o'.

16.2. Orthogonal groups

If V(IF,) is a non-degenerate orthogonal space of dimensionn € {2m, 2m + 1}
over IF; (¢ odd), then the symmetric bilinear form is equivalent to one of the
forms

(0) X1X2 + X3X4 + -+ -+ Xom—1Xom
2 Py
(w) X1X2 + X3X4 + -+ + Xom—3Xom—2 + X3,,_1 — 0X3),
2
€)) X1X2 + X3X4 + -+ + Xom—1X2m + X3,

2
(d) X1X2 + X3X4 + -+ -+ Xom—1X2m + 0X5,
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where § has no square root in IF,. We call the corresponding Witt symbol written
above on the left the Witt type of the form, an element of V = {0, w, 1, d}.
Clearly the form has maximal Witt index if and only if its Witt type visin {0, 1}.
The orthogonal sum of orthogonal spaces defines a structure of a commutative
group on V for which 0 is the null element and w 4+ d = 1. It is convenient
to assign the Witt type 0 to the null space. If 4 divides (¢ — 1), then V has
exponent 2 and the discriminant has square roots in I if and only if v € {0, 1}.
If 4 divides (g + 1), then V is cyclic with generators 1 and d and the discriminant
has square roots in I if and only if (v € {0, 1} and m is even) or (v € {w, d}
and m is odd). Nevertheless a unique notation will be used for all g.

We may assume that the space V(IF,) is the space of rational points of an
orthogonal F-space V (F).

The corresponding orthogonal groups will be denoted by O,, y(¢), sometimes
O or O(g) or O, when other parameters among v, n, g are well defined. The
groups Oy,,11.1(q) and Oyy,41,4(q) are isomorphic.

The special orthogonal groups SO, v(¢) (v = 0, w, 1, d) may be obtained as
finite reductive groups of respective rational types (D,, ¢), Dy, @), (Cn, @)
and (C,,, g).

We now give parameters for conjugacy classes of O, v(g).

Consider first a semi-simple element s. The space of representation V
decomposes into an orthogonal sum V=V, 1L V_; L VO, where V, is the
eigenspace of s for the eigenvalue a. As F,<s>-module, V° has a semi-
simple decomposition. A simple representation of <s> on I, is defined by
some f € F. Let u(f) = u(f) be the multiplicity in V of the representa-
tion defined by f. Let ¥;, ¥_ be the Witt types of the restriction of the
quadratic form to the spaces V| and V_; respectively. We write (1), u(—1)
for p(t — 1) and (¢t + 1) respectively. When p(1) = 0 (resp. u(—1) = 0), put
Y+ =0 (resp. ¥_ = 0). The centralizer of s in G(g) is isomorphic, via the
restriction to the decomposition of V as F,<s>-module, to a direct prod-
uct Op1y.y, (@) Ouc-1y.y_ @) Ty jrerm GRS, k(f)), where k(f) = g!/1 if
f # fandk(f) = —q'f1%if f = £, and by convention the component relative
to fis {1}if u(f)=0.

Proposition 16.8. A conjugacy class of semi-simple elements of an orthogonal
group O, y(q) is defined by a triple (i, Wy, ¥_), where

wF—->N Y, ¢y_€eV

such that
=0 if u(el) =0,
Ve €{0,w} ifu(el) € 2N,
€{l,d} ifu(el) ¢ 2N
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fore € {+, —} and

VieF, w(fH)=ul), D uHlIfl=n,

feF

Vet Yo+ ) nHw=v.

feFo

The last equality holds in the Witt group. As w is of order 2, the last sum may
be restricted to the set of f with f = f.

Proposition 16.9. The conjugacy class of a unipotent element in an orthogonal
group O, y(q) is uniquely defined by a couple (m, V) where

(i) my is the function of multiplicity of Jordan blocks of a given size,
my: N* — N with the following conditions

Vi e N, m@2j)€2N, Y jm()=n
Jj>0

(ii) the function V: N — 'V gives the Witt type of a bilinear symmetric form
in dimension m\(2j + 1) for any j € N with the condition

D V()=

jeN

The centralizer of a unipotent with parameter (m;, W) is a direct product on
the set of k such that m (k) # 0. If k = 2j + 1 is odd, the reductive quotient
of the component is an orthogonal group in dimension m(2j + 1), and W(;)
gives the Witt type of the form on the multiplicity space. If k is even, then the
reductive quotient of the component is a symplectic group on the multiplicity
space, in even dimension m (k).

The conjugacy class of an element of any of the considered groups is defined
by the conjugacy class of the semi-simple component s and the conjugacy class
of the unipotent component in the centralizer of s. We obtain the following.

Proposition 16.10. A conjugacy class in O, v(q) is uniquely defined by three
applications m, V., W_ such that

m:FxN* =N, V(f,j) m(f,p)y=mf,p), Y, jm(f,)lfI=n,

(f,J)eF xN*
Vji>1, m(,2j)e2N, m(—1,2j) € 2N,

Ve WoN= Vo Y jm(f W ) (W) + V() = .
(f.J)eFoxN* jeN
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Here W, (j) and V_(j) are Witt types of forms in respective dimensions
m(1,2j 4+ 1), m(—1,2j + 1).

Remarks. (a) The parameter (i, ¥, ¥_) of the conjugacy class of the semi-
simple component is given by

A611)  p(f)=Y_jm(f i) V=D W0 Yo =D W ().
jeN jeN jeN
The parameter (m, W) of the conjugacy class of the unipotent component
is given by

mi(j) =Y _m(f, HIfI,
f

(16.12)
V() = D m(f 2]+ Dw+ W () + V().
feF

Let u be a unipotent element of O, v(¢). Let (m;, ¥) be the parameter of the
class of u. The centralizer of u contains a semi-simple element in the conjugacy
class with parameter (u, ¥, ¥_) if and only if there exists (m, W, W_) such
that (16.11) and (16.12) hold.

(b) A parameter defines one and only one conjugacy class of one and only
one type (v, n, g) of orthogonal group. Let g be an element of O, v(g) such that
(g2 — 1) is non-singular. The conjugacy class of g in the orthogonal group is
the intersection with the conjugacy class of g in the full linear group.

Let &, v be the number of conjugacy classes of the group O, y(g). Our first
goal is to compute 1 4+ X, 0k, v¢". In odd dimension (21 + 1), kp,41,v is inde-
pendent of v € {1, d}; we write kp,41.

By Proposition 16.9 the number of unipotent conjugacy classes in orthogonal
groups is given by the generating function

ol ) o)

1] (L2717
I N e (e

Hence, using the function G (§16.1), let
(16.13) FP @) = P,%G.

FI(E) is the generating function for the number of parameters of unipotent
classes, the superscript (X) recalls that it is the sum over all Witt types, and
here we don’t take into account the last equality of Proposition 16.9.
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The number of parameters of conjugacy classes of any orthogonal group,
for all Witt types, as described in Proposition 16.10, is given by a product of
generating functions. The number of classes of elements without eigenvalues 1
or—lisgivenby >_, > . . t//1%1:/m(/.) with some conditions on the parameter
m:F x N* - N, ie.

(£ f#AF \meN f=Ff \meN

exactly Féz)(t) in its definition (Notation 16.4, §16.1). Hence Féz) is the gen-
erating function for parameters m such that m(1, j) = m(—1, j) = 0 for all
Jj > 0. By decomposition of any orthogonal transformation as a product, one
has

(16.14) L+ @kan 1" + (kano + kanw)t™)
n>1
= (F®0)’ FP).

One may compute Féz) using Remark (b) following Proposition 16.10. Let
g1, &2, ... be the invariant factors of an element x such that x2—1 is non-
singular. Here g;;; is a divisor of g; for each i and g;(0)g;(1)g:(—1) # 0.
Let f; = g;/gi+1. The condition m(f, k) = m(f, k) for all (f, k) € Fy x N*
becomes g; = &; for all i. Let N(d) be the number of monic polynomials g of
degree d such that g = ¢ and g(0)g(1)g(—1) # 0. The coefficient in degree n
of Fy(1)is Y4 12440 N(d)N(dy) .. .. Hence

FP =T] (1 +y N(d)tjd> .
j>0 d>0

Let N'(d) be the number of monic polynomials g of degree d such that g = g and
£(0) # 0. Out of these N'(d) polynomials of degree d, N'(d — 1) are divisible
by (t — 1), N'(d — 1) by t + 1 and N'(d — 2) by t> — 1. Hence

N(d)=N'(d)—2N'(d—1)+ N'(d —2)

and so
1+ N =1 -1y (1 + ZN’(d)td> .
d>0 d>0

It is easily seen that N'(d) = ¢%/*> — q““=2/2 if d is even, N'(d) = 2¢“Y~V/? if
disodd,sothat1 + )", N'(d)t? = (1 +1)*(1 — gt*>)~'. A new expression for
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Féz) is therefore

(1 =12y
16.15 FP0 =T]—2.
(16.15) O] ,1_[1 gy

A similar argument in the full linear group, omitting the condition § = g, gives

o My +Ny _ (1—1ti)}
(16.16) D(t) = ﬂpd atNa — 1‘[ T
> Jjzl
hence
(16.17) F§P @) = o3Py = Py [ [ Past

d>1

From (16.17) and the definition of Féz) we get I—[deN" =
P [1,(Pad™ P2a™), hence

(16.18) Ho®) := [ [ Paa™,  PoHo()Fy™(t) = Ho(t).
d>1

Formula (16.18) may be deduced from Lemma 16.5.
To restrict to even dimensions, consider the even part of Fl(z)(t)z, i.e.
(FP(t)? + F(=1)*)/2. From (16.14), (16.3) and (16.14) it follows that

16.19) 1+ (koo + kan )™ = (26(t* = G(—1*) Py ™.

n>1

To compute ky, 0 — kon w, consider first the classes of elements without
the eigenvalue 1 or —1. One has to substract 2¢!/1/"(/*)) when j is odd and
f = f. The contribution of f becomes Y, . (—#/)E/"mU). Hence let
FéA)(t) =11, N P(—14)Nap,,Mi (the superscript (A) stands for “difference”).
Now (16.2) and (16.17) imply Fi (1) Fy2 ()@ (t*) = Fy¥ (12> ®(1%) and we
have

(16.20) PR (12 = PLEM (1),

which defines F*). By (16.15), (16.20) becomes

— 141 — %
D)\ (I =17)1A — 1)
(16.21) FM0) = H—1 i
Jj=1
As for parameters such that m(1,2j +1)#0 or m(—1,2j +1)#0
for some j € N, they are in equal number in each type of group (see
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Propositions 16.9 and 16.10). Hence
(16.22) L+ (kano — kanw)t™" = P2 ™.

n>1

The numbers k», w and k», ¢ are given by (16.19) and (16.22).

16.3. Special orthogonal groups and their derived
subgroup; Clifford groups

Proposition 16.23. The semi-simple conjugacy class of the orthogonal group
of parameter (i, ¥, W_) (Proposition 16.8) is contained in the special group
if and only if w(—1) € 2N. It splits into two conjugacy classes of the special
group O if and only if u(1) = u(—1) = 0.

The generating function for the number of parameters of O-conjugacy
classes of elements with unique eigenvalue —1 and determinant 1 is P>>G(t*).

Proof. A conjugacy class splits if and only if the centralizer of an element of the
class is contained in the special group. The only components of the centralizer
of a semi-simple element that are not contained in the special group SO are
those corresponding to f € F \ Fy, if non-trivial.

From (16.14) and (16.3), we deduce that the even part of Ffz)(t) is
PR*G(t%). O

Any unipotent element is special. By (16.11) the centralizer of a unipotent
element is contained in the special group if and only if the parameter (m;, V)
of its conjugacy class satisfies m(2j + 1) = 0 for all j € N. Now if s is semi-
simple, with centralizer C(s) in the orthogonal group, and u a unipotent in C(s),
then Co(su) = Cc()(1); hence we have the following.

Proposition 16.24. A conjugacy class of O, y(q) with parameter (m, ¥, W_)
(Proposition 16.10) is contained in the special group if and only if

> m(=1,2j+1)€2N
jeN
and it splits into two classes of SO, y(q) if and only if
VieN, m(,2j+1)=m(-1,2j+1)=0.

Note that the splitting condition is independent of gq.

By Propositions 16.23 and 16.24, the sum for v = 0, w of the numbers of
conjugacy classes of the special groups SO,, v(g) is given by the generating
function P>*G(1*)2 Féz).
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Let H be the special Clifford group of an orthogonal space V of dimension
2m (m # 0) on F with a form defined on I, as described in §16.2. The Clifford
group on V, denoted by CL(V), is the normalizer of V in the subgroup of units
of the Clifford algebra on V (V is considered as a subspace of its Clifford
algebra); see [Bour59] Chapitre 9.

Denote by e the neutral element in CL(V), to distinguish it from 1 = 1y €
SO(V). A non-isotropic vector v of V defines a unit in the Clifford algebra that
acts on V as the opposite of the reflection defined by v. So an exact sequence
of groups

1 — F*e — CL(V)—/—>0(V) —> 1
is obtained, whose restriction to H is
] — Fe — HL>SO(V) — 1.

The center of H is F*e. The derived group of H is the spinor group Spin(V)
and the restriction of 7 to Spin(V') gives the exact sequence

] — < —e> —> [H, H] = Spin(V)——Q(V) —> 1

where —e := (—1).e and (V) is the commutator subgroup of SO(V). As the
orthogonal space is defined over IF,;, a Frobenius F acts on Hand V, HY is the
special Clifford group of V (IF,), the first and second sequences restrict to

I — Fye — CL(V(Fy)——0u,(q) — 1,

1 — FXe — H —580y,,(q) — 1,
and the last sequence restricts to
1 — < —e> —> Spiny, \(9)—— Qo v(q) —> 1
where €2, y(¢g) is the derived subgroup of SO, v(¢). One has F(—e) = —e.

Proposition 16.25. Let s be a semi-simple element of the rational special Clif-
ford group HY = CL(V(IF,)), let C be the conjugacy class of (s) in SOz, v(q),
and let C' = 77 1(C).

(i) s and —es are conjugate in HY if and only if 1 and —1 are eigenvalues
of m(s).

(ii) If 1 and —1 are eigenvalues of 7 (s), then C’ is the union of %(q -1
conjugacy classes of HY . If 1 or —1 is not an eigenvalue of 7 (s), then C' is the
union of (g — 1) conjugacy classes of HF .

Proof. For any semi-simple element s of H, let

C*(s) = {g € Spin(V) | g 'sg € {s, —es}}.
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By Lang’s theorem in an F'-stable maximal torus S containing s, and Propo-
sition 8.1, any s € HF can be written as s = z¢, with z € S and ¢ € [H, H]".
Then the first assertion of (i) is true for s in HF if and only if it is true for ¢ in
Spina, v(q) = [H, H]".

By definition Cgpinv) () C C*(2), m (C*(¢)) = Cso(v)(7r (¢)) and ¢ is conjugate
to —et if and only if |C*(¢) : Cspin(v)(t)| = 2 — if not, the index is 1.

Now Cspinvy(#) is connected because the spinor group is simply con-
nected (Theorem 13.14) and 7 (Cspinvy()) is also connected since m is
continuous. Finally the conjugacy between ¢ and —et is equivalent to
ICsow) (7 ())/Csovy (7 (£))] = 2 — and if not, the order is 1.

By examination of the structure of Cso(v) (7 (¢)), we see that the direct com-
ponents acting on the sum of eigenspaces of 7 (¢), V,, 4+ V-1, isomorphic to gen-
eral linear groups, are connected, apart from @ = a~'. The non-connectedness
appears in SO(V; + V_;) N (O(V;) x O(V_1)) when V; and V_; are non-zero
spaces, that is to say when 1 and —1 are eigenvalues of 7 (¢). Furthermore
the g € Spin(V) such that grg~' = —et are precisely those g such that 7(g)
centralizes 7 (f) and the two components of 7 (g) acting respectively on the
eigenspaces V; and V_; have determinant —1.

Assuming now that ¢ € Spin(V (FF,)), if such a g exists in SO(V| + V_;),
there is one in SO(V, + V_;)¥. This proves (i).

If two elements as and bs in Fj's are conjugate by some g € HF, then
7(g) centralizes m(as) = 7 (s) in SO(V(F,)). One has n’l(CSO(v)(n(s))) =
que.C*(s) and n(]P‘;e.Cspm(v)(t)) = 7(Cu(s)) = Cgpy)((s)) by connected-
ness, so that g € ]Fqu.C*(s). Thus (ii) follows from (i) and its proof. O

From Propositions 16.25, 16.24 and formulae (16.14), (16.19) and (16.22),
one deduces easily the generating functions for the number of conjugacy classes
of the finite Clifford groups in odd characteristic. In even dimensions with all
Witt types:

(16.26) %(P{‘g(r“)z +2P2Gh — 1) Fy®.

Note that, from now on, the term of null degree in the series has no significance.

The group 2, y(¢) — we may write simply €2 — is the derived group of
the orthogonal group, and of index 2 in the special group (recall that g is odd).
It may be obtained as the kernel of the restriction to the special group of the
spinor norm

6:0,,(q) = F /(F)).

Clearly an orthogonal transformation belongs to €2 if and only if its semi-
simple component belongs to 2. The spinor norm appears in the theory
of Clifford algebras ([Artin], Chapter V). If g € O(V(IF,)) is written as a
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product of symmetries with respect to (non-isotropic) vectors v; (1 < j <r),
then 6(g) =[] v ) FS )2. The spinor norm is multiplicative with respect
to the orthogonal sum. An elegant and general characterization of the spinor
norm has been given by H. Zassenhaus; see [Za62].

Proposition 16.27. Let g € O(V(F,)), of semi-simple component s. Let V_,
be the eigenspace {x € V(F,) | s(x) = —x}, and let V, = V_i1t. Let A be the
discriminant of the restriction of the form to V_1, and let D be the determinant
of the restriction of (1 4+ 5)/2 to V,. The value on g of the spinor norm is
AD(Fy ).

As a corollary, assuming n € {2m, 2m + 1}, we obtain that —lv(]Fq) belongs
to the kernel of the spinor norm if and only if m(g — 1) = 0 (mod. 4) for
v € {0,1} orm(g — 1) = 2 (mod. 4) for v € {w, d}. For n even the condition is
equivalent to —ly,) € Q2m,v(q).

By computing the determinant in the isotypic case, we have the following.

Proposition 16.28. Let s be an element of O(V (IF,)). Assume that, for some
f € Fo, s has minimal polynomial f if f = f, or ffif f # f. Leta € f («a
a root of f). One has

ae(F:m)z iff# 1,

0(s) = (F;)* if and only if {a<qf'/2+1>/2 =1 iff=F1

The formula in Proposition 16.28 justifies the definition of a new applica-
tion o: F9 — {—1, 41}. The proof of the following proposition is left to the
reader.

Proposition 16.29. Let o: Fy — {—1, 1} be defined by

fC(F;m)z iff#f,

o(f)=1 ifandonly if {a(qf/2+1)/2=1 iff=Fandacf

For e e {+, -}, let 2M; . (resp. N;.) be the number of f € Fy of degree d
and such that o (f) = €l, f # f (resp. f = f). One has My + My = My,
Nd’+ + Nd’_ = Nd;

My €{(q—5/4,(q—3)/4, Nopy €{(qg —1/4,(q —3)/4}
M = N>y

and, when d > 1,

Nyg— = Nyg =My _
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Proposition 16.30. Let (i, ¥, ¥_) be the parameter of a semi-simple conju-
gacy class C of SO, v(q) (n(—1) € 2N). Define v_ € N by

D=1 .
(] )4#( ) ify_ =0,

v =
1+ (4—1)411(—1) lflﬁ— —

Then C is contained in 2, v(q) if and only if

v_+ Y u(f)e2N.
(. Dlo(fH#1}

The parameter (1, V4, Y_) defines one or two classes of the derived group,
and it defines two classes if and only if u(1) = u(—1) = 0.

Proof. The integer v_ is defined so that v_ € 2N if and only if the discriminant
of the restriction of the form to V_; is a square in I, (see the beginning of §16.2
and note that with our conventions v_ = 0if u(—1) = 0). By Proposition 16.28
and the definition of ¢, the sum of multiplicities u( f) on{ f, f }suchthato (f) #
1 is even if and only if the determinant D, as defined in Proposition 16.27, is a
square. Hence the first assertion follows from Proposition 16.27.

The centralizer of a semi-simple element of the special group SOy, v(q) is
never contained in the kernel of the spinor norm, hence the SO-conjugacy class
doesn’t split in €2 and Proposition 16.23 applies. O

A conjugacy class of the orthogonal group with parameter (m, W, W_) is
contained in €2, y(g) if and only if the function (u«, ¥4, ¥_) deduced from
(m, Wy, W_) by (16.11) satisfies the condition of Proposition 16.30. The cen-
tralizer of an element g is in the kernel of the spinor norm if and only if it is the
case in any “{f, f}-component” (f € F) of the centralizer of the semi-simple
part of g. For f € Fy, use the following.

Proposition 16.31. Let u be a unipotent element of some general linear or
unitary group G = GL(w, q). Let H be the unique subgroup of G of index 2.
The centralizer of u in G is contained in H if and only if it has no Jordan block
of odd size.

On unipotents in orthogonal groups, one has the following result, by condi-
tions (16.11) and (16.12).

Proposition 16.32. Let u be a unipotent element of O, v(q), with parameter
(my, V) (see Proposition 16.9).

(i) The centralizer of u in the orthogonal group is contained in the special
group ifand only if my(2j + 1) =0 forall j € N.
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(ii) The centralizer of u in the orthogonal group is contained in the kernel
of the spinor norm if and only if, for all j € N,

mi(2j+1)=0or
(m1(2j + 1) =1 and (¥(j) = 1 ifand only if (—1)794~D/? = 1)).

(iii) The centralizer of u in the orthogonal group is contained in the kernel of
the product of the spinor norm by the determinant if and only if, for all j € N,

my(2j+1)=0or
(m1(2j + 1) = 1 and (W(j) = 1 if and only if (—1)/4~V/2 = —1)).

As a consequence, if the centralizer of u is contained in the special group,
then it is contained in the derived subgroup.
Recall that if ¢ = 1 (mod. 4), then —v = v for all Witt symbols v, and if
g = 3 (mod. 4), then —1 = d. So Proposition 16.32 introduces a new condition
on (m, ¥, , W_) that we formulate as follows: let (¢, v) € {—, +} x {1,d}
(R(e, V)
VjeN, (m(el, 2j+1)=1and V. (j) = (—l)jv) orm(el,2j+1)=0.

Hence R(+, 1) is the condition in Proposition 16.32 (ii) and R(+, d) is the
condition in Proposition 16.32 (iii). Using Propositions 16.30 and 16.10 the
following can be proved.

Proposition 16.33. Let (¢,v) € {—, +} x {1,d}, let v € {0,w} and x €
SO2,.v(q) be such that (e1)x is unipotent. Assume the parameter of the conju-

gacy class of s satisfies R(e, v). Then x is in the kernel of the spinor norm and
one has vV = w if and only if (9 — 1)n ¢ 4N.

When g € @, y(q), the number of conjugacy classes of €2, y(q) contained
in the conjugacy class of g in O, y(g) is |O: Co(g)S2|. Using the structure of
the centralizer of a semi-simple element and Propositions 16.31 and 16.32, one
may compute O/Cp(g)S2 and obtain the following.

Proposition 16.34. Let (m, V., W_) be the parameter of a conjugacy class

C of O,v(q) and let (., Y4, ¥_) be deduced from (m, V., V_) by (16.11).

Assume that (u, Y4, ¥_) satisfies the condition of Proposition 16.30, hence

C C 2,y(q). The class C is the union of

* four conjugacy classes of 2, v(q) if and only if m(f,2j 4+ 1) =0 for all
feFandall j €N,

* two or four conjugacy classes of Q2,v(q) if and only if at least one of the
following two conditions hold
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(i)forall (f, j) € Fo x Nym(f, (2j + 1) = 0andthere exists v € {1, d} such
that R(+, v) and R(—, v) hold
(ii)m(1,2j +1)=m(—1,2j + 1) =0forall j €N,

* one conjugacy class of 2, v(q) in other cases.

By Proposition 16.30 and formula (16.11), the parameter (m, ¥, W_) of a
conjugacy class of O, v(g) contained in €2, v(g) has to satisfy the relation

vo+ > Yo im(f) €N,

(£ Dle(hH#) T
where v_ is deduced from ¢_ = ;W (-1, j) and u(—1) = £;m(—1, j)j, as
in Proposition 16.30.
By Proposition 16.29 and definition of H, (16.18), one has Hj, =
l_[dzl pde”,PQde". Let

(16.35) H(t) = [ JPa)™.

d>1

The number of parameters with (1) = u(—1) = 0 of conjugacy classes con-
tained in a group 2 is given by the generating function Fé):)[Q] = %(Féz) +
FOHHY.

Furthermore we have by (16.18), (16.35), (16.2), (16.18) again and
(16.20):

(P Fy™ HiHy ) (1) = Hy(t)Ho(t)Ho(t?) ™" = TLy(PaaPyy(Paa) )N
= Hd(PSd_IPMz)NM = Ho(t* Ho(t") ™" = PyFy (%) = PaFy(1).

Hence
(16.36) Fy1Q] = 3 (Fg™ + FgY).

We now want to make a distinction between the two Witt types of forms, at
least for classes of elements without the eigenvalue 1 or — 1. By Proposition 16.8,
(16.11) and Proposition 16.30, a parameter with p(1) = u(—1) = 0 defines a
conjugacy class contained in 23, 0(g) if and only if

Yo om(f2j+h= Y, m(f2j+D)
o(fH)=1,f=F o(f)=—1.r=F

> m(f.2j+ 1) (mod. 2).
o(f)=—1f#f
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and a conjugacy class in €2, w(q) if and only if

Do om(f2j+D#E Y m(fi2j+D)
o(f)=Lf=F o(f)=—Lf=F

= Z m(f,2j + 1) (mod. 2).
o(N)==Lf#f
Let
Ho—(t) = [ [Pu™=. Ho() =[] Pa™ =[] P
d>1 d>1 d=1
hence Hy _Hoy, = Hy and P,"Hy (1) = Ho _(t) with 2 = 1 + (—=1)@*+D/2
(see (16.18), Proposition 16.29 and Lemma 16.5). Define H; 1 from Hj 1 as
H, from H, (16.35): H (1) = Hdzl(lpdi)N“‘ Let L(¢) = Hdzlpng("+, SO
that F{™)(t) = Ho(r)Ho 1 (t)L(z). By substitution in (16.18), one has Hy_ =
P Hy(t?)L.
The generating series for the number of parameters m that satisfy the first
two congruences is

((Hoy + Hy +)*(Ho— + Hy ) + (Hoy — Hy 1)*(Ho— — Hy -)L/8,
ie.
((Hg, + H} ,)Ho,— +2Ho  Hy +H, _)L/4.
Put g = Hy 4, h = Hler.

Assume g = 1 (mod. 4).

One has hy = Hy _, hence h(z) = Hy, and h; = H; _. The last sum be-
comes 1(hj + 3hoh?)L. But one has F{® = h}L by definition of Hy
and Fy” = P, hiho(1>)~2 by (16.18). Hence PrhohlL = h2hho(1?) 2 =
ho(t2)*ho(t*) 2 = PyFS P (12) = PL (1), using (16.2) and (16.20). So the
number of parameters with u(1) = pu(—1) = 0 of O-conjugacy classes con-
tained in €2,, ¢(q) is given by

(16.37) FolQ0] = L(FP +3F") (g =1 (mod. 4)).

The generating function for the number of parameters m that satisfy the last
two congruences is

((Ho,+ — Hi,4)(Hy— + Hy _)(Hy + + Hy +)
+ (Hp 4+ + Hy 4)(Hy— — Hy _)(Hy + — H; 4))L/38,
i.e.

YHo_(Hy, — H;,)L.
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So, when ¢ = 1 (mod. 4), the last sum can be written as %(hg — hoh%)L,
hence the number of parameters with w(l) = pu(—1) =0 of O-conjugacy
classes contained in 23, w(g) is given by

(16.38) FolQul = 1(FY — Fy™) (g =1 (mod. 4)).

(compare with (16.37) and (16.36)!).
Assume now ¢ = 3 (mod. 4). A similar computation, with

R = Py*Py Py
so that R(t) = P2(P5)~! by (16.2), gives
(16.39) Fol] = H(F + 2+ RFY) (g =3 (mod. 4))
and

(16.40) FolQwl = H(FY —RE®™) (g =3 (mod. 4))

16.4. Spin,,(F)

The algebraic simply connected groups of types D,, or C,, are spinor groups
Spin(2m) or Spin(2m + 1), central extensions of the special orthogonal groups
(see the beginning of §16.3). If the dimension n of V is even, hence SO of type
D, ,, then the center of Spin(V') has order 4, and has exponent 4 when n/2 is
odd, exponent 2 when n/2 is even.

Proposition 16.41. Let (0, Y4, ¥_) be the parameter of a conjugacy class of
semi-simple elements of Oy, v(q) contained in the derived subgroup 2, v(q).
The parameter defines exactly

* one conjugacy class of Spiny, v(q) if p(1)u(—1) # 0,

* four conjugacy classes if (1) = u(—1) =0,

* two classes in the other cases.

Proof. Let t be a semi-simple element of the algebraic Spin group. We have
seen in the proof of Proposition 16.25 that ¢ is conjugate to (—e)z if and only
if Cso(7r (7)) is not connected. Assume now that ¢ € Spin,, ,(¢). Examination
of the centralizer of 7 (¢) in SO and in €2,, y(¢) shows that non-connexity is
equivalent to the existence of eigenvalues 1 and —1, and conjugacy of ¢ and
(—e)t in the algebraic group is equivalent to conjugacy in the group over F,.
Now Proposition 16.34 gives our claim. O

Proposition 16.42. Let (m, V., V_) be the parameter of a conjugacy class
C of the orthogonal group contained in Q0,v(q). The number of conjugacy
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classes of Spiny, v(q) contained in 7 1(C) is

e Sifandonly ifm(f,2j +1)=0forall f € Fandall j € N,

* 4 or 8 if and only if
(i))m(1,2j+1)=m(—1,2j+1)=0forall j € Nor
(it) m(f,2j + 1) =m(—€l,2j + 1) =0 and R(e, V) holds for all (f, j) €
Fo x N and some (¢,v) € {—, +} x {d, 1},

* 2 or4 or 8 if and only if
(iii) m(e,2j + 1) =0 forall j € N and some € € {—1, 1} or
(v)m(f,2j + 1) =0forall (f, j) € Fo x Nand there exist vy, v_ € {d, 1}
such that R(+, vy) and R(—, v_) hold,

* [ in other cases.

Proof. Let g € Spin,, ,(¢), in the Oy, y(g)-conjugacy class C with parameter
(m, V., W_),and let g = tv be its decomposition into semi-simple component
t and unipotent component v. 7~ (C N Q2,.v(g)) 1s one conjugacy class of the
spin group if and only if g is conjugate to (—e)g, or, equivalently, ¢ is conju-
gate to (—e)t in the centralizer of v. By the proof of Proposition 16.41, one
knows that yty~! = (—e)t is equivalent to 7 (y) € (C(r () \ C°(7 (1)) — cen-
tralizers in the algebraic special group. Any z € C((¢)) N Oy, v(g) decomposes
in a product z = z4z_z0, where z, z_ and z act respectively on eigenspaces
Vi(r (1)), V_i(m(t)) and on (V, ( (¢)) + V_ (7 (t)))*. One sees that zp € SO and
the conjugacy condition is equivalent to: z ¢ SO and z_ ¢ SO. It is satisfied
by some z € 5, y(g) if and only if there exists some triple (j, j_, jo) of inte-
gersand f € Fosuchthatm(l,2j, + Dm(—1,2j_ + Dm(f,2jo+ 1) #0—
and then by Proposition 16.31 eventually zj is not in the kernel of the spinor
norm — or only m(1, 2j, + D)m(—1, 2j_ + 1) # 0 but without the two condi-
tions R(+, vy) and R(—, v_) where {v,, v_} = {1, d} (see Proposition 16.33).

For other parameters that define classes of 2, v(¢), each class is the image
of two conjugacy classes of the spin group. Now Proposition 16.42 follows
from Proposition 16.34. O

We now compute the various generating functions for parameters in view of
Proposition 16.42.

Assume g = 1 (mod. 4).

The generating function Sg(#) that gives the number of parameters that satisfy
the first condition of Proposition 16.42 is P2 Féz)(tz)

Sy = PPy Fy”

(see (16.20)). All these classes are contained in Sping (Proposition 16.10).
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The generating function that gives the number of parameters of conjugacy
classes in the groups Spiny, ¢(g) that satisfy condition (i) is

Sy = Ps? Fol Q0]

(on xx_; the spinor norm is trivial and v = ¢_ = 0).

To compute the number of parameters that satisfy condition (ii) we use the
equality IT;en(1 + t2+1y = P, P,~*P,. The number of parameters that satisfy
(ii) but not (i) is given by the series 4(P; PP — 7742)F(§):)(t2). The even
part of that series is by (16.20)

Si(t) = (2(Py + PP Py? — 4P Py) FP.

The generating function that gives the number of parameters for con-
jugacy classes in the groups Spin,, ¢(¢) and such that m(-1,2j +1) =0
for all j € N is a sum of Py(P>2G(t*) + P4)Fo[]/2 (parameters such
that ¥, = 0; recall the condition u(%1) € 2N from Proposition 16.23)
and Pa(P22G (%) — Pa) Fo[ 2] /2 (parameters such that ¢y, = w). The sum
is PlPPIGUNFy™ + Fy™)/4 + Pi(FolQ0] — FolQw])/2. By (1637) and
(16.38) we obtain P2 PyG(r*)(Fy™ + Fy™) /4 + P2E™ /4.

Consider now the conditionm(1,2j + 1) = Oforall j € Nbutm(—1,2j +
1) # 0 at least for one j. By Proposition 16.8 and §16.3, especially Proposition
16.30, the number of such parameters for conjugacy classes in €2, ¢(q) is given
by a sum of %734(7322904) — P4)Fy[2] (parameters such that ¢»_ = 0) and
LPyPG(Y) — POWF — F§™)/2 — Fol2]) (parameters such that yr_ =
w). Hence from (16.37) and (16.38) we obtain (P>>PsG(t*) — 7342)(F(§E) +
F'™)/4.

0

The generating function that gives the number of parameters satisfying con-
dition (iii), to define two or four or eight conjugacy classes in the groups
Spiny, 0(q), is therefore

So(t) = PPPaG) (Fy ™ + Fy™) /2 — P2 (Fg” — Fy™) /4.
Condition (iv) in Proposition 16.42, excluding the preceding one, selects the
series ((Py + Py)Py 2Ps? — 2P) F{¥(12). Note that, from (16.2), the def-
inition of G and (16.3), P12+ (P;)2 = (Py) 2+ P )PPy 2 = (G(1) +
G(—)P Py =2 = 2G(r*YP,> P, 2. With (16.20) we get

Sh(t) = (2PPPaG(t*) + 2Ps% — 4Py + Py YPy Py + 4Py Py) Fy™.
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The total number of parameters is given by a sum:

(Ps + P22G(t4))* Fo[Q1/4, for (Y4, ¥—) = (0, 0),

(P*G(t*)? — Py*) FolQw1/4, for (Y, ¥_) = (W, 0),
(PG — PAFYY — Fy™)/2 — FolQwl)/4, for (Y1, ¥-) = (0, w),
(PG (%) — Po)X(Fy™ + Fy™)/2 — FolQ])/4, for (Yry, ¥_) = (W, w).

The sum is formally Py*G(t*)2F ™ /4 4+ Py’ PiG*)(4Fo[Q0] — F” —
F{™)/4 4+ P,2F{™ /4. From (16.37) and (16.38) we get
Si(t) = PG F + [Pa(2P2G(Y) + Pa) Fy®.
Finally, the generating function that gives the number of conjugacy classes
in the groups Sping(g) is S1 + S» + S5 + 284 + 28 + 45s:
(16.43) S(t) = JG(—=1") + G P, Fy”)
+(@G(—1) +3G(=HGEH P, Ry

Assume now that ¢ =3 (mod. 4). By Proposition 16.30 and formulae
(16.39), (16.40), the formulae are different short of Sg.

D2
Sy = T“(ng’ +Q+RFY).

Let E(t) be the series sum of terms with degree in 4N in (P; + P, YP>2/2.
Condition (ii) without (i) gives
Sy = 4(EP? — Py)PLE.

Condition (iii) in Proposition 16.42, withm(1,2j + 1) = Oforall j € Nbut
m(—1,2j + 1) # 0 at least for one j, gives

$2(t) = PLPPaGUHES 12 + (PL2PG () + PP 2 Fy™ /4
—PA(Fg — Fy™) /4.
The sum for S; is modified and from (16.39) and (16.40) we get
481(t) = PGy + (PlPaG(th) + Pt (P ) 2 + Pa) ™.

As final sum, one obtains

(16.44)  S(1) = HG(—1) + G Py  Fg™
+(4G(—17) + 36N P G(—1) Fg™
— (s = PYYPAGh) + (P — (Py) PP R,

Proposition 16.45. The number of conjugacy classes of the group Spiny, o(q)
is the coefficient of t*" in the series given by formula (16.43) if ¢ = 1 (mod. 4)
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and by formula (16.44) if ¢ = 3 (mod. 4). These numbers are polynomials in g
whose coefficients are independent of g modulo 4 when n is even.

16.5. Non-semi-simple groups, conformal groups
In this section we assume the following.

Hypothesis and notation 16.46. Let H be an algebraic connected group de-
fined over ¥, with Frobenius I and a connected center. Let Z := Z([H, H]) =
Z(H) N [H, H]. Elements of HF are products zg, with z € Z(H), g € [H, H]
and z7'F(z) = gF(g)™' € Z. Let

G:={ge[HHl|gF(g) 'ez}, p:G—>Z pg=gF "

Clearly G is a subgroup of [H, H], p is a morphism with kernel [H, H]F and,
by Lang’s theorem in the connected group [H, H], one has

G/H,H]f = Z.

Proposition 16.47. H' is the disjoint union of HY -invariant sets Z(H)* zC
where C is a G-conjugacy class and z € Z(H). The number of H' -conjugacy
classes contained in each such set is |Z(H)* / ZT |, the number of G-conjugacy
classes contained in ZF C.

Proof. One has an isomorphism (Proposition 8.1)
H = {(z,9) e ZM) x G | p(z™") = p(8)}/Z

and a morphism p:HF — Z/[Z, F] defined by the map (z,g)Z —
p(9)[Z, F], whose kernel is Z(H)"[H, H|" = (ZH)" x [H,H]")Z/Z and
whose image is Z/[Z, F] by Lang’s theorem.

Clearly p(g) is an invariant of the conjugacy class of zg. Furthermore, as
HY c ZH)G c Z(H)HF, the conjugacy class of zg in H is the set zC, where
C is the conjugacy class of g in G. Let D(g) be the set of y € Z(H) such
that g is conjugate to yg in G. If y € D(g), then y € [H, H], hence y € Z.
Furthermore, zyg € HF because H” is normal in Z(H)G, hence D(g) is a
subgroup of ZF. One has Z(H)zC N HF = Z(H)" zC, and Z(H)" zC is the union
of exactly |Z(H)" /R(g)| conjugacy classes of H”. Finally note that | Z/ D(g)|
is the number of conjugacy classes of G contained in Z¥C and that for two
G-conjugacy classes C and C’, z being defined modulo Z%, the equalities
ZMH)F zC =ZM)"zC’ and Z¥ C = ZF C’ are equivalent. O
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We have to study conjugacy classes of G. We get the following result im-
mediately.

Proposition 16.48. Let g € G and let K be any F-stable subgroup of H con-
taining g. Let x € K.
(i) Let L := Lan}l(CK(g)), then gt = g®¥ NHF g. Assume HY C K. Then

([K, F1NCk(g)): [Ck(g), F1).Ig¥ NH g| = [H": Cyr(g)|.

(ii) There exists t € HY such that xgx™' = tgt~" if and only if x "' F(x) €
[Cu(g), F1.

Henceifg € H and p(g') = z € Z, then Cs(g) N HF g’ is not empty if and
only if 77! € [Cu(g), F.

Proof. Letx € K.One verifies that xgx ' F(xgx~")~! = gF(g)~! if and only
ifx~' F(x) € Cg(g)and (i) follows. Therelation xgx~! = rg¢t~' witht € K is
equivalenttox 't € Cx(g) withx ™' F(x) = x 't F(t~!)F(x), hence the equiv-
alence in (ii). |

We apply the preceding analysis to conformal and Clifford groups.

Let SO(V) be a special orthogonal group with respect to one of the forms
described in §16.2. A linear endomorphism g of V is said to be conformal if
there exists a scalar A, such that (gv, gv’) = A, (v, v') for all v, v" in V. Then
CSO(V) s the group of conformal g with det g = (A,)™. Its center is connected.

When [H, H] is a special orthogonal group (resp. a spin group) we index p,
G with 1 (resp. 0). Hence, with H = CSO,, (F), the form and the group being
defined on IF,, with a Frobenius endomorphism F,

G :={x € SOy (([F) | Fx) € {—x,x}}, p1:G1 —> <—1>

and p; has kernel SO, v(q) = SO,,(F)F. Put CSOy,v(q) = CSO,,(F)F.

Write SO for SO,, (F), CSO for CSO,,(F), and SO(g) for SOFf = SOz, .v(q),
etc. Clearly SO(¢) C G| C SO(g?). Note that SO(g?) here is defined with re-
spect to a split form on [ 2.

Proposition 16.49. Let F', F be defined from (F, F*), as F and F are defined
from (F, F).

Let t =zs be a semi-simple element of CSOy,y(q), where (z,s) €
Z(CSO)y x Gy (see Proposition 16.47). For s € SOy, v(q), let (u, Yy, ¥_)
be its parameter in O, y(q) (see Proposition 16.10). For F(s) = —s, let
(W', !, ¥) be its parameter in 05,.0(q%). We shall say that the parameter
and the G-conjugacy class of t are associated.

When s € SO2,y(q), (1, Y4, ¥_) is associated to exactly one semi-simple
conjugacy class of Gy, hence (q — 1)/2 semi-simple conjugacy classes of
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CSOy, v(q), if and only if (1) # 0 or pu(—1) # 0, and to exactly two semi-
simple conjugacy classes of G, hence (q — 1) semi-simple conjugacy classes
of CSO2nv(q), if and only if u(1) = p(—=1) = 0.

A semi-simple conjugacy class of SOa,.0(q?) contains an element of (G \
SO2.,v(q)) if and only if its parameter (', ', , ') verifies

Wy =wWFEF) =W (F=wFFY), .=y €{0,w

forall f' € F'. and, in case ¢ = 1 (mod. 4),

vi+| D WU |w=v
Felf F)

or, in case g = 3 (mod. 4),

Vi Do) w=v
F=r

where the sums run over a set of orbits under the group < (f' +— f),
(f' = F(f") > acting on F},.

Then (', W', ¥ ) is associated to exactly two G-conjugacy classes, hence
(g — 1) conjugacy classes of CSOq, v(q).

Proof. Let C be the G|-conjugacy class of s.

If F(s) = s, then any direct component C; (f € F) of Cy(s) is F-stable,
so that —1 € [F, Cg(s)], which implies C(s) N (G \ SO(q)) # @ by Proposi-
tion 16.48 (ii). Hence the conjugacy class of s in SO(g) is a conjugacy class
of G| and the parameter of s is well defined by C. By Propositions 16.23 and
16.47, Z(H)F' C is the union of (¢ — 1) (resp. (¢ — 1)/2) conjugacy classes of
HF if and only if (1) = u(—1) = 0 (resp. u(1) # 0 or u(—1) # 0).

Assume now F'(s) = —s. One has Cy(s) C [F, H] and [F, Cy(s)] = C{(s).
By Proposition 16.48(i) (with K = SO) we get that the SO-conjugacy class of g
intersects (G \ SOy, v(g)) in one or two G-conjugacy classes, and in exactly
two conjugacy classes of G if and only if Cso(s) # Cg(s). The last condition
isequivalentto “1 and —1 are eigenvalues of s.” Note that s and —s are conjugate
in Oy(¢g?), hence p/(1) = p/'(—1).

If u/(1) = 0, then the class of s in SO contains a single class of SOo(qz)
and the function w/, giving multiplicities of eigenvalues, is decided by v. The
parameter of s in Oy(g>) gives two classes in a group G for only one value
of v.

If 11/(1) # 0, then the class of s in SO contains two classes of SOy(g?), with
parameters (u’, ¥, , ¥ ) that differ on 1, . We shall see that each one intersects
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G| in one class because v € {0, w} is fixed. Hence the conjugacy class of g in
SO(g?) intersects G in one class.

Applying Proposition 16.47, one gets the first part of the proposition.

Let (f' — f’)beinduced on F' by (@ — —a)inF. Let (¢/, V', ¥’ ) bethe
parameter of some semi-simple s in Og(g?). Let ' be an irreducible polynomial
on F 2 such that '(f’) # 0. Let V,, = V,(s) be the eigenspace of s for some
o € f’;one has F(V,) = V) (F(t)). The relation F(s) = —s is equivalent to
F(Vy(s1)) = Vi (s1) for any a, any such f’, and then /(F(f")) = ' (f)).
When V| # {0}, then F(V)) = V_y, hence ¥ = F(y/) = ¥/. Under the
preceding conditions on (u, ¥, ¥’ ) any decomposition of the representa-
tion space in an orthogonal sum @, Vi, where dim(V,) = w'(f’) for o € f’,
F(Vy) = Vpo forall o, and V,, @ V-1 is an hyperbolic sum of two isotropic
spaces if o # a~!, is the decomposition into eigenspaces of some semi-simple
element s of SO(qz), in a class of parameter (1, ¥) in O(qz), and such that
F(s) is conjugate to —s in Ogy(g?). The conjugacy class of s in Oy(g?) is one
class in SOo(qz) when p/(1) # 0. Then by Lang’s theorem in the connected
group SO, the class of s in SO intersects G; in some s;. Clearly the param-
eters of conjugacy classes of s and s; in the group Oy(g?) can differ only on
Y. = ¥ .But G, has a semi-simple element of parameter (1, 0, 0) if and only
if it has an element of parameter (i’, w, w). These elements, with different pa-
rameters in Op(g?), are conjugate under the algebraic special group. Hence the
two G-conjugacy classes contained in the SO-conjugacy class are different
SOp(g?)-conjugacy classes with different parameters in Og(g?).

Let(m’, W', W’ )be aparameter of a conjugacy class of SO, ¢(¢>) contained
in G. Assuming that the bilinear form is defined on F;, we have to compute its
Witt type on [F, or equivalently, as the dimension is known, its discriminant.

Assume first that u'(1) = p/(—1) = 0, where u’ is part of the parameter
of the semi-simple component conjugacy class. As the possible parameters
(m’, W/, W' )such that (16.11) holds depend only on 1/, we may consider only
semi-simple classes. Thuslet w": 7§ — Nwith u'(f") = W(F(f)) =w'(f) =
W (F(f"). Let x be in the class and, for u/(f’) # 0, let Vi = Bqes Vy be the
sum of eigenspaces V,, for o € f’ of x.

Consider the restriction of the form to the subspace V' := Vy + V() +
Vi + VF( 7y V' is defined on F, because F(x) = —x implies F(Vy) = Ve
and F (va) = VF( 7y We are interested in the Witt type of V'(IF,).

(1) Assume /" ¢ {f, F(f")}.

The subspaces V' + V() and Vi + Vi, 5, are defined on F,, are totally
isotropic and in duality by the form. As the form is defined on IF,,, the dual of a
basis of IF, of one of these spaces (i.e. where each element of the basis is fixed
by F) is defined on F, too. Hence V'(IF,)) is of Witt type 0.
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(2) Assume now f’ = f’ or f' = F(f’) (the two equalities cannot be satis-
fied simultaneously because f’ € F(). Onehas V' = V; + F(V;). Fix a basis
of V;(F,2) and take its image by F to define a basis (e;); of V'(IF;2). Let D
be the matrix of scalar products of the ¢;, the Gramian matrix. The matrix with
respect to (¢;); of a basis of V'(IF,) may be written with four square blocks
M = (F?A) F;B)) where F2(A) = A and F?(B) = B. Its Gramian ma-
trix is M DM and has determinant Det(M)*Det(D). One has F(Det(M)) =
Det(F(M)) = (—1)"Det(M) where m is the size of A. Hence Det(M) € F, if
and only if m, the dimension of V, is even. One has m = u'(f")| f'|.

@ f=f.

Then | f'| and m are even, Det(M)? isasquareinF,,and V' = V; + F(V;)
is an orthogonal sum. As the dimension of V' is a multiple of 4, the Witt type
of V'(F,) is 0 if and only if Det(D) is a square in F,. As F exchanges the two
orthogonal subspaces, D is a diagonal of two square blocks Dy and F(Dy),
hence Det(D) € IF,. Det(D) is a square in IF, if and only if Det(Dy) is a square
in F 2, and Det(Dy) is a square if and only if the Witt type of the I -form
on Vy is 0 (one has q2 = 1 (mod. 4)), hence if and only if u/(f”) is even (see
Proposition 16.8).

So the Witt type of V'(F,) is 0 if and only if u'(f’) is even, whatever ¢
modulo 4 is.

(b) /"= F(f).

Then | f'| is odd and F(Vy) = Vp, V/'(F;2) is an hyperbolic sum of Witt
type 0. One has F!/'I(V,) = V,-1. On a suitable basis of eigenvectors in Vy and
its transform by F!/ I the matrix D has determinant (—1)".

If 4/(f') is odd, then m is odd, so that Det(M) ¢ I, hence Det(M )? is not
a square in ;. As the size of M is even but not divisible by 4, the Witt type is
wif g = 1 (mod. 4) and 0 if ¢ = 3 (mod. 4).

If /(') is even, then m is even, Det(M>G) is a square in F,,. As the size of
M is divisible by 4, the Witt type is 0 whatever ¢ modulo 4 is.

Assume now that 1/(1) = p/(=1) # 0, and ¥, = ¥’

We have F(V)) = V_y, F(V_1) = Vi, hence we consider the restriction of
the form to V' := V; 4 V_;, where V'(F,>) is of Witt type 0. As u/(—1) is
even, the discriminant is a square in I, if and only if the discriminant of ¥/, is
a square in F2. As 4 divides ¢* — 1 and the dimension of V’, we see that the
space V'(IF,) is of Witt type v//. O

Proposition 16.50. (i) Let (m, V., V_) be a parameter of the conjugacy class
of some x € SOy, v(q). Then
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(a) (m, V., W_) is the unique parameter associated to two conjugacy
classes of Gy ifand only if m(1,2j + 1) =m(—1,2j + 1) = 0 forall
jeN,

(b) (m, V., W_) is the unique parameter associated to one or two conju-
gacy classes of Gy ifand only if m(1, j) € 2N and m(—1, j) € 2N for
all j > 0,

(c) ifthere exists j € Nsuchthatm(1,2j +1) ¢ 2Norm(—1,2j+ 1) ¢
2N, then the class of x in G| is the union of two classes of SOy, v(q)
with different parameters.

(ii) A conjugacy class ofSOz,,,o(qz) contains an element of (G| \ SOz, v(q))
if and only if its parameter (m', W'_, W' ) in Oy, o(q?) satisfies

m'(f', ) =m' (F(f), ), ¥L() =P

forall f" e F.
Then the parameter (m’, V' , V') is associated to, and is the unique one
associated to, exactly two conjugacy classes of G|.

Proof. When x € SO, y(q) has parameter (m, W, W_), by Proposition 16.48
the condition Cg,(x) ¢ SOz, v(g) is equivalent to —1y € [F, Cso(x)], i.e.
m(l, j),m(—1, j) € 2Nfor all j € N*. Then the conjugacy class of x in SO(q)
is a conjugacy class of G;.

When F(x) = —x, and u is the unipotent component of x, then F(u) = u.
Clearly two unipotent elements of Oy(g) with equal parameters in Oy(g?) have
equal parameters in Og(q). It follows that if x and x’ are elements of G| with
equal semi-simple components and equal parameters in O, o(g>), then x and
x" are conjugate in G.

Now apply Propositions 16.48 and 16.23. O

For our purpose we need the number of parameters of conjugacy classes in
Gy, hence in G|. In finding this, we also obtain the number of conjugacy classes
of the conformal orthogonal group.

Proposition 16.51. The sum for the two Witt types 0 and w of the number of
conjugacy classes of the conformal special orthogonal groups in even dimension
on I, is given by the following generating function

—1
qT(g(tz) +3G(—))PPYFD.

Proof. The number of parameters that satisfy condition (a) of Proposition 16.50
is given by the generating function P; Féz). The condition m;(j) € 2N selects
the function Py Py P3G (t?) = P2G(—1*) by (16.13), (16.2), the definition of G
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and (16.3). Hence the number of parameters that satisfy condition (b) is given by
the generating function (7324Q(—t4)2 + 7742)F(§Z). Other SO-conjugacy classes
(condition (c)) are fused in G, and their number is given by P,*(G(t*)? —
G(—tH)Fy®.

The total number of G-conjugacy classes contained in some SO,, y(q) for
some v is given by

IPAGE + G +26a ) Fy

We now have to enumerate parameters (m’, W/, W' ) of classes with a
non-empty intersection with (G; \ SOy, v(¢)). The conditions are m’(f’, j) =
m'(F(f"), j)=m'(f', j)forall f' € F and j € N*, and, ¥, (j) = W_(j) for
all j > 0.

The number of parameters (m’, W/, ¥’ ) such that m(1, j) = 0 for all j
is given by the function [T, P(!I/'l), where ' runs over the set of orbits
{f',F(f), f/,F(f)} in F) and f' € o'. As f' = f’ implies f' # F'(f’),
the corresponding class is the split group. By Lemma 16.7 (ii), the gener-
ating function is 734717322F(§2). The number of parameters of classes with
only eigenvalues 1 and —1 is given by P;2G(s%). For all classes we obtain
Q(IS)P4P22F(§E) = P24g(—t2)g(t8)F(§E). Each parameter corresponds to two
G -conjugacy classes in exactly one of the two Witt types of forms.

Now we have 2(G(t*)?* + G(—1*)?) = (G(t?) + G(—1?))* and 2G(t¥) =
G +G(—1%), hence (G + G(=1H) + G(=1*) +2G(~17)G(1*) =
HGE) +3G(—=12)2.

The generating function for the sum of numbers of conjugacy classes in the
two groups G is therefore

2 23\ 2
<g(’)+3g( ! )) PAE ().

2 2

In the conformal group H := CSO,,y(q), one has ZH)F =g —1. An
elementary argument (see Proposition 16.47) gives the claim of the
proposition. O

16.6. Group with connected center and derived group
Spin,, (F); conjugacy classes

In this section we assume Hypothesis 16.46 where [H, H] is the Spin group as
described at the beginning of §16.4, with r: Spin(V) — SO(V).
First we enumerate conjugacy classes of the group H'. Let

en (=1v), Zo=Z(H, H]) = {e, —e, 20, (—€)20}.
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If the rank n of [H, H] is odd, then z; is of order 4 and z(z) = —e. If the rank of
[H, H] is even, then zj is of order 2. Recall that —1y € 25, ¢(g) — equivalently
2o € Spiny, ¢(q) — (resp. —1y € 22, w(q) and 2o € Spin,, ,(¢)) if and only if
4 divides (¢" — 1) (resp. 4 divides (¢" + 1)). When z¢ ¢ Spin,, ¢(q), F(z0) =
(—e)zp. Define

Go := {x € Spin(V) | F(x) € xZo}, po: Go = Zo. po(g) = gF(g)~".

One has 7(Go) = G, G; defined as earlier. From Proposition 16.48 we have
the following.

Proposition 16.52. Two semi-simple elements g and g’ of G are conjugate in
Gy if and only if po(g) = po(g’) and g and g’ are conjugate in H.

Proof. The centralizer Ch(g) is connected because [H, H] is simply connected
(Theorem 13.14). Thus Cg(g) = [Cu(g), F]. Hence Proposition 16.52 follows
from Proposition 16.48. O

Proposition 16.53. Let |[ZH)"| = |ZF|N. Let (u, ¥y, ¥—) or (W, ¥, ')

be the parameter of the class of a semi-simple element of G|, as described in

Proposition 16.49. It defines exactly

* one conjugacy class of Gy and N conjugacy classes of HY if u(1)u(—1) # 0,

* four conjugacy classes of Gy and 4N conjugacy classes of HY if (1) =
pu(=1) =0oru/'(1) =0,

* two conjugacy classes of Gy and 2N conjugacy classes of HY otherwise.

Proof. Let g be semi-simple in G. Let D(g) be defined as in the proof of
Proposition 16.47. Recall that (—e) € D(g) if and only if 1 and —1 are eigen-
values of 7 (g) (proof of Proposition 16.41). Clearly D(g) N {zo, (—e)zo} # @
if and only if 7(g) and —m(g) are conjugate in SO.

The equality po(g) = (—e) is equivalent to F(r(g)) = n(g) with F(g) # g,
i.e. m(g) € SO(g) and 7(g) ¢ Q(q) (clearly SO(g) C Q(g?)). Hence py(g) €
< — e> is equivalent to 7w (g) € SOy, v(q).

Therelation pg(g) € {zo, (—e)zo}isequivalentto(g)) € (G \ SO(g)). The
distinction between zy and (—e)z corresponds to the two classes modulo 2(q)
contained in (G \ SO(q)).

By Proposition 16.52, a semi-simple conjugacy class of [H, H] (or of H)
intersects Spiny, v(g) in at most one conjugacy class of Spiny, v(¢). So Propo-
sitions 16.49 and 16.52 give our claim. O

Proposition 16.54. Let x € Gy, and let (m, V., V_) or (m', ¥, V' ) be a pa-
rameter associated to the conjugacy class of w(x) € G| (see Proposition 16.50).
Then
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(1) (m, V., V_)isthe (unique) parameter associated to exactly four conjugacy
classes of Gy ifand only if m(1,2j + 1) =m(—1,2j + 1) =0forall j €
N;

(2) (m, V., W_) is the (unique) parameter associated to two or four conju-
gacy classes of Gy if and only if m(1,2j +1)=0and m(—1,2j + 1) €
2N for all j e N, or m(—1,2j 4+ 1) =0 and m(1,2j + 1) € 2N for all
jeN;

(3) the conjugacy class of x in G is associated to two parameters if and only
ifm(—=1,2j_ + 1) ¢ 2N for some j_ € Nand m(1,2j; + 1) # 0 for some
Jj+r € Norm(1,2jy + 1) ¢ 2N for some j. € Nandm(—1,2j_+1)#0
for some j_ € N;

(4) inall other cases (m, V., V_) is the unique parameter associated to exactly
one conjugacy class of Gy;

(5) (m', W', V') is the (unique) parameter associated to exactly four conju-
gacy classes of Gy if and only if m'(1,2j + 1) = 0 forall j € N;

(6) in all other cases (m', W', W) is the (unique) parameter associated to
exactly two conjugacy classes of Gy.

Proof. Let s be the semi-simple component of x. Unipotent elements and
conjugacy classes of unipotent elements of Cg,(s) and of 7 (Cg,(s)) are in
one-to-one correspondence. One has 7w (Cg,(s)) # Cg, (7w (s)) if and only if 1
and —1 are eigenvalues of 5. Let u be a unipotent element of Cg,(s). Then
su is conjugate to (—e)su in Gy if and only if Cg, (7w (1)) NCgq, (7 (s)) &
7(Cg,(s)) = Cy(m(s)) N G. By Proposition 16.32, this fails if and only if
the parameter (m, W, W_) or (m’, ¥/ _, W) associated to the class of 7 (su)
satisfiesm(1,2j + 1) =O0forall j € Norm(—1,2j + 1) = 0forall j € N (or
m'(1,2j + 1) = 0 for all j € N). Thus Proposition 16.54 follows from Propo-
sition 16.50. O

From now on we consider only the split case v = 0.

Proposition 16.55. Let H be an algebraic group of type D,,, defined over I,
with a connected center and a simply connected derived group, so that [H, H]*
is the split rational spin group Spiny, o(q). Let N = |Z(H)'|. The number of
conjugacy classes of HY is the coefficient of t*" in the series

N paf G0 +3G(=1*))
4|7 8

2 4 4
| 90 2>+3g( r)) ) 4 4p? Fém}_
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Proof. Using Proposition 16.47, we consider conjugacy classes of G under
the conditions of Proposition 16.54. By Propositions 16.10 and 16.23, the total
number of parameters (m, W, W_) of conjugacy classes of SO,, ¢(¢q) is given
by the function

S(t) = L(P G F® + P EY).

The parameters of conjugacy classes of Gy with two different parameters,
given by (3) in Proposition 16.54, are equally distributed between the two
Witt types of groups. The number of such parameters is given by Sy, (t) :=
Fe P (G — G(=t)G ") — G(—12) — (Gt — G(—1)*/2, ive.

2812(1) = PG = G(=tNG(Y + G(—1*) = 2G(=* ) Fy™.

The number of parameters that give two or four conjugacy classes, condition (2),
inthe split groupis given by S,(¢) := (P2G(—1%YP, — 7342)F(§E) + 7342(F(§Z) +
F™)/2, ie

o , l.e.

28,(t) = Py G(—1)2G(—t") = G(—) Fy ) + Py Fy™.

Among them the number of parameters that give four conjugacy classes, con-
dition (1), is given by the function

Sa(t) = P2 (FSP + Fy™) /2.

The condition m’(1,2j + 1) =0 for all j € N, along with condition (b) in
Proposition 16.50, selects parameters (', W/, W’ ) whose number is given by
the function

28,(t) = PsP* Py~ Fy” + P2F®.

The total number of parameters (m’, W' , W) for conjugacy classes of G, or
Gy is given by the function

25'(t) = Py PG F§Y + PR

The function that gives the number of conjugacy classes of G is the linear
combination § — %Sl 2+ S + 284 + 25 + 28). After simplifications we ob-
tain, up to the factor N /4, the series given in Proposition 16.55. O

16.7. Group with connected center and derived group
Spin,, (F); Jordan decomposition of characters

To compute the numbers y; (Theorem 16.1), we use Lusztig’s Jordan decom-
position of irreducible characters. Let H* be in duality with H over [F,. One
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may assume that H and H* are isomorphic over FF,. Let K = Z(H)" G’ and
A = HF /K. By Proposition 8.1, A is isomorphic to the group of F-cofixed
points of Z(H) NG, hence to Z(Spin)" = Z(Spin,, ,(¢)). Thus A is of or-
der 4 if and only if —1y € Q3,v(g), i.e. v=0or (¢ =1 (mod. 4) and n is
odd). A is non-cyclic if and only if n is even and v = 0, and this is the case
we consider. We may use the duality between A := Irr(A) and the center A*
of [H*, H*]" = Spin,, ,(¢); denote this correspondence A* — A by z — A,
(8.19).Here z € < — e, zo> where m(—e) = 1, w(z9) = —1, notation of §16.4.

One has the decomposition Irr(H") = U(S)E(HF ,s) in Lusztig series,
where (s) runs over the set of F-stable semi-simple conjugacy classes of
H*. As [H*, H*] is simply connected any F-stable conjugacy class of H*
(resp. [H*, H*]) contains exactly one conjugacy class of the finite group (H*)"
(resp. [H*, H*]7) (Theorem 13.14). Let ¢,: EHF, 5) — £(Cq:(s)F, 1)beaJor-
dan decomposition of E(H”, s) (Theorem 15.8). If n € EMHF, s) and A, € I,
then there exists g € (H*)" with gsg~! = zs. Then g acts on £(Cg-(s)F, 1)
(see Proposition 15.9) and one has

(16.56)  Y.(h. ® x) = g.¥s(x) (n € ECu(5)", 1), gsg™" = z)

by Theorem 15.8 (see Exercise 15.4).

We need generating series for the number of irreducible unipotent characters.
The elements of £(GF, 1) are parametrized by “symbols” (see [Cart85] §16.8)
and by the last assertion of Theorem 15.8 the map p — g.u in (16.56) is the
identity on symbols.

Denote by ®(n, v) the number of unipotent irreducible characters of an
adjoint group of type D,, if v = 0, and °D,, if v = w. Define the application p, by

Py =) pamr".

neN
Lusztig proved ([Lu77] 3.3)
Y uo P2(n — 4d*) + L pa(n) + 2p(n/2) if nis even,

B(n,0) = S S
> i-0 P2(n —4d”) + 5 pa(n) if n is odd.
B(n,w) =Y paln—Q2d — 1)),
d>0

where p(a) = 0 whena ¢ N.

Let ®(n,0) = ®(n,0) —2p(n/2) for even n, and ®(n,v) = ®(n,v),
®(n) = ®(n) in other cases; ® is the number of so-called classes of non-
degenerate symbols.

Let

By(1) := Z ®d(m, 02", Py (1) = Z &(m, wyr?".

m>1 m>1
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Similarly let

do(1) := Z d(m, 0", d,(t) = Z d(m, wyr?.

m>1 m>1
We have
(16.57) 2+ ®y(1) + Py (1) = 3P(G(7) + 3G(—17))
and
(16.58) 24 ®y(t) — By (1) = 2P2°G(—1%) = 2P,

hence @y (1) = P,2(G(t?) — G(—12)/4. As ®y(t) + Pw(t) = PLA(G(t?) —
G(—1%))/2 and &, = ®,,, we have also

- - 1
(16.59) Qy(1) = Dy (1) = ZPﬂgaz) — G(—1%)).

16.8. Last computation, y,, y,, y,

We shall have to consider all even dimensions 2n, so we will write eventually
yi@n) (i =1,2,4,n>1).

Consider a semi-simple element s € (H*)" such that s¢ = z;s with z; €
Z(H*) for some g € H*. As H* = Z(H*)[H*, H*], we may assume g €
[H*, H*]. Buts = zso with z € Z(H*) and 5o € [H*, H*]. Therefore s§ = z;s0,
71 = sgs(; le [H*, H*]. As z; is of order prime to the characteristic, for
some power a of p one has sga = 7150 and g% is semi-simple, so assume g
is semi-simple. But F(s) = s implies z; ' F(z)) = soF(s0)~" € Z([H*, H*]).
There exists ¢t € Cy+ n+(g) with t7'F(t) = soF(so)~' (Lang’s theorem in
the connected group Ciu- n+j(g)). Then F(tso) =tso and (¢s9)® = z1(ts0).
The series EMHF, zs9) and EHT, ts0) are in one-to-one correspondence with
E(Cy-#(80), 1), with action of g or of A,, in (16.56).

Now if z € Z(H*), then the conjugacy class of ztsg is F-stable if and only
if 159 is a conjugate of 77! F(2)tso, i.e. z € L71(A'(ts0)), where A'(ts) is the
stabilizer of the conjugacy class of sy under translation by elements of Z(H*)
(clearly, A'(tsg) C A*).

It follows that, for any subgroup A’ of Z([H*, H*]), the number of
semi-simple conjugacy classes C of H* such that C = F(C) = A'C is
|Z(H*)F /Z([H*, H*])"| times the similar number for [H*, H*]. We may restrict
the computation of the numbers y; to the series defined by s € [H*, H*]7. Put
N = |Z\ T /Z((H*, H* ).
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The condition A_, ® x = x for x € Irr(H"). A semi-simple element s is con-
jugate to —es in H if and only if the centralizer of 7 (s) in the special group
is not connected, hence if and only if 7 (s) has eigenvalues 1 and —1 (Proposi-
tion 16.25). Then the conjugacy is induced by an element g whose image under
7 belongs to SO(V; L V_;) \ SO(V;) x SO(V_;). By Proposition 15.17, g ex-
changes irreducible representations, associated with degenerate symbols, and
fixes the others.

Let (i, ¥4, Y_) or (u', ¥, , ¥’ ) be the parameter of the conjugacy class of
m(s) € Gy; see Proposition 16.49.

In case 7(s) € SO,,(g), the number of fixed irreducible characters in
EMF,s5) is D(u(1)/2, Y )((=1)/2, ¥ ) [ (1 7)cr, P(1(f)) and is given
by the generating function

S0 P(1)/2, Y )@ (1) /2, YOV 5 p(u( )P,

where 8(f) = | f|if f = f,or8(f) = 2| f|. The product on the right is Féz)(t),
defined in §16.2. The classes of semi-simple elements with u(—1)(1) # 0 are
equally distributed between the two Witt types of forms (see Proposition 16.53).
The generating function for the number of such characters is therefore N (@ +
&,))Fy” /2.

Consider now all the series EMHY,s) with s € Z(H*)sy and 7(sg) €
(G1\ SO2,.0(q)). The number of fixed irreducible characters in EMHT,s)
is ®(u'(1)/2, VO TT p(u'(f")) where the product on the right runs over
the set of (f', f, F(f’), F(f")) C Fy. By Lemma 16.7(ii), it is equal to
7722P4’1F(§2). The generating function for the number of such characters is
therefore N(®¢(r%) + <i>w(t2))732734’1F(§2). By (16.59), the generating func-
tionY_.(1)=1+),., y_o(2n)t?" for the number v, of irreducible characters
whose stabilizer in .A contains A_o 18

N
(16.60)  Y_.(1) = o P ' (") = G(=1"))°
+4G(=1*)(Gh) — G(—1* N FP).
The contribution of y_,(2n) to y,(2n) is y_.(2n) — y4(2n).

The number y.,, 2(4n) of x € Irr(H”) such that I, = <(e)zo>. Assume
s is a conjugate of zgs or of (—e)zps. In the special group 7 (s) and —m (s) are
conjugate. Let . = A, and z € {zg, (—e)zo}.

We prove the following.

Proposition 16.61. (i) The parameter (i, V., V_) defines a semi-simple con-
jugacy class of SO, y(q) containing both an element x and (—1y)x if and
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only if
(a) u(f) = p(f) foral f € F, ¢y = and
(b) nis even or u(l) # 0.
(ii) The parameter (', ', = ') defines a semi-simple conjugacy class of
(G \ SO2,,0(q)) containing both an element x and (—1y)x if and only if
(a) W(f)y=w(f) forall f' € F, ¥, =y and
(b') if n is even, then Y = 0, if n is odd then j'(1) # 0 and ¥, = w.

Proof. Note first that:

1. we know that when 7 is odd z3 = —e, so that if s is conjugate to zos in
G, then s is conjugate to (—e)s, hence 7 (s) has eigenvalues 1 and —1,

2. with our convention ¥}, = 0 when p'(1) = 0, (b’) may be written '(1) =
n (mod. 2).

If a semi-simple conjugacy class of the orthogonal group O,, y(g) contains
both x and (—1y)x, then its parameter (u, ¥, ¥_) satisfies (a).

Conversely assume (a) is true for some (m, ¥, ¥_). By Proposition 16.8
there exists a rational orthogonal transformation g of V such that gxg=! =
(—1y)x. This equality defines g modulo the centralizer of x. If 1 is an eigenvalue
of x, then —1 is an eigenvalue of x, so that the centralizer of x in the orthogonal
group is not contained in the special group. Hence there are some g as above in
the special group. Assume now that ©(1) = u(—1) = 0. Then the centralizer
of x is contained in the special group so that all g that satisfy the equality
have equal determinant, and this is true for g rational or not. But gxg~! =
(—1y)x is equivalent to g(V,) = V_, for all eigenvalues « and eigenspaces
V, of x. Let B be such that B* =1but B ¢ {1, —1}. If ¢ {@™ !, —a™'}, i.e.
a ¢ {—1,1, B, —p}, then the exchange of V, ® V,-1 and V_, & V_,-1 may
be realized by an element of SO(V,, & V,-1 & V_, & V_,-1), where the direct
sum of the four distinct eigenspaces is endowed with the restriction of the
quadratic form. But if @ € {8, —B}, then g(V,) = V_, and g(V_,) =V, is
realized by some special g only if the dimension u(8) (or u({8, —B}) when
g =3 (mod 4)) of Vg is even. Clearly n = u(f) (mod 2). (b) follows.

Applying (a) and (b) in SO,, y(¢?%), we obtain that if a conjugacy class of
(G1\ SO2,.v(¢)) contains x and (—1y)x then its parameter (', ') satisfies
w(f) =W (f)forall f' e F, V! = and /(1) # 0 when n is odd. These
conditions imply the existence of g € SO (2n) such that gxg’1 = (—1,)x. Fur-
thermore, as F(x) = —x, g’lF(g) € C(x). As g is defined modulo Cgp(x),
there exists such a g € SO(g) if and only if, for any such g, g7'F(g) €
[F, Cso(x)]. There is such a g in SO(g) at least when Cgp(g) is connected.

Consider now the action of g on the subspace V| L V_; of dimension
2u'(1) # 0. Assume first that /(1) = n. If /. =0, then Vi(g?) admits an
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orthonormal basis {e;}| <<, (1) with respect to the restriction of the form. Then
{F(e;)}1<j<wq) is an orthonormal basis of V_; and we may take g(e;) = F(e;),
g(F(ej)) =e; (1 < j < /(1)) to define the restriction of g to Vi L V_; as
an element of SO(g). If wjr = 1, there exists a basis {e;}<;<,/1) of Vi such
that the value of the form on ¥;xje; (x; € Fp2) is yxi + Ei-jx7, where
—y is not a square in F 2. On the basis {F(e;)}; of V_j, the restriction of
the form is y4x{ + ¥ ;x7. One sees that a solution in g € SO(¢?) for the
equalities g(V)) = V_i, g(V_)) =V, is g(e)) = aF(ey), g(F(ey)) =a ey,
glej) = F(e;), g(F(e;)) =e; (1 < j) with a?y?~! = 1. Then the restriction
of g7' F(g) to V; has determinant o=@*+1) = @ ~D/2 = _| because y is not
a square in [F2. In the general case, decompose g into g1go, g1 and go acting
respectively on the spaces V| L V_jand (V| L V_; )-. When n is even, go has
to be special, so that g may be special only if g; is special, hence ¥y, = 0. When
n is odd go has to be non-special, so that g may be special only if ¥y = 1. O

Let f € Fy be such that u(f) # 0.

If £ # f, then g* exchanges the isomorphic components in f and f of
Cu-(s)"'; each one has p(u( f)) unipotent irreducible characters. If f # f = f,
then | f| € 2N, and the action of g*, up to an element of Cy:(s)”, is induced by
FI7V2. Any element of €(Cr:(s)’, 1) is fixed, and |E(Ca+ ()}, DI = p(u(f)).

When (7 (s)*> — 1y) is one-to-one, the number of A, -fixed or A(—e)zp-fixed ir-
reducible characters is given by the product [ | p(u(f)) on the sets { f, . f. 7).
By Lemma 16.6, it is the coefficient in degree 2n of the series PzFé):)(ﬂ),
or P22P4_]FéA) by (16.20). The even subseries of degrees divisible by 4
is (P, + Py )PyP;  F{™ /2. By Proposition 16.53, the contribution to y; of
series £(HF, s) without the eigenvalue 1 or —1 is given by the function
2N(Py + PP Py Fy™.

Consider now the two components of Cy(s) for the eigenvalues 1 and —1,
in case 7 (s) has eigenvalues 1 and —1. Then s is conjugate to (—e)zos as well as
to zos. We may assume that the element g* € (H*) that satisfies g*sg* ! = zos
exchanges the two components. It defines a one-to-one map between the sets of
irreducible unipotent characters, hence an involutive map on the set of symbols
y: O(u(l)/2, ¥y) — D(u(1)/2, ) = &(u(—1)/2, ¥_). The fixed points are
the pairs (A, y(A)). But s and (—e)s are conjugate and we have seen that non-
degenerate symbols are Jordan parameters of fixed points of A_, in E(GY, s).
Hence the stabilizer in A of x € E(GF, s) is exactly <A, > if and only if its
Jordan parameter is (A, y(A)) for some degenerate symbol A. Such a symbol
exists only if /) = 0; their numberis ®(u(1)/2, 0) — ®(u(1)/2, 0), coefficient
of degree 2u(1) of 2(Ps — 1) by (16.58). From what we have seen on the
action of A_,, if gfsgf_l = (—e)z0s, the induced map y’: d(u(1)/2, ¥y) —
d(u(1)/2, ¥, ) differs from y on degenerate symbols, so that the stabilizer in



254 Part 1l Unipotent characters and blocks

Aof x € E(GF, s) is exactly <A(_,y,> if and only if its Jordan parameter is
(A, y(A)) for some degenerate symbol A, where y(A) = y’(A) is the twin
of y(A). Using Proposition 16.53, we obtain the total number of irreducible
characters in the considered series with stabilizer <A, > or <A(_.),>; it is
given by the function 2N (Pg — 1)P2(P, + 772_)77471 FéA).

Consider now the series defined by classes whose parameter is the parameter
in SOy,.0(g%) of a class of (G \ SOy, 0(¢)). The parameter (i, ¥,) has to
satisfy w'(f") = w'(f’). Thus u’ is constant on an orbit under the group B
in Lemma 16.7 whose (ii) states that Hw/ef(;/<A',F>73(t|a’") = 732277471F(§A).
In case /(1) # 0, there is only one component in Cg-(s)" corresponding to
eigenvalues 1 and —1, Jordan parameters of irreducible unipotent characters
are elements of ®(u'(1)/2, ) and we have yet seen that only degenerate
symbols are not fixed by A_.. By Proposition 16.53, the number of considered
irreducible characters is given by the function 2N Py(P; 4 P; )PP, Fy™.

Hence, with Y(we,2(0) := 1+, Viderz.2(4n)tH,

(16.62) Yizore 2(t) = ANPI Py~ Py(Py + Py ) ™.

Number of x € Irr(H") with /, = A. The parameter (i, ¥) or (i, ') of
s has to satisfy Vf € F, u(f) = u(f), (1) #0 and ¥, =¥_ or, Vf €
F, w(fH=w(f) ¥, =¥ =0and u'(1) #0.

From the preceding discussion it follows that the number of A-fixed ele-
ments of EHF, 5) is then ®(u(1)/2, Y s p(u(f)), where f runs over a
set of representatives of the orbits under A = <f + f, f — f> on Fy, or
(' (1)/2, O)ITfp(u(f)), where f runs over a set of representatives of the
orbits under A’ = <f' > f', f' > f', f' > F(f')> on F.

LetYs(t) ;=14 ,., y4(2n)t?" . From Proposition 16.53 and Lemmas 16.6
and 16.7 (iii), we have

Y1) = N(@o(12) + Bu(t®) + 280 (1) P2 Py~ FYY.
From (16.59), we have
(16.63) Ya(t) = NPPPa(G(r*) — G(—14) Fy™ .

The equality 4|Irr(K)| = y; +4y, + 16y, One has y 4+ y, 4+ ys =
[Irr(HT)|. It is given by the coefficients of degree 4n in the series given in
Proposition 16.55. The number 3y, 4 15y, in dimension 4n is the coefficient of
degree 4n in 3Y, + 3Y(4e)z,.2 + 12Y4, by formulae (16.60), (16.62) and (16.63).
On the other side, up to a multiplier N, |[Irr(K)]| is given by the coefficient of
degree 4n in formula (16.43). The verification reduces to two facts: On the
coefficient of Féz) itis 2G(t*)? = G(t?)? + G(—1%)?, on the coefficient of FSA),
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by (16.2), (16.20) and (16.15), P42F(§A) and P22734g(—l4)F(§A) agree on degrees
divisible by 4. O

Remark. The number of irreducible representations of H” may be computed
by Jordan decomposition, semi-simple conjugacy classes are described by
Proposition 16.53. We may describe an irreducible representation by a pa-
rameter (mg, ¢, ¢_) or (m’, @), where my: Fy x N* — N is subjected to the
same conditions as the restriction of m to Fy x N*, and ¢, ¢_, ¢’ are symbols.
Up to the factor N introduced in Proposition 16.53, the generating functions
are

T = 1((1+ @0 + O2)(FS™ + Fy™) + (1 + @0y (F® — V),
which give the number of all parameters defined on IF,,

1= ),

which gives the number of parameters (mg, ¢+, ¢—) associated to four conju-
gacy classes of semi-simple elements, and

i = L3+ 03) (R + ) 4+ dooy (FD — F),

which gives the number of parameters (mg, ¢, ¢_) associated to only one
conjugacy class.

As for parameters (m(,, @) defined on [F2, their total number 7"(¢) is a sum
of
(1 + Qo()(P Py~ Fy” + Py Pi* Fy™)/2 and

W PIP Y - Py PER)2,

T'(1) = (1 + Bo(12) + Py ()PP FP )2
+ (14 Do) — By ()PP FyY /2

and the number of parameters (m;,, ¢’) associated to four conjugacy classes is
given by the function

Ti(t) = J(P2Pa B + PP EY).

Then 27" + 2T = Py*G(—12)(G(1*) + 3G(—1*) Fy™ /2 4 2P42 F§™. We have
yi + Y2 +ys = NQT +2T4 — Ty + 2T’ + 27T}) and find the function given in
Proposition 16.55, thanks to (16.57) and (16.58), is

2 (G2 436G Ga(Gs+3G4)
P, < 3 + )

) Fy? + 4P Fg™.
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Exercises

1. Find a generating function for the number of conjugacy classes of finite
general linear groups GL,,(g).
2. Find a generating function for the number of conjugacy classes of unitary
groups GL(n, —q).
Show that a conjugacy class of GL(n, —¢q) for some n is defined by an
application m’: 7' — N such that m'(f') = m’(f’), where F’ is defined on

IF,>. The corresponding generating function is [ | ( Hﬂ») =P'P, o,

j>1 ti
3. Find a generating function for the number of conjugacy clgsses of symplectic
groups Sp2,(q).

A conjugacy class of Sp,(¢) for some n is defined by atriple (m, W, W_)
as in Proposition 16.10 with conditions m(%1,2;j 4+ 1) € 2N and W, (j)
(resp. W_(j)), defined for j > 0, is a Witt symbol on F, in dimen-
sion m(1, 2j) (resp. m(—1, 2j)). The corresponding generating function is
o () = PP K.

4. Find generating functions for the number of conjugacy classes of the groups
Qv(q).
5. ([Lu77], 6.4). Let (d,?)neN, (d))nen be two sequences of integers.

Let V be an orthogonal F-space, of even dimension 2n, with a rational
structure on F,, of Witt symbol v € {0, w}. The special Clifford group
H = CL(V)° (8§816.4) is in duality over I, with the conformal group
CSO(V) (§16.6). For any semi-simple element s of H, n(s) € SO(V)F
has a parameter (u, ¥, ¥_). Consider the orthogonal decomposition
V = Vi(z(s)) L V_1(x(s)) L VO (s)) (two eigenspaces for 1, —1, and
an orthogonal complement as before Proposition 16.8). Let 5%(s) be the
number of unipotent conjugacy classes in the centralizer of the restriction
7(s) lvo,) in SO(V%F . Put

bY(s) = M(l)/ZdM( 1)/2b (5)-

Verify the identity

14+ — Z(q =T > (va(s)—i— wa(s))

neN* \ (s) (s)
2
(1+ > (dY+dy)e? )ng>
neN*

where (s) runs over the sets of semi-simple conjugacy classes in the
respective rational special Clifford groups.
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With d) = ®(n, v) = |E(SO2,,v(q), 1)|, according to the Jordan decom-
position, one has b¥(s) = |E(CSO(V)F, 5)| and the preceding series gives,
up to the divisor 2(¢ — 1), the numbers of elements in Irr(CSO,, ¢(q)) U
Irr(CSO,, w(g)). Verify the compatibility with Proposition 16.51.

. On orthogonal groups in odd dimension (type B,), check the following
results.

The number of conjugacy classes of SOy,+1 v(q) (v € {1, d}) is given by
the generating function 1P,*G, (tH)G(+*) F\>, where G, (1) = D jent/VtY.

Let (c,)nen be a sequence of integers.

The special orthogonal group SO(2n 4 1) and the symplectic group
Sp(2n) may be defined as dual groups over Fand IF,. Let V be a symplectic F-
space with a rational structure on F,,. For any semi-simple element of Sp(V)*
consider as in Exercise 5 the decomposition V = Vi(s) L V_i(s) L VO(s),
let b°(s) be the number of unipotent conjugacy classes in the centralizer of
the restriction s |yog,) in Sp(V°)F. Put

b(s) = cpaty2Cu(-1)2b°(s)

where u(=£1) is the dimension of the eigenspace V4 (s). One has an identity

> (Z b(S)> o= (Z Cn,zn)2 o

neN (s) neN

where (s) runs over the set of semi-simple conjugacy classes of Sp,,(q).
Let

B(n) =Y pa(n — (d* —d))
d>0
hence
Z d(n)" = PG .
neN

Lusztig proved

®(n) = |E(Sp,(9), DI = [E(SO241(q), DI .

With ¢, = ®(n), one has b(s) = |5(C§p(v)(s)F, D = [E(SOQn + DE, s)]
so that D, b(s) is |Irr(SO2,11(9))]-

Indeed one has Y, _yIIrr(SOn,1(@)t> ! = 1Py *Gi(1HGUHF™,
thanks to the identity G(t>)G;(t?) = G, (¢)*.
. On the conformal symplectic group CSp(2n).

The group of symplectic similitudes is in duality with the Clifford group
of an orthogonal space of odd dimension 2n + 1. Arguing as in Exercises 5
and 6, show the following results.



258 Part 1l Unipotent characters and blocks

Let (d,?),,eN, (dV)nen, (Cn)nen, define b(s) for any semi-simple element
s of the rational special Clifford group CL°(2n + 1)F, so that

> (o)

neN \ (s)

=g D(Cer) (145 3 @ +an)) FP

neN neN*

where (s) runs over the set of semi-simple conjugacy classes of
CL°(2n + 1)F.

With d} = ®(n, v) and ¢, = ®(n), one obtains a generating function for
the number of irreducible characters (or of conjugacy classes) of CSp2,(g),
i.e., up to a factor (¢ — 1)/4, Po* (G(13) + 3G(~1%)) Gi (1) Fy ™.

Notes

Proofs of the results of §16.3 and generalizations, including characteristic 2,
may be found in [Wall63]. For older references, see its introduction. A survey
on conjugacy classes in reductive groups is given in [SpSt70].

In his fundamental work on the classification of representations of finite
classical groups, Lusztig considers groups of rational points of reductive alge-
braic groups with connected center [Lu77]. His proof includes the verification
that the number of exhibited irreducible representations is actually equal to
the number of conjugacy classes. Corresponding generating functions, as in
Proposition 16.51 above, are given there, including the characteristic 2 case
(see Exercises 5, 6 and 7 for types in odd characteristic).
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Standard isomorphisms for unipotent blocks

Let G be a connected reductive F-group defined over F,, with Frobenius endo-
morphism F: G — G. Let G* be in duality with G (see Chapter 8).

Let ¢ be prime, different from the characteristic of F. Let (O, K, k) be an £-
modular splitting system for G¥'. We recall from Chapter 9 that there is a product
of £-blocks OGF .by(GF, 1) whose set of irreducible characters is the union of
rational series £(G', s) for s ranging over £-elements of (G*)*'. Recall that
we call these blocks the “unipotent blocks”, they are the ones not annihilated
by at least one unipotent character (see Theorem 9.12). Since the unipotent
characters have Z(G") in their kernel, and since we have a bijection

Res%:G]F: £GP, 1) = &£(1G, GIF, 1),

one may expect that the algebra OG* .b,(G*, 1) depends essentially only on the
type of (G, F). It is easily proved that the partitions of £(G”, 1) and £(GL,, 1)
induced by £-blocks are the same (Theorem 17.1). To get an isomorphism of
(-algebras one must, however, take care of the whole of £(GF, 1) (not just
unipotent characters). Under a stronger hypothesis on £ (namely, ¢ does not
divide the order of Z(Gs.)"), we prove the isomorphism of (-algebras

OGF .by(GF, 1) = OZ(GT), ®0 OGE.by(GE, 1)

(see Theorem 17.7). The proof uses the results of Chapter 15 (and therefore
also Chapter 16); see Proposition 17.4 below.

In this chapter, (G, F) is a connected reductive F-group defined over I,
ando:G — Gisan embedding that satisfies (15.1(c)). One has a commutative

259
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diagram
G 25 GFf

Lo

7(GF) — 5 GuF

and the associated restriction maps Res,, Res;, Res;, Resz going the other way
around on the corresponding sets of central functions.

17.1. The set of unipotent blocks

A first result shows that G — G,q behaves well with respect to the decompo-
sition into unipotent blocks (see Definition 9.13).

Theorem 17.1. Let £ be a prime not dividing q. Then G¥ and Gfd have the
same number of unipotent £-blocks, and the map from Z.E, (Gfd, DtoZE&(GF, 1)
induced by Res; preserves the orthogonal decomposition induced by £-blocks.

The proof requires two lemmas. Let G be a finite group.
The first lemma is about blocks of G and G/Z(G) (see [NaTs89] §5.8).

Lemma 17.2. If Z C Z(G) and x, x' € Irr(G) are such that Z C Ker(x) N
Ker(x'), then x and x’ define the same £-block of G if and only if they define
the same {-block as characters of G/ Z.

The next lemma is about normal subgroups (see [NaTs89] §5.5).

Lemma 17.3. Let A <t G. Let b (resp. a) be an {-block of G (resp. A) with
X0 € Irr(G, b) such that Res§ xo € Irt(A, a).

For all x € TIrr(G, b), Resgx € ZIrr(A, a) and each element of Trr(A, a)
occurs in such a restriction.

Proof of Theorem 17.1. The map Res; sends &Z(Gfd, 1) into Irr(éF ). By Propo-
sition 15.9, it induces E(Gfd, l);nf((ﬁiF, 1). Lemma 17.2 tells us that it pre-
serves the partition induced by £-blocks, so, by Theorem 9.12, it sends &, (GaFd, 1)
into EZ(GF , 1) preserving £-blocks (one may also prove that it preserves gen-
eralized characters R$6). .

Let us now look at the restriction map Res, = Resgi:Z&(aF , 1) —
ZE(GT, 1) and show that it preserves the orthogonal decomposition into
blocks. We have Res, (£(GF, 1)) € ZE&(GF, 1) by Proposition 15.6. Each
£-block of £(GF, 1) and &((N}F , 1) contains a unipotent character (Theo-
rem9.12(ii)) and one has Res, (£(GF, 1)) = £(GF, 1) by Proposition 15.9. This
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implies that all £-block idempotents b of G such that Irr(GT, b) € &,(GF, 1)
are G-fixed. It now remains to show that such a block idempotent b
of GF cannot split as a sum of several block idempotents of G'. Those
blocks {b'} of GF would all satisfy Irr(GF,b)NEGF,1)# P (Theo-
rem 9.12(ii)). So, to prove our claim, it suffices to check that, if i,
x2 € €GP 1) and ber(Resox1) = bar(Res, x2), then bgr (1) = bgr(x2).
Since Res, x2 € Irr(GF, bgr(Res, x1)), there exists x3 € Irr(éF , bgr(x2)) such
that (Res, x3, Res, x1)gr # 0 (Lemma 17.3 for a = bgr(Res, x1) and b =
bgr(x2))-ButRes, x1 € Irr(G) and G’ /GF is commutative, so Clifford theory
implies that x3 = Ax; where X is a linear character of G* with A(GF )=1.

Since x is unipotent, there exists an F'-stable maximal torus T C G such that
(1. RE(1))gr # 0. Then (Axl,RG(ResTFA))G, = (x1, A~ 1RG(ResTFA))G, =
(X1, RG(l))GF # 0 (use Proposmon 9.6(iii)). We get (x3, RG(ReST, Mgr # 0,
but x; € Irr(GF bgr(x1)) € Eg(GF 1) (see Definition 9.13), so the definition
of Lusztig series 1mp11es that ResTFA is an £-element of the group Irr(TF).
But we have TF GF = G¥ (use Proposition 8.1 and the fact that [T N G, F] =
T N G since this is connected), so A is an £-element.

But then multiplication by A preserves the partition of Irr((N}F ) induced by
£-blocks. This can be seen as follows. The automorphism of the group algebra
over O defined on group elements by g — A(g™")g, sends e, to e;, (see Def-
inition 9.1), but fixes the central idempotents since it is trivial mod. J(O) and
one may use the lifting of idempotents.

Then we have bgr(x1) = bgr(x3), and hence bgr(x1) = bgr(x2) as
claimed. O

17.2. ¢-series and non-connected center

We now show essentially that Resg; bijects characters in rational series associ-
ated with semi-simple elements whose order is not involved in non-connexity
of centers. This is where we use Theorem 15.11.

Proposition 17.4. Let 0: G — G be as above, 7 : G- (”iad =Gy and w =
7 oo the canonical epimorphisms, hence the inclusion j:7(G") — GE and
the diagram (D). Dually, let o*: (G)* = G*, "Gy — G*, (7)*:Gu* —
((N})* be dual morphisms such that m* = o* o (T)*.
(i) Let t be a semi-simple ofG*F whose order is prime to |(Z(G)/Z°(G))F|.
Let 51 € (Gug®)F and s € (G*)F be such that t = o*(s) and s = (T)*(sy).
Then the commutative diagram (D) gives rise by the associated restrictions to
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the following commutative diagram of bijections

Res,

EGF, 1) E(GF, )

TResn TRCSﬁ

E(GF). m(t) L E(GE,.s)

where E((GT), m(t)) := Res; (E(Gad, s1)) is a set of irreducible characters of
7 (GH).

(ii) T* induces a bijection from the set of conjugacy classes of elements of
(Gad™F with order prime to |(Z(G)/Z°(G))r| to the set of conjugacy classes
of elements of (G*)' contained in the image of m* and with order prime to
(Z(G)/Z°(G))F .

Proof. (i) We first use the equality + = o*(s). By Proposition 15.6, restrictions
to G of elements of £(GF, s) decompose in E(GF, t). Hence the group G,
acting on the representations of its normal subgroup G, leaves stable the sub-
set £(GT, t) and this operation induces an operation of Q := G /n(GF ) on
E(GF, t). The cardinality of an orbit of Q on the series £(G¥, s) is the order
of some subgroup of Cg:(1)F'/CL.(+)F (see Corollary 15.14). But the prime
divisors of the order of Cg:(¢)F/C.(¢)F divide the order of ¢ (see Proposi-
tion 13.16(1)). Yet, by (15.4) and hypotheses on ¢, the order of Q is prime to
the order of ¢. So the action of GF on (G, 1) is trivial. On the other hand, by
Theorem 15.11, we know that the restrictions to G¥ of elements of £(G¥, s)
are mu]tiplicity free. By Clifford theory, Res, (€ ((N}F $)) € E(GF, 1).

If u € Irr(GF/a(GF)) corresponds to z € Ker(o*)F by (15.2), then multi-
plication by u induces a bijection from £ (GF s)onto £ (GF zs) (see Proposi-
tion 8.26). There is sy € Ker(o*)".s whose order is prime to |(Z(G)/Z°(G))r|
as is the order of 7. If sy and zsy are conjugate in (G*)F , then z belongs
to [(N}*, é*] N Z((N}*)F . But the order of z divides the order of sy hence is
prime to |[G*, G*] N Z(G*)F| by (15.3). So z = 1. If u # 1, then z # 1 and
E(GF, 50) # E(GF, zs0). This shows that Res, injects £(GF, so) into E(GF, 1).

The elements of other series £ ((~}F , s") of irreducible characters of G’ de-
compose by restriction to G on elements of £(G”, ¢) if and only if o*(s") and ¢
are conjugate; butif o*(s") = o*(sp), with s', so € (G*), thens'sy~! € Ker(c*)
and s'sy~! defines ¢ € Irr(éF /o (GF)). As tensor multiplication by ¢ pre-
serves restrictions to G, one has Res,(£(GF, s")) = Res, (E(GT, s¢)), hence
Res, (E(GF, s")) = Res, (E(GF, 50)) = E(GF, 1). So Res, is a bijection on any
such series as claimed.

Suppose now s = (n) (s1), so that r = *(s1). As Z(G) is connected, (7)*
is an injection. Then Z(G)F is in the kernel of every element of £ (GF s) SO
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that restriction via (GF — GF)) induces a bijection Resz from £(GL, s1) onto
E(aF, s). Therestriction via7 o o = j o 7 sends an element of 5(G£1, s1) onto
anirreducible character of G*'. As 7 (G¥) is a quotient group of G’ and a normal
subgroup of G, the restriction via j of an element of £(Gf}, 51) is irreducible.

(ii) The algebraic group G,q* is simply connected and the image of 7 * is the
derived group of G*. Thus 7 * may be defined by restriction of the dual morphism
of an embedding of G in a group with connected center, and (15.3) applies,
the kernel C of 7* is isomorphic, with Frobenius action, to Irr(Z(G)/Z°(G)).
Consider the morphism 7: (G.*)" — [G*, G*]7 induced by 7*. The kernel of
tis C and |C*| = |(Z(G)/Z°(G))r|. The image of T is a normal subgroup of
[G*, G*]¥ whose index divides |C| = |CT] (Proposition 8.1). Then 7 induces
a natural bijection between (G,4*)" -conjugacy classes of elements whose order
is prime to |C| and the (G.q*)"/ C " -conjugacy classes of their images.

Lett, be suchasemi-simple elementandt = 7*(t;) € [G*, G*]7. Write C(¢)
for Cg+.g+(¢) and C(#;) for C‘(”;ad*(tl) The exponent of C(z)/C(¢)° divides the
order of t because the map g > [g, #;] defines amorphism from (7*)~!(C(¢)) to
C withkernel C(t;) = (7*)"!(C(t)°) and [g, t;]* = [g, ] for any integer k. By
Theorem 15.13, A(¢) is trivial, i.e. C(t)" = (C(¢)°)¥. The equality can be writ-
tenas C()F = (C(t;)/C)F . Proposition 8.1 applied to the quotient G,4*/ C with
endomorphism F gives an isomorphism [G*, G*]¥ /Imt — C/[C, F]. Propo-
sition 8.1 applied to the quotient C(¢;)/C with endomorphism F gives an iso-
morphism C(¢)f /(C(t;)¥ /CF) — C/[C, F1.ButC(t))" /CT = n*(C(t;)F) =
C(t) N Imt. Thus the conjugacy class of ¢ in Im 7 is one conjugacy class in
[G*, G*]F. As G* = Z°(G*)[G*, G*], we also have Cg(1)" = Cg.(1)". By
[DiMi91] 3.25, the G*-conjugacy class of 7, which intersects [G*, G*] in
one class, contains only one G*!-conjugacy class, and the same is true in
[G*, G*]. O

Under stricter restriction we obtain isomorphisms between blocks (see
Theorem 17.7).

Definition 17.5. Let TI(G, F) be the set of primes not dividing q.|1Z(G.)F | (see
§8.1 and Table 13.11).

Let us gather some information on I1(G, F)-elements and the series they
define in connection with the morphisms in diagram (D).

Lemma17.6. Let (G, F) be a connected reductive algebraic group defined over
F,, let T: Gy — [G, Gl be a simply connected covering, A any subgroup of G*
containing ©(Gg."), m: G — G the natural epimorphism and w*: G,q* — G*
a morphism dual to 7. Then the following hold.
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(i) The groups Z(G)F N [G, G], G:d/n(GF) and GT /Z°(G)F A are commu-
tative TI(G, F) -groups (see Definition 17.5).

(i) If x € E(GF, 1), then Z(G)g C Ker(x). If s is a T[I(G, F)-element of
(G*F and x € E(GT, s), there exists a unique 7 € Z(G*)Q(G, F) corresponding
by duality to ) € Irr(GF/t(GscF)) such that Z(G)F € Ker(A™'x) and A~y €
EGT, z7 1.

Proof. Note that I1(G, F) = II(G*, F). We write I1 for [1(G, F).

(1) As[G, G] = 1(Gx)and Z(G) N [G, G] C t(Z(GSC)), the group Z(G)" N
[G, G] is a group of F-fixed points on a section of Z(Gy.). We know by (15.4)
that Gfd /7 (GF)isisomorphic to the group (Z(G)/Z°(G)) -, whose order divides
that of Z(G)" N [G, G]. Proposition 8.1(i) applied to the quotient morphism
Z°(G) x Gy — G, defined by inclusion and 7, shows that G¥ /Z°(G)F 1 (G ")
is a commutative IT'-group. So is G /Z°(G)F A.

(ii)) When T and T* are F-stable maximal tori of G and G* re-
spectively, a duality between T and T* defines an isomorphism (s > §)
from (T*) onto Irr(TF) (8.14). Let z € Z(G)F and x € £(GF,s). With
the notation of (and by) Theorem 8.17(ii), one has x(z) = (nZGF, X)GF,
hence x(2) = &6|GT 5! Yper(RE (x1'), x)gr. But 7l =Y ppr) 0(2)0
and (R§ 0, x)gr = 0if @ # 3. One has

x@=ecIG"l," Y erS(DRYs, x)ar
(T,0)<(T,s)

and so x(z) = §(z)x(1). Clearly, if s is an £-element, Tf, C Ker(8) so that
Z(G)}, < Ker(x).

More generally if s is a IT-element of (G*)7 and x € £(GF, s), then the
kernel of x contains the Hall IT’-subgroup of Z(G)F. By (i) there exists a
unique A € Irr((G* /0(Gy. ")) such that x(g) = A(g)x(1) on any IT-element
g of Z(G)F. If A corresponds to z € Z(G*)f; by (8.19) and x € E(GF, s), then
Lx € E(GF, zs) (see Proposition 8.26). The existence of z and A as in the second
assertion of (ii) follows. ]

17.3. A ring isomorphism
Here is the main result of this chapter.

Theorem 17.7. Let £ € TI(G, F) and (O, K, k) be an £-modular splitting
system for G*.
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Then the following O-algebras are isomorphic
OG" .by(GF, 1) = OZ(G)f ® OGL,.by(GE, 1)
(see Definition 9.9).

The following statements are about general finite groups. The first is stan-
dard (see [NaTs89] §5.8) about central quotients. The second is about normal
subgroups in a situation generalizing the restriction Resgi needed in the proof
of Theorem 17.7.

Let G be a finite group, £ be a prime and (O, K, k) be an £-modular splitting
system for G.

Proposition 17.8. (i) Let m: OG — OG/Z be the reduction map mod. Z, for
Z an £-subgroup of Z(G). If B is an £-block of G, then m(B) is an £-block of
G/Z andIrr(G/Z, m(B)) = {Res,,x | x € Irr(G, B), x(Z) = x(1)}.

(ii) Let m": OG — OG/Z’ be the reduction map mod. Z', for Z' an {'-
subgroup of Z(G). If B is an £-block of G, then m'(B) # {0} if and only if for
all x € Irr(G, B), x(Z") = x(1). Moreover, if m'(B) # {0}, thenm’: OG.B —
(OG/Z").m’'(B) is an isomorphism of algebras.

The following is a corollary of Theorem 9.18.

Proposition 17.9. Let H be a subgroup of G, and b (resp. c) be a central
idempotent of OG (resp. OH ). Assume that, for any x € Irr(G, b), Res% x €
Irr(H, ¢) and Resg induces a bijection Irt(G, b) — Irr(H, c). Then

OHc = OGbh
as O-algebras.

Proof. Since simple K Gb-modules are annihilated by 1 — ¢, we have ¢b =
bc = b. Then Theorem 9.18 applies with M = OGb, A = OHc, B = OGb.
We get that M and MY = Homp(M, O) (note that M = 4Bg and MY = gB,)
induce inverse Morita equivalences between A—mod and B—mod. Then A =
Endg(MY)°PP ie. A = B (see also Exercise 9.6). O

Let us now finish the proof of Theorem 17.7. Let Z := Z(G)!', Z' := Z(G)},
and A := Z(G)F[G, G]*.

By Theorem 9.12(i), Proposition 17.4(i), which applies to [G, G] - G —
(N}, and Lemma 17.3, there exists a sum of £-block idempotents of O A, written
e, such that the restriction from G’ to A induces a bijection from £(G*', 1)
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onto Irr(A, e?). By Proposition 17.9 one gets an isomorphism
OG" .by(G", 1) = OAe™.

Furthermore, by Lemma 17.6(ii), Z’ is in the kernel of every element of
E(GT, D orIir(A, e*). By Proposition 17.8, (b (G, 1)) and 7 (e”) are sums
of block idempotents of O (G!) and O (A) respectively. One gets as above
an isomorphism inducing restriction on characters

On(GH7 (b (GF, 1)) = On(A)m(e?).

By Proposition 17.8(ii), ¢4 has a natural image ¢*/? in OA/Z' such that
OAe* = OA/Z'e?? . By Lemma 17.6(i), Z N [G, G] = 1. Thus one has an
isomorphism A/Z’ = Z x w(A) by a map which sends aZ’ to (z, w(a)) where
z € Zissuchthataz='Z' N [G,G] # V. Asm(A) = (A/Z)/(ZZ'] Z"), we get
an isomorphism

7:0Ae* - OZ @ On(A)m(e™).

Now, let us show that Res; bijects & (Gf;, 1) and Irr( (GF), 7 (b (G, 1))).
Again, by Proposition 17.9, this would imply that

OGE .by(GE, 1) = On(GF)m (bo(GF, 1)).

This would complete our proof.

By Proposition 17.4,if’5 € (é*){, the series £(GF, i*(5)) and (G, 5) are in
bijection by Res;. Since the kernel of i * is connected, i * restricts to a surjection
between the groups of rational points. The group Z(G)* (resp. Z(é)F ) is in the
kernel of an element of (G, 1) (resp. (G, )) if and only if # € 7*(Gag®)
(resp.s € 77*((};1*)). If it is the case for t := i*(¥) and ¥, let 51 € (G,a™)F be
such that (77)*(s;) =5 and 7*(s;) = i*(s). We obtain that Res; is a bijection
between E(GLy, s1) and Res,(E(G, i*(5))). This holds for every conjugacy
class (s1) of £-elements of (Gad*)F , so we get our claim by Proposition 17.4(ii).

Exercises

1. Let G € G be an embedding of connected reductive F-groups defined over
IF, satisfying Hypothesis 15.1. Let £ be a prime not dividing g. Let G C
HC G* be such that H /GT is the Sylow £-subgroup of the commutative
group éf /GF. Denote by £(H, £') the set of components of characters of
type Res' x for x € E(GF, ¢).
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Show that Reng sends bijectively £(H, £') to E(GT, £') (use an argument
similar to the proof of Proposition 17.4 (i)). Deduce that the elements of
E(GF, ) are all fixed by H (see Theorem 14.6).

2. Assume the hypotheses of Theorem 17.7, whose notation is also used. Show
the following, more precise, statement.

There exists an isomorphism of algebras

B: OGF .by(G", 1) = OZ(G)) ® OGE .by(GE, 1)
satisfying the following:

if x € &(GF, 1), x' € &Gy, 1), € I(Z(G)}) and x = (1 ® x) o B,
there exists a unique A € Irr(GF /G(GSCF )) ¢+ In duality with a unique
zZ€ Z(G*)f, such that RCSZ(G);‘(X/X(l)) = ResZ(G)f (A) =pand Res; x' =
Res, A~y € Irr(w (GF)).

3. We use the notation of Proposition 17.9. Denote by m,: OHc — OGb the
morphism induced by right multiplication by b. Show that it is an isomor-
phism.

Show that, if x € Irr(G, b), then x om;, = ResZ(x) and, if D is a defect
group of bg(x), then D € H and it is a defect group of mc_l(b(;(x)) =
bu(Resg (X))

In Theorem 17.7, show that if b is an £-block of OG* .b,(GF, 1) with
defect group D € G, then B(b) is an £-block of O(Gaa)” .be(GE, 1) with
defect group j(D/Z(G)}).

Note

See [CaEn93].






PART IV

Decomposition numbers and ¢g-Schur
algebras

We have seen in §5.4 the definition of decomposition matrices Dec(A) and a
very elementary property of them in finite reductive groups. Let us take (G, F) a
connected reductive group defined over F,, £ a prime not dividing ¢, (O, K, k)
an ¢-modular splitting system for G¥, B € G an F-stable Borel subgroup,
and denote by B; the sum of unipotent blocks in OG¥ (see Definition 9.13).
Then the decomposition matrix of H := Endpgr (Indg: ) is a submatrix of the
decomposition matrix of Bj.

In general, Dec(H) does not have the same number of columns or rows
as Dec(B;) (Theorem 5.28). The rows of Dec(HH) correspond to characters
occurring in Indg: K, hence are unipotent, while the number of rows of Dec(B)
is the number of characters in rational series corresponding with £-elements (see
Theorem 9.12).

Concerning columns, we know from Chapter 13 that, when (Z(G)/Z°(G))”
is of order prime to £, the number of columns of Dec(B)) is |E(GF, 1)|, the
number of unipotent characters. In the case of G = GL, (FF,), this is the number
of partitions of n. For the columns of Dec(H), let us consider the case of
G’ = GL,(F,) with ¢ =1 mod. ¢. Then H ® k = k&, so the number of
columns of Dec(H) equals the number of £-regular partitions of n. So, in this
case, H seems not big enough.

Starting from the Hecke algebra H of type A,_; over O, one introduces a
new algebra, the so-called g-Schur algebra, defined as

So(n, q) := Endy(ITy Hxy),

where V ranges over the parabolic subgroups of the symmetric group and xy
is the sum of the corresponding basis elements of H in the usual presentation
(see Chapter 3).

A fundamental result about g-Schur algebras is that Dec(Sp(n, q)) is square
(i.e. So(n, q) ® K and Sp(n, q) ® k have the same number of simple modules;
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see [Mathas] 4.15). One proves, moreover, that it is lower triangular unipotent
for suitable orderings of rows and columns, and a maximal square submatrix
of Dec(B;) for GL,(F,).

Relating OG* -modules to H-modules requires us to consider O-analogues
of Gelfand—Graev and Steinberg K G -modules. This analysis also provides a
lot of information about simple B; ® k-modules and the partition induced on
them by Harish-Chandra series (defined in Chapter 1).

When the rational type of (G, F) is no longer (“split”) A, but still among
A, B, C, D or ’D, a generalization of the above is possible under the condition
that £ and the order of ¢ mod. ¢ are odd (see Chapter 20). The latter essentially
ensures that H is then similar in structure to Hecke algebras of type A (see
§18.6).



18

Some integral Hecke algebras

In this chapter, we gather some preparatory material pertaining to Hecke al-
gebras and related modules, mainly for Coxeter groups of types A, BC and
D.

Our algebras are defined over a local ring O. Assume H = P, .y, Oay
is a Hecke algebra over O associated with a Coxeter group (W, S) and cer-
tain parameters taken in O\ J(O) (see Definition 3.4). If I C S, denote
X1 =) _,cw, @w- In the first and second sections, we give properties of the
right ideals x;’H and determine the morphisms between them. The second sec-
tion is more precisely about type A,_, i.e. Hecke algebras associated with
the symmetric group &,. Then those ideals can be indexed by partitions of
n, and one may show several properties of the above morphism groups with
regard to tensoring with K, the field of fractions of O. If M denotes the prod-
uct of those ideals x;H, then the g-Schur algebra is Sp(n, ¢) := Endy (M)
(though in the text we use another definition, clearly equivalent to the above;
see Exercise 1). The elementary results of this section can also be interpreted
as information about its decomposition matrix. Its triangular shape appears in
a very straightforward fashion. In the next chapter, we shall prove that it is also
a square (unipotent) matrix, and a maximal one in the unipotent block of the
decomposition matrix of general linear groups.

Concerning Hecke algebras of type BC, our task is mainly to show how the
issues may reduce to type A. Dipper—James have shown in [DipJa92] that, if
the parameters Q, ¢ € O \ J(O) are such that Q + g/ & J(O) for any j € Z,
then the corresponding Hecke algebra H(BC,) of type BC,, over O is Morita
equivalent to a product of Hecke algebras associated with groups G,, x &,,_,
(m =0,...,n). This is a result one should compare with the corresponding
one for group algebras (where Q = g = 1). Namely, when 2 is invertible in O,
the group algebra O[W (BC,)] is Morita equivalent with IT)! _ O[&,, X &,_],

271
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an easy consequence of the fact that W(BC,) = (Z/2Z)" > &,,. The proof
of the statement about Hecke algebras requires some technicalities since the
multiplication in Hp(BC,,) resembles the one in W(BC,,) only when lengths
add.

Quite predictably, the case of type D,, is even more technical, since in the
case of group algebras, one finds that O[W(D,,)] is Morita equivalent to

(anr;(), m;ﬁnO[Gm X Ganm]) X O[(Gn X 6;1) > Z/ZZL

where the last term is obviously not the group algebra of a Coxeter group. In
this case, we limit ourselves to showing just that the “unipotent decomposition
matrix” phenomenon mentioned above is preserved by the kind of Clifford
theory occurring between Hecke algebras of types BC and D. Our statement is
a general one about restriction of a module from A to B when A = B & Bt is
an O-free algebra, B a subalgebra and 7 an invertible element of A such that
Bt =1B,1% € B.

18.1. Hecke algebras and sign ideals

In this section, we denote by O a commutative ring.

Let (W, S) be a Coxeter system (see Chapter 2) such that W is finite. In this
chapter we consider Hecke algebras such as those introduced in Definition 3.6
with the extra condition that the parameters g, are invertible.

Definition 18.1. Let (qy)ses be a family of invertible elements of O such that
qs = q; when s and t are W-conjugate. One defines Ho(W, (gy)) to be the O-
algebra with generators a; (s € S) obeying the relations (a; + 1)(ag — g5) =0
and asa,a; . .. = a;asqy . . . (|st| terms on each side) for all s, t € S.

Recall ([Hum90] §7.1, [GePf00] 4.4.6) that Hp(W, (gy)) is then O-free
with a basis indexed by W, allowing us to write Ho(W, (g,)) = @, e Odu.
An alternative presentation using the a,,’s iS dyay = dyy When w, w' € W
satisfy [(ww’) = I(w) + l[(w") and a,a; = (g5 — 1)ay, + gsa,s whens € S and
l(ws) =1(w) — 1.

Note that, if I C S, this allows us to consider Ho(Wy, (¢s)s<r) as the subal-
gebra of Ho(W, (gs)ses) corresponding with the subspace @wew, Oa,,.

Notation18.2. ¢, = ¢,qs, - . . g, Whenw = 515, ... s;is areduced expression
of w as a product of elements of S, does not depend on the reduced expression
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(see, for instance, [Bour68] IV.1 Proposition 5). If I C §, denote
w=Ya, and y =Y (~1/"g;la,.

weW; weW;
Proposition 18.3. 1 C S, w € W,.
(i) X1ay = awX; = quXi,
(ii) yray = ayyr = (=1™yy,
(iii) If J C 1, x1x5 = x5x1 = Q_cw, qu)¥1 and yry; = yjyr =
(Zwew, ‘L;l)yh

Proof. Tt clearly suffices to check the case when I = Sand w = s € §.

Separating the elements w € W such that I(sw) = I(w) + 1 (denoted by
Dy g, see §2.1) and the ones such that /(sw) = I(w) — 1, one gets azxg =
ZweDm gy + ZweW\DM qsasw + (gs — ay,. Using the bijection w > sw
between D;y and its complement, the first and last terms rearrange as
qs Zwe D,y Qs whence the equality a,xs = g;xs. The equality xga, = g,xg
is proved in the same way.

Using the same discussion, one has y;a, =), Dm(—l)l(”’)q,; Las +
Y wew oy, (D' ™a, g — Daw + 3 e p, (=1 qy, gsan,. We  have
Quws = quwqs when w € Dy ¢, q,sqs = gy, otherwise. So our sum rearranges to
give the sought equality ysa, = q;ys. The equality a;ys = g,ys is proved in
the same way.

The equalities in (iii) are straightforward from (i) and (ii). O

Proposition184. I, J C S, w € W. If y;ayx; # 0, then Wy "YW, = 1. The
line Oyjay,x, only depends on the double coset W, wW,.

Proof. (a) Assume I D J = {s} and w = 1. Then Proposition 18.3(ii) gives
Yixs = y; + yras = 0.

(b) Assume w € Dy, then W;* N W, = Wjun,; by Theorem 2.6. If W; N
W; # 1, then let s € I N J. One has a,,x; = xya, where s’ = wsw ! el.
One has x; = x,x’ where x’ = Zwew,m)m ay. Then y a,x; = yjayxx’ =
yyXxyay,x', but this is 0 by the above case (a).

(¢c) For arbitrary w, write w = wjw'w, with w; € W;, w, € Wy,
w’ € D;y and therefore lengths add. Then y;a,x; = yiaw, awaw,x; =
(—1)!®Dg,, yra, x; by Proposition 18.3(i-ii). This and case (b) give our Propo-
sition. O

The property of symmetry of Hecke algebras, already encountered in
Chapter 1, can be used to study the morphisms between the sign ideals

yi-Ho(W, (g5)).
The following is proved in [GePf00] 8.1.1.
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Proposition 18.5. Ho(W, (gqy)) is a symmetric algebra (see Definition 1.19).
We now assume that O is a complete discrete valuation ring.

Theorem 18.6. We abbreviate H = Ho(W, (g5)) (see Definition 18.1). Let
1,J C S. Then Homy(y,H, y,H) = Bep,, OuG where ug is defined by
po?(h) = yyagh forallh € y;H.

We need the following.

Lemma 18.7. Let A be an O-free finitely generated symmetric algebra. Let
V C Abean O-purerightidealandt € Homu(V, A ). Then there existsa € A
such that t(v) = av forallv € V.

Proof of Lemma 18.7. When M is a right A-module, denote MY =
Homp(M, O). This is a left A-module and this defines by transposition a con-
travariant functor from mod—A to A—meod. This functor preserves O-free
modules and, on those O-free finitely generated A-modules, it is an involution.
The regular module A 4 is sent to a left module isomorphic with 4 A since A is
symmetric.

In the situation of the lemma, since V is pure in A, the transpose of the
inclusion gives a surjection r: AY — V" (restriction to V of the linear forms).
By the projectivity of AY = 4 A, the transpose t¥: AY = 4A — V'V factors as
1Y =ro6 where 6: 4A — 4A is in A—mod. Then 7 := 6" extends ¢ since
rv:V — A is the canonical injection. Since 6" € Homy (A4, Ay), it is a left
multiplication. O

Lemma 18.8. Denote H; = Ho(Wy, (qs)ser), identified with the subalgebra
of H equal to ®yew, Oay. Then yrH = yH; ®u, H by the obvious map.

Proof of Lemma 18.8. As a left H;-module, we have H = P, H;as where
the sum is over d € D;y. Since each a,, is invertible, we have H;a; = H;
by the obvious map. However, y; H; = H;y; = Oy, by Proposition 18.3(ii),
therefore y,;H = @, Oyraq (sum over d € Dyy as above). Then y, H; ®x,
H=B, yiH @ Hiay. It suffices to show that y, H; ® Hyaq = Oyjaq by
the obvious map. Since ay is invertible, one may assume d = 1. Then it is just
the trivial isomorphism y,; H; @ H; = y,;H; = Oyy. O

Proof of Theorem 18.6. By the adjunction between ®H, ‘H and Reszl (see
[Ben91a] 2.8.6), we have

Homy(y; H; ®, H, y,H) = Homy, (v H;. Res} v, H)

by the map restricting each f:y;H; ®%, H — y;H to the subspace y;H; ®
1. Through this isomorphism and the identification y,;H = y,H; ®7, H of
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Lemma 18.8, it now suffices to check that
Homy,, (v M1, Res%lyﬂ-() = @deDIJOM;Z

where p); is defined by u/,(h) = yjaqh forall h € y, H,.

Using the double coset decomposition W = Ugep,, W;dW; with lengths
adding (Proposition 2.4), we get u,Hy, = ®Dgep,, HjasH;, so that
Res;:‘t[ yH = @deD” yyaqgH; by Proposition 18.3(ii). Each summand is iso-
morphic with H; by the evident map, again by the double coset decom-
position above. Through this further identification, u/, becomes the injec-
tion y;H; — H;, and all we must check is that this injection generates
Homy, (yiH;, Hy). Applying Lemma 18.7to A = H; and V = y;H;, we get
that any morphism y;H; — H; is in the form & + ah for a € H,. This gives
our claim since H;y; = y;H; = Oy; by Proposition 18.3(ii). O

The following shows that sign ideals y;H have properties similar to those of
permutation modules for group algebras (see [Ben91a] 5.5, [Thévenaz] §27).
Compare the following with [Thévenaz] 27.11.

Corollary 18.9. With the same notation as in Theorem 18.6, let k = O/J(O)
be the residue field of O. Let M := Il ;csyiH considered as a right H-module.
Then Endigy(k @ M) = k Q@ Endy (M) by the functor k @ —. In particular,
M; — k ® M; is a bijection between the (isomorphism types of) indecompos-
able direct summands of M and k @ M.

Proof.  Applying Theorem 18.6 for O and k, one finds k ®@
Homy(y;H, y; H) = Homygn(yik @ H, v,k @ H) by the k ®» — functor,
since 11 = k ® ug. This gives Endygy(k ® M) = k ® Endy(M) by k ®¢ —.

Now E := Endy/(M) is a finitely generated, O-free O-algebra. So the con-
jugacy classes of its primitive idempotents are in bijection with those of
k ® E by the classical theorem on idempotent liftings (see [Ben91a] 1.9.4,
[Thévenaz] 1.3.2). This gives our claim about indecomposable direct summands
of M and k ® M by the above decomposition and the relation with idempotents
(see [Thévenaz] 1.1.16). O

18.2. Hecke algebras of type A

In this section, (W, S) is the symmetric group on n letters (a Coxeter group of
type A,_1; see Example 2.1(i)). We take O a commutative ring and g € O*
an invertible element. We denote by Hp = Ho(S,, g) the associated Hecke
algebra over O (see Definition 18.1).
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We shall give in this case some more specific properties of the right ideals
yi'’H (see Notation 18.2).

Let us fix some (classical) vocabulary (see also §5.2). A partition A - n
of nis asequence A; > A, > ... > A; such that A; + A 4+ --- + A; = n. The
dual partition A* is defined by A} = |{j ; A; = i}fori =1,..., A. If u - nis
the partition @ > uy > ... > W, one writes A < w if and only if m <[ and
AMAdo+ A S pur+po 4+ pyforalli < m.

Denoten := {1, ..., n}. For afinite set F, S denotes the permutation group
of F.

A partition A of nis a set of non-empty, pairwise disjoint subsets of n whose
union is n (i.e. a quotient of n by an equivalence relation). The cardinalities of
the elements of A define a unique partition of n called the type of A.

If A={Ay,.../A;}, one defines Gy = Gp, x--- x Gy, C6,. f A, T
are two partitions of n, one says they are disjoint if and only if G, N G =
{1}, i.e. no intersection of an element of A with an element of I' has
cardinality > 2.

For the following we refer to [Gol93] 6.2 and 6.3 (see also [CuRe87] 75.13).

Theorem 18.10. (i) Let A, u = n. There exist disjoint partitions A and T of n
of types A and ., if and only if A < p*.

(ii) If A is a partition of n of type A, then G, is transitive on the set of
partitions T of n that are disjoint of A and of type ™.

Itis clear that the conjugates of parabolic subgroups W; (I C S) arethe S, ’s
considered above. Similarly, one may define elements of the Hecke algebra
associated with partitions A + n.

Definition 18.11. If A I n, let I, be the subset of S = {s1, s2, . . ., Sy—1} where
s;i =(,i + 1) defined by S\ I = {S5,5 Saj+22s - - - » Say+-tny )- Let Gy, be the
subgroup of G, generated by I,. Let x; = xp,, y, = y1, (see Notation 18.2).

Theorem 18.12. Let A, - n.
(i) If y) Hx,, # 0, then A < ™.
(ii) yiHx,» = Oyraw, x3+ # 0 for some w; € W.

Proof. (i) By Proposition 18.4, we may have y,a,x, # Oonlyif W, N"W; =
1. But, with our definition of I,, it is clear that W;, = &,, where A, denotes
the partition {{1,2,..., A1}, {A1+1,..., A1 + Az}, ...} which is of type A.
So A, and wA, are disjoint partitions of types A and u. Then A < u* by
Theorem 18.10(i).

(ii) Denote A=A >A>...>X%, A =LA >A,>...>A, (note
that I’ = A, [ = )\/1), I =1, 1 =1. Let T = (ti,j)lgigl, 1<j<l's
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T = (ti/,j)liiil L l<j<r be defined by

B 1 2 )\.1
)\1+1 )\.14‘)\2
T = .
Ln—XM+1 ... n
-l A+l . on—=2 41
5 . .
T = : n
A+ A,
LA

where the ends of lines and columns are completed by zero (note that they are
in the same places in 7 and T’ thanks to the definition of A* from A). Let A be
the partition of the set n defined by the rows of 7 and A’ by the columns of 7.
Then G, = W; and G5 = W,

Let v € G, be defined by v(#;;) = tlfj when #;; # 0. Then v A is the partition
defined by the rows of T'. It is therefore clear that vA and A’ are disjoint. Then
Wy NPW; = 1 and by Theorem 18.10(ii), W v W is the only double coset with
this property. So y, Hx,» = y;Hxp = Oyja,-1xp by Proposition 18.4 again.
We prove the following below.

Lemma 18.13. [(w'vw) = l(w’) + I(v) + [(w) for any w € W;, w’' € Wy.

This completes our proof of Theorem 18.12 since then y;a,—1x; =
Zwew, wew, (- l)l(w)qlglaqu » and this sum is a decomposition in the basis
of the a, (x € W) since "W; N Wy = 1. 0O

Proof of Lemma 18.13. Using the reflection representation and root system of
W = &, (see Example 2.1(i)), one sees easily that Dl_1 isthe setof x € W
such that the rows in

x(1) x(2) ... x(A1)
x(A+ 1) x(Ap 4+ A2)

=
Il

x(n—.)q—i—l) ... x(n)

are increasing (except for zeros, of course).
Our lemma amounts to showing that, for all w' € Wp = G4/, w'v € D,_1
(see Proposition 2.3(i)). First v.T is T’, so we have to check the rows of w'.7T".
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But G4 permutes only elements inside the sets {1, ..., A}}, ... making up A’,
so the non-zero elements of the columns of w’.T’ are obtained by permuting
those of the same columns of 7’. Any element of the ith column of 7" is less
than or equal to any non-zero element of the (i + 1)th column of 77, so w'.T’
has the same property. Thus our claim is proved. O

Theorem 18.14. Assume that O is a complete discrete valuation ring (so that

the Krull-Schmidt theorem holds for O-free algebras of finite rank). Then

there exists a family (Mé),\._,, of pairwise non-isomorphic indecomposable right

Ho(S,, q)-modules such that

* if A n, then y,-Ho(S,, q) has Mé as a direct summand with multiplicity
L,

* if A, w & n and M, is isomorphic with a direct summand of y;-Ho(S,, q),
then p < A.

Theorem 18.15. Assume that O is a complete discrete valuation ring with
fraction field K. Assume that Ho(S,,, q) @ K is split semi-simple. Then the
M} (L n) are the simple Hy-modules. Moreover; the multiplicity of MY in
Mé ® K is non-zero only if @ < A. Itis 1 when . = .

Proofof Theorems 18.14 and 18.15. Fix A F n. Take adecomposition y;-Hp =
@i M; with indecomposable right Hp-modules M;. Then y,Hpx), =
@, M;x;, is a line by Theorem 18.12(ii), so there exists a unique i; such that
M, x; # 0.Denote M;, = M. Now, if M{; is a direct summand of y;- Ho, then
virHox,, # 0 and therefore, by Theorem 18.12(i), A* <« w*. This is the same
as i < A (use the equivalence in Theorem 18.10(i) or use [JaKe81] 1.4.11).

If M}, = M5, then by the above we have both A < pand u < A,i.e. k= p.
This completes the proof of Theorem 18.14.

If Hk is semi-simple, then it is isomorphic with K&, the group algebra
of G,, (see Theorem 3.16, [CuRe87] 68.21, or [Cart85] 10.11.3). The M,’}’s
are non-isomorphic simple modules. Since their number is the number of A’s,
which is also the number of conjugacy classes of G,,, i.e. the number of simple
K &,-modules, the M 1A< are the simple H ¢ -modules. Now, we have an injection
M}, ® K D M, sincein y;-Ho @ K = y;«H, the submodule M}, ® K isnot
annihilated by x; while M is the simple and isotypic component defined by this
same condition. So Homy, (M}, M{, ® K) € Homy,, (M}, ® K, Mi, @ K) =
Homy, (M(,, Mi;) ® K, which is 0 when u &« A. When A = pu, then
0 # Homy, (M}, M}, ® K) € Homy, (M}, y;»Hg) = K by Theorem 18.14.

(]
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18.3. Hecke algebras of type BC; Hoefsmit’s matrices and
Jucys—Murphy elements

Definition 18.16. (see also Definition 3.6) Hg(BC,) is the algebra over R =
Z[x,y,y~ '] (where x, y are indeterminates) defined by n generators ay, ay,
..., Gy_1 satisfying the relations (ay — x)(ag + 1) =0, (a; — y)(a; + 1) =0if
i1 > 1, apajapay = ajapaiay, aja; = a;a; ifli — j| > 2, aq;a;11a; = a;j11a;a;41
ifn—2>i>11IfK DR, let Hg(BC,) := Hr(BC,) ®z K.

We denote t; = a; _1a;_5...ay...a;_sa;_1 forn >1i > 1.

Theorem 18.17. Asa Q(x, y)-algebra, Hoyx,,)(BC,) injects in a matrix algebra
Maty (Q(x, y)) (N an integer > 0) such that each t; is sent to a diagonal matrix
whose diagonal elements are taken in the following subset of R

(o, xy, xy?, . xy? T2 =1, —y, =y, L, =y

2n—2}'
Proof. Denote K = Q(x, y). We essentially need to recall Hoefsmit’s descrip-
tion of a set of representations of Hg (BC,).

Recall that a Young diagram is a way to visualize a partition A; > X, >
... Ay >0 as a series of m rows in an m X Aj-matrix with lengths Aj, ...,
Am. The sum ), A; is called the size of the Young diagram. It is customary to
represent it as lines of square empty boxes, hence the term diagram. A Young
tableau is the same thing but with integers filling the boxes; the associated
Young diagram is called its type. A Young tableau is said to be standard if
each row and each column is increasing (so the integers are all distinct). Note
that we admit the empty diagram and tableau @, associated with a partition of
size 0. A pair of standard tableaux of size n is (T, T®) where each T is
standard of type D, the sum of their sizes is n and the integers filling them
are the ones in {1, ..., n}.

Hoefsmit’s construction associates with each such pair (D", D®) of
Young diagrams of total size n, a representation of Hg(BC,) on V(pn poy =
K7 @ ... ® K7 where the 7; are the distinct Young standard tableaux of type
(DD, D?) (see [Hoef74] 2, [GePf00] 10).

The action of Hg(BC,) on the sum V of the V(po pey’s is faith-
ful since Hg(BC,) is semi-simple and the Hoefsmit representations give
all the simple modules of this algebra (see [GePf00] 10.5.(ii), [Hoef74]
2.2.14).

The action of #; (1 < i < n) is given in [GePf00] 10.1.6, [Hoef74] 3.3.3. If
T = (TW, T?) s a pair of Young tableaux of type (D", D®), the action of t;
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on t € Vipo, pe)is given by

it =yt or ft=—y

c—r+i—1 T
according to whether 7 is found in TW or T@, and where ¢ and r denote the
column and row labels of the box where it is found.

Itis clear that c — r < n — 1. The fact that our tableaux are standard implies
thati > ¢ + r — 1 (just go from i to the origin ¢ = r = 1 along the cth column,
then along the first row). Thenc —r +i — 1 > 2¢ —2 > 0. So the #;’s do act
on V diagonally with scalars among those given in the theorem. O

Corollary 18.18. Let Hyy, -11(G,, y) be the algebra generated by ay, .. .,
a,—1 satisfying ai2 = — Da; +y, ajai110; = aj110;ai41, a;a; = aja; when
li — j| > 2. Denote ¢, = ay_1ay,—>...a1a ...d,_2a,_1. Then (H2”0 (&, —
yH))? =0.

Proof. Checking the relations defining H z(BC,), it is easily checked that there
is a morphism of Z[y, y~']-algebras

0: Hr(BC,) — HZ[)yy*I](Gn: y)

defined by 6(ag) = 8(x) = —1, 8(a;) = a; fori > 1. Then &, = —O(z,).
Theorem 18.17 implies that 1'[2”0 (t, — xy").I1: "0 (t, + y") = 0. Theimage
by 6 gives the sought equality. O

Remark 18.19. We have a series of inclusions: R(¢,...,t,) € Hz(BC,) C
Hx (BC,) € Maty(K) where the first is also a subalgebra of RY, hence com-
mutative. Note that this representation does not imbed H g (BC,) as a subalgebra
of Maty (R) when n > 2 (see [Hoef74] §2.2, [GePf00] §10.1).

The case of the group algebra of W(BC,) is deceptive at this point. The
specialization for x =y =1 sends R(#, ..., 1,) to the group algebra of the
normal subgroup of W(BC,) of order 2". But R(t, ..., t,) itself is R-free with
a rank much bigger when n > 2 (see [ArKo] 3.17). Through a specialization
f giving a semi-simple algebra isomorphic with the group algebra of W(BC,),
K(t,...,1t,)is sent to a maximal commutative semi-simple subalgebra.

Remark 18.20. In order to get Corollary 18.18, one could in fact just look at
representations of type V(pw g (notation of the proof of Theorem 18.17) where
ay acts by the scalar x and whose sum gives a faithful matrix representation of
Hr(S,) (see [Hoef74] 2.3.1). We chose the more general Theorem 18.17 for
the convenience of references.
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18.4. Hecke algebras of type BC: some computations

Recall the basis (ay)ycw. We sometimes write a(w) when the expression for
w is complicated.

Note that each a; (i > 1) is invertible, so a(w) is invertible when w € &,,.
If A = (A1, Ay, ...) is a sequence of integers > 1 whose sum is n, recall that
G, =6, X Gy 11,40 X - € G,

The t,,’s commute with each other, so we can set the following.

Definition 18.21. Let m € {0, 1, ..., n}. We denote m,, = HT:](tj — xy-f_l),
%m = H?:](tj + yj_l).

Let w™ € &, be the permutation of {1, ..., n} corresponding to addition
of m mod. n, namely wfn”) =(1,2,...,n)".

Denote v\ = 1,,a(w)7,_ .
We shall sometimes omit the superscript ™ when the dimension is clear from
the context.

Here are the basics about the law of H z(BC,,).

Proposition 18.22. (i) The t;’s commute.

(ii) The family t;, ...t a(w), for 1 <i; <...<ij<nand w € G,, is an
R-basis of Hr(BC),).

(iii) a; commutes with t; if j #1,i + 1.

(iv) a; commutes with Hlj‘.zl(tj — vy ) for e R k #i.

Proof. Denote by s9, 51, ..., s,— the generators of the Coxeter group of type
BC, satisfying the same braid relations as the a;’s. Denote s, = s;_1...50. ..
si—1. Then a; = a(s;), t; = a(s)).

(1) has already been seen.

(i) Since ag = t;, we may assume i > 1. By the braid relations, it is clear
that a; commutes with ag, ai, ... a;—2, @12, . . . , a,—1. This implies our claim as
soon as we have proved that ¢; commutes with #; 1, = @;41a; ...ao...Q;Qi11.
Using the braid relation between a; and a;,1, along with the fact that a;
commutes with t;, = a;_;...ap...a;_1, one gets a;ti1» = a;a;+1a;1;a;Aj+] =
Qi 1G;G; 111:0; Qi1 = i (1010 11G;0; 11 = ;110;1,0;0;11G; = ;12a;, 1.€. our
claim.

We now prove that

(iv") a; commutes with yt; + t;11 and £;2; 1.

Using t;+1 = a;t;a; and the quadratic equation satisfied by a;, the commuta-
tor [a;, t;11] equals aiztiai — ait,-aiz = —yla;, t;], whence the first part of (iv’).
Similarly, and since #;t;+1 = f;411;, we have a;t;t;11 — t;t;110; = [aiz, tiait;] =
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(y — Dla;, tia;it;] = (y — D(t;11t; — tit;11) = 0, whence the second part of
@1v).

(iv) follows easily from (iv’) since a; commutes with (; — y'~'A)(t; 41 —
y'A), and with (r; — y/~'3) foreach j #i,i + 1.

(ii) Denote H = > Rt;, ... t;a(w). Since Hg(BC,) is R-free and Hg (BC,)
has dimension 2"n! for any field K containing R, it suffices to prove H =
Hr(BCy).

Since Hz(BC,) is generated by ay, ay,..., a,—1, it suffices to check that
[ai, ti, ... t,] € Hforanysequencel <i; < ... < i; <n.Ifi =0, thisisclear.
If i > 1, using (iii), (iv’) above, and invertibility of y, one may assume that
iy =i = i;. Then we may write a;t; = t;ja; ' =t (v 'a; +y~' = 1). O

Lemma 18.23. Let 1 <m,m’ <n.

(i) T HrBC,)T, = 0whenm +m’ > n.

(ii) When m < n, v,(,;’) = vfr’l"l).a(sn,n_m)(tn_m + yr Ty = (1, — xy™ )
a(sm,n).vg:ll).

(iii) Ty Tn-m = 0 if w € S \ Spp-mw S, _pm-

(iv) Let 0: Hr(Sp—mm) = Hr(Spm.n—m) be the isomorphism defined by
o(a;) = a,m for i # 0, m (note that w™(i) =i + m mod. n). Then, for all
h e HR(Gn—m,m);

a(wh =o(ha(w?), a(w

W) h=owa(w,) ",
and v,h =oh)v,.

(V) UmHR(K:n) = UmHR(Gn)'
Proof. Each w € G, such that w(n) < n can be written (see Example 2.5)
(A w=ws, 1) = Swmw" withw',w” € &,_; and lengths added,

ie l(w)=1lw)+n—w-ln)=n—wh)+Iw".

(1) Assume m +m’ > n.

Since Hr(BC,) = R(t1, ..., t,)Hr(&,) and ,,, 7T,w € R(t1, ..., t,), it suf-
fices to show that 7, Hz(&,)7T,, = 0. We prove 7,,a,,7,» = 0 forany w € &,
by induction on /(w) and n.

If w = 1 (this also accounts for n = 1), one gets 7,7, which is a multiple
of 7r17;. This is zero by the quadratic relation satisfied by #; = a;. Similarly, if
m = n, then m,, is central by Proposition 18.22(iv) and we get again 7, 77,y = 0.
The same is true if m’ = n. So we assume m, m’ < n.

If w € 6,,_1, the induction hypothesis on n gives the result. When w ¢
S,-1, (A) above gives a,, = aya,—1 ... a; for wk) =n and w’' € G,_;. If
k> m',thena,_y,...,a, commute with 77,,,_; by Proposition 18.22(iv). Then
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Tl T = (Tl Top'—1)an—1 - . . ax(ty + y™ 1) and the first parenthesis is
0 by the induction hypothesis on n. If k < m’, then a; commutes with 7,
by Proposition 18.22(iv), so we get T,,ay T = TGy Gn_1 - . . Qg1 T Qg =
(ma(w’s,_1 . .. k1) )ax and the parenthesis is 0 by the induction hypothesis
on [(w).

(i) Applying (A) for w = w? (addition of m mod. n in {1, ..., n}), we get
wl(n)=n—m, wn)=m,w =w" Y and w” = wf::f).

In the Hecke algebra, this implies that
(,,,1))

a(w,(q’l’)) a( (1= 1))a,,_|an_2 Oy = Gy ...an_la(wm_l

Using the commutation of Proposition 18.22(iv), one gets (t,, — xy" ")
a(smn)-vp ) = (bn—x3" )l )-Ton1@Wey VT = (b — X" )0
a(sm ,,)a(wm h N = Tma(w)F,_,, = v®. This gives (ii) since the first
equality is proved in the same fashion.

(iii) Let w € &, be such that 7,,a(w)7T,_,, # 0. Let us write w = wjwyws
with wy € S, —m, w3 € 6, and [(w) = [(wy) + I(wy) + [(w3) (see Pro-
position 2.4). Then 7w, (resp. 7,_,) commutes with a(w;) (resp. a(ws)) by
Proposition 18.22(iv). Then m,,a(wy)7,_n # 0. So we may assume that w
is such that w € Dy where W) =6&,,,—n, and Wy =6,_,,,, in W =6,
(Proposition 2.4). We prove that w = w™ by induction on n. Since w € D;
each reduced expression of w begins with s,,, so (A) implies w(n) = m and
w = §yw with w' € &,_; (we &,_; is impossible by (i)). Then, using
Proposition 18.22(iv) again, 7, a(Sy. )a(W)Ty—m = (ty — xy’"’l)nm_la(sm,,,)
a(w,)ﬁnfm = (tm - xym71)a(sm,n)(ﬂmfla(w/)ﬁnfm)’ SO nmfla(w/)ﬁnfm 7& 0
(we assume m # 0, the case when m = 0 is clear). The induction gives w’ €
(G Ln—m, 1w§: 11)6,1 mm—1,1- Then w € Sim, 7S Ln—m, 1w,(; 11)6n7m,m71,1 -

SmnmSmaw S, m—1.1. We have seen above that s,,, nw(” D _ = w, thus

m—1

our claim is proved.

(iv) Let i # 0, n — m. Using the geometric representation of G, one gets
WiSi = Sy, ()Wm and  SiWp_y = Wp—mSy, ) With lengths adding and
Wy (i) #m. Then a(wy)a; = a(wys;) = ay,Ha(w,) and aa(w,—,) =
a(Wy—m ), i)- Moreover, Upa; = Tna(Wim)Tp—mdi = Tna@(Wy)aA; Ty =
T, (YA (Wi )T p—m = Qo (1) T @ (Wi )T by Proposition 18.22(iv).

(v) Let us show first that

(V/) Unli € UmHR(Gn)

for all i. We prove this by induction on i. Note that, by the quadratic re-
lation satisfied by ag = ¢;, one has m | = —m; and therefore 7, t; = —m,.
Similarly 7,,t; = x7,,. This gives our claim for i = 1 according to m = n or
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not. Assume (v') for i and let us prove it for i + 1 when i < n — 1. One has
tiy1 = a;t;a;. Assume i # n — m. Then (iv) and the induction hypothesis imply
Unlit] = Gy, () Unlidit1 € Gy, ) VnHR(G,) = vuai HR(G,), thus our claim.
Assume i = n — m. By (i), we have v,,(t;41 + ¥") = mna(w,)Ti(ti + y) =
T (Wi )T—mr1 = 0. SO Uyt = —yivm in that case, thus (v') again.

To show (v), it suffices to prove that v,, H g (&,,) is stable under right multipli-
cation by ap = ;. Let w € G,,. By a clear variant of (A), w = sy,1),1w" wWhere
w =8 ymWw € &) -1 = <S$2,...,85,1> and lengths add I(w) = w(l) —
1 + I(w’). Then w'sy = sow’ with lengths adding, so we can write v,,a(w)t; =
Un@(S(1),1)a(W'S0) = Vya(Sw(y, NEHAW) = Upty)a(Swy 1) ta(w’) € v, Hr
(6,) by (V) above. O

Proposition 18.24. (i) 7, Hr(S,)T—m = Vi Hr(Sn-m.m) = H(Sm )V
(ii) The map

HR(Gn) g vaR(mn)v h Umh
is a bijection.

Proof. (i) Thelastequality comes from Lemma 18.23(iv). By Lemma 18.23(ii)—
(iii) and Proposition 18.22(iv), we also have 7w, Hz(S,)T,_n = T Hr
(Gm,nfm)a(wm)HR(gnfm,m)ﬁnfm = HR(6m,nfm)nma(wm)ﬁnmeR(anm,m)
=Hr(Smnm)VnHr(Sn_m.m), whence 7, HrGS)Twm=vuHR(Sp_pmm)=
HR(Gm,nfm)vm-

(i) Lemma 18.23(v) gives the surjectivity. It remains to check injectivity.

By Proposition 18.22(ii), we have Hg(BC,) = ttr...t,Hr(S,) & H’
as an R-module, where H' =D - i< 120 Rtii - 1, HR(S,). Also
tty ... tyHr(S,) = Hg(S,) as R-module (left multiplication by #,7, ... t,).
So let

Pni Hr(BC,) — Hr(6,)

be such that 111, .. .1, p,(h) is the projection of & € Hg(BC,) with kernel H'.
We prove

(ii") Pa(Un) = a(st 1) alsomi2) " a(snomn) ™!

by induction on n. If m = n, then v,, = 7, and p,(7,) = 1 by Proposition
18.22(ii). Assume m < n (then n # 0) and that our claim is proved for vﬁ,;”l) €
Hr(BC,—1). By Lemma 18.23(ii), one has vf,’]) = vf,f’l)a(sn,n_m)(tn_m +
ynimil) = U,(:il)(tna(sn—m,n)il + ynimila(sn,n—m)) = tnvy(;il)a(sn—m.n)il +
y”””’lvxl’l)a(sn.n_m) since #, commutes with H(BC,_;) by Proposition
18.22(iii). We also have Hg(BC,_1) € ‘H' and p,(t,h) = p,—1(h) for all h €
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Hg(BC,_1) by Proposition 18.22(ii). Then p,(v") = p,_1(v""Ma(sp—m.n) '
The induction hypothesis then gives (ii’).

Now, it is clear that, if & € Hg(5,), then a(s,—m.n) - .. a(s2.m+2)a(S1.m+1)
pn(vyh) = h. This gives an inverse to our map i +— v,,h. O

18.5. Hecke algebras of type BC: a Morita equivalence

In what follows we assume that O is a principal ideal domain and that Q, ¢ are
two elements of O such that the following hypothesis is satisfied

Hypothesis 18.25. ¢, IT'_)(Q + ¢'), and TI/Z}(Qq"' + 1) are invertible in O.

Definition 18.26. H»(BC,,, Q, q) (most of the time abbreviated as Ho(BC,,))
is defined as Hr(BC,) ®g O where the morphism R = Z[x,y, y "1 — O is
the one sending x to Q and y to q.

Our main goal is to prove the following theorem.

Theorem 18.27. There exist &y, €1, .. ., &, in Ho(BC,, Q, q) such that
(i) the &,, are orthogonal idempotents such that €, Ho(BC,)e,, = 0 when
m#m',

(ii) em centralizes Ho(Gun-m,q) and e, HoBCye, =
EmMHo(Gmu—m,q) = Ho(Cm.n—m, q), as O-algebras, by the natural map,
(iii) letting e = €9 + - - - + &, Ho(BC,,) is Morita equivalent to eH»(BC,,)e.

Proposition 18.28. 7, and 7, are idempotents up to units of the center of

Ho(G,).

Proof. One may assume m = n. In Hz(BC,), m, and 7, are central by
Proposition 18.22(iv), and 7,f, = —m,,, 7,1, = y7, by the quadratic equation
satisfied by #; = ag. In Hg(BC,), one has m,t; = m,a;—; ...aita; ...a;— =
Ai_1...a\TpHay ... Qi = —TpGi_y ... ayd; ... a;—; and similarly 7,5 =
VaQi_1 ... a14y ... dj_1.

Then, in Hp(BC,),
(m)* = _ 70, (t — Qq' ™) = (= 1)"m, T (a(s; 1 )als1;) + Qg' ™).

It remains to show that IT7_, (a(s; 1)a(s1;) + Qg'~') is a unit in the center
of Hp(S,). This element is central since it is the image of (—1)"x, under
the epimorphism Hz(BC,) - Ho(S,) sending x to Q, y to g, ap to —1,
a; (i > 1) to the element denoted the same. To show that it is a unit, it suf-

fices to check that, fori = 1,...,n, A := a(s;1)a(s;;) + Qq'~' is a unit. Let
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P(X) € O[X] be the polynomial H?i:_()z(X — Qg™ —¢/)%. Then P(0) is a
unit of O by Hypothesis 18.25. One has P(A) =0 by Corollary 18.18.
So this allows us to write AA’ = A’A =1 for A’ a polynomial expression
in A.

The same can be done for7~rm, using (7,)? = 7, 117, (Qa(s; 1alar ;) + ¢~
and defining P(X) = T2 3(X — ¢'~! — 0q’) € O[X]. O

Theorem 18.29. The regular right Ho(BC,,, Q, q)-module is isomorphic with
v HoBC,) @ ... & (U Ho(BC, )W @ ... & v, Ho(BC,).
Proof of Theorem 18.29. Denote I") = v""Ho(BC,) for0 <m <n' <n.

Lemma 18.30. Let0 <m < n’ <n.
(i) I(”/) is O-free ofrank 2" p),
(ii) If m # 0, then I( )1 is an O-pure submodule ofl(")

Proof of Lemma 18.30. (i) Proposition 18.24(ii) tells us that v,(,'j/)Ho (BC,,)is O-
free of rank |G, |. Using the standard basis of H»(BC,) and the multiplication
formula when lengths add, we see that H»(BC,) is a free left H»(BC,)-module
of basis the a,;’s for d ranging over D, 4 where W(BC,) = W(BC,),. Its car-
dinality is |W(BC,): W(BC,)|. Then v{")Ho(BC,) = v "Ho(BCp) ®1oee, )
Ho(BC,) is O-free of rank |G, |.|W(BC,): W(BC,/)|. That is our claim.

(i) The inclusion v")Ho(BC,) € v ~DHn(BC,) takes place for any com-
mutative ring, by Lemma 18.23(ii). The fact that the quotient is O-free when
O is a given principal ideal domain clearly follows from (i) since it is satisfied
for any quotient field of O. O

By Lemma 18.23(ii), left multiplication by (t,, — Q¢ )a(s,. ) induces a
surjection

TED S ()

One has I,EI )1 C Ker(w) since a(s,, ) commutes with 7, (Proposition 18.22
(iv)) and therefore (1, — Qg™ )a(s, )V € (ty — Qg™ )00 HOBC,)
T —my1 = T HOMBC, )T _ms1 = 0 by Lemma 18.23(i).

By Lemma 18.30, I, @ ") is an O-pure O-submodule of I (":1) of corank
the rank of 1,51”/). Then I;:jl = Ker(u), thus giving an exact sequence of right

Ho(BC,,)-modules
(B) 0— I - 1"V 5 1% 50

forany 1 <m <n’ <n.
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We now show that I,ff') is projective as a right H»(BC,)-module, for any 0 <
m <n' <n. When m =0 (resp. m = n'), I""’) = %, Ho(BC,) (resp. I") =
.. Ho(BC,)) and Proposition 18.28 gives projectivity. We now prove that I,ff')
is projective by induction on n’ — m. If in the exact sequence (E) the third and
fourth terms are projective, then the sequence splits and the second term is
projective. This and the induction hypothesis give our claim.
Knowing that all terms in (E) are projective, we get
I'E:’li—ll) ~ I(",)I @ ](n’)

m— m

forany 1 < m < n’ < n.Byiteration of the above fromthe casem = n’ = 1, we
get I(()O) = EBZ;O(I,E" ") for any n’ < n. Taking n’ = n, this gives the theorem
since Iéo) = Ho(BC),). O

We can now complete the proof of Theorem 18.27.
By Proposition 18.24(i) and (ii), there is a unique z,, € Ho(Sy—m.m) such
that

Uma(wnfm)vm = UmZm-

We are going to prove that z,, is invertible and that ¢, := vmz;la(wn_m) (for
m =0,1,...,n) satisfy the requirements of the theorem.

By Lemma 18.23(iv), it is clear that z,, is central in Ho(S,,—m m).

Let us check that z,, is invertible. From Theorem 18.29, we see that the
right ideal v, Hp(BC,) is projective, so it can be written eH»(BC,) for an
idempotent ¢. Then v, Ho(BC,)v,Ho(BC,) = v, Ho(BC,) and therefore
Um € U Ho(BC,)v,, Ho(BC,). This can also be written v, € v, Ho(S,)
U Ho(6,) = vpa(w,— ) MHo(S,) = vnzmHo(S,) by Lemma 18.23(v) and
(i1). Using Proposition 18.24(ii), we get the existence of a right inverse of z,, in
Ho(S,). Since Hp(S,,) is O-free, this right inverse is also a left inverse, and
therefore is also one in Hp(S,_m.m) (see also Exercise 14).

Lete, := vma(w,,,m)a(zgl) = vmz,gla(w,,,m) (see Lemma 18.23(iv)). We
have

(En)? = VpaWn-)0 (2, Y0na(Wa-n)0 (z,,")
= Uma(wn—m)vmz;,la(wn—l71)0(zr;l)
= Uma(wnfm)a(zyzl) =E&m
by Lemma 18.23(iv) and the definition of z,,. So &,, is an idempotent. Moreover
(i) follows from Lemma 18.23(i).

We have ¢, Ho(BC,) = v,,Ho(BC,), so Theorem 18.29 implies that any
projective indecomposable right H(BC,)-module is a summand of some
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enHo(BC,). This gives (iii) by the standard definition of Morita equivalences
(see [Thévenaz] 1.9.9, [Ben91a] §2.2).

We have seen that z,, is central in Hp(S,—,.m). Then g, central-
izes Ho(Smn-m) = 0 (Ho(Sy—m.m)) by Lemma 18.23(iv). The natural map
Ho(Gmn—m) = emHo(Spn—m) sends h to vmzn‘qla(wn_m)h, soitis abijection
by Proposition 18.24(ii).

Itremains to compute ¢, Ho (BC,,)¢,,. We postpone the proof of the following
lemma until after the present proof.

Lemma 18.31. ﬁn—mHO(Gn)nm = %n—ma(wn—m)anO(Gm,n—m)'

Using the above lemma and Lemma 18.23, we get

Em HO (mn)sm = Up HO (K:n)vm Zr;la(wn—m)

UmHO(Gn)UmZ,;Ia(wnfm)

= nma(wm)ﬁn—mHO(Gn)ﬂma(wm)ﬁn—ngla(wn—m)

T @(Wi )T @ Wy )T HO(S )

X AW Tn-mZy A(Wn )

= Un@(Wy—p)Tm @ (W YHO(S )Tz AWy
Vn@(Wn—m)VnZ, AWy ) HO(Spmn—m)

= U @(Wn—m)Ho(Sm.n—m) = eEmHo(Smn—m)-

This completes the proof of Theorem 18.27. O

Proofof Lemma 18.31. From the defining relations of Hx(BC,), itis easy to see
that one may define an O-linear anti-automorphism ¢ of Hn(BC,) by t(a,) =
a,-1. One has (a(wy)) = a(w,;') = a(w,—,) and ¢ induces the identity on
the commutative algebra generated by the #;’s. Then Proposition 18.24(i)
gives T, nHo(8,)mm = (i Ho(E)Tn—m) = (Ho(Smn-m)Vn) = Tn-m
a(Wy—m)TmHo(Smn—m)- O

18.6. Cyclic Clifford theory and decomposition numbers

Assume that 2 is invertible in O. Let A be an O-free finitely generated O-
algebra.

We assume there is T € A* and a subalgebra B such that A = B @ Br, with
Bt = tBand 12 € B.In other words, A is a Z/2Z-graded algebra in the sense
of [CuRe87] §11.
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Let
0: A — A bedefined by 0(b; + byt) = b — byT

for by, by € B. This is clearly a ring automorphism.
Our aim is to prove the following (for decomposition matrices, we refer to
Definition 5.25).

Theorem 18.32. Let M be a 0-stable A-module (i.e. M = M). We assume
that (O, K, k) is a splitting system for End4(M) and Endg (Reng ), and that
A® K and B ® K are split semi-simple.

IfDec 4 (M) is square lower unitriangular, then Decg (Resg M) is also square
lower unitriangular.

Remark 18.33. (i) From the hypothesis that A is a graded algebra over B, it
is easy to see that A ® K is semi-simple if and only if B ® K is semi-simple
(use [CuRe87] 11.16).

(i1) Theorem 18.32 is only about the indecomposable direct summands of M
up to isomorphism (the multiplicities of those summands have no influence on
the conclusion), so one might relax the hypothesis to assume only that 6 per-
mutes those indecomposable summands up to isomorphism. An equivalent hy-
pothesis would be that A ® ReséM is a multiple of M (use Lemma 18.34(iii)
below).

The proof of Theorem 18.32 requires some lemmas and notation.

We denote by

Indj: B—mod — A—mod
the tensor product functor 4Ap ®p —.
Lemma 18.34. (i) Resy and Ind)j are left and right adjoint to each other.

(ii) If V is a (right) B-module, then Res3IndgV =V @ °V
(iii) If U is a (right) A-module, then IndgResaU = U & °U.

Proof. (i) This is a consequence of the fact that A is a Z/27Z-graded algebra
(see [CuRe87] 11.13(1)).

(i1) and (iii). The restriction functor Resg can be seen as the tensor functor
A4 ®4 —. So (ii) and (iii) reduce to the following isomorphisms between
bimodules

BAs ®4 aAp = 3Bp ® 5Bp
and

AAB Qp BAA = AAL D AAZ
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as bimodules. The first is easy since gAs ®4 aAp = pAp by the evident map
and A = B @ Bt as a B-bimodule.
For the second, let us define

WaAp ®p pAs —> aAs ® 4A% by h @I > (Wl hO(I)).

This is well defined since 6 is the identity on B. Moreover, it is clearly a
morphism for the bimodule structures. To check that it is onto, it suffices to
note that its image clearly contains (1, —1) and (1, 1) while 2 is invertible
in O.

However, the O-rank of 1A ®p A, is 4.(B: ) since Ay = (Bg)? and
3A = (3B)? by the graded structure. So y is an isomorphism. O

Lemma 18.35. Let U be an indecomposable A-module such that k is a splitting
field for the semi-simple quotients of Ends(U) and EndB(Resg U). One (and
obviously only one) of the following cases occurs.

(i)U=°U, Reng =V @ "V for some indecomposable B-module V such
that VZ*V,and U = Ind‘g V.

(ii) U & °y, Res‘gU = V is indecomposable, and Indgv xUaU.

Proof. By Lemma 18.34(iii), U is a direct summand of Ind3Res3U. By the
Krull-Schmidt theorem, this implies that there is a direct summand V of Resg U
such that U is a direct summand of Ind% V. Then Res4 U is a direct summand of
RespIndsV = V @7 V, by Lemma 18.34(ii). Note that * V is a direct summand
of Res™U = ResiU. Then two cases may occur:

(i')ResgU =V @V withV £7V,

(ii")TV=VandResgU = VorVeaV.

In case (i'), U is a direct summand of IndgV but ranks coincide, so U =
Ind3 V. Then U = U since 6 is trivial on B. This implies the first case of our
lemma.

Assume (ii"). Denote E = Endp(V). Let us study EndA(Indg V). By a stan-
dard result (see [CuRe87] 11.14(iii)), this is E @& ET where T is a unit of
End,(Ind3V) and t?> € E. (Namely £ is the map defined by #(a ® v) =
at ® ¢(v), for a € A, v € V, and where ¢ € Endp(V) induces an isomor-
phism V = 7V.) By the splitting hypothesis and the indecomposability of
V, one has E/J(E)=k. But J(E)[T] := J(E) ® J(E)T is clearly a two-
sided ideal of EndA(Ind’g. V)= E® E?, and it is nilpotent mod. J(O).
Since £2 is a unit of E, its class mod. J(E) is A.1 where A € k*. Now,
we have EndA(IndQV)/J(E)[f] %k[X]/(X2 — A). Since 2 #0 in k, the
ring k[X]/(X?> — A) is a product of extension fields of k. By the splitting
hypothesis, each of those fields must be k, so the maximal semi-simple
quotient of End,(Ind43V) is k>. By the classical correspondence between
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simple modules for End(IndgV) and the isomorphism types of sum-
mands in a decomposition of Ind4V as a direct sum of indecomposable A-
modules (see, for instance, [Ben91a] §1.4, [NaTs89] 1.14.7), the isomorphism
End,(Ind}V)/J (Ends(Ind}V)) = k? implies

IndjV = U, ® U,

where U; # U,.

However, we have V" = Res‘,‘}U for m = 1 or 2. Therefore (IndgV)’” =
U & U by Lemma 18.34(iii). Since U is indecomposable, the decomposition
we have above for Indg V implies m = 1 and U 2 ?U. This is case (ii). O

Let us denote by Sy, S,..., Sy the simple submodules of M ® K, up to
isomorphism. By the hypothesis on Dec4(M), this list can be made in such a
way that the indecomposable direct summands of M are (up to isomorphism)
My, ..., My, and moreover

d,'j = dlmK HomA®K(S,», Mj ® K)
satisfies d;; = l andd;; =Oforall1 <i < j < f.

Lemma 18.36. Let p € G be defined by S; = S,).
Let1 <i < f.
(i) *M; = M.
(ii) Ifk € 7 and p*(i) # i, then d;_ i) = 0.

Proof. (i) First? M; is a direct summand of M by hypothesis. So it is isomorphic
to some M) for 1 < p'(i) < f. This defines p’ € &.

‘We have HomA®K(9X1, 9X,) = Homyg (X1, X») forany A ® K-modules
X1, Xo. Applied to X = S, Xo = M; ® K, this gives

(D) dpiiy,p(j) = dij

for any 1 <i, j < f. Denoting by E, € GL/(Q) the permutation matrix
associated with v € G, the equation (D) above also can also be written
Deca(M)E,, = E,Decs(M). Since Decs(M) is lower triangular, the Bruhat
decomposition in GL (QQ) implies p = p'.

(i) Now let {i, p(i)} be a non-trivial orbit under p. One may assume that
i < p(i). Then d; pi) = 0. Otherwise, we have d u ) vy = d; pw-n(; for all
m,m’ € Z, by (D) above. This implies it is zero when p™ (i) # ,o'"'(i). This is
(ii). O

Definition 18.37. Letp € G be defined by®S; = S, LetZT, C{l,..., f} x
{0, 1} be the set of pairs (i, k) such that, if p(i) # i, then k = 0 andi < p(i).
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For instance, taking f = 5 and p = (15)(34) € Gs, one gets the following
list (in lexicographic order) for Z,, (1, 0) < (2,0) < (2, 1) < (3, 0).

By Lemma 18.35, if p(i) # i we may denote N; = Rengi and this is an
indecomposable direct summand of Reng .When p(i) = i, one has ReséMi =
N; & ° N; where N; is an indecomposable direct summand of ReséM .

By the same lemma and the fact that Resi sends simple A-modules
to semi-simple B-modules (see [CuRe87] 11.16(i)), we may denote T; =
ResgSi when p(i) # i, Resg S; = T; & ' T; where T; is a simple submodule of
ResfM ® K.

Lemma 18.38. The maps
G, k)—"N, and G, k)~ "T
are bijections between L, and the indecomposable direct summands of Reng

for the first map, the simple submodules of Reng ® K for the second. The
multiplicities of the e T;’s in the TkN,» ® K are as in the following table.

N; for j # p(j)|" Nj for j = p(j)
T; fori # p(i) dij + dip(j dij
T, fori = p(i) dij cij(k = 1)

where C,‘j(l) = C,‘j(—l) = d,'j — C,'j(O).
Moreover, the choice of which summand in Rengi is called N; for each
p-fixed i can be made such that all values in the diagonal are 1°s.

Proof. Two N;’s of the firstkind (o(i) # i) can be isomorphic N; = N; only if
M; = M; for some k (take Indj and apply Lemma 18.35(ii)), i.e. i = p*(j).
Conversely, M; and " M; have the same Resg.

An isomorphism between indecomposable modules of the second kind
’kN,- = ’/Nj, where i and j are p-fixed, can take place only if i = j and
k = 1. One obtains i = j by taking Indg and applying Lemma 18.35(i). Then
Lemma 18.35(i) gives k = .

The two kinds of indecomposable summands do not overlap because of the
action of 7.

The same is done for the ™ T;’s. This gives all simple submodules of
RessM ® K by adjunction and the fact that Ind% brings simple modules to
semi-simple ones as can be seen from the regular B ® K-module.
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When p(i) # i, by adjunction (Lemma 18.34(i)), we have Hompgg g (T;, V ®
K) = Homagk (Si, Ind3V ® K) for any direct summand V of Res% M, so this
can be computed using our knowledge of the Indg V ® K’s (Lemma 18.35).

When p(i) =i and p(j) # j, then Hompgg (" T;, N; ® K) = Hompgx
("'T;, RespM; @ K)= Home (Indj™ T;, M; @ K) = Homugk (S, M; ®K)
by adjunction and Lemma 18.35(i) for the statement Indé’k T, = S;.

Concerning the ¢;j(k —I)’s, note first that Hompgg (" Vi, * V1) = Hompgk
(V1, V) for any B ® K-modules Vj, V,. So the dimension of Hompgx
(’k T;, N ; ® K)depends only on i, j and the parity of k — . For the remaining
equation, ¢;j(—!) + ¢;;(1 — 1) is the dimension of Hompgg (T; ® ' T;, ’INj ®
K)= HomB®K(Res§S,-, T[Nj ® K) = Homygk(S;, M; ® K) by adjunction
and Lemma 18.35(i).

We now come to the last statement. When p(i) # i, thend;; + djpi) = dii =
1 by Lemma 18.36(ii) and hypothesis (ii) of the theorem. We now fix i such that
p(@) =i.Thenc;;(0) + ¢;;(—1) = ¢;;(0) + ¢;;(1) = d;; = 1,sothereisonly one
summand in the first sum which is 1 while the other is 0. This means that T;
occurs once in one of {N;,  N;} but not in the other. So if the choice of which
summand of Resg S; is called T; has been made, then one can choose which
summand of Res M; is called N; in such a way that the multiplicity of 7; in it
is 1. Then the diagonal of the table bears just 1’s. O

We can now complete our proof of Theorem 18.32. The set 7, C
{1,..., f} x {0, 1} inherits the lexicographic order of {0, 1}. Since we know
that the diagonal contains only 1’s, it just remains to check that the entry in the
table of Lemma 18.38 is O when it corresponds to a relation (i, k) < (j,/) in
Z,. We review the four possible cases.

* p(i)#i, p(j)# j (hence k =1=0 and i < j). Then the decomposition
number is d;; + d;,(;) and this is zero since i < j < p(j) for all k (recall that
J < p(j) by Definition 18.37).

e p() # i, p(j) =J.

* p(i) =1, p(j) # j. In this case and the above, we have i < j and the table
in Lemma 18.38 gives our claim since d;; = 0.

* p(i)=1,p(j)=j.1Ifi < j,thend; ; = 0 and the equation of Lemma 18.38
implies that ¢;j(—/) = ¢;;(1 =) =0 for all [. If i = j and k < [, then the
same equation, along with the statement about the diagonal, implies that
ciitk — 1) =0 for (k,1) = (0, 1) or (1, 0) (while ¢;;(0) = d;; = 1). O

Remark 18.39. The functors Ind/ and Res% have quite symmetric roles in the
proof of Theorem 18.32. One may obtain a theorem dual to Theorem 18.32,
and a converse to it. See Exercise 15.
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Exercises

. Make a new definition of a Hecke algebra Ho(W, (g5). (g.)) with two sets of

parameters, the quadratic relation becoming (a; — ¢,)(a; — q,) = 0. Define
yr and y; where the second becomes x; upon specializing g, = —1. Use
an automorphism A — h’ of Ho(W, (gs), (¢,)) to reduce the checkings
of §18.1 by half.

. Show that a, — (g; — 1) — a;, = —(gsa,)~" defines an involutory auto-

morphism of the O-algebra Hp(W, (¢5) of Definition 18.1. Show that it
exchanges x; with y;.
Deduce from this that one may replace the y; ’s by x;’s in Theorem 18.14.

. Let (W, S) be a finite Coxeter group. Let I, J € S. Using the notation

of §18.1, show that x;y; # 0 is equivalent to / N J = . Show that, if W;
and W; are conjugate subgroups of W, then y; and y, are conjugate in
HO(W7 (Qs)sES)'

. Show that, if W = &,,, ¢ = | and K is algebraically closed of characteris-

tic zero, then y, Hx = Indg;‘ sgn and x; Hx = Indgzl (notation of §18.1)
where sgn denotes the one-dimensional representation defined by the sig-
nature. Show that (Indg: sgn, Indg’ﬂx I)s, # 0 implies A < p*.

Deduce the fact about Irr(S,) mentioned at the end of the proof of
Theorem 18.15.

. Let G be a finite group acting on a ring A by ring automorphisms. Show

that there exists a ring denoted by A ><1 G whose underlying commutative
group is A‘®) (maps from G to A) and such that G and its action on A inject
in the units of A > G.

If O is a commutative ring and H >< G is a semi-direct product of finite
groups, show that O[H > G] = (O[H]) > G.

. Let O be a commutative ring, let A be the O-agebra O" (multiplication is

defined componentwise), let G be a finite group action on A by O-algebra

automorphisms.

(a) Show that A ><1 G is Morita equivalent to IT;O[G;] where i ranges
over the G-classes of primitive idempotents of A and G; denotes the
centralizer of an element of i (if ¢ € A is a primitive idempotent, let
g denote the sum of elements of the orbit of ¢ under G; show that
A><1G = A><1GE ® A>1G(1 — &) is a decomposition as a direct
product of rings and that (A > G)e = O[G,]).

(b) Apply the above to get the representation theory of semi-direct products
H ><1 G of finite groups, where H is commutative, in all characteristics
not dividing |H|.

(c) Case of W(BC,) in odd characteristic.

(d) Case of W(D,,) in odd characteristic.
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. (Ariki—Koike) Show that the subalgebra of Hz(BC,) generated by #; and

1, equals R @ Rt; @ Rt, ® Rtit, ® Rt; @ Rt} where 1{ = (y — D(t1t, +
xyaz, t, = x(y — D(xy — yti —t, — y)ao.

. Prove Proposition 18.22(i) and (iii) by using the geometric representation

of W(BC,,) and the roots (see Example 2.1(ii)).

. Prove that H (BC,) is not a subalgebra of IT;Maty, (R), where the N;’s are

the dimensions of Hoefsmit’s representations.
Show that the coefficient of v,, on a(w,,) is (—x)" y(g)*'("EW) and that it is
the only component on Hz(S,,) with respect to the standard basis of the
a,’s.
Show that p,(v,,) = a(w,_,)~" (notation of the proof of Proposi-
tion 18.24(ii)).
Assume O is a complete discete valuation ring. Let A be a finitely generated
O-free algebra. Let a € A, and assume a A is projective as a right module.
Show that there is a unit # € A such that au is an idempotent.
Let R’ = Z[x, x5, y, y~']. Define Hg (BC,) by the same relations as
‘Hr(BC,) but with the quadratic relation for a( being (ay — x1)(ap — x2) =
0. Define the ¢;’s, the 7;’s and the 7;’s of this algebra. Show that the 7;’s
and the 7;’s are exchanged by the automorphism 4 — n permuting x; and
x;. Simplify certain proofs in §18.1 by use of this automorphism.
O is a commutative ring, A an O-free O-algebra. If a € A is invertible
on one side, show that it satisfies a polynomial equation P(a) = 0 with
P € O[z] and P(0) invertible in O (work in the matrix algebra Endp(A)
and take P to be the characteristic polynomial of right multiplication
by a). Deduce that a is invertible (on both sides) in the subalgebra it
generates.
Show the results of §18.6 when A=B® Bt @ ... Bt 'isaZ/rZ-
graded algebra over O, where r is invertible in O, where the triple (O, K, k)
is assumed to be a splitting system for the endomorphism rings of all
considered modules.

Show that the implication of Theorem 18.32 is an equivalence.

Dec(A) is square unitriangular if and only if Dec(B) is square unitrian-
gular.
Find an example of a Z/27-graded algebra A = B @ Bt over a field of
characteristic 2 and such that A ® g A is indecomposable as an A-bimodule.

Notes

The g-Schur algebra Endys,)(6D;,, y2H(S,)) was introduced by Dipper—
James in [DipJa89]. This, and the many generalizations that followed, opened a
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new chapter of representation theory (see the books [Donk98a], [Mathas], and
the references given there).

The Morita equivalence for type BC was proved by Dipper—James [DipJa92],
using [DipJa86] and [DipJa87]. This was generalized by Du—Rui and Dipper—
Mathas (see [DuRui00], [DipMa02]) to the context of Ariki—Koike algebras
[ArKo]. Concerning the generalization of Hoefsmit construction to all types of
Coxeter groups and also valuable historical remarks, see [Ram97].

The result in §18.6 is due to Genet; see [Gen03].
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Decomposition numbers and g-Schur algebras:
general linear groups

Let us recall the notion of decomposition matrices from §5.3 and §18.6 earlier.
If (O, K, k) is an £-modular splitting system for an O-free finitely generated
O-algebra A, and if M is an O-free finitely generated A-module, we defined
Dec (M) as a matrix recording the multiplicities of the simple A ® K-modules
in the various indecomposable summands of M. The classical £-decomposition
matrix Dec(OG) of a finite group G is Decpg(0cOG) (see Definition 5.25).

In the case of the symmetric group &,, it is a well-known result that the
£-decomposition matrix can be written

1 0 O

* 0

1

Dec(06,) = .
* % %

for a suitable ordering of the columns (see [JaKe81] 6.3.60).

Concerning finite reductive groups G with connected Z(G), we know from
Theorem 14.4 that the unipotent characters are a basic set for the sum of unipo-
tent £-blocks B, = OGF.by(GF, 1) (see Definition 9.9). In other words, the
lines of Dec(B)) corresponding with £(G*, 1) define a square submatrix of de-
terminant &=1. We show the following theorem of Dipper—James; see [DipJa89].
For G = GL,(F,), this submatrix is of the form Decy (M) where H is the
Hecke algebra associated with the symmetric group &, and parameter g (see
Definition 18.1), and M is a direct product of ideals M = I, y,’H (see The-
orem 19.15 and Theorem 19.16). For A = (1, ..., 1), one gets (in a special
case) the inclusion of decomposition matrices already mentioned in §5.4. One
shows in addition that the lexicographic order on partitions A makes the above
decomposition matrix lower triangular as in the case of G,,.

297
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The connection between Decy (M) and Dec(OGT) relies essentially on the
symmetry of H as an O-algebra and certain isomorphisms between Hom spaces
related to the equivalence of §1.5. The g-Schur algebra is Endy (M), an algebra
whose number of simple modules is the same over k and K (see [Mathas] 4.15
or Corollary 19.17 below).

The upper triangular shape of the Dec(B;) above allows us to determine the
simple cuspidal kG-modules (see Chapter 1) pertaining to this block. They are
of type hd(Y) where Y is the reduction mod. J(O) of a version over O of the
Steinberg module. Denote by e the order of ¢ mod. £. The existence of a simple
cuspidal B;-module is equivalentton = 1 orn, = e (Theorem 19.18). Itis also
possible to say which simple kG.b;(G, 1)-modules are in the series defined by
a cuspidal module for a standard Levi subgroup of G = GL,(F,) (Dipper—
Du, Geck-Hiss—Malle, see [DipDu93], [GeHiMa94]). This completes, for the
product of the unipotent blocks of GL,,(IF,), the program set in Chapter 1.

19.1. Hom functors and decomposition numbers

Let O be a local ring with field of fractions K.

Definition 19.1. If V is an O-free O-module and V' C 'V is a submodule,
one denotes V' = VN (V' ®p K), an O-submodule of VoK, ie. JV =
{ve V]| JO)4*v C V' for somea > 0}.

One says V' is O-pure if and only if V' = V', i.e. V] V' is O-free.

We assume in this section that £ is a prime and (O, K, k) is an ¢-modular
splitting system for a finite group G. Let Y be an O-free OG-module. Denote
E := Endpg(Y). Recall from §1.5

Hy: OG—mod — mod—E

the functor Hompg(Y, —). If M is an E-submodule of some Hy(V) =
Hompg(Y, V), one denotes by MY C V the OG-submodule M.Y :=
ZmEM m(Y)

The main result is a version “over O” of §1.5; see also Exercise 3.

Theorem 19.2. Assume that E is symmetric (see Definition 1.19).

(i) If J is an O-pure right ideal of E, then Hy(~/JY), considered as a right
ideal of E = Hy(Y), equals J.

(it) If J1, J, are O-pure right ideals of E, then Hy induces an isomorphism
Homog(v/71Y, v/2Y)——Homg(J1, J2).
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Proof. (i) One has clearly J € Hy(JY) C Hy(m). However, it is easy to
see that Hy(v/JY) = /Hy(JY). So both J and Hy(~/JY) are pure, and it
suffices to prove that J/ @ K 2 Hy(WJY)®0 K.

One has Hy(v/JY)®p K = Hompg(Y,VJY)® K C Homgg(Y ®
K,(JY)® K) C Homgg(Y ® K, (J ® K)(Y ® K)) but this is the image of
(J ® K)(Y ® K) by the Hom-functor associated to the KG-module ¥ ® K.
The endomorphism algebra Endg (Y ® K) is Frobenius (see Definition 1.19)
since it is semi-simple, so Homgg(Y ® K, (J @ K)(Y ® K)) =J ® K by
Lemma 1.28(iii).

(i1) The proof parallels the one of Theorem 1.25(i).

The functor Hy provides a map Hompg(v/J1Y, /oY) — Homg(Hy
(V1Y), Hy(/12Y)) defined by Hy( f) being the composition on the left with
f. By (i), it suffices to check that this is a bijection.

If f € Hompg(W/J1Y, /oY) satisfies Hy(f) =0, then f(e(Y)) =0 for
all e € Hy(//J1Y). Then f(Hy(/J1Y).Y) =0, ie. f(J;.Y) =0 by (i). Thus
clearly f(v/J1Y)=0,i.e. f = 0. So Hy is injective.

We now prove that Hy is onto. Let 7 € Homg(J;, J2). By Lemma 18.7,
there is e € E such that (i) = ei for all i € J;. Then eJ; C J, and therefore
e(J1Y) € LY, e(/J1Y) € /LY. Taking f € Homog(v/J1Y, /oY) to be

the restriction of e, one has clearly Hy(f) = h. O

Recall decomposition matrices (Definition 5.25) and basic sets of characters
(Definition 14.3).

Proposition 19.3. If B is a subset of Irt(G, b) for a central idempotent b
Z(OG) (see §5.1), the submatrix of Dec(OG) corresponding to simple K G-
modules in B and projective indecomposable OGb-modules is square invertible
(over Z) if and only if B is a basic set of characters for OGb.

Proof. The lattice in CF(G, K) generated on Z by the d'x for x € Irr(G)
has a basis IBr(G) (“Brauer characters,” i.e. central functions G, — O ob-
tained by lifting in O the roots of 1 in k, see [Ben91a] §5.3, [NaTs89] §3.6)
which partitions along blocks of OG as IBr(G) = | J; IB1(G, b;). As a classical
result, the decomposition matrix can be seen as giving in each row the coor-
dinates in this basis of each d'x for x € Irr(G) (see [NaTs89] 3.6.14 and its
proof).

Then B is a basic set of characters for OGb if and only if the corresponding
d' x’s generate the same lattice as IBr(G, b) and have the same cardinality. This
is equivalent to the corresponding block of the decomposition matrix being
invertible (over Z). O
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The following gathers some technical conditions related to Theorem 19.2. It
will allow us to embed in Dec(OG) some decomposition matrices Decpg(X)
for certain OG-modules that differ from their projective covers by a somewhat
canonical submodule.

Theorem 19.4. Let A = OGDb for b a central idempotent of OG. We assume
we have a collection (X ), of A-modules and, for each o a collection (y;);en,
of elements of End s (X,,). We assume the following conditions are all satisfied.
(a) Letting BB, be the set of irreducible components of X, ® K, the union
B := U, B, is disjoint and a basic set of characters for A (see Definition 14.3).
(b) For each o, the O-algebra H, := Enda(X,) is symmetric (see Defini-
tion 1.19) and there is some A € A, such that y; = 1.
(c) For each o and A € A, the right ideal y, Hy is O-pure in H,.
(d) For each o and A € A, there exists an exact sequence

0— Q) = Pys = V/u.-Xe >0

in A—mod where P, , is projective, and 2, , ® K has no irreducible compo-
nent in B.

Then, denoting Sy = Endy, (I1, e, yaHs) and choosing an ordering of the
o’s, one has

_(Dy D
D“(A)‘(Da D;)
Dec(S,,) 0 0
where Dy = O Dec(So,) : ,
: - 0
0 . 0 Dec(Ss,)

and where the columns of Dy correspond to the projective indecomposable
A-modules not occurring in the projective covers of the \/y,. Xy s.

Moreover, D is empty if and only if each Dec(S,) has a number of columns
greater than or equal to its number of rows. Then each Dec(S,), and therefore
Dy, is a square matrix.

Proof. Let us fix o. The hypotheses (b) and (c) allow us to apply Theorem
19.2(ii) to Y = X,, E = 'H,, and the right ideals generated by the y,’s. One
gets an isomorphism

Ends(ITxea, vV 32 X5) = S5
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induced by the functor Hy, := Hom4(X,, —). Using Proposition 5.27, one gets

Dec(S5) = Dec(Enda(I1xv/y2 X)) = Dec(ITyy/ y2 Xo ).

We may assume that, in (d), Py, is a projective cover of /y; X, (since a
projective cover and the corresponding quotient would be direct summands of
P, - and 2, ;).

Since 1 = y, for some A € A,, the rows of Dec(IT; /¥, X, ) are indexed by
B,. Choose a numbering of the ¢’s, then a numbering of Irr(A ® K) listing
first the elements of B,,, Bs,, ..., B, , then Irr(A ® K) \ . Choosing also a
numbering of the projective A-modules beginning with the P, ,’s, one gets
the form stated once we have proved that P, , ® K and P,/ ,» ® K have no
element of B in common when o # ¢’. By (d), such an element would be in
both \/y,. X, ® K and /y,. X, ® K, hence in both X, ® K and X, ® K.
This is impossible since B, N B, = ¥ by (a).

The matrix Dec(S,) has |5, | rows. If its number of columns is greater than
or equal to |B,|, then Dy is square and therefore D; is empty since (DyD) is
square of dimension the number |B| of projective indecomposable A-modules,
B being a basic set of characters for A (the number of projective indecomposable
modules equals the number of simple A ® k-modules). Conversely, if D; is
empty, we have an invertible square matrix (Proposition 19.3) which is block
diagonal. It is easy to check that each block must be square. Then Dec(S, ) must
have exactly |5, | columns. O

19.2. Cuspidal simple modules and Gelfand—Graev lattices

Let (G, F) be a connected reductive F-group defined over IF,. We assume that
Z(G) is connected. After the next proposition, we shall assume that G is the
general linear group GL,(F) with its usual definition over F,.

Let £ be a prime not dividing ¢g. Let (O, K, k) be an £-modular splitting
system for G’ Recall e?,F € KGF and by(GF, 1) € OGF (see Definition 9.9
and Theorem 9.12).

Let B be an F-stable Borel subgroup of G. Denote U = R,(B)”, a Sylow p-
subgroup of G Let 1 be a regular linear character of U (see [DiMi91] 14.27).
The same letter may denote a line over O affording ¢: U — O*. All regular
linear characters of U are BF -conjugate ([DiMi91] 14.28), so that the OG' -
module IndgF Y does not depend on the choice of .

Definition 19.5. Denote by T'gr := IndS' . Let Tgr.1 = by(GF, 1).Tgr (see
Definition 9.4). Denote Stgr = E?F.ng,l, an OGF -module. We also denote
TGF,I = F(;F,l ®(9 k and §GF = St(;F ®() k.
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Proposition 19.6. (i) The I'gr | are projective indecomposable modules.
(ii) Stgr ®o K is the simple KGF -module corresponding to the Steinberg
character (see [DiMi91] §9). Moreover, hd(Stgr) is simple with projective cover

Lgr .
(iii) If L is a standard Levi subgroup of G, then *RfF Stgr = St;.

Proof.  Since |U] is invertible in O, one has 'gr = OG*.u,, where uy is
the idempotent [U|™! ", ., ¥ (u"u. So Tgr, and therefore I'r ; are projec-
tive. Now I'gr ; is the projective cover of Stgr by Theorem 9.10. To show
that I'gr | is indecomposable, it suffices to check that Stgr is. But Stgr @ K
is simple since I'gr ® K has exactly one component in each rational series
(see [DiMi91] 14.47). We have (i). Moreover, [DiMi91] 14.47 tells us that the
component of I'gr ® K in £(GF, 1) is the Steinberg character.

Since I'gr ;1 — Stgr is a projective cover with indecomposable I'gr 1, FGF,I
is also indecomposable ([Thévenaz] 1.5.2) and T'gr; — Stgr is a projective
cover, 50 hd(Stgr) = hd(Tgr ;) is simple. This is (ii).

(iii) By the definition of Stgr and Proposition 9.15, it suffices to check
that *R?FFGF,I =1TI,,. Both sides are projective modules, so the equal-
ity may be checked on associated characters (see [Ben91a] 5.3.6). One has
*REF(F(;F ® K) =T ® K (see [DiMi91] 14.32). So the sought equality fol-
lows by Proposition 9.15. O

We now assume that G = GL,(F), F is the usual Frobenius map (x;;) >
().

We denote G = G = GL,(F,).

Let T, be the torus of diagonal matrices, B the Borel of upper triangular
matrices in GL. The Weyl group Ng(T;)/T; identifies with G, (permutation
matrices). One parametrizes the GF-classes of F-stable maximal tori from
T, by conjugacy classes of G,, (see §8.2). When w € &,,, choose T, in the
corresponding class. When f € CF(G,, K), let

R =)™ > fwR§ (1) € CF(G, K).

wes,

Then (see [DiMi91] §15.4) we have the following.

Theorem 19.7. (i) f — R_(fG) is an isometry sending Irr(S,) onto £(G, 1).
(ii) A unipotent character of GL,(IF,) can be cuspidal only if n = 1.

The trivial representations of G and G,, correspond. The sign representation
of &, corresponds with the Steinberg character of G.

Recall the usual parametrization of Irr(&,) by partitions A Fn (see
[CuRe87] 75.19). The element of Irr(S,) corresponding with A F n is the
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only irreducible character present in both Indgz 1 and Indg;’* sgn (see §18.2
for the notation A*). This can be related with Theorem 18.14 above (see also
Exercise 18.4). We then get a parametrization of the unipotent characters of
GL,(F,) by partitions of n.

Notation 19.8. Let A — x; be the parametrization of £(G, 1) by partitions
A En.

If A=@Ri=A>..)Fn, denote by L,=L(})=GL),E,) x
GL,,(F,) x -- - the associated standard Levi subgroups of G.

Proposition 19.9. Keep G = GL,(F;). The matrix of inner products
{xs Rg(m)(FL(xA*),l ® K)))a.u 1s lower triangular unipotent, more precisely
the element corresponding to (A, |L) is zero unless A K i (see §18.2), and equal
to 1 when A = .

Proof. The proposition is about ordinary characters, so we denote the modules
I'r(u).1, St etc. by their characters.

The unipotent component of the Gelfand—Graev character is the Stein-
berg character (see [DiMi91] 14.40 and 14.47(ii)), so RfFL,l has a com-

. G (L) .. . (G)
ponent on unipotent characters equal to Ry (R,). This in turn is Rlnd,%; (sem

([DiMi91] 15.7). Through the isometry of Theorem 19.7 above, the claim
now reduces to checking that the inner product of central functions on
G, (s Indg"*sgn) s, 1s zero unless A < u, and 1 if A = . This is classical
(see [JaKeSl]HZ.l.IO, [Gol93] 7.1) or an easy consequence of Theorem 18.15
(see Exercise 18.4). O

The following gives a very restrictive condition on cuspidal simple kG-
modules. A more complete result will be obtained in Theorem 19.18. Recall
that St = elG,FG’l (see Definition 19.5).

Lemma 19.10. If M is a simple cuspidal kG.by(G, 1)-module, then M =
hd(Stg).

Proof. By Theorem 14.4, the d'x’s for x € £(G, £') generate over Z the
group of characters of projective OG-modules. So, by Brauer’s second Main
Theorem (which implies that d' and the projection on an £-block commute)
the d'x for unipotent x’s generate the group of characters of projective
OG.by(G, 1)-modules. By the unitriangularity property of Proposition 19.9,
the REQ)(F Lov.1)’s for varying A are projective modules whose characters gen-
erate the same group as the projective indecomposable modules. This im-
plies that every simple kG.by(G, 1)-module is in the head of some of the
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RE; (TLoy.) ® k =RY, (Trgy.1)’s. If S is a simple cuspidal kG-module,
and Homkg(Rf(A)(FL(A),l), S) # 0 for some A, then by adjunction and cus-
pidality of S, one has L()) = G. Proposition 19.6(i) and (ii) imply that
hd(Ts.1) = hd(Stg) = S. O

Theorem 19.11. Let B := BF. Let v = (B, B, k) be the associated cuspidal
“triple” (see Notation 1.10).

(i) soc(Stg) is simple and is the only composition factor of St in EkG, T)
(see Notation 1.30).

(it) There is a unique O-pure submodule of Inng with character that of
Stg ® K (i.e. the Steinberg character of G). It is isomorphic with Stg.

Proof. LetT = Tf be the diagonal torus of G = GL,(IF,).

Let us show first:

(i') there is exactly one composition factor of Stg in E(kG, 7).

One has Homy(R$ 17, Stg) = Homyr (17, *REStg) = Homyr (17, 17) =
k, by adjunction and Proposition 19.6(iii). This implies that St has at least one
composition factor in £(kG, 7). Let kT denote the regular kT -module. Again,
by adjunction and Proposition 19.6(iii), we also have Homkg(ngT, Stg) =
Homy7 (kT, *R$Stg) = Homgr (KT, 17) = k. But R$AT is a projective mod-
ule. Then R%kT has among its indecomposable summands all the projective
covers of the elements of £(kG, 7). So, the above equation Homy (R?kT, Stg)
= k actually gives (i').

Assume now that a simple submodule S of St is cuspidal. By Lemma 19.10,
S = hd(Stg). Since T'¢,; is a projective cover of Stg, the multiplicity of S in
§G is given by Homkg(F(;_l, §G) = Hompg(I'g.1, Stg) ® k. Now Hompg
(T'.1, Stg) is a line since Homgg(I'g,1 ® K, Stg ® K) is a line as stated in
the proof of Proposition 19.9 (combine [DiMi91] 14.40 and 14.47(ii)). This
now implies that St = S. Therefore Stg is cuspidal since *R functors, being
multiplication with idempotents e(V) € OG (see Notation 3.11 and Propo-
sition 1.5(i)), commute with reduction mod. J(QO). By the form of cuspidal
unipotent characters for this kind of group (see Theorem 19.7(ii)), we obtain
that G = T. We get

(i")If G # T, then Stg has no simple cuspidal submodule.

Let us now show (i) by induction on the index of 7 in G. If G = T, then
Theorem 18.12(ii) gives our claim.

Assume G # T. Then (i”) applies. Let S be a simple submodule of Stg. By
(i), it suffices to show S € £(kG, 7). Since S is non-cuspidal there is a proper
Levi subgroup L C G such that *RfS # 0. This module is a submodule of the
reduction mod. J(O) of *RfStG = St;, (Proposition 19.6(iii)). The induction
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hypothesis implies that Homy L(RIT‘H, *Rf S) # 0. By adjunction and transitiv-
ity, this gives HomkG(R(T;ﬂ, S)#£0,ie. S e EkG, 1).

(i1) Again by Proposition 19.6(iii), Hompg(Stg, R? 17)isaline. Let f be a
generating element over O. The reductionmod J(0), f: St¢ — R%1; = R¢17
is non-zero. From (i), we know that soc(Stg) is simple and the only composition
factorin £(kG, t). Butall the composition factors of soc(R?ﬁ) areinE(kG, 1)
by Theorem 1.29. So f is injective. This means that f(Stg) is pure in R§ 17,
thus our claim holds up to uniqueness.

The uniqueness relies on the following easy lemma. O

Lemma 19.12. Y is an OG-module, x € Irr(G) with multiplicity 1 inY @ K.
Then Y Ne,Y (intersection taken in Y ® K) is the unique O-pure submodule
of Y with character .

19.3. Simple modules and decomposition matrices
for unipotent blocks

We keep G = GL,(F), F: G — G defined by F((x;;)) = (xiqj), G=GI=
GL,(F,) and its usual BN-pair B, T, W = G,,. If A = (ny,...) is such that
>, n; = n, we denote by L(A) = GL,, (F,) x - - - the associated standard Levi
subgroup. Recall that ¢ is a prime not dividing ¢ and that (O, K, k) is an £-
modular splitting system for G.

Definition 19.13. Let X := Ind§O, H := Endpg(X), i.e. the Hecke algebra
of type A, _| and parameter q (see Theorem 3.3). If A is a partition of n, let
v € H be as in Definition 18.11.

Proposition 19.14. Let A - n.

(i) i’ H is O-pure in H.

(ii) The submodule /v, X of X is isomorphic with Rf(k)StL(,\), the latter
having Rgml" Low,1 as a projective cover (notation of Definition 19.5).

Proof. (i) Denote by G, the subgroup of &,, corresponding to the Weyl group
of L(A) (see Definition 18.11). Let H, be the subalgebra of H corresponding to
the basis elements a,, for w € G;. Itis clearly a commutative tensor product of
Hecke algebras of type A. We have y, € H; and H, is O-purein H. So our claim
reduces to the case of A = (n). Then y,,y’H = Oy, by Proposition 18.3(ii). This
implies our claim since the greatest common divisor of the coefficients of y,
is 1.

(ii) Assume first that A = (n). We must prove that \/y, X = Stg. By The-
orem 19.11(ii), it suffices to check that y.,Ind§ K represents the Steinberg
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character St&. If ptn, we have x,Ind§K = Rf(M)K since in KG ®kp
K, ay(1®1) =3 p,ppb®1 and therefore x,(1®1)=3_,.p b ®1
where P, = L(u)B. However, since x,,’s and y,,’s are proportional to idem-
potents in H ® K (Proposition 18.3(iii)), Hong(xHIndgK , y(n)IndgK )=
Yoy(H ® K)x, is# Oonlyif u = (1, ..., 1) whereitis aline (Theorem 18.12).
Then the character of y,,Ind§K has the same scalar products with the
R{, K’s as the Steinberg character since (R, 1, St§) = (1, Stf,)) ) (ap-
ply [DiMi91] §9). Then the character of y(,,)lndg K is the Steinberg character by
the corresponding property of characters of G,, with regard to induced charac-
ters Indg; 1. Another proof of the above may be given, using [CuRe87] 71.14.

For general A - n, let L := L()). Denote X, := Ind%, O. We know that
V. X[ = St by the above. But R¢(v/Y) =,/RYY for any ¥ C ¥’ (¥’ an
OL-lattice). We then get /v, Xg = RY,/y,REO = RYSt, as claimed.

Concerning the projective cover, we have by definition St;, = e5T'; 1, so

Rf Sty = e?RfF .1 (Proposition 9.15) admits Rf "z 1 as a projective cover by
Theorem 9.10. O

Theorem 19.15. There is a parametrization of simple kG.by(G, 1)-modules
(up to isomorphism) by partitions . = n

)\.l—)Z)L

where Z, is characterized by the fact that its projective cover is a direct sum-
mand ofRf(A*)FL(,\*),l but not of any Rg(u*)FL(M*),l with u & A.

Theorem 19.16. With the above parametrization of simple kG.b(G, 1)-
modules, and the usual parametrization of unipotent characters (see Propo-
sition 19.7(i)), one has

Dec(OG.by(G, 1)) = (f) )

where D is a square lower unitriangular matrix for the order relation < on
partitions (i.e. D = (d,,,) with d,, = 0if u & A and d) = 1). Moreover,

D = Decy(ITy-,y2'H)

(see Definition 19.13), the bijection between indecomposable direct summands
of My vi'H and indecomposable projective OG.by(G, 1)-modules being in-
duced by the functor Hy = Hompg (X, —) where X = Indg O.

Proof of Theorems 19.15 and 19.16. We check first that Theorem 19.16 is
true for some parametrization of the simple unipotent kG-modules. Denote
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S := Endy(IT;1, v, H). We prove that, for some ordering of the rows and
columns,

Dec(OG.by(G, 1)) = (DGC(S) Dl)

D, D]

by showing that Theorem 19.4 applies for a single X, := X = Indg(’) and
the family of y,’s for A - n. We have to check that the four conditions of
Theorem 19.4 are fulfilled.

Condition (a) is satisfied since the unipotent characters of G = GL, (F,) are
simply the components of Ind§ K (see Theorem 19.7(ii)) and they form a basic
set of characters for OG.b,(G, 1) (Theorem 14.4).

To check condition (b) of Theorem 19.4, one may apply Theorem 1.20(ii),
noting that Condition 1.17(b) is then trivial. Another proof consists in combining
Theorem 3.3 and Proposition 18.5.

Condition (c) is Proposition 19.14(i) above.

Condition (d). Proposition 19.14(ii) gives ,/ yLRcT;lT = RfStL. Moreover,
we have a projective cover R{T'; ;——>RYSt; by Proposition 19.14(ii).

It remains to check that S has a square lower unitriangular decomposition
matrix.

According to the last statement of Theorem 19.4, in order to show that Dec(S)
is square, it suffices to show that D; is empty. Then, to show that D; is empty,
it suffices to show that every projective indecomposable OG.b;(G, 1)-module
is among the direct summands of the RET'; ;’s. As was already noted in the
proof of Lemma 19.10, by the unitriangularity property of Proposition 19.9,
the Rfm(r‘ Lovy.1) for varying A are projective modules whose characters gener-
ate the same group as the projective indecomposable OG.b,(G, 1)-modules.
So any projective indecomposable module is a direct summand of some
RE o Tro.1-

Let us show that Dec(S) is unitriangular. By Proposition 5.27, this matrix
is the decomposition matrix of the right H-module M := IT,, v, H. We know
that H ® K = EndKG(IndgK ) is semi-simple since K G is semi-simple. So
Theorem 18.15 applies. Knowing that our decomposition matrix is square, of
size the number of simple H ® K-modules, i.e. the number of partitions of 7,
Theorem 18.14 implies that the M(’\o’s for A - n are the only indecomposable
direct summands of M, up to isomorphism. Now Theorem 18.15 gives our
claim.

It remains to check Theorem 19.15 and that Theorem 19.16 can be stated
with the parametrization defined in Theorem 19.15, the unitriangularity of the
decomposition matrix corresponding to zeros at (A, i) when A & u.
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Let us recall from the above that every indecomposable summand of M =
IT;.y,'H is isomorphic to some M}, (i + n).

Note that since Hy(y/y=X) = yu»H (Theorem 19.2(i)) and /y;-X =
R{;. StL), the latter having RY,.,T1;+) as a projective cover (Proposi-
tion 19.14(ii)), there is an indecomposable direct summand P, of the projective
module Rf;. Tz such that

Hy(efPs) = M},

(see Theorem 18.14). Define Z, :=hd(P,). The P, are pairwise non-
isomorphic by the same property of the M(’s, so the Z;’s have the same
property. Their number is the number of partitions of n, i.e. the cardinality
of £(G, 1) (Theorem 19.7(i)), so they are all the simple kG.b;(G, 1)-modules
by Theorem 14.4.

P, has multiplicity one in Rf,. Tz +) since el R, Trox) = /2 X and
the same property is satisfied by its image M}, in y;«H = Hx(y/y3-X) with
Hy satisfying Theorem 19.2(ii). Moreover, if eeG,PA is a summand of |/y,+ X,
then M, is a summand of y,H and therefore u < A by Theorem 18.14.
This gives Theorem 19.15: P(Z;) is now the only summand of the projective
module Y; = Rf(mF L(w),1 NoOt oceurring in any wa*)F L(u*),1 since the other
summands of Y; are P(Z,)’s with A < v, A # v.

The same uniqueness argument as above shows that y; is characterized by
its appearance in the character of ¥, ® K butin no ¥, ® K for u &« A. But
defining a simple K G-module as the summand of X ® K whose image by
Hygk is M} would give a summand of ¥; ® K satisfying the same condition
by Theorem 19.2 (in the trivial case of a semi-simple K G). So Hxgg (x5.) = Mﬁ
(in order to spare notation, we identify y, with any K G-module having this
character).

It remains to check that the multiplicity of x; in the character of
P(Z,) is the multiplicity of M} in M ® K. Using Theorem 19.2 and
Hxgx = Hx ® K on summands of X, one has Homgg (x5, P(Z,) ® K) =
Homgg(xs, ev P(Z,) ® K) = Homy g (Mg, Hx(er. P(Z,) ® K) =
Homygx (Mg, M ® K). O

Corollary 19.17. LetH = P, e,
over O and with parameter a power q of a prime invertible in O (see Def-
inition 3.6 or Definition 18.1). If > = (71, ..., A;) is a sequence of integers
greater than or equal to 1 whose sum is n, we denote A = nandlet G, = G, x
Sut1,. 0 422} - - - (See also Definition 18.11, y, := Zweel(—q)’l(w)aw). Then
Endy(IT =, v, 'H) has a square lower unitriangular decomposition matrix.

Oa,, denote the Hecke algebra of type A,
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Proof. By Proposition 5.27, our claim is about the decomposition matrix of
the right H-module IT,,y,H. Theorem 19.16 above tells us that the direct
summand IT;, y,H satisfies our claim. So it suffices to show that, if A = n and
X b n are the same up to the order of terms, then y, H = y; H. One has clearly
G, = vG;v‘l for some v € G,,. Taking v of minimal length, it is clear that,
forallw € G;,w € G;,onehasl(wv) = l(w) + [(v),l[(viD) = I(W) + [(v) and
therefore [(vivv™") = (). Then a, y; = Zwegj(—q)_l(’mam;, = y,a,. On the
other hand, any a, (x € G,,) is invertible since ¢ is a unitin @. So yiH = wH
by h — a,h. O

19.4. Modular Harish-Chandra series

We keep G = GL,(F), G = GL,(IF,) endowed with their usual BN-pairs,
(O, K, k) an £-modular splitting system for G. We recall the parametrization
of simple kG.b,(G, 1)-modules by partitions A F n (see Theorem 19.15)

Ai—)ZA.

Theorem 19.18. With the notation recalled above, hd(Tm) =Za,..
pidal if and only if n = 1 or n = e£™ where e is the order of q mod. £ and
m > 0. It is the only simple cuspidal kG.by(G, 1)-module. Its dimension is
1Glg~®)(g" — 1)~

If n > 1, there exist a Coxeter torus T C G (i.e. of type a cycle of order n
in &,, with regard to the diagonal torus of G, see Example 13.4(i) and (iii))
and 6 € Hom(TF, O)) a character in general position (see [Cart85] p. 219)
and of order a power of £, such that the Brauer character of Z, .. 1 is the
restriction to Gy of the cuspidal irreducible character equal to SGSTR%}(@)
(or equivalently, Z(;.. 1) = M Qo k where M is an OG-lattice in the cuspidal
K G-module affording the character SGSTRr(r; (0); see §8.3 for the notation &g).

1) IS cus-

Definition 19.19. Let d > 2, n > 0. Recall that the exponential notation for
partitions A b n is denoted by (10m0 p0m2) - lm) -y meaning that i is
repeated m; times and ), im; = n. A d-regular partition of n is any partition
(1000, 20m2) -y such that all m;’s are less than d. We denote by m(n) (resp.
14(n)) the number of partitions (resp. d-regular partitions) of n. We set w(0) =
mq2(0) = 1.

Ifc,d=2, A=A =Xy >..)Fn, let p.q(A) Fn be defined by \; =
)»l(._l) + Cijo dj)\l(j) withQ < )\5_1) <c—10< )»ﬁj) <d-—1landp. (1) =
(1m0, ) (cd)om) | (ed?)m), . Y withm; =Y, M. We set pra = paa.

Note that p.4(X) = A if and only if all parts of A are in
{1,¢,cd, cd? cd?, ...}
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We recall that, when £ is a prime, my(n) equals the number of conjugacy
classes of elements of &, whose order is prime to £ (see [JaKe81] 6.1.2 or
Exercise 4 below).

Theorem 19.20. Let L = L(X) be the Levi subgroup of G associated with a
partition . = n where all parts are of the form e€' (m; such parts) where i > 0
and e is the order of g mod. £, or = 1 (m_y such parts). Let Z| be the unique
simple kL.by(L, 1)-module that is cuspidal (see Theorem 19.18), giving rise
to the cuspidal “triple” (L, Zyr) in the sense of Notation 1.10 (the parabolic
subgroup is omitted since the induced module Rf Z 1 does not depend on it; see
Notation 3.11).

(i) EndygRY Z, is isomorphic with Hi(S,_,, q. 1) @ k[Sy X Sy X -+ -1,

(i) If u = n, then Z,, € EkG, L, Zy) if and only if A = p, ().

We are going to prove both theorems in the remainder of this section. We
shall need to know the number of simple modules for Hecke algebras of type
A (see [Mathas] 3.43).

Theorem 19.21. Let n > 1, and let q be an integer prime to L. Let d be the
smallest integer such that 1 +q +--- 4+ g ' =0mod. £ (ie.d =L ifqg =1
mod. £, d is the order of q mod. £ otherwise). Then the number of simple
Hi(Au—1, q)-modules equals my(n), the number of d-regular partitions of n
(see Definition 19.19).

Remark 19.22. A slightly different approach, not using Theorem 19.21 above
and showing in an elementary fashion that only dimensions e£™ give rise to
unipotent cuspidal modules, is sketched in Exercises 6-9. Note that in case
g = 1mod. €, Hy(A,—1,q) = Hi(A,—1, 1) is the group algebra kS, and The-
orem 19.21 is easy (see Exercise 4 or [JaKe81] 6.1.12).

Proof of Theorems 19.18 and 19.20. We assume that G = GL,(IF,) has a
cuspidal kG.b¢(G, 1)-module. We have seen that such a simple module has to
be isomorphic with hd(Stg) (Lemma 19.10).

Viewing GL,,(IF,) as the group of I, -linear endomorphisms of [, letting
s € F;» be an element of multiplicative order (¢" — 1), it is clear that, since
¢ divides ¢,(g), s is in no proper subfield of ;.. So the element of GL,(F,)
it induces by multiplication is a regular element s € T* (i.e. Cg«(s) = T*) in a
Coxeter torus of G* = GL,,(F).

Let M be an OG-lattice in the KG-module affording the irreducible
character egeTR$S (Theorem 8.27). Its rank is |Glg~()(¢" — 1)~" by The-
orem 8.16(ii). Since s is an ¢-element, by (G, 1) acts by the identity on M ® K,
hence on M and M ® k. By the Mackey formula ([DiMi91] 11.13) and the
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fact that no G -conjugate of T embeds in a proper standard Levi subgroup,
SGSTR(T;ﬁ is cuspidal, so M is cuspidal. The same is true for M ® k and all its
composition factors since *R and ), k commute. This implies at once that
kG.bi(G, 1) has cuspidal simple modules.

Now Lemma 19.10 implies that, since it is cuspidal, it is a multiple of hd(St;).
Since ', is a projective cover of hd(Stg) (see Proposition 19.6(ii)), the multi-
plicity equals the dimension of Homy(T'.1, M ®¢ k), which is also the rank
of Hompg(Tg.1, M), i.e. the dimension of Homg(I'g,) ® K, M ® K). This is
1 since the Gelfand—Graev character has no multiplicity (see [DiMi91] 14.47)
while M ® K is simple of character :tR(T;f. This implies that hd(Stg) = Za...n
is cuspidal when n = 1 or e"™. It satisfies what is stated in Theorem 19.18.

We shall see below that the converse is true.

Structure of H := Endk(;Rf Z; .Define M,, as in Theorem 19.18 (we add the
index to recall the ambient dimension). We assume the above choice of s has
been made once and for all for any dimension less than or equal to n. Write L =
L, withd =n; >n,>...,s0 L =GL,,(F,) x GL,,(IF;) x -- -, and define
M, =M, ®M,,®....Then Z;, = M; Qo k since there is a single cuspidal
simple kL.by(L, 1)-module. By the uniqueness of M in dimension n, we have
the following.

Lemma 19.23. Let . = (170, (&)™, (el)), ...) (see Definition 19.19),
then NG(L, ML) = NG(L, ML ® K) = NG(L) = Hi(GLd:(]Fq)) ¢ 6,”‘. and
M extends to an ONg(L)-lattice.

One has H = @g Oay ;. (see Definition 1.12) where T = (L, Z;) and g
ranges over a representative system which, in the case of a finite group with a
BN-pair, is the subgroup of the Weyl group W(I,, My) :={w e W ; wl; =
I; and Y M = M} (see Theorem 2.27(iv)). We have an injective map from H
to Endk(;RfM ® k sending ay - - to the element labeled in the same fashion. So
it yields an isomorphism of algebras H ® k = End;gRY M ® k. So it suffices
to show the following.

Lemma 19.24. EndogR§ M is isomorphic with Ho(Sy,_,. q) @
(RizoHo (S, ).

The same basis is used in Chapter 3 to describe H; ®o K = Endgg(X; ®
K). Note that in our case W(I;, M;) = W = {w € W; wl; = I} (see Def-
inition 2.26). Then the group C(Iy, My) is trivial. The basis elements, once
normalized as in the proof of Theorem 3.16, satisfy certain relations involving
a cocycle A and coefficients ¢, € K. It is clear from its definition in Theo-
rem 3.16 that A takes its values in O*. By Remark 3.18, the cocycle is trivial.
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By Proposition 1.23, it suffices to check the quadratic relation in the case
A=(d,d),n =2d,d > 1 (the case of d = 1 is Theorem 3.3). Denote by P =
V L the parabolic subgroup containing lower triangular matrices such that L =
L(4,4)- Remember that M has character £R%§ where s € (T*)! is a regular
element in the dual of a Coxeter torus T of L. Let us define the following
matrices, where g € Maty(IF,), h € GLy(F,),

(0 14 _(1d; 0 _(-rt 0
v (2 e (0 Y ev m () e

‘We know that x generates W (L, M) (see above). So our claim about parameters
is implied by the following.

Lemma 19.25. b := (- 1)!"'¢(Da, ., satisfies (b + 1)(b — ¢%) = 0.

Proof. Denote ¢ = (—1)*~!. The above equation is equivalent to (a, ;.)* =
g +eq O — g ay .

By Proposition 3.9(ii) (or the computations in the proof of Proposition 1.18),
we have (ay.r.:)> = ¢~% + Bay.-. for some B € K. So, taking m € M, one
must look at the projection of (ax,m)z(l ®pm)on KPxP ®p M as a direct
summand of KG ® p M, and check that it is 8q_(§)(1 — q‘d)ax,rqr(l ® m).
We have a, ;.(1 ® m) =e(V)x ® 6(m), where 0: M — M makes the kL-
modules M and * M isomorphic (see Definition 1.12). Then (a, . ;)*(1 ® m) =
[V|~! Zg e(V)xvgex ® m where g ranges over Mat, (I, ). It is easily checked
that a product xvex may be in PxP = Vx P only if g is invertible (look at
when a product vy x v, can possibly be in P*). In that case, XV, X = vg-1Xt,Vg-1
and e(V)xvgx ® m = e(V)x ® tym since V acts trivially on M. So our projec-
tion is e(V)x ® m’ where m' = g’ dec' t,m, the sum being over g € G’ :=
GL,;(g). Since this projection is expected to be aq‘(g)(l — q‘d)ax,zyt(l ®m) =
eq~ (1 — ge(V)x ® O(m), it remains to check that

3" tem = eg@(g? — Do)

geG’

We recall that M = My @ My where M, is a representation of G’ =
GLy(F,) of character :I:Rg/f for s a regular ¢-element of the Coxeter
torus T*, so that dim My = |G'|g~ (g — 1)~! (see Theorem 19.18). Note
that —Id, is a central element which is in T} if and only if ¢ =2, so
it acts on My by e. The elements of L can be written as (gi, g») with
gi € G' and act by (g1, g2).(m; @ my) = g1.m| ® gr.my. We have 6(m; ®
my) =my @ m;. Let us take a K-basis of My = Ke; @ ... Key, where
each g € G' acts by a matrix (u; j(g)). To check the equation above, we
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may take m =e; ® e;. By the definition of 7,, we have Y  _; t,.(e; ®
e) =62 gec 8 € ®gej =8 e iy ai(8 DIkj(8)ex ® e But, in K,
> e Mai(@™Dij(g) = |G'|(dim(Mo)) ™' 8;;8i by a well-known orthogonal-
ity relation (see [Serre77a] p. 27). So dec’ te.(ei ®ej) = aq(g)(qd —1e; ®
e; as expected. O

Here are some immediate properties of p.. ; reductions (see Definition 19.19).

Lemma 19.26. ¢,d > 2, n > 0.

(i) Let (m_y, mg, my, ...) be a sequence of integers > 0 such that n =
m_y + cy,odmi.  Then |{A & n;p.qa(h) = (10, ™0 (cd)m,
(cd®)™, )Y = we(m_)ma(mo)ma(mi)ma(my). . ..

(ii) w(n) =Y w.(m_)ma(mo)ms(m,) ... where the sum is over all se-
quences (m_y, mgy, my, ...) of integers > 0 such thatn = m_; + ¢ Zizo d'm;.

Proof. (i) is easy from the definition of p. 4 and the uniqueness of d-adic
expansion.

(ii) is a consequence of (i) and of the partition of {A | A F n} induced by the
map Qc.d- U

Lemma 19.27. Assume the same hypotheses as above. Let A, p = n. Let Cg
denote inclusion up to G-conjugacy. If L(A) Cg L(w), then L(p;q(A)) S
L(pc.a(m)) S6 L(w).

Proof. The relation L(X) Cg L(w) is clearly equivalent to the parts of u be-
ing disjoint sums of parts of A (argue on simple submodules of (IF,)" seen
as a module over L(u)). Now, L(p.q4(1)) S¢ L(p) is clear from the defini-
tion of p. 4. The other inclusion reduces to the case u = (n). We prove it in
the case u = (n) by induction on n. Write A = (A} > A > ...), A; = m"_l +
c(mf) + m"ld + méd2 + ), n=n_1+cng+nd+nd*+---), with n_,
m' | €[0,c— 11, mi +mid +mbd® + --- and ng + n1d + nad* + - - - being
d-adic' expansions. We have n_| =n = Zj Aj= Zj mj;l mod. ¢, so that
Zj mil >n_y. If n_; # 0, one may then replace n with n — 1, find some

m’ | # 0 and replace the corresponding A; with A; — 1. The inclusion we ob-

tain by induction in GL,,_; gives our clajm. If n_y = 0, then one replac¢s (c,d)
with (d, d), each A; with ¢=!(x; —m’ ) and n with ¢!(n — > m’ ). The
induction gives our claim. O

In what follows, we abbreviate p, ¢, = p. By what we know from Theo-
rem 19.18, all cuspidal triples are of type t; := (L()\), hd(§Lm)) for Abn
and A = p(A). From the structure of Endkng(,\)Z (1) that we have just seen, if
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A= p) = (A" o) (eg)m) (eg?)™) ), then End(RfmZL(,\)) is iso-
morphic with Hx(&,,_,, ¢) ® k[, X Gy, X - - -] by Theorem 19.20(i).

We are now in a position to show that all cuspidal triples are
of type ©;, := (LX), hd(§1‘(x))) for A\Fn and A = pA). If A =p(A) =
(1010 e(m0) (0)m) (e£2)m2) ). then End(RngL(A)) is isomorphic with
Hi(Cm_,» q) @ k[Gyy X Gy, X ---]1 by Lemma 19.24. Then its number of
simple modules is

S(A) = mg(m_p)me(mo)me(my) . ..

by Theorem 19.21. This number s(1) is also the number of indecomposable
summands (up to isomorphism) of RE(A)Z Lo, Which is also the number of el-
ements of £(G, 13) (Theorem 1.29). To show that there are no other cuspidal
triples than the t,, it therefore suffices to check that ) _,, a=p(h) s(A) = m(n).
But we have 7w(n) =) m (m_1)me(mo)me(m;)... where the sum is over
(100 M0 (e£)mD (e£2)™) ) I nby Lemma 19.26(ii). Whend = e, this
is actually Lemma 19.26(ii). When d # e, then ¢ = 1 and d = ¢, forcing
m_; = 0 by our conventions, and this is again the same identity.

This gives our claim.

Note that the above argument uses just the statement that the number of
simple H; (&, g)-modules is greater than or equal to 7, (n).

It remains to prove Theorem 19.20(ii). Denote Z; = Z;~. Let C = {u -
nlp(p)=unh 2, ={Z; | p(x) = v}. We must show that Z, = £(G, t,,) for
allv e C.

We have seen above that if A, u - n, the relation L, S L(w) is equivalent
to u being formed by disjoints sums of parts of A; we denote by A <’ u the
corresponding order relation on C.

To prove that Z, = £(G, t,) for all v € C, it suffices to check

UveC v<<’/LZU = UueC v<<’ug(G’ ©)

for all u € C (disjoint unions on both sides).

Let v = (107D ¢ (ef)m) (ef?)™) . ) e C (withm_; =0if e = 1).
We have |Z,| = w.(m_1)m(mo)me(my) ... (with m; constant equal to 1) by
Lemma 19.26(i). But |£(G, t,)| is the number of indecomposable summands
of Rg(V)Z (v) (up to isomorphism), by Theorem 1.29. This is the number of
simple modules for the endomorphism ring Ende(R(L;(U)Z(U)) by the cor-
respondence between conjugacy classes of primitive idempotents and sim-
ple modules. By Theorem 19.20(i) and Theorem 19.21, this is |£(G, 1,)| =
we(m_y)me(mo)me(my)....Sowe get | Z,| = |E(G, t,)| forall v € C.
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Now, it suffices to prove the inclusion

Z, C U T
UVEC v TV = veC v<</,u5(G’ V)

forall peC.Let Z, € Z, with v < in C, i.e. A n and p(A) = v. We
have Z, = Z,;~, which is a quotient of Rf(A)FL(A) ® k (see Theorem 19.15).
Then Z; € £(G, t,) for a cuspidal triple such that L(y) C¢ L(1). This implies
p(y) < p(A) by Lemma 19.27,i.e. y < v and therefore y <’ u. So Zj is in
Usee v (G, T,) as stated. O

Exercises

1. Assume the hypotheses of Definition 19.5. Let s be a semi-simple ¢'-
element of (G*)f. Define 'gr, = bo(GF,s).T'gr, Stgr; = e?F.FGF,S.
Show an analogue of Proposition 19.6 for those modules. What about non-
connected Z(G)?

2. Let O, K be as in §19.1. Let A be an O-free finitely generated O-algebra
such that A ® K is semi-simple. Let 0 - Q2 — P — Y — 0 be an exact
sequence between O-free A-modules with projective P. Show the equiva-
lence of the following three conditions.

(1) Yk and Q2 have no simple component in common.
(2) 2, as a submodule of P, is stable under the action of End4(P).
2) Q® K, as a submodule of P ® K, is stable under the action of
End gk (P ® K).
When those conditions are satisfied, show that End4(Y) is a quotient of

End4(P).

3. Let O alocal ring with fraction field K .

(a) Let E be an O-free finitely generated symmetric algebra (see
Definition 1.19). Let I € E" be an O-pure right submodul and
t € Homg(I, (Eg)™). Then show that there exists 7 € Homg((Eg)",
(Eg)™) such that it coincides with ¢ on /.

Show Theorem 19.2 for a pure submodule of E”, when E is sym-
metric.

(b) Let A be an O-free finitely generated O-algebra. Denote by A—mod
(resp. mod—A) the category of O-free finitely generated left (resp.
right) A-modules. Let Y be in A—mod. Assume A ® K is semi-simple
and E := End4(Y) is symmetric. Show that mod—E is equivalent to
the full subcategory Cy (resp. C}) in A—mod consisting of modules
LY (resp. V/1.Y) for I € E' O-pure.
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Let d > 2, denote by r/;(n) the number of partitions of n whose parts are
all non-divisible by d (where conventionally 7,(0) = 1). Show that the
associated series is IT> % =11 1_1 + where the second product is over
k > 1 not divisible by d. Show that the series associated with m;(n) is
o1 (1 + 5 + 1% 4 ... + 14Dk Deduce that 7y = 7. Show that the
number of conjugacy classes of £'-elements of &, is 7,(n) = my(n). What
about conjugacy classes of &, whose elements are of order not divisible

by (or prime to) d, when d is no longer a prime?

. Generalize Lemma 19.26 and Lemma 19.27 with p. 4 being replaced by

the following expansion process. Let d be a sequence 1 = dy|d,|d»|d3] . . .
of integers in [1, oo] and increasing for division. The d-adic expansion of
nisn =ng+nid; +nydy + --- with 0 < n;d; < d;. Define pg(A) for
any composition A = n. Show Lemma 19.26. Show that L(A) S L(w)
implies L(pa(1)) S¢ L(pa(n)) Sc L(1).

. For the language of Green vertices, sources and Green correspondence for

modules, we refer to [Ben91a] §§3.10, 3.12. Let G be a finite group, k

a field of characteristic £ # 0 and containing a |G|th root of 1. Assume

G = U >< L, a semi-direct product where U is of order prime to £.

(a) Show that the inflation functor Inﬂf:kL—mod — kG—mod pre-
serves Green vertices and sources.

(b) If D is an £-subgroup of G such that Ng(D) € L, and M is an in-
decomposable kG-module of vertex D, show that U acts trivially on
M (show that if f is the Green correspondence between k G-modules
with vertex D and k L-modules with same vertex (see [Ben91a] §3.12,
[Thévenaz] 20.8), then f(Inflf f~'(M)) is isomorphic to M).

. Let G be a finite group with a strongly split BN-pair of characteristic p. Let

£ be a prime # p. Let k be a field of characteristic £ # 0 and containing a
|G|throotof 1. Let P = Up ><1 L be the Levi decomposition of a parabolic
subgroup P # G. Assume |G : P| is prime to £. Let N be an indecompos-
able kG-module whose dimension is prime to £.

(a) Show that any Sylow £-subgroup of G is a vertex of N (see
[NaTs89] 4.7.5 or [Thévenaz] Exercise 23.2). Show that there is an
indecomposable k P-module M such that N is a direct summand of
Ind$ M.

(b) Show that the vertices of M are Sylow £-subgroups of G.

We assume now that a Sylow £-subgroup D of G satisfies D.Cg(D) C L.

(c) Show that Np(D) C L.
(d) Show that no component of hd(N) is cuspidal (apply Exercise 6 to
show that U acts trivially on M).
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. Let G = GL,(F,), n > 2.

(a) Show that, if it has a Sylow £-subgroup D such that DCg(D) can’t be
included in any proper split Levi subgroup, then n = el where e is
the order of ¢ mod. £ and a is an integer.

(b) Use Exercises 6—7 to show that, if hd(§G,1) is cuspidal, then n = ef“.

. Use Exercise 8 to obtain a classification of cuspidal pairs for the unipotent

block of GL, (F,) at characteristic £ using “just” the description of certain
cuspidal modules given at the beginning of the proof of Theorem 19.18 and
Exercise 8 to show that there is no other.

Use this classification to derive Theorem 19.21 in the case where ¢ is
an integer prime to £ (¢ being a power of a prime, e its order mod. ¢,
s(m) denoting the number of simple H;(S,,, g)-modules, show that the
partition of simple unipotent kG-modules into the Harish-Chandra series
gives the equality 7w (n) = Y s(m_;)mw,(mg)me(m,) ... where the sum is
over (1071, 0 (€)™ (e£?)™) ) I n, then use Lemma 19.26(ii) to
get inductively s(m) = m,(m)).

Show that the lexicographic order refines << on partitions of n. Show that
< refines <’ (see the end of §19.4). Draw the diagram of <« and <’ for
the least integers such that they are not total orderings (6 and 4).

Notes

Theorem 19.16, Theorem 19.18 and Theorem 19.20(i) are due to Dipper, see
[Dip85a], [Dip85b], and also [Ja86]. Dipper—James’ reinterpretation of Dipper’s
work gave rise mainly to the notion of g-Schur algebras [DipJa89] and to
new theorems on modular representations of Hecke algebras, see [DipJa86],
[DipJa87]. Our exposition follows [Ca98] and [GeckO1]. A different approach
is introduced in [BDKO1], see also [Tak96].

The partition of simple modules of the unipotent blocks over k into Harish-

Chandra series is due to Dipper—Du [DipDu97], but we have essentially fol-
lowed the idea introduced in [GeHiMa94] §7. We thank G. Malle for having
pointed it out to us. Exercises 6—8 are also an adaptation of [GeHiMa94] §7.
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Decomposition numbers and g-Schur algebras:
linear primes

In this chapter, we intend to prove theorems similar to Theorem 19.16 but for
G = G*, where G is defined over IF, with associated Frobenius endomorphism
F, and (G, F) is of rational type A, 2A, B, C, D, or 2D. Let £ be a prime not
dividing 2¢q and such that g is of odd order mod. €. Let (O, K, k) be an £-modular
splitting system for G. Gruber—Hiss have proved that B, := OG.b,(G, 1), the
product of the unipotent blocks of G (see Definition 9.4), has a decomposition
matrix in the form

1 0 O

* . 0

1

DCC(Bl) = %
k * k

(see [GeHi97]). This is done essentially by relating Dec(B;) with the decom-
position matrices Dec(Sp(n, q)) for various g and n, where Sp(n, q) is the
g-Schur algebra obtained from the Hecke algebra of G,, and parameter g (see
the introduction to Chapter 18).

The process is close to the one used in the preceding chapter but, to use it,
one must make the above strong restriction on £. The term “linear” is to recall
that in this case the process used in the case of GL,(IF,) applies.

When ¢ is linear, the unipotent cuspidal characters of standard Levi sub-
groups L; C G are in blocks of central defect, thus being characters of projec-
tive O[L;/Z(L;)]-modules ¥;. Then Indgl W; and its endomorphism algebra
are to replace the modules Ind§ © and Hecke algebras Ho(S,, ¢) used in the
case of GL,(IF,). The main difference is that the resulting Hecke algebra over
O is now of type BC or D.

318
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We then use the results gathered in Chapter 18 about these Hecke algebras.

20.1. Finite classical groups and linear primes

Theorem 20.1. Let (G, F) be a connected reductive group defined over IF,,.
Assume that the rational type of (G, F) only involves “classical” types A, *A,
B, C, D and *D (see §8.1).

Let € be a prime not dividing q and let (O, K, k) be an £-modular splitting
system for GF.

Assume moreover that £ and its order mod. q are odd, and ¢ € TI(G, F) (see
Definition 17.5).

Then, up to an ordering of the rows and columns,

1 0 0
* 0

1

Dec(OGT .by(GF, 1)) = .
ES ES *k

(i.e. there is a maximal square submatrix which is lower triangular unipotent).
Moreover, the |E(GF, 1)| first rows correspond to E(GF, 1).

Remark 20.2. (1) When ¢ is odd and ¢ is of odd order mod. ¢, the condition
£ e TI(G, F) is satisfied except possibly if (G, F) has rational types A (see
Definition 17.5 and Table 13.11). Otherwise, the case of GL,(IF,) has been
treated in Chapter 19 without any restriction on £.

(2) Note that, by Bruhat decomposition for rational matrices, the unipotent
triangular shape in Theorem 20.1 determines a unique ordering of columns
from the ordering of lines. This translates into the fact that simple kG.b,(G, 1)-
modules are parametrized by £(G, 1) in a unique way (see also Remark 20.14).

In view of Theorem 17.7, it will be enough to prove Theorem 20.1 for some
groups with connected center producing all the expected rational types 2A, B,
C, D, and 2D. We fix the notation below.

Definition 20.3. If n > 1 is an integer, let G,(q) denote one of the following
finite groups. Recall that F is an algebraic closure of IF,.

(1) The unitary group GU,(F,2), which is obtained as GT from G = GL,(F)
defined over ¥, but is such that the associated Frobenius endomorphism induces
an automorphism of order 2 of the root system (see §8.1).
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(2) The special orthogonal group SO, (F,) for odd n. This is obtained as G*
for G = SO, (F) and split Frobenius endomorphism.

(3) The conformal symplectic group CSp,(F,) with even n. This is obtained
as G for G the group generated by symplectic matrices and homotheties,
possessing split Frobenius endomorphism.

(4) The conformal special orthogonal group CSO;(F,) with even n. This
is obtained as G for G the group generated by homotheties and matrices of
determinant 1 that are orthogonal with respect to a non-degenerate symmetric
form, endowed with split Frobenius endomorphism.

(5) The conformal special orthogonal group CSO, (F,) with even n. This
is obtained as G* for G the group generated by homotheties and matrices of
determinant 1 that are orthogonal with respect to a non-degenerate symmetric
form, endowed with a Frobenius endomorphism inducing a symmetry of order
2 of the root system (see §8.1).

Denote § = q* in case (1), § = g otherwise.

Let To C By be a maximal torus and a Borel subgroup, both F-stable, let
T = Tg, B = Bg, N =Ng(Tp)f, SC W := N/T be the associated BN-pair
of the finite group G (see §8.1).

We also denote by A the basis of the reflection representation of W and
occasionally represent it by a diagram (see Example 2.1).

Note that the above A (in bijection with §) is related to the corresponding
notion for the underlying group G but differs in cases (1) and (5).

Accordingly, note that (W, S) is of type BCy,, ) in cases (1), (2), (3), (5), and
of type D, /> in case (4) (see §8.1 giving the correspondence between rational
type and type of the associated finite BN-pair).

The hypotheses on £ will be used throughout the following.

Proposition 20.4. Keep G = G,(q) one of the above. Assume £ is a prime not
dividing q, odd and such that the order of g mod. £ is odd too.

(i) If x is a unipotent cuspidal character of G (identified with a K G-module),
then bg(x) has central defect group. Moreover, x = (elG,.\I') ® K (see Defini-
tion 9.9) where \V is a projective indecomposable OG-module.

(it) If L; (I € A) has a cuspidal unipotent character and d # 1 C J C A,
then L; = G,,(q) x GL;,(§) x GLy,(q) - - - wheren —m =2(M + Az + - - ).

(iii) Each standard Levi subgroup of G,(q) has at most one cuspidal unipo-
tent character.

(iv) If Q is a power of q, Hypothesis 18.25 is satisfied in any local ring whose
residual field is of characteristic £.
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Proof. (i) First note that, since x is unipotent, it has Z(G) in its kernel. So
it suffices to check that OG.bs(x) has central defect groups, since then ¥ =
OG.bg(x) is such that Z(G) acts trivially on eeG,.\lf ® K while this block has
only one irreducible character trivial on Z(G) (see Remark 5.6) hence equal to
x . Using again the fact that Z(G) is in the kernel of G, it suffices now to check
that the integer |G: Z(G)|/x (1) is prime to £.

Assume G = G,(q)is aunitary group. From [Lu84] p. 358 or [Cart85] §13.8,
we know that n = m(m + 1)/2 for some m > 1 and y is a character such that
|G:Z(G)|/x(1) = TT_,(g*"~' + 1)"~"*! up to a power of g. This is prime to
£ since £ # 2 and the order of ¢ mod. £ is odd.

Assume G = G,(q) is among the cases (2) to (5) of Definition 20.3. From
[Lu84] p. 359 or [Cart85] §13.8, we know that n = m(m + 2)/4 or (m + 1)2/4
for some integer m > 1 and y is such that |G: Z(G)|/x (1) = Hzlz_ll (" + 1y
up to powers of ¢ and 2. This is again prime to £.

For an alternative approach to this question, see Exercise 22.7.

(ii) The rational type of a finite reductive group having unipotent cusp-
idal characters can’t include A,, as a connected component for m > 1 (see
[Cart85] §13.8, [Lu4] Appendix, or Theorem 19.7 above). So in the (G, F)
we are considering, the type of a Levi subgroup L such that £(L, 1) con-
tains cuspidal characters, if non-empty, must be irreducible and contain the
subsystem of rational type ’A; , B, , C, , Dy, ?Ds in cases (1), (2),..., (5),
respectively. This means L is L; where I C A is non-empty and corresponds
to the m first simple roots in type BC or D in the lists of Example 2.1(ii)
and (iii).

Then L; is a direct product as stated in (ii). To see that, one may assume
that A \ [ is a single root. In unitary or orthogonal groups these Levi sub-
groups consist of the matrices that can be written diag(x, y, wo.’x~.wyg) for
x € GL,_,(Fy), y = wo.'y wg € GL,(F3), where A — X is an involution
of F7 and wy is the permutation matrix reversing the ordering of the basis.
In symplectic groups wy is to be replaced by an antisymmmetric matrix (see
Exercise 2.6(d)).

In the associated conformal groups, the block diagonal matrices above
are multiplied by scalar matrices but then L; = G,(q) x GL,_,(F7) by
the map sending diag(x, y, z) to (y,x), an inverse map being (a,b) >
(b, a,'a.a.wy. b~ .wy).

(iii) A finite reductive group of rational type A, 2A,B,C,Dor?D may not
have more than one cuspidal unipotent character. This is due to the classification
of Lusztig; see [Lu84] pp. 358-9, [Cart85] §13.8.

(iv) This is clear from the fact that ¢ has odd order mod. . O
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Definition 20.5. Let G = G,(q) as in Definition 20.3 with split BN-pair (B =
UT, N) and set of simple roots A. Let X be the set of pairs o = (I, x) where
I, € Aand x € E(Ly,, 1) is cuspidal unipotent. Then (Proposition 20.4(ii))
L, = G, (q) X Ty wherem <nand T, C T is isomorphic with (Fg)"E”X, and
X = Xm ® 17, where x,, € E(Gn(q), 1)is cuspidal. Let ¥, be the projective in-
decomposable OG,,(q)-module corresponding to x,, (see Proposition 20.4(i)).

Let M, = (ep.W,) x Or, (see Definition 9.9).

Let X, :=R§ M,.

Let H, := Endpg(X,).

Define A, as the set of subsets I' C A such that I’ is of type a sum of A’s
and I' € (I,)*. Let I/ be the union of the elements of A,.

By Proposition 20.4, I, is connected, not of type A. Therefore, I, = A when
I, = ¥ and A is of type D; otherwise, I, € A,.

When M is an L;-module, recall the notation W(I, M) :={w € W | wl =
I and "M = M}. By the uniqueness of Proposition 20.4(iii) and the defini-
tion of W, from the cuspidal character M, ® K, we have the following (see
Definition 2.26).

Lemma20.6. W(I,, M,) = W(l,, My ® K) = Wl = {w e W|wl, = I,}

We now start the proof of Theorem 20.1.

It suffices to take G to be one of the groups from Definition 20.3 since, by
Theorem 17.7, the unipotent block is isomorphic with the unipotent block of a
direct product of such groups and general linear groups, the case of which was
treated in Theorem 19.16.

We apply Theorem 19.4 to the algebra OG.b,(G, 1) (see Definition 9.4) for
the collection of modules X, introduced in Definition 20.5.

Condition (a) of Theorem 19.4 is satisfied since the disjunction of
the union U, B, is simply a consequence of Harish-Chandra theory for
characters ([DiMi91] 6.4) and Lusztig’s determination of cuspidal pairs (see
Proposition 20.4(ii)). The union is the whole set of unipotent characters since
Harish—Chandra theory preserves unipotence of characters, by Proposition 8.25.
This produces a basic set of characters for OG.b,(G, 1) by Theorem 14.4. O

20.2. Hecke algebras

The endomorphism algebra H, := Endps(X,) can be described by means of
Theorem 1.20, once we check Condition 1.17(b).

In order to define the elements y;, € H, of Theorem 19.4, we must analyze
the law of H,.
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Onehas H, = @g ag - Wheret = (P, Uy , M) and g ranges over arep-
resentative system which, in the case of a finite group with a BN-pair, is the group
Wy, My) :={we W |wl, =1, and "M, = M,} (see Theorem 2.27(iv)).
The same basis is used in Chapter 3 to describe H, ®» K = Endgg(X, ® K).
By Lemma 20.6, the group C(I,, M,) is trivial. The basis elements, once nor-
malized as in the proof of Theorem 3.16, satisfy certain relations involving a
cocycle A and coefficients ¢, € K. Itis clear from its definition in Theorem 3.16
that A takes its values in O*. In [Lu84] 8.5.12, it is shown that the ¢, ’s are of the
form ¢"® — g~™® where 2n(x) is an integer >1. (Note: this is where we use
the fact that the center of G is connected, though this restriction could be lifted
for a unipotent character.) Then ¢, # 0. This implies easily that the cocycle is
cohomologous to 1 over K (see [Cart85] 10.8.4 where the condition ¢, # 0 is
included in the definition of his group R; ¢, or [Lu84] 8.6), hence over O.

We now give a presentation of H,,.

Assume I, # ) (the case of I, = @ is covered by Theorem 3.3). By Proposi-
tion 20.4(ii), (W, , I,,) is a Coxeter group of the same type BC or D as (W, S) but
in lower degree. So we are within the cases discussed in Example 2.28(ii) and
(iii) with | I, | # 1 intype D (case (4)) since rational type (A, ¢) has no cuspidal
unipotent character (see the proof of Proposition 20.4(ii)). Then W is also of
type BC or D. Note that the second possibility occurs only if I, = ¥ and A is
of type D. When I, # A, the simple roots of W’ make a set A" = {5,}UI.
(see Definition 20.5) where §, is outside A

(see Example 2.28(ii) and (iii)). The generators of the Hecke algebra corre-
sponding to elements of I are just images of the same in the subalgebra cor-

L, Ly
responding with R, """ (M) by Proposition 1.23. Since M, = e;. W, x Or,,
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then RZ:U’é (M) = ep. W, x R;U'é (Or,). The corresponding isomorphism for
the endomorphism algebra implies that the law of this subalgebra is given by
Theorem 3.3 with a parameter ind(s) constant equal to g. By what we have
recalled about the cocycle and the quadratic equation satisfied by the extra
generator corresponding with the root é,, we get the following generation,

Ho = @weW’f7 Ob,

where, abbreviating b, = bs if w = s5 for § € A,
(bs)” = (q(8) — D)bs + q(&)
where ¢(8) = ¢ if § # 8., q(8,) is a power of ¢,
byby = by
when lengths add in the Coxeter group W .

Definition 20.7. Keep o € ¢ (see Definition 20.5). Recall that 1), = J; cp *
We now define the following cases.

Case (I). If I, =@ and A is of type D (case (4) of Definition 20.3), then
I = A, and A, consists of all the subsets of A not including type Da.

Case (II). In other cases, 1. is of type A, and A, is just the set of subsets of
I.

If A € Ay, let

n= Y. (-=9""b,

we(Wio),

(note that in Wy the length maps | of W' and of W coincide since they
correspond to simple roots that are already in A).

With this definition of A, and y;, condition (b) of Theorem 19.4 is satisfied
since H,, is a symmetric algebra by Theorem 1.20(ii). Moreover, yy = 1.

Let A € A,. Note that y; is in the subalgebra corresponding to Ri:“u'é (M),
L ' o
which we denote Ho(I)) = ®uew, Ob, = Endor, , (R, 77" (M,)) =
L’/ o Io
End@Lr[ ) (RTf" (0)) where L', is the product of general linear groups described

Io UL},

in Proposition 20.4(ii), and 7, = T, N L/, is its diagonal torus.

We now check condition (c) of Theorem 19.4. To show that i Hy is O-pure
in H,, it suffices to find a subalgebra H' C H, such that H, is free as (left)
‘H'-module, y;, € H', and y; H' is O-pure in H'.

Assume case (II) of Definition 20.7. We take H' := H(I]) defined above.
The inclusion H' € H,, corresponds to the inclusion of type A,_; in type BC,
and we have an obvious analogue of Proposition 18.22(ii) with a(w)’s on the
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right. So H,, is H'-free. But Proposition 19.14(i) implies that y, Ho(I.) is
O-pure in Hp(I)).

Assume case (I) of Definition 20.7. Then y; € H(I’) where A € I’ € A and
I’ is of type A,_; if A is of type D,. Proposition 19.14(i) again implies that
yaHo(l') is O-pure in Ho(I’). As we will do more systematically in §20.4
below, we may embed H, = Hp(D,) in Ho(BC,, 1, ¢) (see Definition 18.26),
where H, is generated by apajay, ai,..., a,—; because of the correspond-
ing embedding of Coxeter groups (see Example 2.1(iii)). Then a3 = 1 and
‘H, correspond with elements such that / is even in the description of Propo-
sition 18.22(ii). Then H, is H(I")-free for H(I") = <ay, ..., a,_1> corre-
sponding to a subsystem of type A,_;. We may assume that I” = I’ since
conjugacy by ay would otherwise exchange them. Then y; € H(I"”) and we can
conclude as in case (II).

‘We now check condition (d).

Assume case (II) (see Deﬁnition 20.7 above). Using the functoriality of

the inclusion EndOLl ol (R '"U"’ (M,)) C End@G(RG (My)), we get y, X, =

»RY, My =RY Loy, 2Ry ’”“’"M )=R{  (ev.¥y ® y;. (R ©)), where in
the last expression, y,\ is considered as an element of the Hecke algebra
Ho(1}) = Endor, (RT, 0). By Proposition 19.14(ii) and Proposition 9.15,

h RO =R, T, | Z ey R“T, |. Th RYwG g
weE nave Ya T =K, ep.lp, 1 =ep. L, L L1 cn Y Ly, o =

L, , . .
er.(Uy x /iR 0) = ep (Vg X Rél [;,.1). Taking the images under

Rgl o e get

VyiXo Z e (RY,  (Wo x T, 1))

(since the Harish-Chandra induction commutes with e, and +/—; see Propo-
sition 9.15). This type of module has a projective cover by the same without
the idempotent e, by Theorem 9.10. This gives condition (d) of Theorem 19.4
in this case, since a covering P — ey . P always satisfies it by the definition
of e 0.

Assume case (I) of Definition 20.7, i.e. I, = ¥J and A is of type D. The same
reasoning as above (in a simpler situation) gives /y, X, = ee/.(Rg(F L,.1))
(in fact, one might use the same proof as in the case of GL; see the proof of
Theorem 19.16). Then e, ./y; X, has a projective cover by Rg(F L,.1) and we
get condition (d) of Theorem 19.4.

We now have all conditions of Theorem 19.4 for the o’s and the y;’s of
Definition 20.5 and Definition 20.7.
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Theorem 19.4 tells us that Dec(OG.by(G, 1)) can be written (g? g} )
where Dy is the diagonal matrix made with the decomposition matricgs D01 of
the H,-modules V, = @, A, Y Ho.

To get the claim of our Theorem 20.1, it now suffices to show that each D,
has at least as many columns as rows (hence is square) and is lower triangular
(see the last statement in Theorem 19.4).

We show this in the next two sections. The first corresponds to the case where
all H,’s are of type BC.

20.3. Type BC

Concerning Hecke algebras, let us give an analogue of Corollary 19.17 for type
BC. Corollary 19.17 gives the following lemma about type A.

Let n, a be integers greater than or equal to 1. Let O be a complete discrete
valuation ring with residue field of prime characteristic £.

Lemma 20.8. The g-Schur algebra Sp(n, q“) := Endyy s, g0)(@rn i Ho
(6,1, g9)) has a square lower unitriangular decomposition matrix.

The next result is about type BC. We use the notation of §18.3. Recall
from Corollary 19.17 the notation A =r to mean that A is a finite se-
quence of integers greater than or equal to 1 whose sum is n. When more-
over 1 <m <n, we denote A =, n when A = (A, 1) with A =m, )/ &=
n — m. Here is a consequence of Theorem 18.27 whose notation ¢, is also
used.

Lemma 20.9. Let g be a power of a prime # £, Q a power of q (possibly
Q = 1). Assume that £ and the order of g mod. £ are odd. When A |= n, let
Vi = ZweG_A(—q)’l(w)aw € 'H :=Hp®BC,, O, q) (see Definition 18.26). Then
D, s, EmYi M, as a right H-module, has a decomposition matrix equal to the
diagonal matrix with blocks Dec(So(m, g) ® So(n — m, q)) (see Lemma 20.8)
form =0,1,...,n (we put Sp(0, q) = So(1, g) = O). This makes a square
lower unitriangular matrix.

Proof. The assumptions on g and ¢ allow us to apply Theorem 18.27(iii)
since, for all i € N, (Qq' + 1)(¢" + Q) is not divisible by £. Recall that
e =¢y+ & + -+ &,. By the Morita equivalence of Theorem 18.27(iii), for
each right H-module M, its decomposition matrix as an H-module is the
same as the decomposition matrix of Me as an e He-module (see [Thévenaz]
Theorem 18.4(f) and Remark 18.9).
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So we are left to compute the decomposition matrix of the e He-module
D1, nEm i He. When A |=,, n, then y, € H(S,,,1—m), s0 Theorem 18.27(i)
implies &,,y, He = y; &, Hep,. The isomorphism of ¢, He,, with H(S,, ,—m)
(see Theorem 18.27(ii)) sends y,en Hem = em Vi H(S . n—m) 10 YA H(G . n—m)-
So, for a fixed m, the decomposition matrix of @M:mngm v, ’H as H-module is
that of @M:mnyAH(GSm,n_m) as an ‘H(GS,, ,—,)-module. Writing each A |=,, n
as (A1, Ap) with Ay =m, Ay = n —m, one gets y, H(Sp.n—m) = Y2, H(Gp) &
Y, H(G,—m) as H(S,,) ® H(S,_,,)-module, so the decomposition matrix of
@M:mngm vi’H is the Kronecker tensor product of matrices Dec(Sp(m, q)) ®
Dec(So(n — m, q)).

The summands of Gam,/\):mngm yi'’H for various m have no indecompos-
able summand in common since Homy (¢, H, €,»’H) = 0 by Theorem 18.27(ii)
when m # m’. The same occurs upon tensoring with K. So the decomposition
matrix of @m Aeynm v, ’H is the diagonal matrix stated in the lemma. O

Recall that, to complete the proof of Theorem 20.1, we must check that all
decomposition matrices Decy, (6D, A, Y1 'Ho) are square.

In the remainder of this section, we assume that all H,, are of type BC.

In that case, the discussion before Definition 20.7 shows that any H,, is of
the type studied in Lemma 20.9. This lemma tells us that the right H,-module
V. = @,, ;émy:Ho has a square lower unitriangular decomposition matrix. In
the above sum, m ranges from O to |/ | 4- 1 and A is a subset of I/, not containing
the mth element in the enumeration of I, given above (left to right in the pictures
of §20.2). Since V, = yy Ho = emyiHo ® (1 — &)y Ho, we know that V) is
a direct summand of a power of V,,. So the number of columns of Dec(V,) is
greater than or equal to the number of columns of Dec(V)). As for the number
of rows, one must look at the simple H, ®» K components of V, ® K and
V! ®o K. We claim that they are in each case all the simple H, ® K-modules.
Since K G is semi-simple and H, ® K = Endpg(X,) ® K = Endgg(X, ®
K) is an endomorphism algebra of a K G-module, H, ® K is semi-simple.
We have V. D P,,enHo and therefore V. ® K 2 €P,,enH, ® K. Since the
Morita equivalence of Theorem 18.27 also holds upon tensoring with K, we
see that any simple H, ® K-module is present in P,,&,,H, ® K, hence also
inV, ® K and V, ® K. This gives our claim.

So we see that Dec(V) and Dec(V,,) have the same number of rows. Then
Dec(V,) = (Dec(V,)), D') where D’ is a matrix corresponding to the direct
summands of V;; not direct summands of V. Lemma 20.9 tells us that Dec(V)
is square. Then Theorem 19.4 (last statement) tells us that each Dec(V,) is
square and therefore equal to Dec(V,). The unitriangularity property then also
follows from that of Dec(V).
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This completes our proof in that case. We extract from the above the fol-
lowing strengthened version of Lemma 20.9, which expresses the fact that the
direct summands of V,, are already in V.

Lemma 20.10. Use the same notation and hypotheses as Lemma 20.9. Then
@Mzn vi'H, as a right H-module, has a decomposition matrix equal to the diag-
onal matrix with blocks Dec(Sp(m, q) ® Sp(n — m, q)) (see Lemma 20.8) for
m=0,1,...,n (recall that Sp(1, q) = Sp(0, q) = O). This makes a square
lower unitriangular matrix.

204. Type D

We assume now that not all H, are of type BC. As said before, one H,, is of
type D, corresponding to I, = @, M, = O. Note that the questions of W/~ (see
Definition 2.26), cocycle, etc. discussed above are trivial in that case.

Denote by ¢ the corresponding o, whence Hy = Hp(D,, g¢), Ay. Denote
Vi = D, y2, Hy where the sum is over subsets of A involving no type D (i.e.
products of types A for various ranks). We prove the following.

Lemma 20.11. Vj has a direct summand V such that Decy, (V) is square
unitriangular with size the number of simple Hy @ K-modules.

Then, just as in the above, the last statement of Theorem 19.4 will imply that
Dec(V)) = Dec(V,) for all ¢ € £¢ including o = ¢.

It remains to prove Lemma 20.11.

Recall that Hy = Endog(lndg(’)) is Ho(D,, q) (see Definition 18.1 and
Theorem 3.3).

We abbreviate Hy = H.

Denote H = Ho(BC,, 1, q). Then Hypothesis 18.25 is satisfied.

The generator ay € ‘H (see Definition 18.16) satisfies (ag)> = 1. Moreover, it
is easy to check that 7 identifies with the subalgebra of H generated by aga;aq,
ai, az, ..., a,—1 (see [GePf00] 10.4.1, [Hoef74] §2.3). Those generators are
permuted by conjugacy under ag, so we have a decomposition H = H & Hay
inducing a structure of Z/2Z-graded algebra on H (see §18.6). Recall the
existence of 6: H — H, the automorphism equal to —Id on Hayp, and fixing
every element of H. One denotes by 7: h = aphay the involutory automorphism
of H induced by ay. Note that, if w € W(D,), then t(a,,) = ar+u) Where t* is
the “flipping” automorphism of the Dynkin diagram (hence of the Weyl group)
of type D, fixing every simple root except two (n > 4).

Let V := @, Emy:H as in Lemma 20.9 (with Q = 1).
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Lemma 20.12. All the indecomposable direct summands of RCS%V are iso-
morphic with direct summands of Vy.

Proof. Since the &,’s are idempotents, P, ;..  &m yiH is a direct summand
of D, 1,r y»H. Then it suffices to check that any indecomposable direct

summand of Resi“ yH O = r)is adirect summand of Vj. Since H = H & apH
as a right H-module, we have Resﬁy,\H ZyvH®t(y)H.

Denote A = {8, 81, ..., 8,—1},sothatapajag = ay,, a; = a,, (i > 1), where
s; denotes the reflection associated with §;. If A = (A, ..., A;), then y; = y;
where I = A\ {8, 8, 8,455, .-+, 8r—1, }. Then ' H = y;/H and t(y)H =
©(y1)H = y+uyH are both summands of Vj since both {8, 82, ..., 6,—1} and
its image under 7%, i.e. {8(’), 82,...,6,_1}, are of type A,_;. O

A key fact, in order to apply the results of §18.6, is the following.

Lemma 20.13. 6 permutes the (isomorphism types) of the indecomposable
direct summands of V.

Proof. The indecomposable summands of V are direct summands of the
right modules yﬂ-'l. Those are stable under 6 since y, € H, so for each in-
decomposable direct summand V; of V, both V; and Vf are direct sum-
mands of @,y,H where I ranges over the subsets of the distinguished
generators of W(BC,) (see Notation 18.2). By Corollary 18.9, it suffices
to check that £k ® Vie is isomorphic with a direct summand of k ® V. We
have k@ V = @M':mrsmy,\k ® H where k ® H = Hx(BC,, 1,7) (we de-
note by g the reduction of ¢ mod. £). Denote by e the order of ¢ mod
€. Then k @ H =k ® H where H = Ho(BC,, ¢°, q). Now Lemma 20.10
tells us that the indecomposable summands of V= @m’ A Em ik ® H are
the same as those of @,,y,H. The latter is clearly 0-stable since 0 fixes
every y;,. So k® Vie, which was a direct summand of @xwykk@ﬂ =
@M:ryxk ® H, is now a summand of k® V =k ® V. Thus our claim is
proved. O

Proof of Lemma 20.11. We now apply Theorem 18.32 with A = H, B = H,
M = V. Thisis possible since Decy, (V) is square unitriangular by Lemma 20.9,
and the indecomposable direct summands of V are permuted by 6 by
Lemma 20.13 above. We get that DecH(Res% V) is square unitriangular.

Take now for Vj; the sum of the non-isomorphic indecomposable direct
summands of Res%V. Then Decy(Vj) = DecH(ReszV). Lemma 20.12 tells
us that Vj is a direct summand of Vj. This completes the proof of Lemma
20.11. O



330 Part IV Decomposition numbers; q-Schur algebras

Remark 20.14. The results of Theorem 18.32 can be made more precise here.
By the theory of representations of W(BC,) and its subgroup W(D,) (see
[GePf00] §10.4), the index set for the simple modules over K of Lemma 18.38
for H(BC,, 1, q) is the set of bi-partitions (A;, A;) where Ay F mand Ay Hr —m
for some m =0, 1, ..., r. Moreover, the permutation of this index set defined
in Definition 18.37 is in this case induced by the involution (A1, X,) > (X2, A1).
So the only multiplicities not determined by the case of type BC, are for even
r. Otherwise, i.e. in cases (1), (2), (3), (5) of Definition 20.3, one sees from
Lemma 20.10 that the decomposition numbers for unipotent characters are de-
termined by the case of GL,,(¢). This also applies to case (4) for n not a multiple
of 4, by Lemma 18.38.

Exercises

1. Show that the multiplicities in Theorem 18.15 are less than or equal to n!.
Show that the integers in the square unitriangular submatrix of Theorem 20.1
corresponding to unipotent characters are bounded by the order of the Weyl
group (use Remark 20.14). What about other decomposition numbers?

2. Show that, in the hypotheses of Theorem 20.1, the cuspidal simple
kG.by(G, 1)-modules are in bijection with cuspidal unipotent characters
X — ¥, where v, is the unique simple kG.bg(x)-module (see Proposi-
tion 20.4(1)).

Note

This is essentially based on [GruHi97].



PART V

Unipotent blocks and twisted induction

In this part, we relate the partition of unipotent characters induced by £-blocks to
the twisted induction map RSCP (see Chapter 8) and draw some consequences.
The local methods that are used in this part were introduced in §5.3. Take
(O, K, k) an £-modular splitting system for GF, take By 2 T, some F-stable
Borel subgroup and maximal torus in a connected reductive group (G, F) de-
fined over I, (£ does not divide ¢). In Chapter 5, we proved that, if Tg is the
centralizer of its £-elements, then the whole OG*-module IndG O is in the
principal block of OG*. That hypothesis on T} is satisfied when 'G is defined
over F, (with F the corresponding Frobenius) and £ divides ¢ — 1.

Assume now that the multiplicative order of ¢ mod. £ is some integer e > 1.
We have seen in Chapter 12 the notion of an e-split Levi subgroup. In the present
part, we show that, if L is an e-split Levi subgroup of G* and ¢ € E(LF, 1),
then all components of RE’{ are in a single Irr(G*', b) for b a block idempotent
of OG* which only depends on the block of OL defined by ¢. Thus, indu-
cing unipotent characters from e-split Levi subgroups yields an “e-generalized”
Harish-Chandra theory. We show that it defines a partition of £(G, 1) which
actually coincides with the one induced by £¢-blocks. Each unipotent block
is associated with a pair (L, ¢) where L is e-split and ¢ € E(LF, 1) can’t be
induced from a smaller e-split Levi subgroup. We also show that the finite
reductive group Cg([L, L])¥ concentrates most of the local structure of the
unipotent block of OG’ associated with (L, ¢). We close this part by returning
to principal blocks when ¢ divides ¢ — 1 (see §5.3). In this case, we check
Broué’s conjecture on blocks with commutative defect groups.
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Local methods; twisted induction for blocks

Let G be a connected reductive F-group defined over the finite field . Let
F:G — G denote the associated Frobenius endomorphism (see A2.4 and
A2.5). Let £ be a prime not dividing g. Let (O, K, k) denote an £-modular
splitting system for G¥ and its subgroups.

In this chapter, we introduce a slight variant of £-subpairs (see §5.1) in the
case of finite groups G''. Instead of taking pairs (U, b) where b is a block
idempotent of OCgr(U), we take b a block idempotent of OCg,(U ) (at least
when U is an £-subgroup of G included in a torus). We show that there is a
natural notion of inclusion for those pairs. It proves a handier setting to prove
the following (Theorem 21.7).

Assume ¢ is good for G (see Definition 13.10). Let L be an F-stable Levi
subgroup of G such that L = Cg,(Z(L) f ). Then for each unipotent £-block By,
of ¥, there exists a unipotent £-block R} By, of G such that, if ¢ € ELF, 1) N
Irr(L7, By), then all irreducible components of Rf_p¢ are in Irr(G”, RE By).

We conclude the chapter with a determination of 2-blocks. Assume G
involves only types A, B, C or D. Then the principal block of G’ is only
one unipotent 2-block.

21.1. “Connected” subpairs in finite reductive groups

Let G be a finite group, £ a prime, and (O, K, k) an £-modular splitting system
for G. An important fact is the following (see [NaTs89] 3.6.22).

Proposition 21.1. All block idempotents of OG are in the submodule of OG
generated by G .

In the following, we define a mild generalization of the subpairs in the case
when G = G, where G is a connected reductive group defined over a finite

333
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field of characteristic p # £ and F is the associated Frobenius endomorphism
of G. For simplicity, we just consider (commutative) £-subgroups of groups T*
where T is an F-stable torus of G. Assume (O, K, k) is an £-modular splitting
system for G¥ and its subgroups.

Definition—Proposition 21.2. Let V C U be commutative £-subgroups of G¥
such that U € Cg(U). Let by be a block idempotent of OCg (U V. Then there
is a unique block idempotent by of OCOG(V)F satisfying the two equivalent
conditions

(a) Bry(by).by # 0, and

(b) Bry(by).by = by.

Then one writes (V, by) < (U, by).

Proof. The group Cg(U) is F-stable and reductive, so the hypothesis U C
Cg(U) is equivalent to the fact that there is an F-stable torus T such that
U C TF.Then the same is satisfiedby V and U € Cg (V). Let by be some block
idempotent of OCE(V)F . Now by is fixed by U, so Bry (by) makes sense and
is in k[Cgr(U)]. Moreover, by has non-zero coefficients only on ¢’-elements
(Proposition 21.1), so does Bry (by) and therefore Bry (by) € k[Ce(U )] since
CsU ) < Cgr(U) with index a power of £ (see Proposition 13.16(i)). In fact,
Bry(by) € Z(k[C%(U)F]) since by is C&(V)F-ﬁxed and CE(U)F C CE(V)F.

Now Bry (by) (resp. by) is an idempotent (resp. a primitive idempotent) in
Z(k[Ci(U )¥']) and the equivalence between (a) and (b) is clear. The existence
of by satisfying (a) follows from Bry(1).by = by and the decomposition of 1
in the sum of block idempotents. The uniqueness of by is due to the fact that,
if E is a block idempotent of C%(V)F distinct from by, then by and E and
therefore Bry (by) and Bry (E), are orthogonal. O

Here are two basic properties of the “connected” subpairs introduced in
Proposition 21.2. The proof is quite easy from the definition and the corre-
sponding properties of ordinary subpair inclusion.

Proposition 21.3. Let (G, F), V C U, by be as in Proposition 21.2. Let by be
a block idempotent of OCE’;(V)F . One has the following properties.
(i) (V,by) < (U, by) in G ifand only if ({1}, by) < (U, by) in Ci(V).
(ii) The relation < is transitive on the above type of pairs.

21.2. Twisted induction for blocks

A very important property of the adjoint *RE’ of twisted induction in con-
nection with ¢-blocks is its commutation with decomposition maps d* (see
Definition 5.7). The following is to be compared with Proposition 5.23.
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Theorem 21.4. Let (G, F), £ be as before a connected reductive group defined
over IFy, and a prime £ not dividing q. Let P = L > R,,(P) be a Levi decom-
position of a parabolic subgroup of G such that FL. = L. Let x € Gf (so that
x is semi-simple). Then Cp(x) = Cj (x) >< C‘I}M(P)(x) is a Levi decomposition
of a parabolic subgroup of C¢,(x) and

x _*pG ok Ce(x) X
d* o RLgP— RCi(x)gC;’,(x)Od

on CF(GT, K).

Proof. Note that d* sends a central function on G” to a central function
on Cgr(x) vanishing outside Cgr(x)g. But since Cgr(x)y € Cg(x) (Propo-
.. . ce

sition 13.16(i)), the above *RCE((;))QC;(,\:) o d* actually makes sense.

Then our claim is an easy consequence of the character formula for *ng,
maps (see [DiMi91] 12.5 or Theorem 8.16(i)). O

Let E be a set of integers greater than or equal to 1. Recall that a ¢ g-subgroup
is an F'-stable torus of G whose polynomial order is a product of cyclotomic
polynomials in {¢, | ¢ € E}. An E-split Levi subgroup is the centralizer C¢(T)
of a ¢pg-subgroup T.

Definition 21.5. Let L; (i =1,2) be F-stable Levi subgroups of G. Let
g € 5(Lf, 1). We write (L, ¢1) > (L, {&) whenever Ly D L, and there is
a parabolic subgroup P, C L, for which L, is a Levi supplement and
(&2, Ryhep,S00nr # 0.

If0#+#E C{1,2,3,...}andL; (i = 1, 2) are E-split Levi subgroups of G,
the above relation is written (L, ¢1) >g (Lo, &2). The character &y is said to
be E-cuspidal if any relation (Ly, &) >g (L, &) implies Ly = L. The pair
(L1, &1) is then called an E-cuspidal pair.

We define > by transitive closure of >g above on pairs (L, ) where L is
an E-split Levi subgroup of G and ¢ € (L, 1).

Example 21.6. Let us look at the case of Example 13.4(ii), i.e. G = GL,(F), F
being the usual Frobenius map (x;;) — (xgj). Let us parametrize the G' -classes
of F-stable maximal tori from the diagonal torus of G by conjugacy classes
of G, (see §8.2). When w € &, choose T, in the corresponding class. When
f € CF(G,, K), let

R :=mH™" Y fw)RE (117) € CRG", K).
wed,

Then f +— R}G) is an isometry sending Irr(&,) onto £(G', 1) (see The-
orem 19.7). Since Irr(S,,) is in turn parametrized by partitions of n (see
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[CuRe87] 75.19) as stated in §5.3 and Exercise 18.4, we write Xf e &GP, D
for the unipotent character of GL,(q) associated with A F n.

Lete > 1. Let L™ = GL,_,.(F) x (S))" be the e-split Levi subgroup of
GL, (F) defined in Example 13.4(ii) when me < n. If A - n, we have

(E) RE, (xF) = Y e yxks,
Y

where the sum is over e-hooks of A, A %y - n — e and the signs €(A, y) are
as defined in §5.2. Note that we have identified the unipotent characters of
(LM)F with those of GL,_.(F,). Let us say briefly how one checks (E) (see
also [DiMi91] 15.7). To compute *R{;, o R{ , one may use a Mackey formula
similar to the one satisfied by Harish-Chandra induction since one of the two
Levi subgroups involved is a torus (see [DiMi91] 11.13). Note that L") contains

a G -conjugate of T,, only if w can be written, up to conjugacy in &,, as w'c

where w' € &, _,and c=(m —e+1,...,n)is a cycle of order e. Then the
Mackey formula gives *RE(HR% (D) =n!l/(n— e)!R% ,.(1). Then (E) above

is a consequence of the Murnaghan—Nakayama formula about restrictions to
S,,_..c of irreducible characters of &,, (see Theorem 5.13).

Assume A+ n is of e-core k = n — me. Then an iteration of (E), along
with the corresponding iteration of the Murnaghan—Nakayama formula
(Theorem 5.15(iii)), gives

(G, 1) e (L, 1),

(Note that actually one may replace the above >, by > (see Definition 21.5).)
Let us show that XKLW is e-cuspidal. We may assume that m = 0 and we need
to show that *Rg xC = 0forany proper e-split Levi subgroup L. C G. The above
parametrization of unipotent characters shows that any unipotent character of
L is a linear combination of R%1’s for T ranging over F-stable maximal tori
of L. So, by transitivity of twisted induction (and independence with regard to
Borel subgroups in the case of tori; see Theorem 8.17(i)) our claim reduces to
checking that *R(T; xC = 0forany F-stable maximal torus of G that embeds in a
proper e-split Levi subgroup of G. By the description of maximal proper e-split
Levi subgroups of GL,(F) (see Example 13.4(ii)), a T as above would be a
maximal torus in some L' = GL,,_,,,(F) X S(.,) for some m > 1. Applying (E)
above and the fact that, if « is an e-core, then it is an em-core forany m > 1 (see
Theorem 5.15(i)), we get *RE x& = 0 and therefore *R$ x& = 0 as claimed.

Theorem 21.7. Assume £ is good for G. Denote by E(q, £) the set of integers
d such that £ divides ¢,(q). Let L be an F-stable Levi subgroup of G such that
L = CL(Z(L)}). Let ¢ € E(LF, 1) and denote by by (¢ ) the £-block idempotent
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of LT not annihilated by ¢ (see §5.1). There is a unique block idempotent bg
of OGT such that

({1}, b6) < (ZL), bLr(2))
in the sense of Proposition 21.2, and
x € Irr(G", bg)
forany x € E(GF, 1) such that (G, x) >Eq.0 L, 0.

Notation 21.8. Under the hypothesis of the above theorem on (G, F), ¢, L andif
By, is ablock of OLF, one may define RE By, as the block of OG' acting by 1 on
all the irreducible components of the RE_,¢’s for ¢ € Trr(LF, Br) N ELF, 1)
and P a parabolic subgroup of G containfng L as a Levi subgroup.

Proof of Theorem 21.7. We abbreviate E(q,{) = E.

Assume that Z(G) is connected. The following proof is to be compared with
that of Theorem 5.19.

Since the center of G is connected, the E-split Levi subgroups of G all satisfy
L= CE(Z(L){ ) (see Proposition 13.19). So, by transitivity of the inclusion of
connected subpairs (Proposition 21.3(ii)), one is left to prove that

(1, ber(x)) < (ZL)f, brr(0))

as long as x € £GP, 1), ¢ e ELF, 1), and (G, x) > (L, ¢) (see Defini-
tion 21.5).

We prove this by induction on dim G - dim L.

If L = G, everything is clear. Assume L # G. Fix by, a block idempotent of
OLF .by(LF, 1) (see Definition 9.4).

Since Z(L)} Z Z(G), we may choose x € Z(L)! \ Z(G) and denote C =
C¢(x), a Levi subgroup by Proposition 13.16(ii). Then x € L. € C and there-
fore C = COG(Z(C)KF). We have L. € C € G with C # G. By the induction
hypothesis, there is an £-block idempotent bc of CP such that, for any
¢ e Irr(LF, b)) N E(LF, 1) and any parabolic subgroup Q < C having L as
Levi subgroup, all the irreducible components of REQQC are in CF(C”, b¢) and
moreover ({1}, bc) < (Z(L){ ,by) in C whenever L = COC(Z(L)éF ) (which is
the case when L = CE(Z(L)éF ); see Proposition 13.13(ii)).

Let x be an irreducible component of RECPg“ for some ¢ € Irr(LF, by) N
E(LF, 1) and P a parabolic subgroup with Levi subgroup L.

When b is a block idempotent of some group algebra OG, denote by ¢ +— b.c
the projection morphism CF(G, K) — CF(G, K, b).

Recall the decomposition map d*: CF(G, K) — CF(Cg(x), K).



338 Part V Unipotent blocks and twisted induction

Let f = br.d""Rf_p x be the projection on CF(L”, K, by) of the restriction
of *Rf_px to £'-elements of L.

Lemma 21.9. For all ;“/ e Ir(LF,by) N EWLF,1), one has (d*yx,
R prctder = (fod' ¢

Proof. First C(;(x)}; = C since Cg(x)/Cg(x) is an £-group. Then d* x is a
central function on C* and (d*x, RLchC§ )cr makes sense.

Theorem 21.4 implies (d*y, RLchC§ Yor = (dX*RLCPX yr. But
*RSCP x € ZELY, 1) by Proposition 8.25, and each unipotent character of
L is trivial on x, so (dx*RLCPX N = (d'*RLCPX e = (f, e =
(f,d'¢"yr since ¢’ and d'¢’ both equal their projections on CF(LF, K, by)
(by Brauer’s second Main Theorem, see Theorem 5.8, for d'¢’). Combining
the two equalities gives our lemma. O

Lemma 21.10. b¢.d*(x) # 0 (which makes sense since Cgr(x)y = Cg).

Proof. By the hypothesis on y, one may write *RLCP X =mil+---+myi,
with distinct ¢; € ELF, 1) (see Proposition 8.25), the m;’s belng non-zero
integers and ¢ = ¢;. Now byr(¢;).d'(¢;) = d'(¢;) again by Brauer’s second
Main Theorem, so

f=bLd (REpx)=md' @)+ > md @)
i>2 5 by r(g)=by,

Since the center of G is connected, we may apply Theorem 14.4. So we
know that the d 1(g',-)’s for 1 <i < v are linearly independent, and therefore
by.d 1(*RLC1, x) = f # 0. One sees clearly that f(x~!) is the complex con-
jugate of f(x) for all x € L7, so (f, f)rr # 0. Then there is some ¢; in the
expression for f above, let us call it ¢’, such that ¢’ € E(LF, £/) N Trr(LF, by)
and (f,d'¢')rr # 0.

We may apply Lemma 21.9, so (d* x, Rfcpmc§/>c"' = 0. This implies that
be.d* x # 0 since all the irreducible components of Rf pc¢ are in be by the
induction hypothesis. This is our claim. - O

Let us now consider the Brauer map Br_,.. in the group algebra k[G'']. Let
us show the following.

Lemma 21.11. Br_,. (bgr(x)).bc = bc.

Proof. We have CT = Cf;(x)F <1 Cgr(x) with index a power of £. Let b’ =
> < g.bc.g”!, where g ranges over Cgr (x) mod the stabilizer of b¢. The above
is a sum of orthogonal idempotents and therefore b’ is a central idempotent
of OCgr(x) such that b’.b¢c = bc.b’ = bc. Moreover b’ is a block idempotent
of OCgr(x), i.e. it is primitive in Z(OCgr(x)); see [NaTs89] 5.5.6 (an easy
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consequence of C (x)F < Cgr(x) with index a power of £). So, to check
Lemma 21.11, it suffices to check that Br_,- (bgr(x)).b' = b’ or equivalently
the ordinary subpair inclusion ({1}, bgr(x)) C (<x>, b’) in GF. By Brauer’s
second Main Theorem (Theorem 5.8), it suffices to check that b".d*(x) # 0.
This is clearly a consequence of Lemma 21.10 and b¢.b" = b¢.

We have now checked Lemma 21.11 for x an irreducible compo-
nent of some RE_p¢ for ¢ € Irr(LF, b)NEWLF, 1) and P a parabolic
for L in G. If _X/ satisfies the same hypothesis as x for other ¢
and P, then Br_,.(bgr(x").bc =bc so bgr(x') = bgr(x) since oth-
erwise bgr(x)bgr(x) =0 and therefore 0 = Br_,. (bgr(x)bgr(x)).bc =
Bro. (ber(x')Brey= (bgr(x)).bc = Br,-(bgr(x).bc = bc, a contradic-
tion. This yields the theorem when the center of G is connected.

Now, we no longer assume that Z(G) is connected. Let G € G be an em-
bedding of G into a reductive group with connected center and such that
G= GZ(G) (see §15.1).

LetL = CG(ZO(L)) = Z(G)L be the Levi subgroup of G containing L. We
have bijections M +— M Z(G)M between Levi subgroups (resp. E- spht Levi
subgroups) of G and G. Moreover, ResM; induces a bijection & (MF 1) -
EMF | 1) which commutes with twisted inductions (see Proposition 15.9).

Since E-split Levi subgroups correspond by the above (Proposition 13.7),
a relation (G, x) > (L, ¢) as in the hypotheses of the theorem implies
(G, %) >r (L, 7) for unipotent characters such that x = Resgﬁi and ¢ =
Resiﬁz.

Concerning the block idempotents, bgr(x) is the only primitive idempo-
tent b € Z(OGF) such that X(b) # 0. Since x(b) = X (), and since bgr(x) €
Z(OGF) (x = ResGFX being GF-stable) one has bgr(x).bgr(X) = bgr (X).
Similarly bpr (¢).bir (§) = bir 0.

Denote Z = Z(L)z , 7= Z(L)z Then L = C2 (Z) and L = Cg(Z). Since
we have proved the theorem in the case of connected center, we have
(L.bgr (X)) < (Z.bir (@) in G Similarly, we have L = CZ(Z(L)!) by
Proposition 13.19 . This means that Bry (bgr(X)).bgr (Z) = b+ (2) in kL. So

) Bry(bgr (x)).bir(0) = byr(2).

ButCgr(2)y = GF N CGF(Z)Z« since both equal Cg(2)} = G}, N C% (Z) (see
Proposition 13.16(i)) and this is L{,. Then BrZ(bGF(X)) = Brz(bGF(X)) and
the equation (I) above becomes Brz(bgr(x))-bj (E) = bjr (E). Now the fact
that by r(2).byr(¢) = byr(Z) implies that Brz(bgr(x)).byr(¢) # 0. By Propo-
sition 21.2, this gives the inclusion (1, bgr(x)) < (Z, brr($)).

This completes the proof of the theorem. O
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Remark 21.12. If Lisan E, ¢-split Levi subgroup of G and By, is a unipotent £-
block of L7, it is clear from its characterization that RSBL (see Notation 21.8)
does not depend on the choice of the parabolic subgroup having L as Levi
subgroup.

It is also clear that the transitivity R¥ By, = RG(RMBy,) holds when L €
M C G is an inclusion of E, ¢-split Levi subgroups.

While Theorem 21.7 defines a unipotent block from its unipotent characters,
the following gives information on non-unipotent characters of a unipotent
block.

Theorem 21.13. Let (G, F) be a connected reductive group defined over IF,.
Let € be a prime good for G and not dividing q. Let x € £(G",t), witht €
(G*)ZF. Let G(t) € G be a Levi subgroup in duality with Cg.(t), let P be a
parabolic subgroup of G having G(t) as Levi subgroup. Then there is x, €
E(GF, 1) such that (x, Rg(t)g,(fx,))gf £ 0, where 1 is the linear character
of G(t)F associated with t by duality (see Proposition 8.26). For any such
(G(), P, x,) associated with y, all the irreducible components of Rg(l)g, X: are
in Irr(GF, bgz«-(x)) N EGE, 1) (where bgr(x) denotes the £-block idempotent
of GF not annihilated by x; see §5.1).

Proof. Since £is good, C¢,. () is a Levi subgroup of G* by Proposition 13.16(ii).
Applying Proposition 15.10, one gets the existence of some & € £(G(t)", t)
such that (Rg(l)g,f, x)gr # 0. However, E(G()7, 1) = 1E(G@)T, 1), since ¢
is central in Cg,.(7) (see Proposition 8.26), thus allowing us to write § = tx
with x, € E(G®F, 1).

Letbh = bgr (). Assume now that x € £(GT, t)is anirreducible component
of Rg([)g(?x,) for some x, € £(G(¢), 1). One must check that Rg(t)g,(x,) €
Z[Irr(GF, b)]. First Cg- (1) is E, ¢-split by its definition and Proposition 13.19.
Then G(¢) is also E, ¢-split by Proposition 13.9. So Theorem 21.7 im-
plies the existence of the block idempotent Rg(l)bG(f)F( %:) of GF and it suf-
fices to check that it equals b. By Brauer’s second Main Theorem (The-
orem 5.8), it suffices to check that dl(Rg(,)g,x,) is not in the kernel of
the projection CR(G", K) — CF(G', K, b). Using commutation between d'
and twisted induction (Proposition 9.6(iii), or the adjoint of the equality in
Theorem 21.4), one has d'(R¢ cpxi) = RE)cp(d' x:) = RE,cpd' (T x0) =
dl(Rg(Z)g,?x,). By Proposition 15.10, one has SGSG(,)Rg(Z)gP?)(, =x+ )2+
-+ 4 x, with x; € Irr(GF). Then S(;SG([)dl(Rg(l)gP?X,) =d'x+Y,d" x.1Its
projection on CF(G', K, b) is the subsum where one retains i such that
Xi € Irr(GF, b), by Brauer’s second Main Theorem. So this is not equal to
0 by evaluation at 1, whence our claim. O
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21.3. A bad prime

Here is a case where £ is bad, but, as it turns out, G is not.

Theorem 21.14. Let (G, F) be a connected reductive group defined over I,
with odd q. Assume G only involves types A, B, C, D. Then ng (G, s), where
s ranges over 2-elements of (G*)¥, is the set of irreducible characters of the
principal 2-block of GF.

Proof. By Theorem 9.12(ii), it suffices to show that all unipotent characters of
G are in Irr(G”, By) for By the principal 2-block of G

We use induction on dim(G). By Theorem 17.1, one may assume that G =
Gy # 1. Letus introduce the following lemma; its proof is given after the proof
of the theorem.

Lemma 21.15. Assume the same hypotheses as above with G = Gyg # 1. Let
x € E(GT, 1). Then there exists an F-stable maximal torus T of G such that
TS # 1 and "R§(x) # 0.

Let x € £(G, 1) and let T be as in the lemma. Let x € Tg \ {1}, then
Cg(x) is an F-stable reductive group (see Proposition 13.13(i)) and it satis-
fies the hypothesis of the theorem (see the descr1pt1on of types involved in
[Bour68] VI. Ex.4.4). One has (d" x, Ry Cel lTF)C(_(x)F = (dx*RG(X) 1pr)rr
by Theorem 21.4. But *RG(X) is a non-zero combination of unipotent
characters of TF, ie. a multiple of Iyr, so (d*x,Ry Celx 1TF>C ()F =
CREGx), Lyr)pr(d* Lpr, Lpe)pre = [ TH 7 ORE(), Lpr ) pr ;é 0. This 1mphes
that d* x has a non-zero projection on the principal 2-block By(x) of (’)C&(x)F s
since by the induction hypothesis Rgé(X)FlTF is in CF(C?;(x)F , K, By(x)).
Writing bo(x) and bj(x) as the block idempotents of the principal 2-blocks
of OCg(x)F and OCg(x)F respectively, we have d* x (by(x)) # 0. Knowing
that Cg(x)F /Cf;(x)F is a 2-group, that 2-block idempotents can be written
with elements of odd order only (Proposition 21.1), and that by(x) is
clearly Cgr(x)-fixed since the trivial character is fixed, we get by(x) = bj(x).
So we may write d*x(by(x)) # 0. Now, Brauer’s second and third Main
Theorems (Theorem 5.8 and Theorem 5.10) imply that x is in Irr(G”, By) as
claimed. O

Proof of Lemma 21.15. Since the assertion is about G4, one may assume
G = G, is simple and (G, F) is of rational type (X, €q) (up to changing g into
a power).

Assume the typeis A. Let T be adiagonal torus of G, let W = Ng(Ty)/ Ty =
&,,41 for some n > 1. Then the unipotent characters of G are of the form Ry
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for ¢ € Irr(W) (see [DiMi91] 15.8 or Example 21.6 above for linear groups).
One has (RY, 177, Ry)ar = ¢(1) by [DiMi91] 15.5. This is not equal to 0 for
all ¢. However, |T5| = (¢ — &)" which is even whenn > 1.

Assume the type of G is B, C or D. Let By © Ty be an F-stable Borel
subgroup and maximal torus respectively. Assume that the permutation Fy of
X(Ty) induced by F is Id or an involution; this excludes rational type 3Dj.
Then all maximal F-stable tori T are such that TF is even, i.e., for every
w € W := Ng(Tpy)/ Ty, det(w — g Fp) is an even integer. To see this, note that
in the presentation of root systems given in Example 2.1, w is represented by
a matrix permutation with signs, relative to a basis (ey, . .., e,) of X(Ty) ® R,
while Fj is either Id, —wg (where wy is the element of maximal length in W)
or the reflection of vector e; (in the case of rational type ’D,,), i.e. in all cases
a permutation matrix with signs. Then the characteristic polynomial of w F{,~ !
is of type (x* — &1)...(x% — ¢g,) with the ¢;’s being signs. The value at g is
even since a; + ---+ a, = n > 1. But we know that there is some F-stable
maximal torus T such that (R(T;(ITF), x)gr # 0 by the definition of unipotent
characters.

The case of 3Dy is more difficult since there are cuspidal unipotent characters,
and certain F-stable maximal tori T satisfy T4 = {1}. The proof of the lemma
must use the explicit determination of the scalar products (Rfr} (11r), x)gr; see
[Lu84] 4.23. In Exercise 7 below, we give a more elementary approach. O

Exercises

1. Let G < G’ be finite groups. Let (O, K, k) be an £-modular splitting system
for G’ and its subgroups. Let b, b’ be block idempotents of OG and OG’,
respectively. One says that b’ covers b if and only if bb" # 0. Show that this
is equivalent to

(i) .Y &b = b', where the sum is over a representative system of G’ mod.
the stabilizer of b,
(i) forsome ' € Irr(G', b'), Resg’x’ has a projection # 0 on CF(G, K, b),
(iii) for all ¥’ € Irr(G’, b"), Resg’)(’ has a projection # 0 on CF(G, K, b).
If moreover BrQ(F) # 0 for some £-subgroup Q € G, then BryQ(E) #0
for some g € G'.

2. Assume the hypotheses of Proposition 21.3. Show that there is a unique
block idempotent 5; of OCgr(V) such that bv.g; # 0. One has l/); =
ZIECGF(V)/I(bv) 'by.Show that (V, l/);) C (U, E;) (inclusion of ordinary sub-
pairs) if and only if there is ¢ € Cgr(V) such that (V,“by) < (U, by)
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(show first that if S is an £-subgroup of G normalizing (V, by) and such

that Brs(by) # 0, then S normalizes by and Brg(by) % 0).

3. Build a generalization of ‘“connected subpairs” (U, by) where the ¢-
subgroups U C G! are not necessarily commutative. Prove an analogue
of Theorem 5.3.

4. Show Theorem 21.7 with arbitrary ¢-blocks instead of unipotent £-blocks
(replace E(LT, 1) with E(LT, £'); see Definition 9.4).

5. Let G be a finite group, £ a prime, (O, K, k) be an £-modular splitting system
for G.If b is a sum of block idempotents of kG, denote by P the projection
CF(G, K) — CF(G, K, b*) where b* € OG is the block idempotent such
that b* = b (see §5.1).

(a) Show that, if x € G, then d* o PZ = Py} o d* (reduce to Irr(G, b)
and use Brauer’s second Main Theorem).

(b) Conversely, if b, is a sum of block idempotents of kCg(x) and
Pzi o) (61)=d*o PbG (8x) (where 8, denotes the characteristic function
of the G-conjugacy class of y € G), show that b, = Br,(b) (compare
P, o™ and Pgofy) at 8).

6. Use Exercise 5 to show that, under the hypotheses of §9.2, and if x € G,
then Br, (b¢(G", 1)) = by(Cg(x)", 1) (note that 8, is a uniform function,
see Proposition 9.6(i)).

What about Br,(b¢(G*, 5)) when s € (G*) is a semi-simple £'-element

(see §9.2)?

7. Use the above to show that Theorem 21.14 is equivalent to checking that,
when G = G # 1, n0 x € £(GF, 1) is of 2-defect zero.

Show thatif x € £ (Gii, 1) is of 2-defect zero then it is cuspidal.
Deduce Theorem 21.14 in the case of 3Dy from an inspection of degrees
of cuspidal characters (see [Lu84] p. 373, [Cart85] §13.9). This applies also

to the types mentioned in Theorem 21.14.

8. Assume the type of G is B, C or D and ¢ is odd. Show that the 2-blocks
of G are the B,(G”,s) for s € G*F, semi-simple of odd order. (Use
Bonnafé—Rouquier’s theorem (Theorem 10.1) or Exercise 9.5 about perfect
isometries.)

Notes

We have used mainly [CaEn93] and [CaEn99a,b].

The property of RE’ relative to blocks (Theorem 21.7) is probably the shadow
of some property of the complexes of G/ -L*-bimodules defined by étale co-
homology of varieties Yy.
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The ¢-blocks of G for bad primes £ have been studied by Enguehard in
[EnOO0]. In particular, Theorem 21.7 still holds for ¢ bad. In fact, £-blocks
of GI are in bijection with G -classes of e-cuspidal pairs (L, ¢) such that
(1) = |LF : Z(LF)|, (central defect, see Remark 5.6).

The result in Exercise 6 comes from [BrMi89].
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Unipotent blocks and generalized
Harish-Chandra theory

We take G, F, q, ¢, (O, K, k) as in the preceding chapter. Let e be the multi-
plicative order of ¢ mod. £. From Theorem 21.7 we know that, for any e-split
Levi subgroup L of Gand any ¢ € E(LF, 1), all irreducible characters occurring
in RE{ correspond to a single £-block of G'. So the partition of £(G, 1) into
£-blocks seems to parallel a Harish-Chandra theory where twisted induction
of characters of e-split Levi subgroups replaces the traditional Harish-Chandra
induction (i.e. the case when e = 1). Recall the corresponding notion of e-
cuspidality (Definition 21.5).

In the present chapter, we show that the twisted induction Rf for £-blocks
induces a bijection

(L.¢) —~ REBL+(¢)

between unipotent blocks of G¥ (see Definition 9.13) and G -conjugacy classes
of pairs (L, ) where L is an e-split Levi subgroup of G and ¢ € (L, 1)
is e-cuspidal ([CaEn94]). We develop the case of GL,(IF,), thus giving the
partition of its unipotent characters induced by £-blocks (see Example 21.6 and
Example 22.10).

The proof we give follows the local methods sketched in §5.2 and §5.3.

A first step consists in building a Sylow £-subgroup of the finite reductive
group Cg([L, L])¥. Sylow £-subgroups of groups G (for £ a good prime) are
made of two “layers” (see Exercise 6). First, one takes an F-stable maximal
torus T such that its polynomial order Pr r contains the biggest power of ¢,
dividing that of Pg_r. Then one takes a Sylow £-subgroup W of Ng(T)? /TF =
(Ng(T)/T)¥. The Sylow ¢-subgroup of G is then an extension of W by T} .

For subpairs, this allows us to build a maximal subpair (D, bp) containing
({1}, REbLF(g)) where D is a Sylow £-subgroup of Cg([L, L])?. This needs
some technicalities (in particular a review of characteristic polynomials of

345
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elements of Weyl groups of exceptional types) due to the rather inaccurate
information we have about e-cuspidal pairs (L, ¢).

22.1. Local subgroups in finite reductive groups,
{-elements and tori

Concerning the values of cyclotomic polynomials on integers, recall that if £ is
aprime and ¢, d > 1 are integers then £ divides ¢,(g) if and only if ¢, = 1 and
dy 1is the order of ¢ mod. ¢.

Let (G, F) be a connected reductive group defined over F,.

The following technical condition will be useful. It defines a subset of the
set [1(G, F) of Definition 17.5, essentially by removing bad primes. Let £ be a
prime.

Condition 22.1. We consider the conjunction of the following conditions
(a) € is good for G (see Definition 13.10),
(b) £ does not divide 2q.|Z(Gy.)" |,
(c) £ # 3 if the rational type of (G, F) includes type *Dj.

Note that this condition only depends on the rational type of (G, F) and can
be read off from Table 13.11.

The following will be needed to show that e-cuspidal unipotent characters
define ¢-blocks with central defect (at least for good £’s).

Theorem 22.2. Let (G, F) be a connected reductive F-group defined over IF,,.
Let £ be a prime satisfying Condition 22.1. Let E, ; = {e, el, ..., ell, ...} be
the set of integers d such that £ divides ¢;(q) (see Theorem 21.7).

Any proper E ¢-split Levi subgroup of G is included in a proper e-split Levi
subgroup of G.

Lemma 22.3. (i) The g.c.d. of the polynomial orders of the F-stable maximal
tori of G is the polynomial order of Z°(G).

(ii) Let d > 1 be an integer and £ be a prime satisfying Condition 22.1. If T
is an F-stable maximal torus of G such that Ty,, Z Z(G), then Ty,  Z(G).

Proof of Lemma 22.3. The various G -conjugacy classes of F-stable maximal
tori in (G, F) are parametrized by F-conjugacy classes in the Weyl group
W := W(G, Ty) where Ty is some F-stable torus (see §8.2). If T is obtained
from Ty by twisting with w € W, and if Fj is defined by F = g Fy where F
and Fj acton Y (Tp) ® R, then Pt r) is the characteristic polynomial of Fy~'w
on Y(Ty) ® R (see §13.1).
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For every F'-stable torus S of G which contains Z(G), one has Ps;7G),r) =
Ps.ry/ PzoG).F)- S0, in view of the statements we want to prove, we may assume
that G = Gq4. Then it is a direct product of its components, so we may also
assume that G is rationally irreducible.

(i) The substitution (x — x™) in a set of coprime polynomials cannot pro-
duce common divisors. So, by Proposition 13.6, we assume G is irreducible.
If Fy above is the identity, the polynomial orders of Ty and of a torus ob-
tained from T, by twisting by a Coxeter element of W(G, T) are coprime
(Coxeter elements have no fixed points in the standard representation; see,
for instance, [Cart72b] 10.5.6). If (G, F) is of type CA,, q) = (A,, —q),
(2D2k+1,q) = (Dg41, —q) or (Es, q) = (Eg, —q) (see §13.1), the property
is deduced from the case Fy = 1 by the substitution (x — —x); see Exam-
ple 13.4(iv). If (G, F) is of type (*Du, q), the Coxeter tori have polynomial
order (x* + 1), prime to the polynomial order (x + 1)(x — 1)%=1 of the quasi-
split tori. If (G, F) is of type (*Dy, g), the quasi-split tori have polynomial order
(x — D(x® = 1) = ¢, %¢3, while the maximal torus of type a product of two non-
commuting simple reflections is of polynomial order x* — x? 4+ 1 = ¢y».

(i1) The point is to check that, if w € W(G, T) and the characteristic poly-
nomial of wF, vanishes at a primitive d¢th root of unity, it vanishes also at
a primitive dth root. If (G, F) is of type (*A,, q) = (A,, —q), CDxyy1,q) =
(Dais1. —q) or CEg, q) = (Eg, —q) (i.e. Fy = —wy), the property is deduced
from the case Fy =1 since £ # 2. For a G of type (A,)” and Fy = Id, the
characteristic polynomial of w is of type (y — 1)~!(y™ —1)...(y™ — 1) for
y = x where m;’s are integers greater than or equal to 1 of sum n + 1. Then
the claim is due to the fact that ¢ satisfies Condition 22.1(b) (see Table 13.11).
For (G, F) of type a sum of B’s, C’s, D’s, and >D’s one gets polynomials
(Y™ —ep)...(y™ — &) where y = x™ and ¢;’s are signs (see the proof of
Lemma 21.15). Then our claim comes from £ # 2. There remain the rational
types Eg for £ = 5, E; for £ = 5,7, and Eg for £ = 7 (other £’s either are bad
or do not divide the order of W(G, Ty)><<Fp>). One may also note that d
has to be 1 or 2 (see, for instance, Exercise 13.3). A list of elements is given in
a paper by Carter (see [Cart72a]) and it is easily checked that our claim holds.
Another possibility is to use a computer and GAP program to test all relevant
elements, i.e. elements of order 5 or 7 of the Coxeter group of type Eg and their
centralizers. O

Proof of Theorem 22.2. Let H be a proper E, ¢-split Levi subgroup of G. Let
de Eq,(.

Suppose Z°(H)y,, € Z(G) and Z°(H)4, < Z(G). Applying Lemma 22.3(i)
to (H, F), one finds an F-stable maximal torus T € H such that Ty, € Z°(H)
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and therefore Ty, € Z°(G). Since T is an F-stable maximal torus of G,
Lemma 22.3(ii) yields Ty, € Z(G). But Z°(H) € T and this contradicts
Z°(H)y,, € Z(G).

So we find that, if Z°(H)y,, € Z(G), then Z°(H)y, € Z(G).

The fact that H is a proper E, ¢-split Levi subgroup implies that Z°(H)g,,. &
Z(G) for some a > 0. Applying the above a times, one gets Z°(H)y, Z Z(G).
Then H € Cg(Z°(H)y, ), the latter being a proper e-split Levi subgroup. O

Let us show how to isolate the F-stable components G; of [G, G] whose
rational type ensures that Z(G;)F is an ¢'-group (see Table 13.11).

Definition 22.4. Let (G, F) be a connected reductive F-group defined over
F,. Let us write [G, G] = G| ... G/, for the finer decomposition as a central
product of F-stable non-commutative reductive subgroups (see §8.1).

Let € be a prime not dividing q and good for G. Define G, as the central
product of the subgroups Z(G)G’; whose rational type (see §8.1) is of the form
(A, eq™) with £ dividing q"" — €. Let Gy, be the central product of the compo-
nents G, of [G, G] not included in G,. Then G = G,.Gy, (central product).

Proposition 22.5. (i) Z(Gy,)" and GF/ Gg .Glf are commutative £'-groups.
(ii) If Y is an €-subgroup of G* such that Z(Cgr(Y))e C Z(G)G,, then
Y C G,.

Proof. (i) First the surjection Gy — [G, G] (see §8.1) induces a surjec-
tion Z((Gp)sc) = Z(Gyp) compatible with the action of F. By Table 13.11,
Z((Gp)s)F is £'. Now Proposition 8.1(ii) (in the form “|(G/Z)f| divides |G/|”)
implies that Z(Gyp)” is of order ¢'. By Proposition 8.1(i), G*/GL .G{ is iso-
morphic to a section of Z(Gyp,) on which F acts trivially, so it is an ¢’-group.
(ii) By (i) above, Y C Gf.Glf. Let Yo = {y € (Ga)! | yGlf NY # @} and
Yy be similarly defined. One has Cgr(Y) = Cg,(Ya)".Cg, (Yp)" and Z(Yy) is
clearly central in it. The hypothesis then implies that Z(Y}) € Z(Gp)", but the
latter is an £’-group by (i). So Z(Yp) = {1}, hence Y, = {1} and Y C Y, C G,.
Here is a proposition about diagonal tori in G = G,. O

Proposition 22.6. Let (G, F) be a connected reductive F-group over F,, let £
be an odd prime not dividing q, let e be the order of ¢ mod. £. Assume G = G,
and let T be a diagonal torus of G. Then

(i) T = Cq(T,,) = Cg(T),

(ii) TF = Cr (TD),

(iii) |GT : Ng(T)F| is prime to £.
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Proof. Let x,(A,,, £,9™) be the rational type of (G, F) (see §8.1). For the
diagonal torus, one has Pt ry = PzeG), F)[o(x™ — &,)". For each w, £ di-
vides ¢ — &, SO @, divides x™ — g,,.

(i) Let us use induction on dim G/T. If G is a torus, there is nothing to
prove. Otherwise, when g™ — ¢ = 0 (mod. £) and n > 1, then £ divides (g™ —
e)'/(g™ —e,n+ 1) (here we use the fact that £ # 2). This implies |Tf| >
|Z(G)}'| provided G is not a torus, so T} is not central in G. Then Cg(T})
is a proper Levi subgroup (Proposition 13.16(ii)) with diagonal torus T and
one obtains T = CE(TKF ) by induction. Similarly, Ty, € Z°(G), and one gets
T = Cg(Ty,) by considering Cg(Ty,) and applying induction.

(ii) We prove that Cgr (Tér ) C T, again by induction on the dimension of
G/T.

Proposition 8.1 and Lang’s theorem imply that G = TF[G, G]7. As
Cgr(TF) C CUT N[G, GD}), one may assume that G = [G, G].IfG = GG,
is a central product of two F-stable components, then T; :=TNG; is a
diagonal torus in G; (i =1,2), one has G = TG G} and C¢r(TY) C
C(;F(Tf) N CGF(Té:). As C(;F(Tf) = TFCG‘_F(TZF)G}E i, j} ={1,2}), one
may assume that G = [G, G] is of rational type a single (A,, e¢g™). If [G, G]
is simply connected, then C(;(TéE ) is connected (Theorem 13.14) and (ii)
reduces to (i).

Let g € C(;F(Tf); one has to check that g € T. Let 7: Gg. — [G, G] be a
simply connected covering, whose kernel K is central in G.. Clearly |Z(G)”|
divides |Z(G)| (see the proof of Proposition 22.5(i)). Let S = t=!(T}), let
g’ € Gy be such that 7(g’) = g. One has g’ ' F(g') € K and, for any s € S,
s7'F(s) e K, [g',s] € K,sothat [g/, s] € KF. The map (s > [g’, s]) defines
a morphism from S to K F.let Z be its kernel. By definition, g’ € Cg_(Z). Fur-
thermore, Cg,, (Z)is connected by Theorem 13.14. As t(Cg_(Z)) is aconnected
subgroup with finite index in Cg(7(Z)), so one has 7(Cg,.(Z)) = Cg(7(Z)), so
that g € Cg(z(2))F.

Assume first that 7(Z) is not central in G. Then H := C(,(t(Z)) is a proper
Levi subgroup of G. In this group T is a diagonal torus and the induction
hypothesis applies, so one has T 2 Cyr(T}), hence g € T as claimed.

One has |Z| = |S|/|K"|, hence [t(Z)le=1Z/Kl¢ = |T{|/IK]|.
If ©(Z) is central, then |T)| <|Z(G)['|.IK]|, hence (¢" —e); <
(Z(G)/Z(G)F|.IKF| < 1Z(Gs)F|?. Given two integers n,r > 1, it is
easy to check that either ¢ divides £ /(£", n + D2, orl=n+1=3.So we
are reduced to Gy, = SL3(F), where Z(Gy.) is cyclic of order 3 and therefore
G is either Gy, = SL3(F) itself (already done) or PGL3(F). Then our claim is
easily checked in the corresponding finite group PGL3(IF,) or PU3(IF,).
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(iii) Since G/T and Ng(T)/T are independent of Z(G), it suffices to check
that |(G/T)F|, = |(Ng(T)/T)F|¢ for G, or for a product of linear groups.
Then the cardinalities are easy to compute and the key property is that if Q is
an integer = 1 mod. £, then (Q™ — 1)y = m,(Q — 1), forany m > 1. O

Proposition 22.7. Let (G, F) be a connected reductive ¥-group defined over
F,. Let £ be an odd prime not dividing q. Let e be the order of ¢ mod. £. If S
is a maximal ¢,-subgroup of G, then Ng(S)* contains a Sylow £-subgroup of
GF.

Proof. We have S = (SN G,).(SNGyp) (see Definition 22.4) with multi-
plicativity of polynomial orders (Proposition 13.2(i)). By Proposition 22.5(i),
it suffices to check that |G/:Ng,(SNG;)| is prime to ¢ for G; = G,
and Gy,.

For G; = G,, note that Proposition 22.6(i) implies that, for T a diago-
nal torus of G,, Ty, is a maximal ¢.-subgroup. By conjugacy of maximal
¢.-subgroups (see Theorem 13.18), one may assume S = T,,. One then has
Ngr(S) = Ngr(T), and our claim follows from Proposition 22.6(iii).

For G; = Gy, £ does not divide |(Z(G)/Z°(G))" | (Proposition 22.5(i)), so
Cg(SF = C(;F(Sév) by Lemma 13.17(ii). Denote L := Cg(S). Let D be a Sy-
low £-subgroup of Ng(S)” containing S!'. If D is not a Sylow £-subgroup
of GF, there is an ¢-subgroup E 2 D with E # D. Since E # 1, there
is z € Z(E) \ {1}. We have z € Cgr(E) € Cgr(Sf) = LF, hence z € L and
[z,S] =1.Let M = Cg(z). Then G # M D E and S by Proposition 13.16(i).
Then the induction hypothesis implies that Ny(S)F contains a Sylow ¢-
subgroup of M¥'. This implies that |[D| > |E|. A contradiction. O

22.2. The theorem
We begin with basic properties of the groups Cg, ([L, L]).

Proposition 22.8. Let (G, F) be a connected reductive ¥-group defined over
F,. Let L be a Levi subgroup of G. Let K be a closed subgroup of G such that
[L,LLICKCL. Letd > 1.

(i) Ci.(K) is a reductive subgroup of G, Z°(L) is a maximal torus in it.

(ii) If L is d-split and K is F-stable, then 2°(L)y, is a maximal ¢4-subgroup
of C4(K).

(iii) If L and M are d-split Levi subgroups of G and [L,L] C M, then
there exists ¢ € Cg(L N M) such that ‘L € M, with equality ‘L = M when
[L,L] =M, M].
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Proof. Let J = C((K) and let T be a maximal torus in L. Recall that any
connected reductive group satisfies G = Z2°(G).[G, G].

(i) Clearly K = [L, L].(KN T), so T normalizes K and J. For J, the corre-
sponding roots clearly form a symmetric set. So ([DiMi91] 1.14) Jis areductive
subgroup of G. One has L. = C¢(Z°(L)), so Cj(Z°(L)) € Cy([L, L]) = Z°(L),
whence the maximality of Z°(L).

(ii) One has L = Cg(Z°(L)y,), so Cy(Z°(L)g,) < Z°(L), whence the maxi-
mality of Z°(L)y, as ¢4-subgroup of J.

(iii) Take K := L N M, then Z°(M) C J. By (ii) and conjugacy of maximal
¢4-subgroups (Theorem 13.18), thereisac € J© such that Z°(L)g, 2 Z° M)y, .
Taking centralizers in G yields ‘L € M since L and M are d-split. When
[L, L] = [M, M], ‘L = M by symmetry. O

Here is our main theorem on defect groups and ordinary characters of unipo-
tent £-blocks.

Theorem 22.9. Let (G, F) be a connected reductive F-group defined over IF,,.
Let £ be a prime not dividing q. Assume £ is odd, good for G and € # 3 if
3Dy occurs in the rational type of (G, F). Let e be the multiplicative order of q
mod. €. The map

(L. o) = REBL(0)

(see Notation 21.8) induces a bijection between the unipotent £-blocks of
G™ and the GF-conjugacy classes of pairs (L, {) where L is e-split and
¢ e EWLF, 1) is e-cuspidal. Moreover,

(i) I(G',REBLr(2) NEGH, 1) = {x € I(G") | (G, x) >, (L, 1)}
(see Definition 21.5),

(ii) any Sylow £-subgroup of C¢([L, L))" is a defect group OfREBLF ).

Example 22.10. Let us show the consequence on £-blocks of GL,(IF,) = GF
where G = GL,,(F). The unipotent characters of GL, (IF,) are parametrized

A .

by partitions A - n. Then (G, x;) >>. (L™, x.) whenever A has e-core k - n —
me and L™ = GL,,_,,.(F) x (S(,))"™ where S, is a Coxeter torus of GL,(F).
Moreover , is e-cuspidal (see Example 21.6).

Theorem 22.9 then implies that two unipotent characters x, and yx, are in
the same Irr(G”, B) for B an ¢-block if and only if A and u have the same
e-core k = n — me. Then a defect group of B is given by a Sylow £-subgroup
of GL,,,.(Fy) = Cg([LM™ LtmF,
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Remark 22.11. (1) Itis known that >, is a transitive relation among pairs (L, ¢)
where L is an e-split Levi subgroup of G and ¢ € £(LF, 1) (Broué-Michel—
Malle; see the notes below).

(2) In the case of e = 1, the 1-split Levi subgroups L give rise to Levi
subgroups L of the finite BN-pair in G' (see §8.1), and R¥ is then the
Harish-Chandra induction. Theorem 22.9 tells us that the partition of unipotent
characters induced by €-blocks is the same as the one induced by Harish-
Chandra series (note that >, is transitive by positivity of Harish-Chandra in-
duction; see [DiMi91] §6). Under the hypotheses of Theorem 22.9 with e = 1,
if P = L >< R, (P) is a Levi decomposition of an F-stable parabolic subgroup
and ¢ is a cuspidal unipotent character of L, then the components of RE{
make the set of unipotent characters defined by a single £-block of G¥. This
can be seen as a converse of Theorem 5.19.

22.3. Self-centralizing subpairs

The so-called self-centralizing subpairs are a basic tool to build maximal sub-
pairs and defect groups. We recall some basic facts about this notion (see
[Thévenaz] §41).

Fix G a finite group, £ a prime, and (O, K, k) an £-modular splitting system
for G.

Definition 22.12. If B is an £-block of G with central defect group, we define
the canonical character of B as the only element of Irr(G, B) with Z(G) in
its kernel (thus being identified with the character of a block of defect zero of
G/Z(G); see Remark 5.6).

An £-subpair (Q, b) of G is called a self-centralizing subpair if and only if
b has defect group Z(Q) in C(Q).

The following is fairly easy (see Theorem 5.3(iii) and [Thévenaz] 41.4).
Proposition 22.13. If (Q,b) C (Q', V') and (Q, b) is self-centralizing, then
(Q', b)) is self-centralizing and Z(Q') C Z(Q). A self-centralizing subpair
(Q, b) is maximal if and only if Ng(Q, b)/ QCg(Q) is £’

Blocks with central defect are defined by their canonical character since this

may be used to express the unit of the block (see Remark 5.6). So inclusion of
self-centralizing subpairs relates well to scalar product of characters.

Proposition 22.14. Let (Q, b) be a self-centralizing £-subpair of G and let
& € Irr(C (Q), b) be the canonical character of b. Let Q' be an £-subgroup con-
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taining Q and &' € Irt(Cg(Q")). Then (Q, b) < (Q', be,yon(E')) with & being
the canonical character of b(§') if and only if the following are both satisfied:
(i) Q' normalizes the pair (Q, §),
(ii) §(De=ICe(Q1ZQ)NCe(Qe and (Resclg). & )coo) # O
mod. L.
Then (Q', beyo)(&")) is self-centralizing (see Definition 2.12).

Proof. Let us first note that in both sides of the equivalence we have Z(Q) N
Cs(Q') C Ker(&'):if &’ is canonical, thisis because Z(Q) N Cs(Q') C Z(Q") C
Ker(&"); if (ii) holds, this is because Z(Q) N Cs(Q") € Z(Q) C Ker(¢) and the
representation space of &’ is a summand of the restriction to C(Q’) of the repre-
sentation space of £. As a first consequence £'(1)™!.|C(Q’) : Z(Q) N Cs(Q")|
is an integer.

Now assume that (Q, b(£)) is self-centralizing with canonical &, Q' is an ¢-
subgroup normalizing (Q, §) and containing Q, &’ € Irr(Cs(Q")). Let us check
that (Q, b(§)) < (@', b(§")) ifand only if 3", ), E(g7E'(g) & §'(1)J(O).

Denote by B’ the set of block idempotents of OCgs(Q’) such
that BrQ/_(b(g)) = ,ep b’ One has (Q,b(§)) <(Q, bc,yo)(E")) if and
only if bc,o) (&) € B, ie. & b)) =E&'(1) (otherwise it is zero).
However, b(§) = u ) ,cco0), £(g g where u = |Cg(Q): Z(Q)|L.EQ) is
a unit in O, by the fact that b(§) has central defect Z(Q) (see
Remark 5.6). So, one has >, pb —u} .cc.o) 68 Ng=0, ie.
Spen b —u Y eco0n, (@ Ng € J(O)OG. This difference is also in
Z(OCG(Q)), 80 Y pye b =Y ecoion, £ Ng € J(OYZ(OCG(Q")) since
Z(OCg(Q")) is clearly a pure submodule of OG, being generated by
sums of conjugacy classes of Cs(Q’). Consequently, since central elements
of OCg(Q’) act by scalars on the representation space of &', one gets
(X yen b — 4 X gecoion, £ € JO)E(1.50(Q, b(E) < (Q', bE)
if and only if e, (g, £(8DE(8) & J(O)E'(D).

We obtain the claimed equivalence once we show that
Y eccoron, E@THE Q) = 1Ca(Q):Z(Q) N Co(Q)|.(Resc( )€, & )eqion-
Using the fact that Z(Q) N Cg(Q’) is in the kernel of both & and &', one gets
2 gecoton, §@ DE @ =1Z(Q) NCo(QN ™ Xeci0, orcaey §8D %
£(g). But this in tum equals |Z(Q) N Co(Q)™' Y pecoion E& DE (@)
= |Co(Q):Z(Q) N Co(Q)].(Resc’(5)&. £ ) ey since &, defining a
block of Cg(Q) with defect Z(Q), is zero outside Cg(Q)¢.Z(Q) (see
Remark 5.6). O

Remark 22.15. The condition (ii) above is satisfied when Resgizg?)é

is irreducible and equal to &’. The proof is as follows: (Q,b) being
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self-centralizing and & canonical in Irr(Cs(Q), b), one has &(1), =
IC6(Q): Z(Q)e, 50 E'(1)e = E(1)¢ > |C6(Q"): Z(Q) N C(Q)e, but £'(1) di-
vides |Cg(Q'): Z(Q) N Cs(Q")| since Z(Q) N Cs(Q) is in the kernel of & =

Resc?(S) &. This gives (ii).

22.4. The defect groups

We know that we have a “connected subpair” inclusion ({1}, REbGF(C)) <
(Z(L)ép ,brr(¢)) (see Theorem 21.7). Our main task is to prove that
(Z(L)ép ,byr(¢)) is an ordinary subpair and to associate a maximal subpair
containing it.

Proposition 22.16. Let (G, F) be a connected reductive ¥-group defined over
IF,. Let £ be an odd prime, good for G and £ # 3 if3Dy is involved in (G, F). Let
e be the order of g mod. €. Assume that ¢ € E(GT, 1) is e-cuspidal. Then bgr ()
has a central defect group and ¢ is the canonical character of OG" .bgr(¢).

Lemma 22.17. Let (G, F) be a connected reductive group defined over F,,.
Let £ be an odd prime not dividing q and good for G. Let G = G,.Gy, be the
decomposition of Definition 22.4 relative to L. Let e be the order of ¢ mod. £.
Let (L, ¢) be an e-cuspidal unipotent pair of G. Then

(i) L N G, is a diagonal torus of G, (see Example 13.4(iii)),

(ii) Z(L)f =Z°(L)} , L = Cg(Z(L)f) and LF = Cgr(Z(L)Y).

Proof of Lemma 22.17. First L = (L. N G,).(L N Gp) and L N G,, L N Gy, are
e-split Levi subgroups of G,, G, with an e-cuspidal unipotent character, denoted
¢a for that of (L N Gy)F.

(i) Let T be a diagonal torus of G,. By Proposition 22.6() T = C(Tg,), so
T is e-split in G, and Ty, is a maximal ¢,-subgroup of G, (Theorem 13.18).
If one writes L N G, = Cg,(S) for S a ¢,-subgroup of G,, then S is in a Gf-
conjugate of Ty, (Theorem 13.18 again), so one may assume L N G, D T. But
now, using the parametrization of unipotent characters by irreducible characters
of the Weyl group associated with a diagonal torus ([DiMi91] 15.8) along with
the formula for twisted induction ([DiMi91] 15.5), one gets *RIT“ﬁGa Ca # 0 as
in the proof of Lemma 21.15. This implies T = L N G, since ¢, is e-cuspidal.

(i) We have L = T.M, where T is a diagonal torus of G, and M is an e-split
Levi subgroup of Gy,. Then Z(L) = T.Z(M) and Z°(L) = T.Z°(M). As G, N Gy
is central and (G, N Gy)" is an £’-group, Proposition 8.1 implies Z(L)éF =
TF.Z(M); and Z°(L)} = TF.Z°(M)} . By Proposition 13.12(ii), Z°(M)! =
ZM)f, so Z°(L)f = Z(L)f.
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Now Cg(Z(L)F) = Cg,(TF).Cg,(ZM)F), so COG(Z(L)f) = Caa(Tf).CEb
(Z(M)év ). Since £ does not divide [(Z(Gy))” |, Proposition 13.19 in Gy, and Pro-
position 22.6(1) in G, yield COG(Z(L){ ) = L. Furthermore, C(;(Z(L)éF )/
CE(Z(L)[) is isomorphic to CGa(Tf)/T. By Proposition 22.6(ii), F fixes only
1 in this quotient, so that Cgr(Z(L))) = L. O

Proof of Proposition 22.16. Since Z(G)is in the kernel of ¢ , it suffices to check
that if & € G \ Z(GF) then d"¢" ¢ = 0 (Remark 5.6). By Lemma 22.17(i),
G, is a torus, s0 G, = Z°(G). Since h € GE.G (Proposition 22.5()) and Gf
is in the kernel of ¢, one may assume h € G{. So the problem lies entirely
within Gy. Assume G = Gy,. Then ¢ satisfies Condition 22.1 by Table 13.11.
The proper Levi subgroup Cg, (k) is E, ¢-split (Proposition 13.19). Then The-
orem 22.2 implies that there exists a proper e-split Levi subgroup L such that
Cg(h) € L. Then Theorem 21.4 implies dhS"r = dh’LF*RI(:’g“ = 0 since ¢ is
e-cuspidal. O

Proof of Theorem 22.9. First, let us fix an e-cuspidal pair (L, ¢) of G.

Abbreviate REpr(g) =bgr(L,¢). Denote Z:= Z"(L)éE = Z(L){.
Lemma 22.17(ii) also implies L. = C(;,(Z) and L¥ = C¢r(Z), so Theorem 21.7
actually gives a subpair inclusion

({1}, RbLr () < (Z,brr(0))

in GF.

We now construct a maximal subpair. Denote J := Cg([L, L]). By Proposi-
tion 22.8(ii), Z°(L)4, is a maximal ¢,-subgroup in (J, F'), so Ny~ (Z°(L)4,) con-
tains a Sylow £-subgroup D of J¥ (Proposition22.7). Since L = Cg(Z°(L)y,) =
Cg(2), one has Nyr(Z°(L)g,) = Nyr(L) = Nyr(Z),s0 Z < D.

Lemma 22.18. (Z, bir({)) is a self-centralizing subpair and (D, bc . (p)
(RGSEZF(D)U) is a maximal subpair with canonical character Reslc‘;,(D){.
Moreover,

({1}, REbLA(Q)) < (Z, bur(£)) < (D, begr oy (ResE. , ()¢))-

Proof of Lemma 22.18. By Proposition 22.16, (Z, byr(¢)) is self-centralizing.
One has Cgr(D) € Cgr(Z) = LF, so the restriction Reslé;(m{ makes

sense. However, [L,L] C Cg(D) and Resg L],,-{ is irreducible (Proposi-

tion 15.9), so Reslc“;(D)C € Irr(Cgr (D)). Denote ¢p := Resg;(m;.
We check the normal inclusion (Z, byr(¢)) < (D, bCGF( p)(¢p)) by applying
Proposition 22.14 and Remark 22.15. It just remains to verify that D normalizes
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(Z,byr(2)). If g € D, then it normalizes Z and therefore L. Moreover, ¢,
¢8 € E(LF, 1) and they have the same restriction to [L, L]¥ since g centralizes
[L, L]. By Proposition 15.9, this implies ¢ = ¢¥.

It remains to check that (D, bc,(p)(¢p)) is maximal.

Assume (D, chF(D)(§D)) C (E, bg) is an inclusion of subpairs in GF'. We
must prove D = E.

Lemma 22.19. If Z(E) C G,, then E C G, and L = T,Gy, where T, is a
diagonal torus of G,. Otherwise, if z € Z(E) \ Gy, then G,C(2) is a proper
Levi subgroup of G containing E, L, and Cgr(z).

Proof of Lemma 22.19. Assume that Z(E) C G,. Since Z(E) = Z(Cgr(E)),
by Remark 5.6 and the fact that (E, bg) is self-centralizing, then Proposi-
tion 22.5(ii) implies E C G,. Thus Z € G, and therefore L. = T, Gy, where T,
is a diagonal torus of G, by Lemma 22.17.

Let now z € Z(E) \ G, and let H := G,C,(z). Then H is a Levi sub-
group of G (Proposition 13.16(ii)) and H # G since Z(Gy,)" is an ¢-group.
Moreover, z € ZO(L)f ,s0 H D L by Lemma 22.17. To complete our proof, it
clearly suffices to check Cgr(z) € H. The quotient (G,Cg,(z))" /HF equals
(GaCg, (2)/ G;,,C"Gb (z))F by Lang’s theorem and is in turn an isomorphic image
of (CGb(z)/Con(z))F . But z acts on Gy, as a rational £-element of Gy, since
z € (Ga)"(Gp)" (Proposition 22.5(i)). So (Cg,(2)/Cg, (2))" = 1 by Proposi-
tion 13.16(i). Then (G,Cg, (z))" < H and therefore Cgr(z) € H. O

We prove D = E by induction on dim G.

IfZ(E) C G,, the above lemma implies that £ € G, and [L, L] = Gy. Then
D is a Sylow £-subgroup of Cg([L, L))" = G£, and therefore D = E.

If Z(E)Z Ga, let z € Z(E)\ G, and define H := G,C((z) as in
Lemma 22.19. Then (H, F) satisfies the hypotheses of the theorem, (L, ¢)
is an e-cuspidal pair of (H, F), and one has (Z, byr(¢)) € (D, bc,(0)(¢p))
(E, bg) in HY . Since H # G, the induction hypothesis implies D = E. O

This proves Theorem 22.9(ii).

The map of Theorem 22.9 is clearly onto since, for any x € £(GF, 1), there
is an e-split Levi subgroup L and e-cuspidal character ¢ € Irr(LL?) such that
(G, x) >. (L, ¢). Moreover, ¢ has to be unipotent by Proposition 8.25.

In order to get Theorem 22.9, it just remains to prove that, if (L, ¢)
and (L/,¢’) are e-cuspidal and if RSBLF €)= RS By,7(¢’), then (L, )
and (L', ¢’) are G'-conjugate. Suppose REBLF(;‘) = RE,BLW(;’) and con-
struct maximal subpairs as in Lemma 22.18: ({1}, REbLF(g’)) < (Z,brr(2)) <
(D, b) 1= (D, beg, oy(ResE. ) 0) and (1}, REbyr(E) <1 (Z', by,r(£) <
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(D', b)) = (D’,bCG,,.(Dr)(ResIé:F(D,)g’)). By conjugacy of maximal subpairs
(Theorem 5.3(ii)), one has (D’,b’)=8(D,b) for some g e GF. One
has [L,L] € C4(D) € L = [L, L]1.Z(L), so [L,L] = [Cg(D), C4(D)] and
therefore [L',L’] = ¢[L, L]. The equality »' = b implies ResIC‘ZF(D/)g’ =

F .
8 (Res]C“GF( D)g“) (canonical characters), whence

'F F
(R) Resfj, e = g(Res['LL]F{).

Both L’ and SL are e-split, so Proposition 22.8(iii) implies that there is
¢ € Cg((L NL))F such that “*L = L. But ¢ centralizes [L, L] C ¢L N L/, so
NG (Res[LLF’L],.—g“)) =8 (Res[LiL],.-C). Combined with (R) above, this implies that
¢ and ¢’ are two unipoteht characters of L'F whose restrictions to [L/, L'T"
coincide. So they are equal by Proposition 15.9, i.e. (L, ¢) = (L', ¢’). This
completes the proof of Theorem 22.9. O

Exercises

1. Let (G, F) be a connected reductive group defined over IF,. Letd > 1 be an
integer and ¢ a prime divisor of ¢,(g) satisfying Condition 22.1. Let H be
an F-stable connected reductive subgroup containing a maximal torus of G
and such that Z°(H)y,, € Z(G). Show that Z°(H)4, € Z(G).

2. Compare the local structure of GF and (G,)" x (Gp)F.

3. We use the hypotheses and notation of Theorem 22.9. Show that
Ce([L, LD /Cg([L, L] is of order prime to £.

4. Let F:G — G be the Frobenius map associated with the definition over
I, of a connected reductive F-group. Let T be an F-stable maximal torus
of G. Show that there exists a subgroup N € Ng(T) such that F(N) = N,
T.N = Ng(T),and T N N is the subgroup of elements of T of order a power
of 2.

Hint: assume first that Ty € By (a maximal torus in a Borel subgroup)
are F-stable. Construct Ny by use of Theorem 7.11 and the permutation of
basic roots induced by F. Then check the general case by writing T = ¢T
with g~ F(g) € nyT, where ny € Ny, and defining N := 8’ Ny where t € T
satisfies ng F(t)ng 't~ = noF(g™")g.

5. Let H be a group acting on a module V. One says that 2 € H is quadratic
on V if and only if [[v, k], k] =0 forallv e V.

(a) Show that if A is a commutative normal subgroup of a group G, then
the following are equivalent.
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(i) For any subgroup H C G containing A, A is the unique maximal
commutative normal subgroup of H.

(ii) In the action of G/A on A, only 1 is quadratic on A.
One then denotes A < G.

(b) Let T be a maximal torus of a connected reductive F-group G. Show
that T <9 Ng(T).

(c) Let A be aZ-module suchthat 6A = A.Letn > 1, H := G, acting on
V := A". Show that only 1 € H is quadraticon [V/VH, H].

6. Let G be a connected reductive group over F, defined over IF, with associated
Frobenius endomorphism F: G — G. Let £ be prime > 5 and not dividing
q. Let e be the order of ¢ mod. £. Let S be a maximal ¢,-subgroup of G
(see Theorem 13.18). Let L := Cg(S). Let T be a maximal F-stable torus of
L. Let W(L, T)* be the subgroup of Ng(T)/T generated by the reflections
associated with roots orthogonal to all the roots corresponding to L.

(a) Show that there exists V € Ng(T)¥ such that VN'T = {1} and re-
duction mod. T makes V isomorphic with a Sylow £-subgroup of
(WL, T)HF (use Exercise 3).

(b) Show that the semi-direct product Z(L)! ><1V is a Sylow ¢-subgroup of
Gf and Z(L)éE < Z(L)f><1V. Hint: in case G = G,, use Exercise 5(c)
and Proposition 22.6. In case G = Gy, show first that S = {1} implies
|GF|; = 1. Then use induction (see Lemma 22.19).

7. Let (G, F) be a connected reductive F-group defined over IF,. Assume that
its rational type only contains types 2A, B, C, D and ’D. Let £ be a prime
not dividing 2¢ and belonging to IT(G, F) (see Definition 17.5). Recall
the notation E, ¢ from Theorem 22.2. Show that any proper E, ,-split Levi
subgroup of G embeds in a proper 1-split Levi subgroup (analyze the proof
of Theorem 22.2).

Deduce that any cuspidal unipotent character of G is E, ¢-cuspidal and
therefore defines an ¢-block of central defect (see Proposition 22.16).

Notes

Using Asai—Shoji’s results on twisted induction of unipotent characters,
Broué-Malle-Michel have shown that the relation >, is transitive and there-
fore defines an analogue of Harish-Chandra theory (see [BrMaMi93], and also
[FoSr86] for classical groups). In the case of abelian defect the £-block corre-
sponding to the unipotent cuspidal pair (L, ¢) has defect group Z(L)/. Those
blocks are sometimes called “generic”, as in [Cr95], since many invariants do
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not depend on g (a basic trait of twisted induction of unipotent characters).
They seem related with generalized Weyl groups Ng(L)* /L and associated
“cyclotomic” Hecke algebras, see [BrMa93], [Bro00].

For this chapter, we have followed [CaEn94] and [CaEn99a]. Proposi-
tion 22.14 is a variation on a theorem of Brauer, [Br67] 6G. Exercises 4-6
are from [Ca94]; see also [Al65].
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Local structure and ring structure of unipotent
blocks

In the present chapter we give some further information on unipotent blocks
described in the two preceding chapters.

Keep (G, F) aconnected reductive F-group defined over IF,,. Let £ be a prime
not dividing ¢, and (O, K, k) be an £-modular splitting system for G'. Let e be
the multiplicative order of ¢ mod. £. Let (L, {) be an e-cuspidal pair of G (see
Definition 21.5). It defines an £-block idempotent bgr(L, ¢) := REbLF ) e
OGYT (see Theorem 22.9).

We give below a description of the full set Irr(G”, bgr (L, ¢)) in terms of
twisted induction (Theorem 23.2). The main ingredient is Theorem 21.13.

Recall that the local structure of a block OGb of a finite group G is the datum
of non-trivial (i.e. # G) centralizers and normalizers of subpairs containing
({1}, b).

We show that the local structure of OG bgr (L, ¢) lies within a subgroup of
the Weyl group extended by C¢([L, L))* (Theorem 23.8).

It is believed that the local structure of a finite group at a given prime ¢
should provide information on the £-modular representations of the group (see
[A186]). This is generally a difficult problem. An instance is Alperin’s weight
conjecture (see §6.3). In the case of a block b with a maximal subpair (D, bp)
where D is commutative, the local structure is controlled by N (D). Broué’s
conjecture then asserts that the derived category D?(OG* .b) is equivalent to
D’(Bp) where B, is a block of ONg (D). We check it in the case of principal
blocks of G when ¢ divides ¢ — 1 (Theorem 23.12). Since, in this case, the
twisted induction describing the irreducible characters of the unipotent blocks
is then a Harish-Chandra induction defined by bimodules (not just complexes),
it is not surprising that one gets a Morita equivalence instead of a derived
equivalence.

360
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23.1. Non-unipotent characters in unipotent blocks
Let (G, F) be a connected reductive F-group defined over IF,.

Definition 23.1. If L, L, are F-stable Levi subgroups of G and yx; €
EWLE, 1), one writes (L1, x1) ~ (Lo, x2) ifand only if [Ly, L] = [Ly, Ly] and

Lf LY . . .
Resui]’Ll]Fxl = Res[fz,szFXZ' Note that ~ is an equivalence relation.

Theorem 23.2. Let ¢ be a prime not dividing q, good for G, £ # 3 if (G, F)
has rational components of type >Dy. Let e be the order of ¢ mod. L. Let (L, ¢)
be a (unipotent) e-cuspidal pair (see Definition 21.5).

Let (O, K, k) be an £-modular splitting system for GF. Let Bgr(L, ¢): =
RE(BLF(Q‘)) be the block of OGT defined by (L, ¢) (see Theorem 22.9). Let
(G*, F) be in duality with (G, F) (see §8.1).

With this notation, the elements of Irt(GF, Bgr(L, ¢)) are the characters
occurring in some Rgm(fxt), where t € (G*)f, G(t) C G is an F-stable Levi
subgroup in duality with C3.(t), f denotes the associated linear character of
G()F (see Proposition 8.26), x; € E(G)F, 1), and (G(t), x;) >. (Ly, &) for
a (unipotent) e-cuspidal pair (L, &) of G(t) such that (L, ¢) ~ (L;, ;) (this
forces [, L] C G(1)).

We first relate the >, orderings for G and for its E, ¢-split Levi subgroups.

Proposition 23.3. Let (G, F) and £ be as above. Let H be an E, ¢-split Levi
subgroup of G.

(i) The condition (L, ¢) ~ (Ly, ¢n) defines a unique bijection between the
~-classes of (unipotent) e-cuspidal pairs (L, {) in G such that [L, L] C H, and
the ~-classes of (unipotent) e-cuspidal pairs (Ly, ¢n) of H.

(ii) Let (L, ¢) (resp. (Lu, ¢n)) be a (unipotent) e-cuspidal pair of G
(resp. H) such that (L, ¢) ~ (Ly, ¢u). If x € EGF, 1), xg € EHF, 1) sar-
isfy (H, xu) >¢ (Lu, ¢u) and (G, x) = (H, xu), then (G, x) > (L, {) (see
Definition 21.5).

Proof of Proposition 23.3. The proof of (i) and (ii) is by induction on dim
G — dim H. If G = H, everything is clear. Another easy case is when G = G,
(Definition 22.4) and H is any F-stable Levi subgroup: then H = H, and, by
Lemma 22.17, there is only one conjugacy class of e-cuspidal pairs in G and
H, and it corresponds to diagonal tori and trivial character. Then (i) and (ii) are
clear. From now on, we separate two cases.

If Z°(H)4, € G, (see Proposition 13.5), then H = (H N G,).Gy, since H is
E-split. But then (i) and (ii) are clear on each side since they reduce to the cases
G=G,and G = H.
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Assume Z°(H)4, € G,. Then, by Theorem 22.2, there is a proper e-split Levi
subgroup M C G such that H € M. By induction, (i) and (ii) are satisfied by H
in M. Then, if (Ly, {g) is an e-cuspidal pair of H, there exists in M an e-cuspidal
pair (L, ¢) such that (L, ¢) ~ (Ly, ¢g). Conversely, let (L, {) be e-cuspidal in
G with [L, L] € H. Then [L, L] € M, so, by Proposition 22.8(iii), there is
c € Cg(IL, L))" such that °L. € M. By induction hypothesis, there exists an e-
cuspidal pair (Ly, ¢g) in H such that (Ly, ¢g) ~ (L, ¢). But “(L, ¢) ~ (L, ¢)
is clear, so we get (i).

Assume the hypotheses of (ii), take ¢ € Cg([L, L])F as above such that ‘L C
M. Then “(L, £) ~ (L, ¢u)- One has (*Ryjx, Riy xs)mr = (X, Rijxm)er # 0,
so there exists xm € EMF, 1) such that (M, xm) > (H, xg) and (G, x) >
(M, xm)- The induction hypothesis then gives (M, xm) >. (L, ¢). This im-
plies (G, x) >, “(L,, ¢), hence (G, x) >. (L, ¢) as claimed. O

Proof of Theorem 23.2. By Theorem 9.12(i), every element of
Irr(GF, Bgr(L, ¢))isinsome E(GF, r)witht € (G*)!. Consider x € E(GF, 1).
First Cg,.(¢) is an E, ¢-split Levi subgroup of G* by Proposition 13.19, so
one may denote by G(¢) an E, ,-split Levi subgroup of G in duality with
it (Proposition 13.9) and by 7 the associated linear character of G(r)" (see
(8.19) or [DiMi91] 13.20). Let (L, ¢;) be an e-cuspidal pair of G(¢) such that
(G(@®), x:) >. (L4, &). Now Proposition 23.3(i) tells us that there exists a unipo-
tent e-cuspidal pair (I, ¢’) of G such that (L,, &) ~ (I, ').

Assume x € Irr(GF, Bgr(L, ¢)). It suffices to check that (L, ¢) and
(L', ¢') are GF -conjugate, or equivalently, by Theorem 22.9, that Bgr(L, ¢) =
Bgr (L, Z').

By Theorem 21.13,Rg([))(, isinCR(GT, K, Bgr (L, ¢)). So, there exists x; €
Irr(G”, Bgr (L, ¢)) suchthat (G, x1) > (G(t), x;). But then Proposition 23.3(ii)
implies (G, x1) >, (L', ¢’),hence x; € Irr(GF, Bgr(L/, §/)) by Theorem 22.9.
Then Bgr(L, ¢) = Bgr(L/, ¢’) as claimed. O

The description of Theorem 23.2 simplifies a bit in the case of blocks with
commutative defect groups.

Corollary 23.4. Assume the same hypothesis as Theorem 23.2. Assume, more-
over, that the defect groups of Bgr (L, £) are commutative. Then the elements
of Irr(GF, Bgr(L, ¢)) are the irreducible components of the Rgm(? X:) for
t e (G*){, G(t) in duality with C¢. (1), and (G(t), x;) >. (L, ©).

Proof. Assume that L. € G(¢). Then the relation (L;, ) ~ (L, ¢) of The-
orem 23.2 holds between e-cuspidal pairs in (G(z), F), so they are
G(t)F -conjugate by Proposition 23.3(1). Then Theorem 23.2 gives our
claim.
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Itremains to prove that G(z) 2 L# forsome g € G*. Wehave G(¢) 2 [L, L].
As seen in the proof of Theorem 23.2, G(¢) is an E, ¢-split Levi subgroup
of G. But the hypothesis on defect is equivalent to Z(L)[F = Z"(L)éF (see
Lemma 22.17(ii)) being a Sylow £-subgroup of Cg([L, L]’ by Lemma 22.18.
Arguing on the quotient of polynomial orders Pc; .1y, 7/ Pz, F (see Propo-
sition 13.2(ii)), this implies that Z°(L) contains a maximal ¢,-subgroup of
Ce (L, LDF forany d € E,

Let us show that any E, ,-split Levi subgroup H € G such that H 2 [L, L]
actually contains a G -conjugate of L. Using induction on dim(G) — dim(H),
we may assume that H = Cg(Z) where Z is a ¢,-subgroup of G for some
d € E, . Then Z is G"-conjugate with a subtorus of Z°(L) by the above and
Theorem 13.18, whence our claim is proved. O

23.2. Control subgroups
For the notion of control subgroups, we refer to [Thévenaz].

Definition 23.5. Let G be a finite group for which (O, K, k) is an £-modular
splitting system. Let b be a block idempotent of OG. A subgroup H C G is said
to be a OGb-control subgroup if and only if there is a maximal subpair (D, bp)
containing ({1}, b) such that, for any subpair (P, bp) C (D, bp)andany g € G
such that (P, bp)¢ (D, bp), there is ¢ € Cg(P) such thatc~'g € H.

For the following, see [Thévenaz] 48.6 and 49.5.(c).

Theorem 23.6. Assume the same hypotheses as above. A subgroup H is a
OGb-control subgroup if and only if there is a maximal subpair (D, bp) con-
taining ({1}, b) such that, for any self-centralizing subpair (Y, by) € (D, bp)
(see §22.3), one has Ng(Y, by) € Cs(Y).H.

Example 23.7. (1) Let n > 1 be an integer. The ¢-blocks of the symmetric
group G, are in bijection with e-cores of size n — m{ form > 0

K — B(k)

(see Theorem 5.16). A defect group for B(k) is given by any Sylow £-subgroup
of &,,. For any subgroup Y of &,,,, we have clearly Ng, (¥) € Cg,(Y).G,e.
This implies that G, is a B(k)-control subgroup.

(2) We have seen in Example 22.10 that, if G” = GL, (IF,), then its unipotent
£-blocks are defined by e-cores of size n — me (wWhere e is the order of ¢ mod. ¢,
and m > 0). If « is such an e-core, a defect group of the corresponding £-block
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is given by a Sylow £-subgroup of GL,,.(I,). Then it is clear that GL,,.(IF,) is
a control subgroup for that £-block.

For general finite reductive groups, we prove the following. See also Exer-
cise 1.

Theorem 23.8. Let (G, F) be a connected reductive group defined over IF,. Let
£ be a prime not dividing q. Assume £ is odd, good for G and € # 3 if Dy is
involved in (G, F).

Let (L, ¢) be an e-cuspidal pair (see Definition 21.5) defining the £-block
Bgr(L, ¢) := REBLF(O of GT (see Theorem 22.9).

Let H be a subgroup of G¥ such that Cg (L, L)F € H and H covers
the quotient Ngr([L, L], ResﬁjL]F;)/[L, L17. Then H is a Bgr(L, ¢)-control
subgroup of G

Lemma 23.9. If G = G, relative to a prime £ (Definition 22.4) and Y < GF
is a nilpotent group of semi-simple elements, then H := C(,(Y) is reductive,
F-stable, and H = H,.

Proof of Lemma 23.9. If m : G — G, is the natural epimorphism, then
7(Ce(Y) = n(CL(Z(G)Y)) = Cf;ﬂd (m(Y)) because of the standard description
of connected centralizers in terms of roots (see Proposition 13.13(i)), and the
type of C¢(Y) is determined by ¥’ := n(Y) C G . Now, let 7”: G = Gy
where G’ is the direct product of general linear groups GL with the same ra-
tional type as G and corresponding reduction modulo its (connected) center.
Then Cg (Y') = 7'(Cg(Y™) where Y = (")~'(Y)F since (7/)~'(Y') =
Y"Z(G’) by connectedness of Z(G’) and Lang’s theorem.

So, to prove the last assertion, assume G = G, is a direct product of general
linear groups. Then C¢,(Y) is the direct product of the centralizers of the projec-
tions of Y. We assume G = GL(n)¢ has irreducible rational type (A, eg“) with
eq¢ = 1 (mod. £). Using the fact that Y has a semi-simple representation in the
underlying nc-dimensional space and F permutes the isotypic components, one
sees that Cg(Y) is a product of general linear groups of type x;(A,,, (eg)*)
where i ranges over the orbits of F¢ acting on the simple representations of
Y involved, (m; + 1) is the multiplicity of the corresponding simple repre-
sentation and ¢; the cardinality of the F¢-orbit. It is then clear that Cg(Y) =
Cg(Y)a. O

Proof of Theorem 23.8. By Lemma 22.18, there is a maximal subpair
(D, bp) containing ({1}, bgr(L, ¢)) and such that D is a Sylow £-subgroup
of Cg([L, L))", bp is the block defined by the character Resg:F(D){ and

(Z°(L)f . bir () < (D, bp).
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The following is about self-centralizing subpairs of (D, bp). We use the
terminology of §22.3.

Lemma 23.10. Let (Y, by) be a self-centralizing subpair of G¥ with canonical
character y € Irr(Cgr(Y), by) and assume (Y, by) € (D, bp). Then Ci,(Y) is

reductive, Ci,(Y)y = [L, L], and ResCe)” Rest

L.L" X = L, L]F§

Proof of Lemma 23.10. Let us prove the lemma by induction on dim G. If G
is a torus, then D = Y = G{ and our claim is clear. In the general case, note
that, since (Y, by) and (ZO(L)[ , byr(¢)) are self-centralizing and included in
(D, bp), then Z(Y) N Z°(L)f 2 Z(D) (Proposition 22.13).

Assume that Z(D) & G,. Let z € Z(D) \ G, and let H := G,Cg(z). Then
Lemma 22.19 for E = D implies that the inclusion (Y, by) € (D, bp) actually
holds in H”. The induction hypothesis then gives our claim.

Assume that Z(D) € G,. Then, again by Lemma 22.19, D € G, and
L = T,Gy, where T, is a diagonal torus of G,. Since Y C D, then Cg(Y) =
Cg (Y)Gb Lemma 23.9 then implies that this is reductive, and C¢,(Y), = Gp =
[L, L] By Proposition 15.9, ¢ € E(LF, 1) is the unipotent character whose re-
striction to Gf: is a certain e-cuspidal ¢, € S(G{: , 1). Note that ¢, defines a
block of Glf with central defect, by Proposition 22.16. Note also that ¢j,, con-
sidered as a character of GF /(Ga N Gp)F, extends to a unipotent character &,
of (Gp/(Ga N Gp))F. Now, (Gp/(Ga N Gp))F = (G/Ga)" = GF/GL by con-
nectedness of G, and Lang’s theorem, so p, defines aunique ¢ € Irr(G’) having
GI in its kernel. Applied to L instead of G, this construction clearly defines
an element of (LY, 1) which coincides with &, on G, so this is ¢. Thus
¢ = ResLFg“ with ¢ e Irr(GF).

We now apply Proposmon 529 with G = GF, H = Gy", p = . One ob-
tains (Y, beF(y)(ReSCGF(Y)g)) C (D, bch(D)(ReSCGF(D)g)) = (D, bp), hence
by Theorem 5.3(i) by = bc( F(y)(ResC o (Y)g) But ;“ has Z(Y) in its kernel since
Y € GI. Then ResCGF(Y);“ is the canonical character of by, so x = ResCGF(Y)C.
Restricting further to [L, L]¥ completes our proof. O

We now complete the proof of Theorem 23.8. By Theorem 23.6, it suffices to
check that Ngr (Y, by) C H.Cgr(Y) for any self-centralizing (Y, by) included
in (D, bp).

By Lemma 23.10, C;(Y), =[L,L] and the restriction to [L, LIF o
the canonical character of by equals RCS[L.L]FC . Then Ngr(Y, by), Wthh
acts by algebraic automorphisms of Cg(Y) commuting with F, normal-
izes the pair ([L, L], ResﬁiL]Fg‘). SoNgr(Y, by) € H.IL,L]¥ € H.C;r(Y) as
claimed. O
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23.3. (q — 1)-blocks and abelian defect conjecture

When the defect groups of an £-block are commutative, then the normalizer of
one of them is a control subgroup in the sense of the preceding section (apply, for
instance, Theorem 23.6). In this case, Broué’s conjecture (see [KLRZ98] §6.3.3,
§9.2.4 and the notes below) postulates that this control subgroup concentrates
most of the ring structure of the block considered.

Let G be a finite group, £ be a prime and (O, K, k) be an £-modular splitting
system for G. Let b € Z(OG) be an ¢-block idempotent. Let (D, bp) be a
maximal subpair in G containing ({1}, b). Let b}, = 3 x.p)/No(D.bp) PD €
Z(ONg(D)) be the block idempotent of Ng(D) such that bybp # 0.

Conjecture 23.11. (Broué) If D is a commutative group, then there exists an
equivalence of the derived categories (see Al.12)

DP(OGbh)—— DP(ONG(D)by).

Note that when OGb is the principal block (see Definition 5.9), then
OCg(D)bp is the principal block (Brauer’s third Main Theorem, see
Theorem 5.10), so that bp = b}, and ONg(D)b/, is the principal block of
Ng(D).

We check Conjecture 23.11 in the case of principal blocks of finite reductive
groups G” over F,, in a case (namely, £ divides ¢ — 1) where the above module
categories themselves are (Morita) equivalent.

Theorem 23.12. Let (G, F) be a connected reductive F-group defined over IF,.
Let £ be a prime dividing g — 1, odd, good for G and £ # 3 when rational type
3D, is involved in the type of (G, F).

Assume that a Sylow £-subgroup D € G is commutative. Let (O, K , k) be
an £-modular splitting system for GT. Then the principal blocks of OG' and
ONgr(D) are Morita equivalent.

Apart from the description of ordinary characters of unipotent blocks (see
Theorem 23.2 and Corollary 23.4 above), the proof essentially relies on the
following.

Theorem 23.13. Let (G, B = TU, N, S) be a finite group endowed with a split
BN-pair of characteristic p (see Definition 2.20). Let £ be a prime such that
IN/T|¢ =1and |B:B N B*| = 1mod. £ for any s € S. Let O be a complete
discrete valuation ring such that £ € J(O). Then

O(N/Ty) = Endog (Indg;, O)
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by an isomorphism which associates with any t € T, the endomorphism of
IndgTi,(’) sending 1@ 1tot™' @ 1.
If, moreover, Cy(T;) = T, then O(N/ Ty) is a block.

Proof of Theorem 23.13. Note that T = T, x T, . The last statement is due to
the fact that, if Cy(T;) = T, then Cy,7, (T¢) = T¢, which implies that N /Ty
has only one £-block (see [Ben91a] 6.2.2).

Denote W := N/T. Under the hypothesis on |W|, the extension 1 — T, —
N/Ty — W — 1 splits by the Schur—Zassenhaus theorem on group cohomol-
ogy (see, for instance, [Asch86] 18.1). So N/Ty = T, >1 W for the usual
action of W on T'. The proof of the theorem will consist in reducing to a similar
situation in Autog(Indgjz, O).

If V is a subgroup of a finite group H, then EndZH(Ind{}'Z) = Z[V\H] Qzn
Z[H/V] = Z[V\H/V]by the map sending the double coset ViV to the mor-
phism

a\:nd7 — mdl 7z

defined by a}(lv)(l @D =2 ,cv/vav vh~! ® 1. Note that, if R is any commu-
tative ring, then Endgy (Ind?} R) = Endzy(Ind¥ Z) ®7 R.

Let V C V' be subgroups of H, then we have a surjection of ZH-
modules Ind{} Z — Ind{},Z sending 1 ®y 1to 1 ®y- 1.Its kernel is stable under
Endzy(Indj Z) whenever |V/\H/V| = |V'\H/V'| by an easy computation of
scalar products of characters (see the proof of Theorem 5.28). In that case, the

map at”’ v ; hi
pa, "+ a, ~1saring morphism

Endgy (Ind{/ R) — Endgy (Ind{ R).

Takenow H = G,V = UTy ,and V' = B. Denote A: = Endoglndg(’). By
Bruhat decomposition, we have V\G/V = N/Ty and B\G/V = B\G/B =
W. Then the above gives A = @, .7, Oal”. From the definition of the 4",
it is easily checked that

(23.14) aa") = aly) = a"al)’

n

foranyt € T/Ty andn € N/Tp. This implies that the submodule €B, e, Oa,(v)
is a subalgebra of A isomorphic to (and identified with) OT,. One has J(OT;) =
{Zten Mt |, € J(O)and J(OTy).A = A.J(OTy) = {Z%Nm, Anal’) |
Zten A € J(O) foralln € N/Ty} by (23.14) above.

Denote k = O/J(O). Let now

A ® k = Endi (Ind§ k) —>End (Ind§k)
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be the map sending a") to a'?). The ring End;(Ind§k) is the Hecke algebra
denoted by H,(G, B) in Definition 3.4. Itis = kW by the map a'® +> nT ¢ W
since |B: BN B*| = linkforanys € S. Then the map above gives a morphism
of O-algebras

A—L kW

defined by p(a,(lv)) =nT € W. Its kernel is J(OT;).A = A.J(OT,). This is
clearly nilpotent mod. J(QO), so it is in J(A). However, kW is semi-simple
since ¢ does not divide |W|. So

(23.15) J(A) = J(OT)).A

and the exact sequence associated with p can be written

(23.16) 0= J(A) > A—25kW — 0.

Since 1 + J(A) € A*, this gives an exact sequence of groups
1> 1+J(A) = A - kW) = 1.

Note that the al")’s (n € N/ Ty) are invertible since their classes mod. J(A) are.
Let I" be the subgroup of A* generated by the a")’s forn € N/Ty. By (23.14),
I" normalizes 7, and the restriction of p gives a map I' — W indicating how
the elements of I" act on 7. So we get an exact sequence

1->TN+JA) - T ->W-=>1

where I' N (1 + J(A)) acts trivially on 7.

If O is finite, then 1+ J(A) is a finite £-group, so (23.16) splits by the
Schur-Zassenhaus theorem.

In the general case, one may consider on A the J(A)-adic topology associated
with the distance (a, b) — 27"@~? where v: A — N is defined by v(J(A)" \
J(A)"™1) = m. Then p is clearly continuous for the discrete topology on kW.
This implies that AX = p~'(kW)*) and 1 + J(A) = p~'(1) are closed in A.
Moreover, x — x~! is continuous on A*. The groups Ci1s)(Tp) and Cx<(Ty)
are then closed and normalized by I". So (23.16) induces the exact sequence

(2317) 1 — C]Jrj(A)(Tg) — C1+J(A)(T[).F - W-=>1

giving the way Ci4j4)(T¢).I' € Nax(Ty) acts on Ty. Note that (23.17) implies
that Cyy y4)(Ty).I" is closed since Ci4 y4)(T;) is of finite index in it.

The proof of the following is an easy adaptation of [Thévenaz] 45.6 and its
proof.
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Lemma 23.18. Let A be an O-free O-algebra of finite rank. Assume that X C
A is a subgroup of A* and that X is closed for the J(A)-adic topology in
A. Assume X/ X N (1 + J(A)) is a finite £'-group. Then the group morphism
X—>X/XnN (1 + J(A)) splits.

This implies that (23.17) splits. We now have a subgroup W' C
Ci4+7a)(Te).I', isomorphic to W by p, and whose action on 7 is that of W.
Then T,.W’ is a semi-direct product in A* isomorphic to T, > W (for the
usual action of W on T').

Denote by M the O-submodule generated by 7,.W’ in A. It is an OT,-
submodule such that po(M) = kW. This can also be written as M + J(A) =
M+ J(OT;)A = A by (23.15). Applying the Nakayama lemma to the OT,-
module A, this implies that M = A. Since |T;.W’| = |N : Ty| is the rank of A,
we now have that T,.W’ is an O-basis of A and therefore

A= OT, > W).

This gives our claim since N/ Ty = T, ><I W as recalled at the beginning of
the proof. O

Proof of Theorem 23.12. Let T C B be a maximal torus and Borel subgroup of
G, both F-stable (see Theorem 7.1(iii)). Then T is a 1-split Levi subgroup of
G (see §13.1),s0 T =TF, B =B, U = R,(B)", and N = Ng(T)" may be
used to define the split BN-pair of G*. We may also apply Theorem 22.9 with
(L, ¢) = (T, 1), which is clearly 1-cuspidal. The associated £-block of G is
the principal block since (G, 1) > (T, 1) (see Definition 21.5; recall that R(T} is
here just the usual Harish-Chandra induction).

Since the ¢-subgroups of G/ are commutative, the defect of the principal
block is Tf by Lemma 22.18. This means that T,‘ZF is a Sylow £-subgroup of
G*. Then Ng(T)" /T* is . Note that Ngr(Ty) = Ng(T)” since T = Cg(Ty)
by Lemma 22.17(ii).

The hypothesis of Theorem 23.13 on B is satisfied since |B: B N B"| (n €
N) is a product of orders of intersections U N U* (s € N/T) which are powers
of ¢, being cardinalities of the sets of points over I, in affine spaces defined over
F, (see [DiMi91] 10.11(ii), but a more elementary argument may be given using
root subgroups). We finally also have Cy(T;) = T, again by Lemma 22.17(ii).

Let M = IndgTUO, A = Endpg(M). We consider M as a OG-A°PP-
bimodule. Then M is a projective OG-module since U Ty is of order invertible
in O. We have seen (Theorem 23.13) that A = O(N/Ty) by an isomorphism
sending ¢t € T, to the endomorphism a, of M such that a,(1 ® 1) = el
Since N/T is an £'-group, an O(N/ Ty')-module is projective if and only if it is
so once restricted to OTy. This will be the case for M since M is OG-projective
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and the action of the a,’s (¢ € T,) is the restriction of OG-action to T;. So M is
bi-projective.

Denote by By € OGF the principal block.

We know that M is a bi-projective By-A-bimodule. To show that it in-
duces a Morita equivalence between By and A, by Theorem 9.18, it suf-
fices to show that M ® K induces an equivalence between By ® K and
A ® K. But since A® K =Endg,gx(M ® K) and By ® K is semi-simple,
it suffices to show that the simple components of M @ K are all the simple
By ® K-modules. O

Lemma 23.19. An element of Irr(GY) occurs in M ® K if and only if it is in
Irr(G*, By).

Proof. The character of M ® K = IndgTK,K is R%(Indgl) =>,R$0
where the sum is over ¢-elements of Irr(T%). Corollary 23.4 gives us that
Irr(GF, RngF(l)) is the set of components of generalized characters Rg([)(f Xt)
where (G(t), x;) > (T, 1). But > is just > (see Definition 21.5) by the ev-
ident “positivity” of Harish-Chandra induction, and the components of the
Rg(,)(?xt)’s are the components of the Rg(l)Rgm(f) = R$(#) since SGeG(,)Rg(t)
sends £(G(t)7, t) to positive combinations of elements of £(GY, t) (Proposi-
tion 15.10), whence Lemma 23.19. |

Remark 23.20. Several finiteness conjectures assert that, once an £-group D
is given, the possible £-blocks of finite groups having D as defect group should
be taken in a finite list of possible “types” (see [Thévenaz] 38.5 for Puig’s
conjecture on source algebras). Donovan’s conjecture asserts that there is only
a finite number of Morita equivalence classes of £-blocks B € OG of finite
groups G O D admitting D as a defect group (see [AI86]). Theorem 23.13
clearly implies it for the (few) blocks it considers. This is because those blocks
are Morita equivalent to group algebras O(D ><1 N') where N’ is a subgroup
of Aut(D).

Exercises

1. We use the notation of Theorem 23.8.
(a) Show that [L, L].Cg([L, L]) is a connected reductive F-group contain-
ing a maximal torus of G (use Proposition 22.8).
(b) Show that [L, L1¥ Cg(L, L])? is transitive on 1-split maximal tori of
[L, L].C&(IL, L]). Let T be such a maximal torus of [L, L].Cg([L, L]).
(c) Show that Ng([L, LDF < Ng(T)F.[L, L]F.CE([L, L)F.
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(d) Deduce from the above that the control subgroup H of Theorem 23.8 can
be taken such that Cg([L, L) € H < Ng(T, [L, L))*.Cg([L, LD*.

Notes

The description of non-unipotent characters of unipotent blocks is taken
from [CaEn94], a generalization of the corresponding results of [FoSr82] and
[FoSr89] for classical groups, and [BrMi93] for abelian defect.

Theorem 23.8 implies that the “Brauer category” (see [Thévenaz] §47) of
RE Byr(¢) is equivalent to that of the principal block of a finite reductive group
suitably extended by a group of diagram automorphisms. In [En91] is shown
the existence of perfect isometries (see Exercise 9.5) in similar cases for the
linear and unitary groups. See [Jost96], [HiKe00] for checkings of Donovan’s
conjecture.

For Broué’s abelian defect conjecture (and relation with Alperin’s weight
conjecture), see [Rou01], [RickO1]. See the web page

http://www.maths.bris.ac.uk/"majcr/adgc/adgc.html
for the current state of the conjecture. Puig has given a determination of “source
algebras” (see [Thévenaz] §18) in a general case which implies Broué’s con-
jecture for groups G when ¢ divides ¢ — 1, see [Pu90]. For arbitrary £ not
dividing g, [Bro94] and [Bro95] give more precise conjectures about cohomol-
ogy of Deligne-Lusztig varieties. See also [Rou02] §4.2.






Appendices

The following three appendices are an attempt to expound many classical results
of use in the book, especially around Grothendieck’s algebraic geometry. In
particular, we tried to give all the necessary definitions so that the statements
can be understood. The proofs are in the references we indicate. Some proofs
are included for a couple of more special facts (see A2.10 and A3.17) in order
to avoid too many direct references to [EGA] or [SGA].

While we have given the fundamental notions, some important theorems are
omitted in order to keep this exposition to a reasonable size. So we recommend
the basic treatises [Hart], [Weibel], [Milne80], and some more pedagogical texts
such as [GelMan94], [Danil96].



Appendix 1

Derived categories and derived functors

We borrow from [McLane97] §VIII, [KaSch98] §1.2, [GelMan94] §§1-5,
[Weibel], [Bour80], [KLRZ98] §2.

We use the basic language of categories and functors (full subcategories,
natural transformations). In what follows, functors are covariant.

Al.1. Abelian categories

In a category C, we write X, Y € C to mean that X, Y are objects of C, and
denote by Hom¢(X, Y) the corresponding set of morphisms.

An additive category is defined by the existence of a zero object, the fact
that morphism sets are additive groups for which compositions of morphisms
are linear and the existence of finite sums (denoted below as direct sums by ®).
An example is A—Mod, the category of A-modules for A a ring. A basic tool
with modules is the existence of kernels and cokernels for any given morphism
X — Y of modules.

In an additive category A, a kernel of a map X Ly is defined as a map
K—1> X suchthat f oi = 0and (K, i) is “final” for this property, i.e. for any
K'—— X suchthat f o i’ = 0, there is a unique K'—%5 K suchthati’ =i o g
It is unique up to isomorphism; one writes Ker(f) — X. One may also define
cokernels Y — Coker(f) in a formal way.

An additive category A is said to be abelian when kernels and cokernels
exist for any morphism in the category, and left (resp. right) cancellable arrows
are kernels (resp. cokernels).

When X —— Y is amorphism in an abelian category, one may also define its
image Im(f) — Y (as the kernel of ¥ — Coker( f)) and co-image. Inclusions
of objects may be defined as kernels, the corresponding quotients being their
co-images.

374
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A basic property in abelian categories is that isomorphisms are characterized
by having kernel and cokernel both isomorphic to the zero object, or equivalently
by being cancellable on both sides.

Functors between abelian categories are assumed to be additive. One may
easily define notions of short exact sequences, projective (resp. injective) ob-
jects in A, and also right (resp. left) exact functors between two abelian
categories.

Note also that certain embedding theorems (see [GelMan94] 2.2.14.1) al-
low us to identify “small” abelian categories with subcategories of module
categories.

Al.2. Complexes and standard constructions

Let A be an abelian category. One may define the category C(A) of (cochain)
complexes with objects the sequences

Lox L xi T i
such that 3'9'~! = 0 for all i. The morphisms are sequences of maps f': X' —
B such that f73"~! = 8’ f/~! for all i. One considers the full subcategories
C*(A) (resp. C~(A), resp. C*(A)) of complexes such that the X' above are 0
for —i (resp. i, resp. i or —i) sufficiently big. All are abelian categories with
kernels and cokernels defined componentwise from the same in .A.

One defines shift operations as follows. If n is an integer and X = (X', 8%)
is a complex, one defines X[n] by X[n]' = X'™ and dx,) = (—1)"dx. If X is
an object of A, one uses the notation X[n] to denote the complex with all terms
equal to O except the (—n)th taken to be X.

A1.3. The mapping cone

The mapping cone of a morphism f: X — Y in C(A) is defined as the following
object Cone( f) of C(A). One defines Cone(f)' = X'*' @ Y’ and

i _8§(+l 0
8Cone(f)= fi+1 8;

(where the matrix stands for the appropriate combination of projections and
products of maps in .A). One easily defines an exact sequence

(T) 0— Y — Cone(f) — X[1] = 0.
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Al.4. Homology

Let A be an abelian category. The homology of a complex X € C(A) is defined
as the sequence of objects H'(X) € A (i € Z) in the following way. Since the
composition

xi—1 T i 0 i
equals 0, we get Im(3'~') — Ker(d'), which is akernel, and we define H (X) :=
Ker(8)/Im(3' ).

One may also consider this sequence of objects of A as a single object H(X)
of C(A) with dyx) = 0. This defines a functor X +— H(X) (on complexes),
f = H(f) (on morphisms), from C(A) to itself.

An element of C(A) is said to be acyclic if and only if H(X) =0. A
morphism f: X — X’ in C(A) is called a quasi-isomorphism if and only if
H(f): H(X) — H(X’) is an isomorphism. This is equivalent to Cone( f) being
acyclic.

Note that, in A—Mod, one has H (X) = Ker(3")/8'1(X'~").

A1.5. The homotopic category

A morphism f: X — Y in C(A) is said to be null homotopic if and only if
there exists s: X[1] — Y such that f' = s'd% + 8}~ 's'~! for all i. One may
clearly factor out null homotopic morphisms in each morphism group and still
have a composition of the corresponding classes. The resulting category K (.A)
is called the homotopic category. Its objects are the same as in C(A), only
morphism groups differ. If the identity of a complex is null homotopic, one
says that the complex is null homotopic; this is equivalent to being isomorphic
to 0 in K (A) (and implies acyclicity). “Conversely,” a morphism f: X — Y in
C(A) gives an isomorphism in K (A) if and only if Cone( f) is null homotopic.

One defines K”(A) and K *(A) by selecting the corresponding objects in
K (A) (see A1.2). These categories are additive but generally not abelian. Note
that the above does not use the fact that A is abelian; it can be done for
any additive category. Note also that any additive functor F: A — A’ induces
K(F): K(A) — K(A'), and that, if A is a full subcategory of A’, then K(A) is
a full subcategory of K(A').

Homotopy has the following homological interpretation. If X, Y € C(A),
define Homgr(X, Y) € C(Z—Mod) by

Homgr(X, Y)' = @jeZHom A(X7, YTt
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with differential defined as
fr 0y () =fody  +(=1o)"of

onHom (X7, Y/*). Then it can easily be seen that, inside & ;Hom 4(X/, Y/™7),
we have Ker(d} ,) = Homc4)(X, Y[i]), where Im(d} ,) is the subspace cor-
responding to null homotopic morphisms. We get

H'(Homgr(X, Y)) = Homg (X, Y[i]).

A1.6. Derived categories

The derived category is a category D(A) (additive but not necessarily abelian)
with a functor 8: C(A) — D(A) such that any quasi-isomorphism is sent to
an isomorphism and (D(A), §) is “initial” for this property. Note then that the
homology functor factors as H: D(A) — C(A).

This problem of “localization” with regard to a class of morphisms (here
the quasi-isomorphisms) is solved formally in the following way. One keeps
the same objects as C(A) while morphisms are now chains s{ f155 f> ... s, fin
where f;: X; — Y; are morphisms in C(.A) and s/ are symbols associated with
quasi-isomorphisms s;: ¥; — X;_1, and one makes chains equivalent according
to the rule s;s; = Idx,_,, s/s; = Idy,.

Since the functor C(A) — D(A) has to factor as C(A) - K(A) - D(A),
one may start the construction with K (4). This has the following advantage.

Let ¢ be the empty symbol, or +, or b. For any morphism f: X — Y and
any quasi-isomorphism s: X — X', resp. t: Y’ — Y, in C?(A), there is a com-
mutative diagram in K*(A)

f f

X — Y X — Y
ls l resp. T Tl
X — Y X — Y

with vertical maps quasi-isomorphisms. This allows us to make the above con-
struction of D?(A) from K°(A), taking formal expressions with m = 1, i.e.
“roofs”

to represent the elements of Homp:(4)(X, Y).
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Note that the 0 object in D®(A) corresponds with images of acyclic com-
plexes.

Assume now that the abelian category A has enough injective objects, i.e.
any object X admits an exact sequence 0 — X — I where [ is injective. Then,
injective resolutions allow us to prove that the functor K +(A) — D' (A) re-
stricts to an equivalence of categories K *(inj A);) DT (A) where inj , is the
additive full subcategory of A of injective objects.

More generally, if Z is an additive subcategory of A such that, for any object
X of A, there is an exact sequence 0 — X — [ with [ in Z, then the functor
KT (Z) — D*(A)isfull andits “kernel” N 'is given by acyclic objects in C*(Z):

K*(D/N = DA,

the quotient notation meaning that we localize K *(Z) by the morphisms X — Y
embedding into a distinguished triangle X — ¥ — Z — X[1]in K (Z) with
Z acyclic.

Al.7. Cones and distinguished triangles

The category D¢(A) (where ¢ = b, + or empty) is not abelian in general. Short
exact sequences are replaced by the notion of distinguished triangles. A tri-
angle is any sequence of maps X — Y — Z — X[1]in C*(A). If x—syis
amorphism in C*?(A), the exact sequence (T) of A1.3 allows to define a triangle

X—L sy Cone(f)— X[1]

in C*(A). Any triangle is called distinguished if it is isomorphic in K*(.A) with
one of the form above. In D?(A), we take the images of the ones in K*¢(A).

The distinguished triangles in K *(A) or D*(.A) have many properties leading
them to be considered as a reasonable substitute for exact sequences (made into
axioms, they define triangulated categories, but we shall avoid this abstract
notion). Note that each exact sequence 0 > X——Y — Z — 0in Ayields a
distinguished triangle X[0] — Y[0] — Z[0] — X[1]in D?(A) since Cone( f)
is quasi-isomorphic to Z[0].

If A and B are abelian categories, a functor D?(A) — D?(13) is called exact
if it preserves distinguished triangles.

If S is a set of objects of C?(A), K¢(A), or D?(A), we define the subcategory
generated by S, <S> C D*(A), as the smallest full subcategory containing
the image of S in D*(.A), and stable under shifts, direct sums and distinguished
triangles (and therefore direct summands), the last condition meaning that, if
X — Y — Z — X[1] is a distinguished triangle and two of the three first
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objects are in <S>, then the third also is. It is easily checked that the objects
X of A, considered as complexes X[0], generate D?(A).

A1.8. Derived functors

Let F: A — B be a left-exact functor between abelian categories. Denote by
KT (F): KT (A) — K*(B) the induced functor and by Q 4: K (A) — D'(A)
the “localization” functor built with D¥(A). One would like to build an exact
functor DT(F): DT (A) — D% (B) such that there is a natural transformation of
functors n: Qg o KT(F) — DT(F)o Q4 and (D (F), n) is “initial” for this
property.

Let Z be a class of objects of .A. We call it F-injective if any object X admits
an exact sequence 0 — X — [ with [ in Z, and, for any exact sequence 0 —
I' - 1> > I’ - 0in A with I', I? € Z, we have I® € T and the sequence
0— F(I') - F(I*) - F(I*) — 0 is exact in B. If A has enough injective
objects, this class will do.

If there is an F-injective class of objects of A, then D" (A) can be defined
by use of the construction of K+(Z)/N = D*(A) recalled at the end of Al.6.
Then DT (F) is defined by K+ (F) on K+(2).

The functor DT (F): DT(A) — D™ (B) is called the right derived functor
associated with the left-exact functor F: A — B. The classical notation is

RF:D*(A) - D™ (B).

Composing RF with the homology functors H': D¥(B) — B, one gets the
functors classically called ith right derived functors of F and denoted by R/ F.

By the explicit construction of right derived functors, if F; — F> is a natural
transformation of functors F;: A — B between abelian categories and Z is both
Fi-injective and F»-injective in 4, one gets a natural transformation RF; —
RF, of functors DT (A) — DT (B).

One may also define a notion of left derived functor LG: D~ (A) — D~ (B)
called the left derived functor associated with the right-exact functor G: A —
B, injectivity being replaced by projectivity (this can be deduced from the
right-handed theory applied to the opposite categories of A and 15).

A1.9. Composition of derived functors

The following is easy and concentrates part of what is also known as spectral
sequences.
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Let Fi: A — A, F>: A, — Aj, be additive left-exact functors between
abelian categories. Assume there is an F-injective class Z; of objects of A;
and an F,-injective class 7, of objects of A, such that Fi(Z;) C Z;. Then
R(F, o F1) = RF, o RF) (see [KaSch98] 1.8.7, [GelMan94] 4.4.15).

A1.10. Exact sequences of functors

Let0 - F; — F, — F3 — 0be an exact sequence of additive left-exact func-
tors F;: A — Bbetween abelian categories (i.e. F; — F;; are natural transfor-
mations such that the induced sequence 0 — Fi(X) - F»(X) - F3(X) — 0
is exact for any object X of A). Assume there is a class Z of objects of A
which is Fj-injective for each i = 1,2, 3. Then there is a natural transfor-
mation RF3 — RF|[1] such that, for any object X in D*(A), the sequence
RF(X) - RF3(X) — RF5(X) can be completed to form a distinguished tri-
angle RFj(X) - RF>(X) - RF3(X) — RF(X)[1] (see [KaSch98] 1.8.8). In
short, an exact sequence of functors 0 — F; — F, — F3 — 0 is transformed
into a distinguished triangle RF; — RF, — RF; — RF|[1].

Al.11. Bi-functors

If A is a category, it is natural to consider (X, Y) — Homy(X, Y) as a func-
tor from AP x A to the category of sets. The notion of bi-functor (see
[KaSch98] §1.10) is devised from this model. It is defined on objects as
F: Ax A — A" for three categories such that for X (resp. X’) an object of A
(resp. A’), we have functors F(X, —): A" — A" (resp. F(—, X'): A —> A”)sat-
isfying the compatibility condition F(f, Y") o F(X, f') = F(Y, f)) o F(f, X').

We assume now that .4, A’ and A" are abelian categories.

We recall the notion of double complex and associated total complex (an
example has been seen in A1.5 above: Homgr , complexes). A double complex
is an object X = (X", 0" )ez), @™ nez of C(C(A)). If for each n € Z
there is a only a finite number of k such that X k.n—k # 0, then one defines the
total complex 7(X) associated with X, as #(X)" = P, X kn=k with df¢ X) being
%1% @ (—1)*¢*"* on the summand X*" .

Starting with an additive bi-functor F, left-exact with respect to each
variable, the above construction of total complexes allows us to con-
struct F: CT(A) x CT(A) — CT(A”). It clearly induces K+ (F): KT(A) x
KT (A) — KT(A”) and one may ask for a reasonable notion of right derived
bi-functor

RF:D*(A) x DY(A) — D*(A").
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This bi-functor should be exact (i.e. preserve distinguished triangles) with
respect to each variable; there should be a natural transformation 7: Q 4 o
KT (F) — RF o (Q4 X Qu), and (RF, n) should be initial for those proper-
ties.

It is not difficult to check that, if A and A" have enough injective objects,
then F admits derived functors with respect to each variable R 4 F(—, X’) and
Ry F(X, —) (see A1.8) for X € KT(A), X’ € K*(A"). It can be defined by
R4F(X, X') = KT(F)(X, X') when X € K*(inj 4). Moreover RF also exists
and

RF =Ry yF =Ry F

(see [KaSch98] §1.10).
Let us return to the case of the bi-functor

Hom 4: A x A — Z—Mod.

When A is abelian, this is left-exact. Assume .4 has enough injective (or enough
projective) objects. Using the bi-complex Homgr , introduced in A1.5, itis easy
to check that

H'(RHom 4(C, C")) = Homp(4(C, C'[i])
for any C € DT(A%P), C' € D*(A),i € Z.

A1.12. Module categories

Let A be a ring. One denotes by A—Mod the category of left A-modules, by
A—mod its full subcategory corresponding with finitely generated modules.
Free modules are projective, so both A—Mod and A—mod have enough pro-
jective objects.

One uses the abbreviation D”(A) = D”(A—mod).

It is customary to call perfect the (generally bounded) complexes of finitely
generated projective A-modules.

The tensor product is a bi-functor A°®—mod x A—mod — Z—mod which
is right-exact while A—mod and A°?’ —mod have enough projective modules.
This allows us to define

L
—Qa—: D (A°®’—mod) x D" (A—mod) — D~ (Z—mod).

If X or Y is perfect, X (}% AY is easily defined from the obvious bi-complex
X®aY.

Assume for the remainder of this section that A is a finite-dimensional
k-algebra for k a field. Then k-duality M — M™* induces an exact functor
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A—mod — (A°®?—mod)°?P. One has an isomorphism of bi-functors giving
on objects M* ®4 N = Homu(M, N) for M, N € A—mod and therefore

L
M*®4N = RHomu(M, N)

on D’(A) x D*(A).

It can be easily checked that the simple A-modules generate D”(A).

When C is in A—mod, denote by xc: A — k the associated “character”
defined by xc(a) being the trace of the action of a on C as k-vector space.
This extends to C?(A—mod) by the formula xc = Y ;(—1)' xci and this only
depends on the image of C in D?(A) since x¢ = XH(c)- This is sometimes called
the Lefschetz character of C.

In the exercises below we give some properties of perfect complexes in rela-
tion to quotients A — A/I (I atwo-sided ideal of A) or when A is symmetric.

A1.13. Sheaves on topological spaces

The theory of sheaves of commutative groups on a topological space is a model
for many adaptations, specifically (in our case) schemes, coherent sheaves, and
sheaves for the étale “topology” on schemes.

Let X be a topological space. One may identify it with the category
Xopen Whose objects are open subsets of X and morphisms are inverse inclu-
sions, i.e. Homy (U, U’) = {—} (asingle element) if U’ € U, Homx(U, U’) =
@ otherwise. Note that any continuous map f:X — X’ induces a functor

aren” Xopen = Xopen defined on objects by U — f~!(U).

If C is a category equal to A—Mod or Sets, a presheaf 7 on X with values
in C is any functor

F: Xopen — C.

This consists of a family of objects (F(U))y, also denoted by I'(F, U), indexed
by open subsets of X and “restriction” morphisms py y: F(U) — F(U’) for
every inclusion of open subsets U’ € U. Elements of F(U) are often called
sections of F over U;if s € F(U), one often denotes py, i (s) = sy7. Of course,
a functor X,pen — C may be composed with any functor C — C'. Presheaves
on X make a category PSh¢(X).

We abbreviate P Sh4_wmoa as P Sh 4. It is abelian, with kernels and cokernels
defined in A—Mod at each U € X pen.

In Sets or any module category A—Mod, arbitrary inductive limits exist.
If x € X, we call the stalk of F at x the limit F, := li_r)n F(U) taken over

U € Xopen such that x € U. For any such U, one denotes by s — s, the map
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F(U) — F,. Taking the stalk at a given x is an exact functor, sometimes
denoted by u,: PShe(X) — C.

Sheaves are presheaves F satisfying one further condition: if U = |, U;
witheach U; € Xopen and s; € F(U;) is a family of sections such that s;y;,ny;, =
sjjuinu; for each pair i, j, then there is a unique s € F(U) such that sy, = s;
for each i. The uniqueness above forces F () = 0if C = A—Mod, F(J) =@
if C = Sets. When U C X is open, then the restriction of F t0 Ugpen S Xopen
is again a sheaf, denoted by Fy.

Sheaves make a full subcategory Sh¢(X) in P She(X). The forgetful functor
Shc(X) — PShe(X) has a left adjoint called the sheafification functor. This is
denoted as F — F T and constructed as follows. If U C X is open, let F(U)
be the set of maps s: U — [ [, ., F« such that any x € U has a neighborhood
V C U and a section t € F (V) such that s(y) = ¢, for all y € V (thus s(x) €
F, for all x). The natural map F — F+ in PSh(X), induces isomorphisms
F.—— F on stalks.

If Fisasheaf on X and U C X is open, one calls the elements of F(U) the
“sections of F over U” (compare with the construction above). One may also
use the notation F(U) = I'(U, F) when one has to emphasize the functoriality
with respect to F in She(X).

When M is an object of C, one defines the constant presheaf in P Sh¢(X) by
U +— M for any open U C X. The sheafification is denoted by Mx and called
the constant sheaf of stalk M. From the construction of F* above, one sees
that, if X is locally connected, then Sx(U) = S x mo(U) if S € C = Sets, resp.
MxU) = M™U) if M € C = A—Mod where 7 denotes the set of connected
components.

Let f: X — X’ be a continuous map between topological spaces. One de-
fines the direct image functor

fe: PShe(X) — PShe(X')
by f.F(U') = F(f~1(U’)). This preserves sheaves. The inverse image
¥ She(X') — She(X)

is the sheafification of the presheaf inverse image f*: PShe(X') — PShe(X)
defined by f*F'(U) = lim F'(U’) where U’ ranges over the neighborhoods

of f(U)in X'. Then f*F' := (f*F’')". Those functors are adjoint on the cat-
egories of sheaves, i.e.

Homgy,, x(F', fF) = Homgp,cx)(f*F', F)

as bi-functors.
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In the case when X’ = {e} (a single element), Sh({e}) identifies with
A—Mod and there is a single continuous map o: X — {e}. The functor o,
identifies with I'(X, —). If M is an A-module, c*M = My, the associated con-
stant sheaf. The maps {e} — X are in bijection with elements of X, x > o,.
Then the stalk functor F +— F, coincides with 0.

A1.14. Locally constant sheaves and the
fundamental group

A sheaf F is said to be locally constant if and only if every x € X has
a neighborhood U such that F|y is constant. Locally constant sheaves are
also called local coefficient systems. They make a subcategory LC S¢(X) of
She(X).

The existence of non-constant locally constant sheaves on connected spaces
is related to simple connectedness in the following way. Assume X is pathwise
connected and every element has a simply connected neighborhood. A covering
of X is a continuous map p: X" — X such that any x € X has a neighborhood
V such that p~!(V) is a disjoint union of open subsets all homeomorphic to V
by p. Coverings (Y, p) of X make a category where morphisms are denoted by
Homy. Fix xp € X and denote by 7;(X, xo) the associated fundamental group
(homotopy classes of loops based at x). For any covering p: Y — X, this group
acts on p~'(xp), thus defining a functor from coverings of X to (X, xo)-sets.
Moreover, there is a covering X — X such that this functor is isomorphic to
HomX()N( , —). Denote now by cov(X) the category of coverings p: ¥ — X such
that p~!(xo) has a finite number of connected components, and by (X, xo) —
sets the category of finite ; (X, x)-sets acted on continuously. What we have
seen implies that they are equivalent. Let LCS(X) be the category of locally
constant sheaves of sets with finite stalks. It is inserted in the above equivalence
as follows

cov(X) —> LCS;(X) — m(X, xo) — sets

where the first arrow sends p: Y — X to p.(Sy) (S a set with a single element)
and the second is F > F,.

An example is the unit circle P! = {z € C | |z| = 1}. If n > 2 is an integer,
let ¢™: P! — P! be defined by z +> z". This is a finite covering corresponding
to the quotient Z/nZ of the fundamental group 7r; (P') = Z. The sheaf (e™), Spi
on P! is locally constant but not constant.
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A1.15. Derived operations on sheaves

The category of sheaves Sh 4(X) is abelian: kernels are the same as in P Sh 4(X)
(compute at the level of sections), while cokernels are the sheaves associated
with presheaf cokernels. A sequence F' — F2 — F? is exact in Sha(X) if
and only if each sequence of stalks 7! — F2 — 77 is exact.

Inverse image functors f* are exact (since (f*F’), = F }(x) forany x € X).
Direct image functors f, are left-exact. One has (f o g)* = g" o f* and (f o
)« = fy+ 0 g, when X Sy —f>Z is a composition of continuous maps.

One has two bi-functors on S4 4 (X) with values in Shz(X) induced by Hom 4
and ®, on A—Mod. They are defined as follows. If F, G are in Shs(X), one
defines Hom(F, G) by

U — Homu(F(U), G(U))

(this is a sheaf); Hom, is left-exact with respect to each argument.
Let 7 ® 4 G be the sheafification of

U FU)®a4 GWU).

On stalks this corresponds to — ® 4 — on modules, so this bi-functor is right-
exact.

The abelian category Sh4(X) has enough injective objects, a consequence
of the fact that A—Mod has enough injective objects. If F is a sheaf on X and
Fy — I, is the inclusion of F, into an injective A-module, one has an adjunc-
tionmap F — [[,cx (0.0 F = [],cx(0x)«Fy which can be composed with
[Liex (@)« Fx = [iex(0x)<1x. This is the first step of a construction known
as “Godement resolution.” The derived category DT (Sh,(X)) is denoted by
D (X) or simply D (X).

Direct images f, preserve injective sheaves (being left-adjoint to f* which
is exact) and are left-exact, so one may define

Rf.: DF(X) — DI(Y)
for any continuous map f: X — Y, and one has
R(f o g)« = Rfi oRg.

for any composition w—E5x Ly of continuous maps (see A1.9).
In the case of ox: X — {e}, we write R['(X, F) € DT (A—Mod). Its homol-
ogy is called the homology of F; one denotes

H (R[(X, F)) = H (X, F).
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The above implies a natural isomorphism
RI(X, F) =ZRI(Y, fiF)

for any continuous map f: X — Y, since oy o f = oy.

Exercises

1. Let A be an abelian category. Let C be a complex of objects of A. As-
sume H'(X) = O for all i # 0. Show that X is quasi-isomorphic to H(X).
Generalize with an interval C Z instead of {0}, and truncation instead of
H(X).

2. Let A be an abelian category. If X is an object of A and n € Z, de-
note by X,..+1) € C?(A) the complex defined by Xpney = Xf’nfer] =X,
0" = Idy, and all other X|, ., = 0 (i.e. the mapping cone of the identity
morphism of X[—n]).

(a) Show that C € C?(A) is null homotopic if and only if it is a direct sum
of complexes of the type above. Generalize to CT(A).

(b) Let C € CP(proj 4) be a bounded complex of projective objects of A.
Assume H/(C) = 0 for i > ng. Show that C = Cy @ C, where Cy is
null homotopic and Ci = 0 fori > ny.

3. Let A be an abelian category.

(a) Let C be an object of C’(A) with C' =0 for i & [m, m’]. Let
f:C — C™[—m] be defined by Id at degree m. Show that Cone( f) =
(C™M)m=1,m1 ® C=™[1] where (C™)m—1,m 1s as defined in Exercise 2
and C~"™ coincides with C on degrees strictly greater than m and is zero
elsewhere.

(b) Same hypothesis as in the question above. Let g: C"'[—m'] — C be
defined by Id at degree m’. Show that Cone(g) = (C’”/)[m/_ 1.m] @ c=m.

(c) Show that any term of a bounded acyclic complex is in the subcategory
of D’(A) generated by the other terms.

(d) If A is an artinian ring (or a finite-dimensional algebra over a field),
show that D?(A—mod) is generated by the simple A-modules.

4. Let A be a principal ideal domain, and A be a A-algebra, A-free of finite
rank. If a € A, denote by [a.] the left translation by a, i.e. [a.](b) = ab.
Assume there is a A-linear form f: A — A such that a—~ fola.] is a
A-isomorphism between A and Homy (A, A) (for instance, A = AG is the
group algebra of a finite group G).



Al Derived categories and derived functors 387

Denote by M +— YM = Homy(M, A) the A-duality functor from
A—mod to mod—A.
(a) Show that ¥ M is projective when M is.
Let C be an object of C®(A—proj) and m < m' be integers such that
H/(C)is A-free for all i € [m, m'] and H (C) = {0} for all i & [m, m'].
(b) Show that Ker(¥d") = (3'(C"))* and Ker(d')* = Vo'(¥C") for any i.
(c) Show that C = Cy @ C; in C?(A), where Cy is null homotopic and
Ci =O0foralli ¢ [m, m'] (apply Exercise 2.2 to C and ¥ C).
5. Let A be a ring and / a two-sided ideal of A such that /7 = {0}. Let
p:A/I—mod — A/I—mod denote the functor M — M/IM.
(a) Show that p induces a functor A—proj — A/I—proj which is onto on
objects and morphisms (lift idempotents in Mat,(A) — Mat,(A/I)).
(b) Show that amap in P—— Q in A—proj is a direct injection if and only
. p(f) .
if p(P)——p(Q) is.
(c) Show that, if Cy is in C’(A /I —proj) and null homotopic, then there is C
inC? (A—proj), null homotopic, and such that Cy = p(C). If, moreover,
C’ is in C’(A—proj), any map Cy — p(C’) is of the form p(C — C’).
(d) Show that, if C;, C, are in C?(A— pl‘Q]) and p(Cl)—>p(C2) is null
homotopic then x = p(y) where Cy——C, is null homotopic.
6. We keep the same hypotheses as in Exercise 5. Let C (resp. Cy) be an object
of C’(A—proj) (resp. C®(A/I—proj)) such that p(C) = Cy in D?(A/I).
We want to show that there is an object C’ of C*(A—proj) such that
p(C) = Cpand C = C’ in D*(A).
(a) Show that we may assume that there is a quasi-isomorphism
,o(C)—f>C0 in C’(A/I—proj) with each f' onto (use Exercise 2),
thus giving

0— Ry— p(C)—> Cy— 0

exact in C’(A/I—proj) with R acyclic.

(b) Applying Exercise 5.3 to Ry — p(C) above, define a quotient C/R
in C”(A—proj) such that p(C/R) = Cy (use Exercise 5.2) and C is
quasi-isomorphic to C/R.

Notes

For a more complete introduction, emphasizing the rdle of unbounded com-
plexes, see [Ke98]. See Houzel’s introduction to [KaSch98] for a historical
account of sheaf theory, from Leray’s ideas up to f' functors.
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(...)vers l’dge de douze ans, j’étais interné au camp de concentration de
Rieucros (prés de Mende). C’est la que j’ai appris, par une détenue, Maria, qui me
donnait des lecons particulieres bénévoles, la définition du cercle. Celle-ci m’avait
impressionné par sa simplicité et son évidence, alors que la propriété de “rotondité
parfaite” du cercle m’apparaissait auparavant comme une réalité mystérieuse
au-dela des mots. C’est a ce moment, je crois, que j’ai entrevu pour la premiere fois
(sans bien sir me le formuler en ces termes) la puissance créatrice d’une “bonne”
définition mathématique, d’une formulation qui décrit I’essence.

Alexandre Grothendieck, Esquisse d’un programme, 1984



Appendix 2

Varieties and schemes

In this appendix, we recall some basic results about varieties and schemes that
are useful in this book. The main references for the subject are [Hart], [Milne98],
[Mum?70], [Mum88], [Kempf] (varieties, schemes), [CaSeMcD] (Lie groups),
[Borel], [Springer] (algebraic groups), [Jantzen] (vector bundles) and [Danil94].
We indicate references for precise statements only when they seemed difficult
to find. We begin with varieties over an algebraically closed field and properties
of morphisms. Then we recall the basic results on algebraic groups. Schemes
are introduced in A2.7. Working with schemes has many advantages (see the
official list in [Mum88] p. 92, [Hart] pp. 58-9), even for studying varieties.
This will be apparent in the notion and computation of étale cohomology (see
Appendix 3). It is also necessary for the consistency of references in view of
the quasi-affinity criterion of A2.10.

A2.1. Affine F-varieties

Let F be an algebraically closed field.

Affine F-varieties are defined as sets of zeroes in F” of elements of the
polynomial ring F[zq, ..., t,] (“equations”). By Hilbert’s “Nullstellensatz” the
elements of such a set are in bijection with the set of maximal ideals Max(A)
where A = F[t, ..., t,]/I for I areducedideal (i.e. I contains any polynomial
P that would satisfy P" € I forsomen > 1,i.e. VI = I). Note that Max(0) =
@.

This allows us to call affine F-varieties any V = Max(A) for A a commu-
tative finitely generated F-algebra which is reduced (nilradical = 0). One then
denotes A = F[V] and calls the latter the ring of regular functions on V since
it is isomorphic to the ring of maps on V obtained by restrictions of elements
of F[t#1, ..., t,] when A is written as a reduced quotient of F[z, ..., 1,].

389
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The Zariski topology on V is the one generated by subsets of V of the
form Vy := {x € Max(A) =V | f & x} for some f € A =F[V]. In general
this topology is not Hausdorff. In the case of F" itself, the non-empty open
subsets are dense. When n = 1 they are complements of finite sets.

One calls V the principal open subset associated with f; it is clearly in bi-
jection with Max(A ;) where A ¢ is the localization S~' A for S = { /" | n > 1}.
The complement V' \ V is in bijection with Max(A/f A).If x € V = Max(A),
one denotes by A, the localization S™'A where S = A\ x. It is a local ring
with residual field F.

A2.2. Locally ringed spaces and F-varieties

Putting together all the above bijections (and explaining the word “local”) is
achieved by defining a “structure” sheaf of rings Oy on V, for the Zariski
topology. If U is open in V, one defines Oy (U) as the ring of maps f: U — F
such that for all x € U there is a neighbourhood U’ 5 x such that f = g/h
on U’ where g, h € A and h(U’) # 0. This is a sheaf for restrictions defined in
the obvious way. These are ring morphisms (hence the term “sheaf of rings”).
Stalks Oy, are the A,’s defined above.

The affine variety V = Max(A) endowed with its structure sheaf Oy is
what is called a locally ringed space: a topological space X endowed with a
sheaf of commutative rings Oy such that restriction morphisms are ring mor-
phisms and stalks are local rings. A morphism (X, O) — (X', O’) of locally
ringed spaces is any pair ( f, f¥) where f: X — X'is continuous and f*: 0" —
f+O is a morphism of sheaves on X’ such that each f*(U’):O'(U’) —
£:0WU") = O(f~1(U")) is a commutative ring morphism and each induced
map ff: O/f(x) — (f:O) ) — Oy on stalks is such that (ff)‘l(J((’)x)) =
J (C’)’f(x)). Imposing further that all rings are F-algebras and morphisms are
F-linear, one may even speak of locally F-ringed spaces. Another way of doing
that is to impose that each locally ringed space (X, O) is endowed with a “struc-
tural” morphism ox: X — Max(F) of locally ringed spaces, and morphisms
f: X — X' must satisfy oy o f = ox. One then speaks of spaces “over F.”

In the case of affine F-varieties, it is easily checked that morphisms V —
V' coincide with F-linear ring morphisms F[V'] — F[V], or more explicitly,
considering V, resp. V', as a closed subset of F”, resp. F"', with the restrictions
to V of the polynomial maps F” — F" that send V into V.

One defines F-prevarieties as locally ringed spaces (X, O) over F admitting
a finite covering X = V, U ... U V,, by open subsets such that each (V;, O}y,)
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is isomorphic (as locally ringed space over F) to an affine F-variety. This makes
a category. By reduction to affine varieties, it can be checked that open subsets
and closed subsets of F-prevarieties are F-prevarieties (see [Hart] 1.4.3).

It can also be checked that F-prevarieties are noetherian and quasi-compact
(the same definition as compact but without the Hausdorff axiom). Any F-
prevariety is a finite union of irreducible closed subsets.

Apart from affine F-varieties, an important example is that of projective
spaces P (lines of F+1) where the V;’s are the subsets {F.(x, ..., X,+1) |
x; # 0} in bijection with F".

A basic property is that products exist in the category of F-prevarieties.
The problem reduces to affine F-varieties where the solution is given by
Max(A) x Max(B) := Max(A ®r B). The basic example is Af. Note that the
Zariski topology on a product is generally not the product topology.

Arbitrary F-varieties are defined as prevarieties V such that the diagonal of
V x Visclosed. This is the case for affine F-prevarieties, projective spaces and
any locally closed subset of an F-variety (“subvariety”). One denotes by Ay
the F-variety associated with F”, called the affine space. When n > 2, the open
subvariety Ag \ {0} is not affine (see [Kempf] 1.6.1). One calls quasi-affine,
resp. quasi-projective, any F-variety isomorphic to a locally closed subvariety
of some Ag, resp. P. Closed subvarieties of some [Py are called projective
F-varieties.

Note that our varieties are reduced in the sense that all rings defined by the
structure sheaf are reduced. This constraint is traditional but not essential for
many theorems (see below the notion of scheme over F).

For any affine variety V = Max(A), and any F-variety X there is a natural
isomorphism

Homyg_y,, (X, V)——>Homg_, (A, Ox(X)).

An F-variety V is called complete if and only if, for any F-variety V',
the projection V' x V — V' is a closed map (the word compact is also used,
referring to the corresponding notion for Hausdorff topological spaces). Closed
subvarieties of complete varieties are complete. Projective varieties are com-
plete.

The dimension dimg (V) of an F-variety V is the biggest d such that there is a
chain of distinct non-empty irreducible closed subsets Vo C V; C ... C Vy,i.e.
the maximal dimension of its irreducible components. When V is irreducible,
F[V]has no divisor of zero and the dimension of V is the transcendence degree
of the field of quotients of F[V] over F. Dimension is additive with respect to
product. The non-empty open subvarieties of A" and P* are of dimension n.
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A2.3. Tangent sheaf, smoothness

Let (X, Ox) be an F-variety. The tangent sheaf 7X on X is defined by
7 X(U) = Hom(Max(F[t]/t?), U) (morphisms of locally ringed spaces over
F), clearly a functor on open subsets U C X. An element of 7 X(U) is the
datum of some u € U along with a local morphism Oy, — F[t]/¢>. Thus the
stalk at x € X is

T X, = Homg(J (Ox.)/J(Ox..)*, F).

If f: X — Y is a morphism of F-varieties, since f* induces morphisms of
local rings Oy, fxy = Ox,x, we get morphisms of F-modules

foi TXX — TYf(x).

They satisfy the properties expected from derivatives. One has
(’TI(}X)X =Id7x, and 7(go f)x = (T8) s © T f: (the “chain rule”) when
YL ox—257 are morphisms of F-varieties. If X’ € X is a closed F-
subvariety of X and i: X’ — X denotes the associated closed immersion,
then 7i,: 7 X, — 7 X, is injective for all x € X’. We have 7(X X Y)x y) =
TX, xTY,forany (x,y) e X x Y.

If X is an affine F-variety (or an affine neighborhood of x € X), i.e. a closed
subvariety of A%, 7 X, is defined in F" by the partial derivatives at x of the
defining equations of X C Ajy.

A point x € X is called smooth if and only if dimp(U) = dimg(7 X,) for
some neighborhood U of x in X. The F-variety is called smooth if and only
if all its points are smooth. In a smooth variety, irreducible components are
connected components (i.e. they are open).

A regular variety is a variety such that, for all x € X, Oy , is an integrally
closed (hence integral) ring. A smooth variety over F is regular (see [Atiyah—
Macdonald] 11.23).

Two subspaces X,Y C Z of a finite-dimensional F-space Z are said to
intersect transversally if and only if X +Y = Z or X N'Y = {0}. Two closed
subvarieties X, Y of an F-variety Z are said to intersect transversally at
z€ XNY if and only if 7X, and 7Y, intersect transversally in 7Z,. The
subvarieties X, Y are said to intersect transversally (without z being speci-
fied) if the above holds for any z € X N Y. When, moreover, X, Y, and Z are
smooth, X NY is smooth.

A related notion is that of smooth divisor with normal crossings. Let X
be a smooth connected F-variety of dimension d > 1. A smooth divisor is a
finite union D; U D, U ... U D,, of smooth connected subvarieties D; € X of
dimensiond — 1. Itis said to have normal crossings if and only if for any x € D
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the hyperplanes (7 D;), (for i such that x € D;) are in general position in 7 X
(i.e. have linearly independent equations).

A2.4. Linear algebraic groups and reductive groups

Linear algebraic groups, or F-groups, are defined as affine F-varieties with a
group structure such that multiplication and inversion are morphisms for the
structure of F-variety. This coincides in fact with (Zariski) closed subgroups of
GL, (F). Morphisms of algebraic F-groups are group morphisms that are at the
same time morphisms of F-varieties. If f:H — G is a morphism, then both
Ker(f) and Im( f) are closed subgroups, and we have

dim G = dim Ker(f) + dim Im(f).

Basic examples of linear algebraic groups are A, for the additive law, denoted
by G,, and F* for the multiplicative law, denoted by Gy,,.

In what follows, G is a linear algebraic group.

Algebraic groups are smooth F-varieties, with all irreducible components of
the same dimension. One denotes by G° the connected component of G con-
taining the unit element; this is a closed normal subgroup. The irreducible
components of G coincide with connected components and are the cosets
of G/G°. In order to lighten certain notation, we write Z°(G) := Z(G)° and
Cg(g) := Cg(g)° for centers and centralizers.

An action of G on an F-variety X is a group action such that the associated
map G x X — X is a morphism of F-varieties. The orbits G.x (x € X) are
locally closed subvarieties of X.

We have a similar notion of linear representations (by action on vector F-
spaces). For instance G acts on F[G] by composition of regular functions with
left translations, thus giving

G — GLr(F[G]); gr> Ag.

One has in G a Jordan decomposition g = g, g, = g8, Where A, (resp.
Ag,) is the semi-simple (resp. unipotent) part of A, in GL(F[G]). This is pre-
served by any linear representation. The set of semi-simple elements of G is
denoted by Gg;.

Note that, when F is the algebraic closure of a finite field, any element of G
is of finite order and its Jordan decomposition coincides with its decomposition
into p-part and p’-part (where p is the characteristic of F).

The tangent space at the unit element, 7Gy, is a Lie algebra; we omit
the subscript and write 7G or Lie(G). The differential of the multiplication
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G x G — G is the addition Lie(G) x Lie(G) — Lie(G). The differential of
inversion is —Idy ().

A torus is any closed subgroup T C G isomorphic to some finite product
Gm X + -+ X Gy, (then a commutative divisible group where all elements are
semi-simple). One then denotes X (T) := Hom(T, G,), a free Z-module = Z"
if T= (Gy)". If V is a finite-dimensional F-vector space and T — GLg(V)
is a rational linear representation of a torus, one has V = @, Vo Where
Vo ={veV]|tv=oa()vforallt € T}.

A Borel subgroup of G is any maximal connected solvable subgroup of G.
They are all G-conjugates, so are maximal tori. The unipotent radical R,(G)
is the biggest closed connected normal subgroup of G whose elements are all
unipotent. One says G is a reductive group if and only if R,(G) = {1}.

Let T € G be a maximal torus in a linear algebraic F-group. Then the
action of T on Lie(G) gives Lie(G) = Lie(G)T ® ®ae¢(G,T)Lie(G)a where
®(G, T) is the set of @ € X(T) such that ¢ # 0 and Lie(G), # 0. They
are called the roots of G relative to T. Assume now that G is reductive.
Then we have Lie(G)T = Lie(T) and each Lie(G), for a € ®(G,T) is a
line. The set (G, T) can be endowed naturally with a structure of crystal-
lographic root system in X(T) ®z R = RY™™ whose associated reflection
group is isomorphic to the “Weyl group” W(G, T) := Ng(T)/T. If B is a
Borel subgroup containing T, then B = U >< T where U = R, (B),and (B, T)
contains a unique basis A of the root system ®(G, T). The pair (B, Ng(T))
endows G with the BN-pair, or Tits system, satisfying BN Ng(T) = T. The
associated length function in W(G, T) is denoted by /. Each line Lie(G),
can also be written Lie(G), = Lie(X,) where {X, | @ € ®(B, T)} is the set
of minimal T-stable non-trivial subgroups of U (root subgroups, all iso-
morphic to G,). The parabolic subgroups of G containing B can be writ-
ten as P; = U; ><L; (Levi decomposition) for / € B, with U; = R,(P))
and Lie(P;) = Lie(U;) & Lie(L;) where Lie(L;) = Lie(T) & @ae@,Lie(G)w
and Lie(U;) = @a@(G,T)vb,Lie(G)a for ®; = ®(G, T) N RI. The “Levi sub-
group” L; is generated by T and the X,,’s such that o € ®y; it is reductive.
One also uses the term “parabolic subgroup” (and “Levi decomposition’) for
any G-conjugate of the above.

The connected reductive groups (over F) are classified by what is often called
arootdatum (X, ®, Y, ®V). This quadruple consists of two free abelian groups
of finite rank, in duality over Zby (—, —): X x Y — Z, along with subsets &
X, ®¥ C Y in bijection ® — & by some « > «" such that («, ") = 2 for
alla € ®,and @ (resp. @) is arootsystem of R® C X ®y R (resp. of ROY C
Y ®z R) for a scalar product on R® (resp. R®") such that x — x — {x, «¥)«
(resp. y — y — {a, y)) is the orthogonal reflection associated with o (resp. a ).
The root datum (X, ®, Y, ®") associated with a reductive group G and maximal
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torus T is such that X = X(T), ® = ®(G, T), and Y = Hom(G,,, T) for some
maximal torus T.

Conversely, the connected reductive group associated with a root datum may
be presented by generators and relations in a way quite similar to the case of
reductive Lie algebras. Among the relations we recall the following. Let T € B
be a maximal torus and Borel subgroup, let A be the associated basis of the
root system (G, T). Then there is a set (n5)sca of elements of Ng(T) such that
nsT € W(G, T) is the reflection associated with §, ns € XsX_;X; and for any
pair 8,8 € A, denoting by ms g the order of the product of the corresponding
two reflections, we have

NgngNs ... = NgNsgNg ...

with ms g terms on each side (see [Springer] 9.3.2).

A2.5. Rational structures on affine varieties

We take F to be an algebraic closure of the finite field with g elements [F,. A
closed subvariety of Ay is said to be defined over I, if and only if it is the zero
set of some subset I C IF,[xy, ..., x,]. Then it is stable under the “Frobenius
endomorphism” F: Af — Ay raising coordinates to the gth power. More pre-
cisely, F induces a bijection V — V since P(F(a)) = P(a)? for any a € F"
and P € F [x, ..., x,]. The set V of fixed points is finite, V = J,., V",
and (7F), =0forallx € V.

A more intrinsic definition is as follows. An affine F-variety X is defined
over IF, if and only if its algebra of rational functions satisfies F[X] = Ag ®r, F
where Ag is a IF,-algebra. Then the Frobenius endomorphism F: X — X is
defined by its comorphism F* € End(A, ®p, F) beinga @A > a? @A (a €
Ag, A € F). As a kind of converse, we have that a closed subvariety of X is
defined over IF, whenever it is F-stable (see [DiMi91] 3.3(iii)).

In the case where X is a linear algebraic group, any element is of finite
order (being in some X*") and the Jordan decomposition coincides with the
decomposition into p-part and p’-part (where p is the characteristic of F).

n>1

A2.6. Morphisms and quotients

Let f: Y — X be a morphism of F-varieties. It is said to be quasi-finite if and
only if f~!(x) is a finite set for all x € X. Itis said to be finite if and only if for
all open affine subvarieties U € X, f~'(U) is affine and F[ f ~'(U)] is finitely
generated as an F[U]-module (recall f*(U):F[U] = Ox(U) — F[f~'(U)] =
Oy(f~Y(U))). Finite morphisms are quasi-finite and closed. Conversely, we
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have Zariski’s main theorem (in the form due to Grothendieck) which asserts
that any quasi-finite morphism ¥ — X factorsas Y <> Y’ — X where the first
map is an open immersion and the second is a finite morphism ([Milne80] I.1.8).

A morphism f:Y — X is said to be dominant if and only if, for each
irreducible component ¥; C Y, the closure m is an irreducible component of
X and f(Y) = X. A dominant morphism between irreducible varieties induces
afield extension f*: F(X) < F(Y). Then, such a dominant morphism f is said
to be separable if and only if the field extension is separable. A morphism
f:Y — X between irreducible F-varieties is separable if and only if there is a
smooth point y € ¥ such that f(y)is smoothand 7 f,: 7Y, — T X f(,) is onto.

An F-variety is said to be normal if, for any x € X, the ring Oy , is an
integral domain, noetherlan and integrally closed. For any F-variety X, there is
a normal F-variety X and a finite dominant morphism X — X. A “minimal”
such X — X exists and is called a normalization of X (see [Hart] Ex I1.3.8 and
[Miya94] 4.23).

The theorem of purity of branch locus (Zariski-Nagata) implies that, if
f:Y — X is a finite dominant morphism between connected F-varieties with
normal ¥ and smooth X, then the y € Y such that T f,: TY, — 7T X g, is not
an isomorphism form a closed subvariety of ¥ with dimension strictly less than
dim(Y) (a complete proof is in [AltKlei70] VI.6.8; see also [Danil94] 3.1.3,
[Milne80] 1.3.7e).

Assume G is an algebraic F-group acting on Y. Note that G can be any finite
group endowed with its structure of 0-dimensional F-variety.

One says that the morphism f:Y — X is an orbit map if and only if it
induces a bijection between X and the (set-theoretic) quotient Y /G, i.e. f is
onto and f~!(f(y)) = G.y for all y € Y (and therefore the G-orbits G.y are
closed, not just locally closed, subsets of Y). One says that f:Y — X is a
G-quotient if and only if, for any morphism ¥ — Z of F-varieties which is
constant on G-orbits, there is a unique morphism X — Z such that Y — Z
factors as y—Lox Z. Tt is said to be locally trivial if and only if X is
covered by open sets U; such that each restriction of f, f~'(U;) — U;, admits
a section morphism.

If f:Y — Xisadominantorbit map and X is irreducible, then G acts transi-
tively on the irreducible components of Y, and the G-orbits all have dimension
dim(Y) — dim(X). If, moreover, X is smooth, then f is open ([Borel] 6.4).

If f:Y — X is a separable orbit map and both Y and X are smooth, then
Y — X is a G-quotient ([Borel] 6.6). Note that, in the case when G = {1}, this
yields a characterization of isomorphisms ¥ — X (see also [Har92] §14).

If G is a finite group acting on a quasi-projective variety Y, then there is a
finite morphism ¥ — X satisfying the above (see [Har92] §10, [Mum70] §7,
[SGA.1] V.1.8, or combine [Borel] 6.15 with [Serre88] §111.12). One denotes
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X = Y/G.Itis given locally by Max(A)/ G = Max(A®) whenever Max(A) is
an affine G-stable open subvariety of X.

If His a closed subgroup of an algebraic (affine) F-group G, then the quotient
G/H is endowed with a structure of smooth quasi-projective F-variety such that
G — G/H is a morphism of F-varieties. If, moreover, H < G, then G/H has
the structure of an algebraic (affine) F-group with F[G/H] = F[GH.

Assume G isreductive. Let T € B C P be a maximal torus, a Borel subgroup
and a parabolic subgroup, respectively. Denote by S € W(G, T) the set of
simple reflections associated with B, and recall

I:W(G,T) - N,

the length function associated with S (see [Springer] §8.2). The quotient
G/Pis a projective variety. When w € W(G, T), denote O(w) := BwB/B =
B/BN"B = AIF(W). The O(w)’s are locally closed, disjoint, and cover G/B.
The Zariski closure of O(w) (“Schubert variety”) is the union of the O(w’) for
w’ < w, where < denotes the Bruhat order in W(G, T) associated with S (see
[Springer] 8.5.4, [Jantzen] I1.13.7). If wy € W(G, T) denotes the element of
maximal length, the associated O(wy) is a dense open subvariety of G/B. The
translates of BwyB allow us to show that G/R,(B) - G/Band G — G/R,(B)
are locally trivial.

A2.7. Schemes

Let A be any commutative ring. Denote by Spec(A) its set of prime ideals.
When x € Spec(A), recall that A, denotes the localization (A \ x)~' A.

The affine scheme associated with A is the locally ringed space Spec(A) with
the same definition of open subsets as in A2.1 and structure sheaf O defined by
O(U) being the ring of maps f:U — ][, cgpec(a) Ax such that, for all ug € U,
there is a neighborhood V of ug in U, and a € A, b € A\ | J,yx such that
fw)=a/be A, for all u € V. This is the sheafification of the presheaf O’
definedby O'(U) ={a/b|a € A, b € A\ |J,.yx} Notethat O, = A, forall
x € Spec(A). General schemes (X, Ox) are defined by glueing affine schemes,
just as F-prevarieties are defined from affine F-varieties (see A2.2, and note
that the separation axiom is not required).

Noetherian schemes are defined as schemes obtained by glueing together
a finite number of affine schemes associated with noetherian rings.

For any scheme (X, Oy), we have

Hom(X, Spec A) = Hom(A, Ox(X))

(use comorphisms).
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We have a fully faithful functor V + #(V) from the category of F-varieties to
the category of schemes. It is given by defining a sheaf of rings on the set (V)
of irreducible closed non-empty subvarieties of V. Most notions defined for
varieties (see A2.2 and A2.3) can be defined for schemes, especially schemes
over F, i.e. schemes X endowed with a morphism X — Spec(F).

A point x € X is called closed if and only if {x} is closed. In affine schemes,
closed points correspond to Max(A) as subset of Spec(A). The map x +— {x}
is a bijection between X and the set of irreducible closed non-empty subsets
of X. One calls x the generic point of {x}, and its dimension is defined as the
dimension of {x}. In the affine case X = Spec(A), x} = Spec(Ay) is the set of
y € Spec(A) containing x. More generally, a geometric point of a scheme X is
any morphism Spec(£2) — X where 2 is a separably closed field extension of
F. Such a map amounts to the choice of its image {x} along with an extension
of the field of quotients of global sections on {x}, Oxx/J(Ox.x) — Q.

An open subset of a scheme clearly inherits the structure of a scheme by
restriction of the structure sheaf, whence the notion of open immersion. For
closed subsets, the matter is a little more complicated since there may be several
scheme structures on each (think of the various ideals of a polynomial ring giving
rise to the same set of zeroes). One defines a closed immersion as a scheme
morphism i: ¥ — X such that i is a homeomorphism of ¥ with i(Y) = i(Y)
and i*: Ox — i,Oy is a surjection. A locally closed immersion, generally just
called an immersion, is the composite of both types of immersions.

Finite products exist in the category of schemes. More generally, given a
prescheme S, one defines the category of schemes over S, or S-schemes,
with objects the scheme maps X — S, and where morphisms are defined
as commutative triangles. Products exist in this category. Given X — § and
X" — S, one denotes the product by X xg X’ — S and calls it the fibered
product of X and X’ over S (endowed with its “projections” X xg X’ — X
and X xg X’ — X’). The operation consisting of changing f: X — S into the
projection X xg X’ — X’ is called the base change (the base S of f becoming
X' by use of X’ — §).

Fibered products are defined locally by Spec(A) Xspec(r) Spec(B) =
Spec(A ®r B). When X—f>S, X'——§ are maps between varieties, the
fibered product X x ¢ X’ identifies with the pull-back {(x, x") | f(x) = f'(x')}
viewed as a closed subvariety of X x X’. Note that, in case f is an immersion
X C 8, then X x g X’ identifies with f'~!(X).

Let f: X — Y be a morphism of schemes. One calls it separated if the
associated map X — X Xy X is a closed immersion. One calls it of finite type
if and only if ¥ can be covered by affine open subschemes Y; = Spec(B;) such
that f~!(¥;) is in turn covered by a finite number of affine open subschemes
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Spec(A;,j) where each A, ; is finitely generated as a B;-algebra. One calls
it proper if and only if it is separated, of finite type and, for any morphism
Y’ — Y, the projection X xy Y’ — Y’ obtained by base change is closed. For
instance, any morphism X — Y of F-varieties with X complete (see A2.2), is
proper. Finite morphisms are proper.

A property of morphisms immediately gives rise to the corresponding notion
for schemes with a given base (for instance, schemes over F) by imposing
it on the structure morphism, i.e. ox: X — Spec(F) in the case of schemes
over F.

A2.8. Coherent sheaves
(see [Hart] §11.5 and §I1.7, [Kempf] 5, [Danil96] §2.1.1)

In the following, (X, Oy) is a scheme of finite type over F. An Ox-module,
or sheaf over X, is a sheaf M on the underlying topological space of X such
that, for any open V C U € X, M(U)is an Ox(U)-module, and the restriction
maps M(U) - M(V) are group morphisms compatible with the restriction
maps Ox(U) — Ox(V). Then M, is an Oy -module for each point x € X.
If U is an open subscheme of X, then My is a sheaf over U for the structure
sheaf O X|U-

Let M, M’ be two sheaves over X. We denote by Homp, (M, M) the set
of sheaf morphisms (see also A1.13) such that each induced map M(U) —
M'(U) is Ox(U)-linear. With this definition of morphisms, sheaves over X
make a category.

One defines Hom(M, M) as the sheaf

U + Homo, , (M(U), M'(U)).

One defines M ®p, M’ as the sheaf associated with the presheaf U +—
MU) @oyw) M'(U) with evident restriction maps (see A1.15). One defines
the dual as MY = Hom(M, Oy).

Direct and inverse images are defined through a slight adaptation of the
classical case (see A1.13). Let f:Y — X, let M, resp. NV, be a sheaf on X,
resp. Y. One defines f, N by noting that each f,N(U)=N(f"'(U)) is a
(f.Oy)(U)-module and that we have a ring morphism f*: Ox — f.Oy, so
we get an action of Ox(U) on each f, N'(U). Similarly, it is easy to consider
the inverse image of M under f in Shz(Y) as a f*Ox-module. One makes it
into an Oy-module by tensor product (see above) knowing that Ox — f,Oy
induces f*Oyx — Oy by adjunction of f, and f*.
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A prototype of Ox-modules is as follows. Assume A is a finitely generated
commutative F-algebra and X = Spec(A) is the associated affine scheme. Let
M be a finitely generated A-module. One defines the Ox-module M by M ) =
Ox(U)®4 M where A = Ox(X) acts on Ox(U) through the restriction map
Ox(X) — Ox(U). More explicitly in this case, if f € A\ (0)and X, := {x €
X | fr & J(Ox,x)} is the associated open subset, then Ox(X¢) = A[f~'1and
]\N/I(Xf) = A[f~ '] ®4 M. One calls a coherent sheaf on X, any Ox-module
M such that M(U) is of the type just described for any affine open subscheme
U C X (see [Hart] §I1.5, [Danil96] §2.1.1). Coherent sheaves over X make an
abelian category.

A sheaf M over X is said to be generated by its global sections if and only
if, for every x € X, the image of the restriction map M(X) — M, generates
M, as an Oy ,-module. If X is affine, X = Spec(A), and M is an A-module,
then M r = A, ®4 M forany x € X and therefore M is generated by its global
sections.

A sheaf M over X is said to be invertible if and only if itis locally isomorphic
to Oy, i.e. there is a covering of X by open sets U such that My = Ox |y as
Oxy-module. This is equivalent to M @ MY = Ox. One says that M is
ample if and only if it is invertible, and, for every coherent Ox-module M’,
M ®p, M®" is generated by its global sections as long as 7 is big enough.

Ifi: X’ — X is an immersion and M is an ample sheaf; on X, then i* M
is ample (easy for open immersions, while for closed immersions one may use
the notion of very ample sheaf; see [Hart] I1.7.6).

A2.9. Vector bundles
([Jantzen] 1.5 and 11.4)

Keep F an algebraically closed field. Let G be an F-group acting freely on an
F-variety X. Assume that the quotient variety X /G exists (see A2.2).
There is a functor

M — ﬁx/G(M)

associating a coherent Ox,g-module with each finite-dimensional F-vector
space M endowed with a rational G-action. If U is an affine G-stable open
subset of X, then Lx,c(M)(U/G) = (M ® F[U1)® where the action of G on
the tensor product is diagonal ([Jantzen] 1.5.8). One has Lx;c(F) = Ox/g
([Jantzen] 1.5.10(1)). More properties hold when in addition the quotient
X—25X/G is locally trivial (see A2.6). Then Lx,g(M)" = Lx,g(M") and
Lx,c commutes with tensor products ([Jantzen] 11.4.1).

Assume G (resp. G') is an F-group acting freely on the right on the F-variety
X (resp. X'), such that the quotient exists and is locally trivial. Let «: G’ — G
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be an injective morphism, let ¢: X’ — X be a morphism compatible with «, i.e.
p(x'g") = p(x)a(g ) forallx’ € X', g’ € G'.Thenginduces p: X'/G' — X/G
such that the following commutes

X' LN X

l !

x/¢ -2 x/G
(where vertical maps are quotients) and we have

@ P Lxc(M) = Ly (M%)

for any finite-dimensional rational representation space M of G over F (see
[Jantzen] 1.5.17 and Remark).

The above is related to another notion (see [Jantzen] I1.5.16). Assume that
G acts rationally on a finite-dimensional F-vector space M. Then X, := (X X
M)/G (for the diagonal action) is called the associated vector bundle. It is
a scheme over X/G. This is related to the Lx,g(M) construction of coherent
sheaves by noting that, for any open immersion U — X /G, Homy,g(U, X )
(“sections over U” of X3y — X/G)is an Ox,g(U)-module that identifies with
Lx;c(M)U) (see [Hart] Ex. 11.5.18).

A2.10. A criterion of quasi-affinity

Recalling the bijection Hom(Y, SpecA) — Hom(A, Oy(Y)), the identity of
A := Oy(Y) induces uy:Y — Spec(Oy(Y)), defined by y — uy(y) ={f €
Oy(Y) | fy € J(Oy,y)} € Spec(Oy(Y)). When Y is affine, uy is clearly an iso-
morphism.

Let (X, Ox) be a noetherian scheme (see A2.7). Saying that Oy itself is
ample amounts to saying that every coherent Ox-module is generated by its
global sections. The following shows that this is equivalent to quasi-affinity of
X.

Theorem A2.11. Let (X, Ox) be a noetherian scheme of finite type over ¥. The
following are equivalent

(a) X is quasi-affine,

(b) Ox is ample

(c) ux: X — Spec(Ox (X)) is an open immersion.
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Proof of Theorem A2.11. (c) implies (a) trivially.

(a) implies (b), see A2.8.

(b) implies (c). Assume that Oy is ample. Denote A := Ox(X). When
feArecall X, :={x € X | fi € J(Ox )} theassociated principal open sub-
scheme of X.

Leta={f € A | X is affine}.

Lemma A2.12. X = {J,,X.

Proof of Lemma A2.12. Let us prove first that the X ’s for f € A provide
a base of neighborhoods for any xo € X. Let xo € X and let U € X be open
with xo € U. Denote Y = X \ U and i: Y — X, the closed immersion. We
have an exact sequence 0 — J — Ox — i,Oy where the kernel is a coherent
Ox-module. Atany open U’ C U, we have i, Oy(U") = Oy(U’' N'Y) = Osince
UNY =@.Then J(U'") = Ox(U’), and therefore 7, = Oy ,,. Condition (b)
implies that any coherent sheaf over X is generated by its global sections.
Appliedto J, we getthatthereis f € J(X) € Ox(X)suchthat f,, & J(Ox x,)»
i.e. xo € Xy. It remains to check that X ; € U. Let x € X with f, & J(Ox x).
We have J, # 0 since f € J(X). But this is possible only if x € U, by the
definition of J (see also the proof of [Hart] 5.9 which shows that Y is the
“support” of 7).

Now, U above may be taken to be affine. Recall that there is f € A such that
X ¢ C U. By the fundamental property of restriction maps, we have X y = {x €
U | (fiv)r € J(Oyx)} = Uy which is affine as U (see A2.1). This completes
the proof of the lemma. O

We now finish the proof of Theorem A2.11. We apply Exercise 1 (see
[Hart] Ex 2.17(a)) to Y = Spec(A), and ¢ = uyx. For f € a, the affine scheme
Spec(Ar) is identified with a principal open subscheme of Spec(A), the one
consisting of prime ideals not containing f. To apply Exercise 1 to this col-
lection of open subschemes of Spec(A), in view of the above lemma, it suf-
fices to show that u;'(Spec(A ;)) = X and that uy induces an isomorphism
Xy — Spec(Ay). Whenever x € X, f € A, it is clear from the definition of
ux(x) that

ux(x) € Spec(Ay) & f dux(x) & x e Xy.

So u;(l(Spec(Af)) = Xy.If x € Xy, we have Oy, = Oy, , since X is open.
Then uy(x) = ux ,(x). When, moreover, f € a, i.e. X, is affine, we have
Ox(Xy) = Ay and ux,: Xy — Spec(Ay) is an isomorphism. Thus our claim
is proved. O

Quasi-affinity is preserved by quotients under finite group actions.
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Corollary A2.13. Let G be afinite group acting rationally on a quasi-projective
F-variety (so that Y /G can be considered as an F-variety; see A2.6). Then Y
is quasi-affine (resp. affine) if and only if Y / G is quasi-affine (resp. affine).

Proof. Recall that the quotient map ¥ — Y /G is finite (A2.8), hence closed
and open. A finite map is by definition an affine map, so the case when Y or
Y /G is affine is clear.

If Y is quasi-affine, then Theorem A2.11 implies that uy is an open immer-
sion. If we consider the composition

Y —5 Spec(F[Y])—> Spec(F[Y %)

where the second map is the quotient by G, the image of this composite is an
open subvariety of Spec(F[Y]%), so Y/G is quasi-affine.

Assume conversely that we have an open immersion Y/G — X with X
affine. Then the composition ¥ — Y /G — X is a quasi-finite map to which
we may apply Zariski’s main theorem (see A2.6) to obtain a factorization
Y—L>Y' — X where J is an open immersion and Y’ — X is a finite map.
Then Y is affine. So Y is quasi-affine. O

Exercise

1. Let ¢: X — Y be a morphism of schemes. Assume there are open subsets
U; C Y suchthat X = Ui(i)_l(U,'), and, for all i, ¢ induces an isomorphism
¢~ '(U;) — U;. Show that ¢ is an open immersion.

Notes

Theorem A2.11 is due to Grothendieck (see [EGA] I1.5.1.2).

Algebraic geometry is a mixture of the ideas of two Mediterranean cultures. It is a
superposition of the Arab science of the lightning calculation of the solutions of
equations over the Greek art of position and shape. This tapestry was woven on
European soil and is still being refined under the influence of international fashion.
[Kempf] p. ix.



Appendix 3
Etale cohomology

In this appendix we gather most of the results that are necessary for the purpose
of the book. The outcome is a mix of fundamental notions, deep theorems (base
change for proper morphisms, Kiinneth formula, Poincaré—Verdier duality, etc.),
and useful (sometimes elementary) remarks.

Etale cohomology was introduced by Grothendieck and his team in [SGA]
(especially [SGA 4], [SGA.4%], [SGA.5]). The other references are [Milne80],
[FrKi88], [Tamme].

In what follows, F is an algebraically closed field.

A3.1. The étale topology

We consider schemes over F, mainly noetherian of finite type unless otherwise
specified. Morphisms are understood in the following sense.

A flat morphism f:Y — X between F-schemes is any morphism such that,
forany y € Y, the induced map Oy s,y — Oy,, makes Oy, into aflat Oy s(,)-
module. Flat morphisms are open. A morphism f:Y — X is said to be étale
if and only if it is flat and Oy ,/J(Ox, (,1)Oy,y is a finite separable extension
of Oxyf(y)/.](OX,f(y) for all y € Y.

Any open immersion is clearly étale. The notion of étale morphism is pre-
served by composition and (arbitrary) base change (see A2.7).

Let us fix X a scheme over F. The étale topology X, is the category of
étale maps U — X of F-schemes. The morphisms from U — X to U’ — X
are morphisms U — U’ of X-schemes. If U — X is étale, then we clearly have
a functor Ug — Xg.

A final object is X — X (“identity” map), again abbreviated as X.

The objects of X are to be considered as “opens” of a generalized topol-
ogy. The usual (Zariski) open subsets U C X give rise to elements of X¢ by

404
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considering the associated open immersion. The intersection of open subsets in
ordinary topology is to be replaced with fibred product (see A2.7),i.e. U — X
andU’ — X giverisetoU xy U’ — X.Similarly,if f: X — Y isamorphism,
and U — Y is in Y, one may define its inverse image by f asU xx ¥ — X
obtained by base change.

A neighborhood of a geometric point Spec(2) — X is any étale U — X
endowed with a morphism of X-schemes Spec(2) — U.

A covering of U — X is a family of étale (U; — X); whose images
cover U.

A basic example is the following. Let K be a field, then Spec(K )¢ is the
category of maps [ [; Spec(K;) — Spec(K) where each Spec(K;) — Spec(K)
is the map associated with a finite separable extension K; /K.

A3.2. Sheaves for the étale topology

Let X be a scheme and A be a ring. In analogy with classical sheaf theory (see
A1.13), a presheaf on X is defined as a functor

F: X — A—Mod.

When U — X is in X, we abbreviate /(U — X) as F(U), or use the sheaf-
theoretic notation I'(U, JF), especially in the case of I'(X, F) which in turn may
be seen as a functor with respect to F.

IfU — X s étale, then we may define the restriction |y as a presheaf on U
obtained by composing F with the functor Ug — X¢ (see A3.1). A presheaf
F is called a sheaf if and only if it satisfies the classical property with regard
to coverings, where intersections are defined as in A3.1 and restrictions are
defined as above. The corresponding category is denoted by Sh4(Xs) where
morphisms are defined as in the classical way. It is abelian and has enough
injective objects.

When K is a field, Shz((SpecK)s) = ZG—Mod where G is the Galois
group of the extension K.,/ K, K, denoting a separable closure of K.

Many theorems require that A is a finite ring where the characteristic of F is
invertible (if # 0), and sheaves take their values in finitely generated (i.e. finite)
modules; these are sometimes called torsion sheaves.

Sheafification 7 — F* may be defined by an adaptation of the classical
procedure (see §A1.13).

If F is a sheaf on X¢ and X: Spec(€2) — X is a geometric point, one defines
the stalk F+ as the inductive limit liin JF(U) taken over the étale neighborhoods

U — X of x. This yields an exact functor 7 — Fz (X is fixed).
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The following is a very useful theorem. A sequence F' — F2> — F3 in
Sh 4(X)is exactif and only if ]-"xl — ]—}2 — .7-"% is exact for any geometric point
x of X (see [Tamme] I1.5.6, [Milne80] I1.2.15). If X is the scheme corresponding
to an F-variety, then only closed points Spec(F) — X need be checked (see
[Milne80] I1.2.17).

If M is an A-module, one defines the constant sheaf My € Sh,(X¢) by
Mx(U) = M™Y for U — X in X¢ (compare A1.13). A sheaf is called locally
constant if and only if there is an étale covering (U; — X); such that each
restriction JF |y, is a constant sheaf. If X is irreducible, a sheaf F in Shz(X¢)
is called constructible if and only if it has finite stalks, and there is an open
subscheme U C X such that |y is locally constant.

A3.3. Basic operations on sheaves

If 1, F, are objects of Sh4(X¢), one defines Hom(F|, F,) and F| @4 F», two
objects of Shz(Xe), as in the classical topological case (see Al.15). They are
constant (resp. locally constant) when both F; and F; are. If A is commutative,
they may be considered as objects of Shu(X¢), along with the “dual” F)’ :=
HOWIA(J:l, Ax).

Let f: X — Y be a morphism between F-schemes.

The direct image functor F — f,F from Sh(X¢) to Sh(Yg) is defined by
(fuF)U — Y)=F(U xy X = X) whenever U — Y is in Y. The inverse
image functor 7' > f*F’ from Sh(Yy) to Sh(X¢) is obtained by f*F = G*
where G is the presheaf on X defined by G(V—5X) = 1i_r>n F'(U — Y) where

the limit is over commutative diagrams

Vv — U

x L v
(compare A1.13).

For instance, if Xx:Spec(2) — X is a geometric point, the stalk functor
F +— Fx (see A3.2) coincides with inverse image by x. Similarly, noting that
Sh 4(Spec(F)¢«) = A—Mod, the constant sheaf of stalk M in A—Mod is written
as Mx = o3 M for ox: X — Spec(F) the structure morphism.

A sheaf F on X is said to be constructible if and only if, for any closed
immersion i: Z — X with Z irreducible, i *F is constructible (see A3.2 above).

We have (f o0 2)s = fio g« and (f o g)* = g* o f* whenever f o g makes
sense. Moreover f* is right-adjoint to f,. The direct image functor f, is
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left-exact and the inverse image f* is exact ([Milne80] I1.2.6). This implies
that f, preserves injective objects of Sh(X¢) ([Milne80] III.1.2(b)). If f isa
finite morphism (see A2.6), then f; is also right-exact ([Milne80] I1.3.6). Con-
cerning stalks for inverse images, one has f*F .z = Fxforany f: X — Y and
any geometric point X: Spec(2) — X.

Let j: U — X be an open immersion. One defines extension by zero, de-
noted by j), from sheaves on Uy to sheaves on X, as follows. If 7 € Sh(Ug),
let F, be the presheaf on X, defined at each ¢: V — X in X¢ by F(V) =
F(V)if (V) C j(U), F(V) = 0 otherwise. Define the extension by zero as
JjiF = (F)T. Then j is left-adjoint to the functor j* of “restriction to U.” The
functor j, preserves constructibility. Concerning stalks, one has (j,F)y = Fxif
the image of X is in j(U), (jiF)x = 0 otherwise. Then j is clearly exact. One
also easily defines a natural transformation j, — j,.

A3.4. Homology and derived functors

The category Sha(Xg) being abelian, we may define its derived category
D(Sha(Xg)) (see A1.6). One defines D:{(X) (resp. DZ(X)) as the full subcate-
gory corresponding to complexes such that each cohomology sheaf in Sh 4 (X¢)
is constructible and all are zero below a certain degree (resp. below and above
certain degrees).

Let f: X — Y be a morphism of F-schemes. Since S/ 4(X¢) has enough
injectives, the left-exact functor f,: Sha(Xe) — Sha(Ye) gives rise to a right
derived functor Rfy: DT (Shs (X)) — DT (Shs(Ye)). This functor preserves
complexes whose cohomology sheaves are constructible and this subcategory
has enough injectives, so we get

Rf.: D} (X) — Di(Y).
The above also preserves injectives, so we have

R(f o8« =RfioRg,

whenever f o g makes sense (see [Milne80] II1.1.18). A special case is when
f = ox: X — Spec(F) is the structure morphism and g is a morphism of F-
schemes. Then f, identifies with the global section functor I'(X, —) (see A3.2)
through the identification of sheaves on Spec(F) with abelian groups. The corre-
sponding right derived functor R['(X, —): D} (X) — D*(A—Mod) gives rise
to the cohomology groups H (X, F).

The composition formula above gives, for any g: X — X/,

RI(X, F) = RI(X', Rg.F)

in a functorial way since ox' 0 g = 0.
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A3.5. Base change for a proper morphism
(see [Milne80] VI.2.3, [Milne98] 17.7, 17.10)

Letn:Y — X, f: Z — X be morphisms of F-schemes. Let

ZxyY -5 v

|2 |

Z —f> X

be the associated fibered product (see A2.7). From exactness of inverse images
and adjunction between direct and inverse images, it is easy to define a natu-
ral morphism f*(Rmw,F) — R (f"*F) for any F € Shs(X¢) (“base change
morphism”).

When 7 is proper (for instance, a closed immersion or any morphism between
projective varieties, see A2.7) and F is a torsion sheaf, then the above morphism
f*RmF) — R, (f*F) is an isomorphism.

A3.6. Homology and direct images with compact support

A morphism f: X — Y issaid to be compactifiable if and only if it decomposes
as X—L>X—L Y where j is an open immersion and f is a proper morphism.
For the structure morphism X — Spec(F), this corresponds to embedding X
as an open subscheme of a complete scheme; this is possible for schemes
associated with quasi-projective varieties.

The direct image with compact support is denoted by R, f, and defined

by
Rcf* = R?* o j!

on torsion sheaves. This preserves cohomologically constructible sheaves and
does not depend on the chosen compactification f = f o j. So we get a well-
defined functor

R.fi: DX (X) — Di(Y)

(see A3.4) for any finite ring A. Note that it is not stated that R, f is the right
derived functor of a functor Sh4(Xg) — Sha(Ye).

When we have a composition f o g withboth f, g,and f o g compactifiable,
then Re(f o )« = Re fi 0 Rege.

The case of a structure morphism o*: X — Spec(F) allows us to define
cohomology with compact support. If F is a sheaf on X and X is a
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quasi-projective F-variety, one denotes by H.(X, F) the ith cohomology group
of R.['(X, F) = Rca*x F.If g: X — X’ is compactifiable, one has similarly

R.I(X, F) = R.I(X, Reg F).

One often finds the notation R f; and RT. in the literature instead of R, f, and
R.T" above.

When direct images are replaced by direct images with compact sup-
port (see A3.5), the base change theorem holds unconditonally, i.e. (notation
of A3.5) m and f being any compactifiable morphisms, one has a natural
map f*(Rem, F) — Remr (f"*F) which is an isomorphism ([SGA.4] XVIL5.2,
[SGA.41] Arcata.IV.5).

A3.7. Finiteness of cohomology

Letw: X — Y be a proper morphism and F be a constructible sheaf (see A3.2)
on X. Then Rz, F is cohomologically constructible. As a consequence, if F is
a constructible sheaf on a quasi-projective variety X, each H.(X, F) is finite.
Assume X is a quasi-projective F-variety of dimension d. If F is a torsion
sheaf with torsion prime to the characteristic of F, then R["(X, F) has arepresen-
tative which has trivial terms in degrees outside [0, 2d]. One may even replace
2d by d whenever X is affine (see [Milne80] VI.1.1 and [Milne80] VI1.7.2).

A3.8. Coefficients

Let us first introduce the notion of £-adic sheaf cohomology. Let X be an
F-variety, let £ be a prime, generally different from the characteristic of F.
Let A be the ring of integers over Z, in a finite extension of Q,. An ¢-adic
sheaf (over A) is a projective system F = (F,+; — F,)u>1 Where F, is an
objectof Shp,jay (Xe)and each F, 1 — F, induces an isomorphism F,, | ®
A/J(A)Y" = F,. Thus one could define a category (distinct from Sh 5 (X)) with
the basic operations (direct and inverse images, including stalks, Hom and ®)
and notions (locally constant sheaves) defined componentwise. One defines
H/ (X, F), resp. HQ(X , F), as the corresponding projective limit (over n > 1) of
the groups H (X, JF,,), resp. liinHé(X , J). These are A-modules. The constant
£-adic sheaf is defined by F, being the constant sheaf (A/J(A)")x, whence
the notation H'(X, A) and H.(X, A).

Let A C B be an inclusion of rings. Assume that B is a flat right A-module.

We have functors Resﬁ: B—mod —- A—mod and 3 B4 ® 4 —, both exact.
They induce functors between the corresponding categories of sheaves on X,
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and they are exact on them too, as can be seen on stalks. The classical adjunction
between them on the module categories (see [Ben91a] 2.8.2) implies the same
for the functors between the categories of sheaves on X¢. We therefore get that

Res?: Shp(Xg) — Sha(X«)
is exact and preserves injectives. Then
Resﬁ(RF(Xét, F) =ERT (Xét, Resﬁf)

for any sheaf F on X with values in B—mod.

Since Res¥ also clearly commutes with direct and inverse images, and also
with j, (where j is an open immersion), the above implies the same with compact
support

Resk (R.T' (X, F)) = ReI'(Xer, Resk F).

The above implies that most theorems about D:{(X ) reduce to checking over
Z or Z/nZ.

It may also be applied to use the theorems about £-adic cohomology where
A =7Z/0"Z or Z; in a framework where Z, is replaced with A, the integral
closure of Z, in a finite field extension of Q,, and Z/¢"Z with A/J(A)". One
may also use the above in the case when A is commutative and B = A[G]
where G is a finite group acting on F.

We know that a complex of sheaves is acyclic if and only if the corresponding
complex on stalks is acyclic (see A3.2). The universal coefficient formula (see
[Bour80] p. 98, [Weibel] 3.6.2 or Exercise 4.5) on module categories then
implies that, if A is a principal ideal domain and F is an object of DP(ShAs(Xe)),
then F = 0 if and only if 7 ® k = O for all quotient fields k = A /9.

A3.9. The “open-closed” situation
([Tamme] I1.8, [Milne80] 11.3)

Let U be an open subscheme of the F-scheme X. Let j: U — X and i: X \
U — X be the corresponding open and closed immersions (respectively). Let
A be a ring. Consider the following as functors on Sh4(X¢), Sha(Ug), and
Sha(X \ Ug). Then jy, j*, and i* are exact, i, is faithful and exact.
The natural transformations i *i, — Id and j* j, — Id are isomorphisms.
The natural transformation j, — j, (see A.3.3) composed with j* yields
exact sequences for any F in Sh4(X¢)

0— jj*F > F— i, i*F — 0.
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This has the following consequence on cohomology, known as the “open-
closed” long exact sequence (see [Milne80] II1.1.30)

... — H"(U) - H"(X) - H'(X \U) > H""'(U) > ...

where one takes cohomology of a constant sheaf.

A3.10. Higher direct images and stalks

Let us recall the Hensel condition. A commutative local ring A is called
henselian if and only if, for all monic P € A[x] such that its reduction mod
J(A) factors as P = Q'R’ in A/J(A)[x] with Q’, R’ relatively prime, there
are Q, R € A[x]suchthat Q = Q', R = R’ and P = QR. A is called strictly
henselian if, moreover, A/J(A) is separably closed. Each commutative lo-
cal ring A admits a strict henselization A — A", i.e. an initial object among
local embeddings A — B where B is strictly henselian. If x: Spec(2) — X
is a geometric point of an F-scheme and x € X is its image, one defines its
stalk at X as Oy := (Ox)™. This is the limit of Oy(U) where U — X
ranges over étale neighborhoods of ¥ ([Tamme] I1.6.2). Note that x induces
0 Spec(Ox 7)) — X.

Let f:Y — X be a morphism between noetherian F-schemes. Let
X:Spec(£2) — X be a geometric point with image x € X and such that €2 is the
separable closure of Oy ,/J(Ox ) (see A2.7). Let

Y :=Y xx Spec(Ox x) LN

l L

YSh

Spec(Ox x) — X

be the associated fibered product. Then (Rf.F)y = RI(Y, E*F) (see
[Tamme] 11.6.4.1, [Milne80] II1.1.15, [SGA.4] VIIL.5.2).

A3.11. Projection and Kiinneth formulae

Let X, Y be F-schemes. Let A be a finite ring. For any F in Sh(Xg), there
exists an exact sequence F' — F — 0in Shs(Xg), where the stalks of F’ are
flat A-modules, hence F is “flat” with respect to the tensor productin Sh (X ¢)
defined in A3.3 (see [Milne80] VI.8.3). This allows us to define the left derived

L
bi-functor —®—.



412 Appendices

Let : Y — X be a compactifiable morphism, F and G objects of Df‘(X ),
DZ(Y ) respectively. The projection formula is

L L
R G)@AF = R, (GRAT*F)

in DZ(X) (see [Milne80] VI.8.14).

When F is a locally constant sheaf, one has the same formula with R’s
instead of R.’s (easily deduced from the case F = Ay).

The Kiinneth formula is a generalization of the projection formula. Keep
the above notation and hypotheses, let S be another F-scheme and let

XxsV—Ls ¥

A

X —f> S

be a fibred product of F-schemes, then

L L
Rcf*]:®Ach*g = Rnh*(fx*f®Ag;g)

where h = f o gy = g o fx (see [Milne80] VI.8.14). The case S = X gives
back the projection formula.

A3.12. Poincaré-Verdier duality and twisted inverse
images

The theorem known as Poincaré—Verdier duality gives the relation between the
ordinary cohomology and cohomology with compact support for an étale sheaf,
when the underlying variety is smooth.

Let X be a smooth quasi-projective F-variety with all connected components
of the same dimension d. Let A = Z/nZ where n > 1 is an integer.

Let M — MY = Homu (M, A) be the A-duality functor applied to A—mod
(and therefore C’(A—mod) or D?(A—mod), up to changing the degrees into
their opposite). On Sh,(X¢), we also have a similar functor sending F to
FY .= Hom(F, Ax).

Let F in Sh(X¢) be locally constant with finite stalks. Then

R.I(X, F)” = RI(X, F)2d].
See [Milne80] VI.11.1, [SGA.4] XVIIL.3.2.6.1.
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As a generalization of the above, one may define a twisted inverse image
functor, i.e. a right-adjoint f' to the functor R.f, (see [KaSch98] §III for
the ordinary topological case and [SGA.4] §XVIII for the étale case; see also
[Milne80] VI.11).

Let f: X — Y be a compactifiable morphism between F-schemes (not nec-
essarily smooth). There exists f' : D?(Y) — D?(X) such that

Rf.RHom(F, f'G) = RHom(R. f.F, G)

for any objects F, G of Dl]\(X )and Df\(Y) respectively (see [Milne80] VI.11.10,
and, for a proof, [SGA.4] §XVIII 3.1.10 plus later arguments in [SGA.4%] “Du-
alité” §4).

One has

(fog)=gof

whenever the three functors make sense.

Applying the above to the structure morphism oyx: X — Spec(F) of an F-
variety (not necessarily smooth), one gets the following.

Define D: D} (X) — D5 (X) by D(F) = RHom(F, o4 A). The above ad-
junction property of f' gives

RI(X, D(F)) = R.I(X, F)".

The main statement of Poincaré—Verdier duality is implied by the fact that, if
moreover X is smooth with all connected components of dimension d, then
oy A = Ax[2d].

A3.13. Purity

Let X be an F-variety, Y C X a closed subvariety and U = X \ Y the open
complement. Denote by U —L X< the associated immersions. Assume
X (resp. Y) is smooth with all connected components of the same dimension d
(resp. d — 1). Let F be a locally constant sheaf of Z/nZ-modules on X, with
n > 1 prime to the characteristic of F. Then R j, j*F may be represented by a
complex

0->-F—-F —=0...

concentrated in degrees 0 and 1 where i*F” is locally isomorphic with i*F (see
[Milne80] VI.5.1).

A basic ingredient in the above is the computation of étale cohomology of
affine spaces. One has RT'(A\L, Z/nZ) = Z/nZ[0] (see [Milne80] V1.4.18).
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A3.14. Finite group actions and constant sheaves

Let Y be a quasi-projective variety over F with a finite group G acting on it,
thus defining a quotient map 7: Y — Y /G = X (see A2.6).

Let A be acommutative ring and M be an A-module. The associated constant
sheaf My on Y then defines an object n*G(MY) of Shaig1(Xe) as follows. If
U — Xisin Xg, then m,(My)y is by definition M7 >*xU) (see A3.2 and A3.3).
But the action of G on Y clearly stabilizes the fiber product as a subsetof ¥ x U.
So G permutes its connected components and this clearly extends to restriction
morphisms, thus endowing 7, (My) with a structure of sheaf of A[G]-modules
(which gives back m,.(My) by the forgetful functor AG—Mod — A—Mod).
The above construction corresponds to the “functoriality” of the constant sheaf
with respect to X since it corresponds to the composition of the first line

YxyU — Y %5 v

o

U — X LN X
(see also [Srinivasan] p. 51). Note that the above my is a G-quotient for the
action of G mentioned before.

A consequence is also that RT'(Y, My) = R['(X, m,My) and R.I'(Y, My) =
R.[(X, m,My) can be considered as objects of D”(AG—mod) giving back the
usual cohomology A-modules by the restriction functor (see A3.8).

Concerning stalks, let x: Spec(F) — X be a geometric point of X of image
the closed point x € X = Y/G. We have

(we My)y = M*

as a A G-submodule of AY (see [Tamme] I1.6.4.2, [Milne80] I.3.5.(c) or A3.10
above).

A3.15. Finite group actions and projectivity

Let X be the scheme associated with a (quasi-projective) variety over an alge-
braically closed field F. Let A be a finite ring (non-commutative) whose charac-
teristicisinvertible in F. Let F be a constructible sheaf of A-modules on X such
that, for every closed point x € X, the stalk F, is projective. Then RI"(X, F)
may be represented by an object of C?(A—proj). The proof (see [Srinivasan] p.
67) uses finiteness (see A3.7) and Godement resolutions built from stalks at
closed points. One may also proceed as in [Milne80] VI.8.15, noting that the
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projection formula always holds for RI" (see also [SGA.4] XVIIL.5.2). Conse-
quently R.I"(X, F) may also be represented by an object of C?(A—proj), since
for j: X — X’ an open immersion, j,F has the same non-trivial stalks as F.

Assume the action of a finite group G on a quasi-projective F-variety Y is
given. Denote by m: Y — X = Y /G the associated quotient. Let A be a finite
commutative ring of characteristic not divisible by that of F, so that R["(X, A)
and R.I"(X, A) can be considered as objects of DP(A[G]—mod) (see A3.14).
If one has the additional hypothesis that all isotropy subgroups G, := {g € G |
gy = y} of closed points y € Y are of order invertible in A, then R["(X, A) and
R.I'(X, A) can be represented by objects of C”(A[G]—proj). To check this,
one uses the above along with A3.14 to check that the stalks of 77 A at closed
points are of type A[G/G,], hence projective (see also [Srinivasan] 6.4 and
proof, [SGA.4] XVII and [SGA.4%] pp. 97-8).

We point out another consequence. Keep Yy—Z5X=Y /G the quotient of
an F-variety by a finite group such that the stabilizers of closed points are of
order invertible in A. Let o: X — S be a morphism of F-varieties. Considering
JT*GAY as in Shag(Xg) (see A3.14), we have

L
() Ro(CAN@aGAs = Ro.(TCAy) ® 55 As = Rou(Ax).

In particular RI'(X, A) = RI'(Y, A)g (the latter denoting the co-invariants
in the action of G on RI'(Y, A)). The same holds for cohomology with compact
support (see A3.6).

By the projection formula (see A3.11) and the fact that 76 Ay has projective
stalks (see A3.14 and use the fact that stabilizers are of invertible order), the
proof of (1) reduces to the isomorphism JT*G Ay ®rc Ax = Ay. Itis easy to
define an “augmentation” map n*G Ay ® g Ax—> Ax. That it is an isomor-
phism is checked on stalks at closed points of X = Y /G, using A3.14 again.

Taking S = Spec(F), we get the statement about cohomology. As for coho-
mology with compact support, one may do the same as above with R, instead
of R (see A3.11).

A3.16. Locally constant sheaves and the
fundamental group
(see [Milne80] 1.5, [Milne98] 3, [FrKi88] Al, [Murre], [SGA.1] V,
[BLR] 9)

Let X be a connected F-scheme. One defines the category of coverings of X as
the full subcategory of schemes over X (see A2.7) consisting of maps ¥ — X
that are finite and étale (hence closed, open, and therefore onto). One uses the
notation Homy (Y, Y’) and Autx(Y) for morphism sets and automorphism
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groups in the category of schemes over X. If Xx:Spec(2) - X is a ge-
ometric point of X, one denotes by Y — Y(x) the functor associating
Homy (Spec(£2), Y) with each covering of X. The degree of a covering Y — X
with connected Y is the cardinality of Y (x) when X: Spec(€2) — X is a geomet-
ric point of X such that Y (x) is non-empty. One calls Y — X a Galois covering
if and only if, Y being connected, its degree equals the cardinality of Autx(Y).
If X is an F-variety, then G := Autx(Y) acts freelyon Y and ¥ — X is a G-
quotient in the sense of A2.6. Conversely, if Y is a quasi-projective F-variety
and G is a finite group acting freely on it, the associated quotient Y — Y /G isa
Galois covering (see [Milne80] 1.5.4, [Jantzen] 1.5.7). More generally, if G is an
algebraic F-groupand Y — X is a G-quotient (see A2.6), itis called a G-torsor
if it is locally trivial for the étale topology on X (see [Milne80] II1.4.1).

If a connected F-scheme X and a geometric point x: Spec(£2) — X are fixed,
the fundamental group 7, (X, X) is defined as follows. The pairs (Y, o) where
Y — X is a Galois covering and o € Y (x) form a category that essentially
dominates the connected coverings of X and one defines 77y (X, X) as the limit
of Auty(Y)’s over pairs (Y, o) (Grothendieck’s theory of fundamental groups
for “Galois categories”, see [SGA.1] V or [Murre]). The group 7;(X, X) is
endowed with the limit of the (discrete) topologies of the Auty(Y)’s. If one
restricts the limit to the Galois coverings whose automorphism groups are of
order invertible in F, one obtains nf(X , X), a quotient of (X, x) called the
tame fundamental group.

For each (Y, @), we have an exact sequence of groups 1 — m(Y, o) —
m1(X,X) = Autx(Y) — 1. More generally, (X, X) — (X, X) is a covariant
functor. The fundamental group is also unique in the sense that any other geo-
metric point x’ would satisfy 771 (X, ¥) = (X, x'). So we may sometimes omit
x.

One has 7| (P}) = 1, and {(A}) = 1. If p denotes the characteristic of F,
71(Gn) is the closure of (Q/Z),, with regard to finite quotients.

As in the topological case (see Al.14), the functor Y +— Y (X) induces
an equivalence between the category of coverings of X and the category
of finite continuous (X, X)-sets. An inverse functor consists of forming
(Y x E)/G whenever G is a finite group, Y — X is a G-torsor and E is a finite
G-set.

The functor F +— F5 induces an equivalence between the category of lo-
cally constant constructible sheaves on X and the category of finite continuous
m1(X, x)-modules.

Let G be a finite group and Y —~ > X be a G-torsor. Assume |G| is prime
to the characteristic p of F. Let A = Z/nZ where n is prime to p. Let M be a
finite A G-module, hence a finite 7 (X)-module. Then it is easy to check that
78 Ay ®ac My is the sheaf corresponding to M through the above equivalence.
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A3.17. Tame ramification along a divisor with
normal crossings
(See [Milne80] L.5, [GroMur71], [BLR] 11)

Let us define (tame) ramification in a special context adapted to our needs. Let
Y, X be smooth F-varieties. Assume X = X U D (a disjoint union) where D
is a smooth divisor with normal crossings (see A2.3).

We are interested in describing when locally constant sheaves on X¢ can
extend into locally constant sheaves on X¢. By A3.16, this is clearly related to
an associated Galois covering ¥ — X extending to a Galois covering Y’ — X.
We describe how this leads to the construction of Grothendieck-Murre’s 711D X)
groups (see [GroMur71] §2).

Let f:Y — X be finite, normal and étale between irreducible schemes over
F. Let d be one of the points of codimension 1 in D, generic point of an
irreducible component Dy of D (see A2.7), then Ox , is a discrete valua-
tion ring and the ramification along D is the ramification of the extension
F(Y)/F(X) with respect to Ox 4- Thus f is said to be tamely ramified with
respect to D when F(Y)/F(X) is tamely ramified with respect to the vari-
ous Oy 4, or “tamely ramified over the d’s.” Locally for the étale topology,
one may replace the triple (Og , = F(X) > F(Y)) by (Ox 7 = F(X)sp —
F(Y )sep). Furthermore theses maps are given by the “fiber maps” of schemes
Y x% Spec(Ox ;) — Spec(Ox ;). Finally the ramification with respect to D
is the ramification of Y xx Spec(Ox ;) — Spec(Ox ;) with respect to the
closed point of Spec(OY,a) ([GroMur 71] Lemmas 2.2.8, 2.2.10). It is clearly
a local invariant. Up to an étale base change, a tamely ramified covering is a
Kummer extension (i.e. essentially an extension by roots of some sections; see
[GroMur71] §2.3, [Milne80] 5.2(e)).

By a general construction similar to the definition of m{(X) groups (see
A3.16), given a geometric point & of X with image in X, there exists a profinite
group ¥ (X, &), the “tame fundamental group with respect to D and with
base point &,” such that the category of finite sets on which 7/ (X, &) acts
continuously is equivalent to a category of coverings ¥’ — X that are tamely
ramified with respect to D ([GroMur71] §2.4).

To a Galois covering ¥ — X with group G there corresponds, from the the-
ory of the ordinary fundamental group, the fiber functor on Y, i.e. Homy(§, Y),
acted on by G, hence by m(X, &), of which G is a quotient. The similar con-
struction of 7 (X, £) gives natural continuous surjective morphisms

m(X,&) - 7P(X,&) and 7P(X, &) — m(X,&).

Assuming that G is a p’-group, all ramifications involved are tame and
m1(X, &) — G factors through ]TID (X, ). The covering is unramified if and
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onlyif (X, £) — G factors through the composed map 7, (X, &) — m;(X, £),
and then the Galois covering extends to X.

If D is irreducible of codimension 1, with generic point d, then, locally for
the étale topology, the smooth pair (X, X) is isomorphic to a standard affine pair
(A%, A§+l) (all schemes being F-schemes) in the sense that there is a Zariski
open neighborhood V of d and an étale map ¢: V — Aﬁ“) that sends d to
the generic point d’ of Aj. The ramification of ¥ over d is that of ¢.(Yjvnx)
over d’. That means that D is locally defined by an equation z = 0, where z is

one of the (n + 1) variables z; of Aﬁ“ = Spec(F[zi, ..., zy+1]) and (writing
Flzi,.... 20111 = Flz1, ..., 24][za11]) Ox z is isomorphic to A% X spectr) Aj

where A;h = Spec(F[z]*") (see A3.10). One may forget the first n variables (or
replace F by A%) and consider a map x: Aj" — X such that

¢ the closed point (z) of A;h is mapped onto d so that § = x o §’, where §
(resp. 8') is a geometric point of X with image d (resp. of A;h with image the
closed point),

¢ the inverse image of D in A;h is the reduced scheme defined by
z=0.

Finally the ramification with respect to D is givenby ¥ x¥ A;h — A;h with
respect to the closed point of A‘}h.

Assume that D is no longer irreducible. One has 72 (X, &) = [, 7, (X, &),
the product being over the irreducible components of D, where e is the generic
point of its irreducible component D, := {e}. Put D, = D;\ |J, 2aDe. Let
X, — X be the open subscheme whose support is X U D/, let d’ be the generic
point of D}, in X4, hence d’ + d. One obtains a triple (Ox, , — F(Xq) —
F(Y xx, X)) that gives the ramification along D,.

A3.18. Tame ramification and direct images

We keep the notation of the preceding section in relation to X = X LI D where
X is a smooth F-variety and D is a smooth divisor with normal crossings. Let
F be a locally constant constructible sheaf on X with no p-torsion. One says
that F ramifies along D, if and only if there is no locally constant sheaf F on
X, such that F = j*F, where j is the open immersion X — X.

Recall ([Milne80] V.1.1, [SGA.4] IX) the existence of an equivalence be-
tween the category of locally constant sheaves with finite stalks on X and
the category of finite étale schemes over X. The covering ¥ — X defines Fy
by Fy(U) = Homx(U, Y) so that (Fy)s = Homy(Spec(Ox z), Y). Then Fy



A3 Etale cohomology 419

extends over X in a locally constant finite sheaf if and only if ¥ extends over
X in a finite étale covering. One has (j*Fy); = Homy (Spec(Ox 7) xx Y, Y)
(limit, on étale neighborhoods U of d, of Homx(U x¥ Y, Y)).

Assuming D is irreducible of codimension 1, the obstruction to the extension
is the ramification of ¥ with respect to D which is the ramification of ¥ X
A — AP with respect to the closed point of Aj. If ¥ x% Aj' — AS! is not
ramified, as an étale finite covering of A;h, it is trivial. Hence Fy extends to
a constant sheaf locally around the generic point of D, so it extends to X in a
locally constant sheaf. The non-ramification of Fy along D is equivalent to the
non-ramification of Y along D (see Theorem A3.19 (ii) below) .

Assume now that F is a locally constant sheaf of k-vector spaces with k a
finite field of characteristic £, and that F is associated with a linear character
b3 1(X ) — k*.

Theorem A3.19. Leti: D), — X4, j: X — X4 be immersions.
The following are equivalent.

(i) F ramifies along Dy.

(ii) (juF)a = O.

(iii) i* j, F = 0.

(iv) i*(Rj,F) = 0.

If the above are not satisfied, then j,JF is locally constant, F = j*j, F,
R'j,F =i,i*j,F, and R? j,F = 0 for g > 2.

Let us give an indication of the proof. Replacing (X, X) with (X, X ), and
in view of the statements to prove, one may assume that D = D is irreducible.

(i) implies (). If F = j*F, then j,F = F by purity (A3.13). The fact
that j,JF is locally constant implies that its stalk F.(xeX) only depends
on the connected component of X containing x ([Milne80] V.1.10(a)). But
(j«F)jw) = Fr whenever x € X. Moreover F; # 0. Since j(X) meets any
non-empty open subset of X, this implies our claim.

(i) implies (iii). Let Y —=> X be a T-torsor where T = m(X)/6~' (1) is the
finite quotient of 1 (X) such that 6 is a faithful representation of 7. We must
prove that (j.JFy), = 0 forall x € D.

Let Y C Y be the normalization of X along Y (see A2.6), i.e. a normal F-
variety Y minimal for the property that there is a finite morphism 7: Y — X
such that 7|y = j o . On T-stable affine open subschemes of Y, the construc-
tion of Y is as follows. We have Y — X, which corresponds to the inclusion
AD AT and X — X to AT D A’. Then Y corresponds with the integral clo-
sure B of AT in A, but then A’ = BT since it is integrally closed (X is smooth).
From this, one sees that T acts on ¥ and the morphism ¥ — X is a T-quotient.
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Similarly it is easy to see from this description that the closed points of Y, where

7 does not induce an isomorphism between tangent spaces, are the y € Y such

that |T.y| < |T|. They are all in 7' (D). Using the theorem of Zariski—Nagata

on purity of branch locus (see A2.6), one sees that these are exactly the elements

of 71(D). So we are left to prove that (j,Fy), = 0as long as |7~ '(x)| < |T|.
Recall the commutative square

i
—

Y Y
IS
X —]> X

We have Fy = m.ky @7 ©x where ® denotes the one-dimensional kT -
module corresponding to §. Then ®x = j*®y and the projection formula al-
lows us to write j,.Fp = j.Tky Qir O.

Let us show that j',ky = ky. We must take a connected U — Y in Yy
and check that U x3 Y is connected. Since Y is normal, U is also normal
(apply [Milne80] 1.3.17(b)), hence irreducible. But U x3 Y — U is an open
immersion since Y — Y is, so U xy Y is irreducible, hence connected.

Using j = 7, this allows us to write j,m,ky(U) = k™WU>xV) = 7/ k(U)
not just as k-modules but also as k7 -modules, the action of 7' being on the right
sideof U xx Y.

We now have (j.Fp)y = (W.ky)x ®rr ©. This is zero when the stabilizer T,
of x in T is not equal to {1} since then (7 .ky), = Ind%k (see A3.14) while ®
has no invariant under 7.

(iii) is equivalent to (iv) (see also [SGA.4%] p- 180). Let x € D. We must
show that, if (j,F), = 0, then (Rj,F), = 0. Since D is a smooth divisor with
normal crossings in a smooth variety over F, there is a neighborhood V of x and
an isomorphism V — Ag sending D N V to (G,)". We are reduced to the case
of alocally constant sheaf F on (G,)" such that (j,F), = 0forsomex € Af \
(G)" and j: (Gp)" — Ajf. We must show that (R j,F), = 0. By the Kiinneth
formula, it suffices to treat the case of n = 1. Then we must show that (R j,.F)y =
0 when (j.F)o = 0. This last condition means that F is associated with a (finite)
71(Gp)-module without fixed points # 0 (use the equivalence (i)—(iii) we have
proved). Then F satisfies the same. Now (Rj.F)o = R['(G, Xg, ASFh, Fo) by
§A3.10, where Fy is the restriction of F to G, Xg, A;h — Gy,. Both F and
FV satisfy the hypothesis H(G,, X@, AP F5) = 0. In this case of a curve,
a strengthened version of A3.12, “local duality,” applies (see [SGA.5] L.5.1,
[SGA.4%] Dualité 1.3, or see [Milne80] V.2.2(a) and its proof). This implies
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HY{(G,, X@, ASh F) = 0. The other H” are 0 by dimension and affinity (see
A3.7).
The last statements are obtained by purity (see A3.13).

Exercise
1. Show the commutative diagram

RfAiIRHom(F, f'F') —— RHomRf.F,F')

l l

Rf.RHom(F, f'F) —— RHomRfF,F)

Notes

See Dieudonné’s introduction to [FrKi88] for an account of how étale coho-
mology emerged as a solution to Weil’s conjectures.

Concerning A3.15, a more general result about action of finite groups and
étale cohomology is in [Rou02].

Abhyankhar’s conjecture on (non-tame) fundamental groups of curves was
solved rather recently by Raynaud (for (Al{n)) and Harbater. See the contribu-
tions by Gille, Chambert-Loir, and Saidi in the volume [BLR].

Le signe = placé entre deux groupes de symboles désignant des objets d’une
catégorie signifiera parfois (par abus de notations) que ces objets sont
canoniquement isomorphes. La catégorie et I’isomorphisme canonique devront en
principe avoir été définis au préalable.

Pierre Deligne, [SGA.4] XVIL
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J(A), Jacobson radical of A, xvi
ik, 168
Jordan decomposition
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Lusztig, xii
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ramification, 417, 418
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-~ element, xv
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over X, 399
tensor product of ~, 385
torsion ~, 405
very ample ~, 400
sheafification, F — F1, 383, 405
simplex, simplicial scheme, 57
size of a partition, 78
smooth, 392
split Levi subgroup (E-), 190

Index 435
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Borel ~, 394
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¢)E-’V, 190
subpair
“connected” ~, 334
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subquotient, 3
symmetric algebra, 12
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Fr, stalk at a point, 382
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383
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T X, (X avariety), tangent sheaf, 392
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t;, 279

T, a torus, 394

T[v, w], 164

Trg, relative trace, 76

tangent map, tangent sheaf, 392
tensor product of sheaves, 399, 406
Tits system, 27

torus, 394
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triangulated category, 382
triangulation, 58

twin characters, 216
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Uy, asubgroup of U, definedby I C S = A,
30
uniform function, 126, 133
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unipotent X[v, w], 166
block, 135 Xv, X{'7, subvariety of G/P, 110

irreducible character, 127
radical, 394

v(8, 1), where I C Aandd € &\ I, 26,

47, 48

v, 281

variety
affine ~ 389
complete ~, 391
defined over F,, 395
Deligne-Lusztig ~, 110
G-quotient ~, 396
interval ~, 166
irreducible ~, 391
normal ~, 396
(quasi-)projective ~, 391
quasi-affine ~, 391
regular ~, 392
Schubert ~, 397
smooth ~, 392

vector bundle, 401

wyr,with I C S = A, 26

wi, 281

wy, with 0 a linear character of T*¥, 149, 168

(W, S), a Coxeter system, 23

Wi, a subgroup of W, definedby I C S = A,
23

X(09), 59
x7,(I C8),273
Xy 276

X, o aroot, 30
X—5Y, 146
Xy, a aroot, 30
X; 0, 147

Xs, 322

X(w), subvariety of G/B, 111, 146
X(w), 112

yi, 273

Y, 276

Y, 147

Y([v, w], 166

Yiv,w), 162

Yy, Y$F,

subvariety of G/V, 110

Y(w), with w € W, subvariety of G/U, 111,
146

Young diagrams, tableaux, 279

Z(H), center of the group H, xv
Zariski

topology, 390

’s main theorem, 396
Zariski-Nagata, 396

Other notations

| X|, cardinality of the set X, xv

|G : H|, index of H in G, xv

H < G, H is a normal subgroup of G, xv

U><T, asemi-direct product, xv

[a, b], a commutator, xv

(a, b) g, a scalar product, xvii

N} , non-symmetric intersection of
subquotients, 6

— equivalence relation between subquotients,
6

or between triples in cusp, 7

—, 18

A n, A is a partition of n, 276

>Eg,>E,335

Finir par la vue des deux bonshommes penchés sur leur pupitre, et copiant.

Gustave Flaubert, Bouvard et Pécuchet.



