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UNITRIANGULARITY OF DECOMPOSITION MATRICES OF THE
UNIPOTENT /-BLOCKS FOR SIMPLE ADJOINT EXCEPTIONAL
GROUPS

MARIE ROTH

ABSTRACT. In 2020, Brunat—-Dudas—Taylor showed that the decomposition matrix of
unipotent /-blocks of a finite reductive group in good characteristic has unitriangular
shape, under some conditions on the prime ¢, in particular ¢ being good. We extend this
result to £ bad by adapting their proof to include the ¢-special classes defined by Chaneb.
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One approach to the representation theory of a finite group G is to link the ordinary
representations of G to its modular representations, defined over a field of positive charac-
teristic £ > 0. In other words, it boils down to knowing the ¢-decomposition matrix of G.

In general, finding the decomposition numbers is a difficult problem, which is not solved
1



2 M. ROTH

yet even for symmetric groups. However, as a first approximation, one could focus on the
shape of the ¢-decomposition matrix. In his PhD thesis [Gec90|, Geck stated a conjecture
for finite groups of Lie type:

Conjecture (Geck). If G is a finite group of Lie type of characteristic different from ¢,
then its (-decomposition matriz is unitriangular.

Recall that /-decomposition matrices have a block decomposition along the blocks of G.
One union of blocks of particular interest is the unipotent ¢-blocks. In [BDT20, Thm. A],
Brunat-Dudas—Taylor gave a positive answer to Geck’s conjecture for these blocks under
some mild assumptions on the prime /.

Theorem (Brunat-Dudas—Taylor). Let G be a connected reductive group over k, an alge-
braically closed field of characteristic p>0. Let F': G - G be a Frobenius endomorphism
endowing G with an IF -structure, for g a power of the prime p. Assume the following:

(1) p+ ¢ and p is good for G,
(2) L is good for G and € does not divide the order of the largest quotient of Z(G) on
which F' acts trivially.

Then the (-decomposition matriz of the unipotent £-blocks of G¥ is lower-unitriangular,
with respect to a suitable ordering.

We extend the result to £ bad and G of exceptional type.

Theorem. Let G be an adjoint simple algebraic group of exceptional type defined over
k, an algebraically closed field of characteristic p > 0. Let ' : G - G be a Frobenius
endomorphism. Assume that p is good for G and ¢ is bad for G. Then the {-decomposition
matrixz of the unipotent (-blocks of G¥' is lower-unitriangular.

As a corollary to Brunat-Dudas—Taylor’s theorem and thanks to a result of Geck for
classical groups when ¢ =2 [Gec94, Thm. 2.5], we conclude the following,.

Corollary. Let G be an adjoint simple algebraic group defined over k, an algebraically
closed field of characteristic p> 0. Let F': G - G be a Frobenius endomorphism. Assume
that p is good for G. If { # p, then the {-decomposition matrix of the unipotent {-blocks of
GT is lower-unitriangular.

On the methods. In extending the techniques developed by Brunat-Dudas—Taylor, we en-
counter two main obstructions. Firstly, the unipotent characters form a basic set for the
unipotent block only when ¢ is good. The ordering of the basic set is then based on the
unipotent support of these unipotent characters, i.e. on the special unipotent conjugacy
classes of G. In our case, we have to choose another basic set, based on some characters
of G with ¢-special unipotent support (as described by Chaneb [Chal9]).

The second difference lies in the choice of projective characters. In their paper, Brunat—
Dudas—Taylor defined and used Kawanaka characters, constructed from ordinary charac-
ters of certain small groups. When /¢ is bad, this construction might not be projective.
We therefore extend the definition of Kawanaka characters as coming from projective
characters of the same small groups.

Lastly, in order to decompose these new characters, we need to study the restriction of
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character sheaves in the principal series in more details. We show a formula (see Propo-
sition 4.19) which could be of independent interest, as it gives information on certain
character sheaves, and hence their characteristic functions on mixed conjugacy classes.

The assumption that p is good is crucial since we do use a lot of properties for the
Generalised Gelfand—Graev characters which are not yet proven for the extension to bad
primes as defined by Geck [Gec21]|. Since we do not know yet a basic set for the unipotent
(-blocks for groups with a non-trivial center, we cannot extend our result to any finite
reductive group of exceptional type.

Acknowledgments. 1would like to thank my PhD advisors Gunter Malle and Olivier Dudas
for their suggestions and helpful advice, as well as Jay Taylor for always kindly answering
my questions. This work was financially supported by the SFB-TRR 195 of the German
Research Foundation (DFG).

Notation. We fix ¢ a prime number.

On finite groups and their representation theory. Let A be a finite group and F a field.
We denote by Irrp(A) the set of isomorphisms classes of irreducible FA-modules of the
group A. For any FA-modules V, W, we let

<‘/, W)]F = dlmF HOHI]FA(‘/, W)

To denote the ordinary irreducible characters of the group A, we will use Irr(A). We fix
a splitting /-modular system (O, K, k), as follows:

e O is a complete discrete valuation ring of characteristic 0 with a unique maximal
ideal M,

e K is the field of fraction of O, also of characteristic zero. We assume that K is
big enough for the group A we are considering, that is it contains all |A[th roots of
unity. In particular, with respect to an inclusion K ¢ C, we have Irrg (A) 2 Irrc(A)

via scalar extension. .
e k=0/M is a field of characteristic £. We will assume k = .

Each W e Irr (A) has a unique projective indecomposable cover Py. Recall that to any
projective indecomposable kA-module P corresponds a projective O A-module P such
that P° ®p k = P, unique up to isomorphism. On the other hand, to any KA-module
V' corresponds at least one OA-module Vo, free over O such that Vo o K = V. For
any KA-module V' and any projective indecomposable kA-module P, we have by Brauer
reciprocity,

(P,Vo®o k) = (P°®0 K,V)k = [P, V].

We denote the decomposition matrix of A by DA = (déW)VGIrrK(A),WGIHk(A) with entries
diy = [Pw, V]

For P a projective kG-module, let Up denotes the character associated to the module
PO ®o K. We may sometimes write dy,, v, = [Pw,V] = (¥Yp, ¢y ), where ¢y is the char-
acter of the irreducible KA-module V.
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We define M(A) as the set of A-conjugacy classes of pairs [a,¢] with a € A and
¢ elir(Ca(a)). We also define a pairing coming from [Lus79, § 4]:

{, 3 M(A) x M(A) > C,
(la, 0], [b,9]) =~

1
baL “1,-1,).
|CA(a)||CA(b)| geA,aeCzA:(gbg—l)(b(g g )w(g @ g)

Let A be another finite group such that A is a normal subgroup of A and A/A is
cyclic of order ¢ with a generator aA for some a € A. The set M(A c A) consists of all
A-conjugacy classes of pairs (b,0) such that b € aA and o € Irr(C4(b)). We denote by

-t 1 . — .
ME(A) and M (A c A) the same sets as above where instead of considering ordinary
irreducible characters of the centralizers, we consider irreducible k-modules of the same
centralizers.

On finite redutive groups. We fix G a connected reductive group over k, an algebraically
closed field of characteristic p > 0. Let F': G - G be a Frobenius endomorphism endowing
G with an F -structure, for ¢ a power of the prime p. We write G := G¥.

We fix T a maximally split torus of G contained in an F-stable Borel subgroup B with
unipotent radical U.

We denote by ®* ¢ & the set of (positive) roots determined by T and B. We set
A = {aq,...,a,} the set of simple roots of ®. To each root a € ® corresponds a 1-
dimensional root subgroup U, of G and a root subspace g, of the Lie algebra g of G.
We also write X (T) for characters and Y (T) for the cocharacters of T.

The Weyl group of G associated to T will be denoted by W = Ng(T)/T. For any root
aed we set s, € W the corresponding reflection. For each w € W, we fix a representative
w € Ng(T). We will often abuse notation and write w instead of .

We write G* for the dual group of G with corresponding Frobenius map F*, and W* for
the corresponding Weyl group.

We denote by o the automorphism of W induced by F.

Hypothesis. We always assume o to be ordinary as defined in [Lus84a, 3.1].

For g € G, we write g, for its semisimple part and g, for its unipotent part. More

generally, for any subset J of G, we denote by J; the set of semisimple parts of elements
in J and J, the set of unipotent parts of elements in J. For any algebraic group H, we
write H,,,; for its unipotent variety consisting of the unipotent elements of H.
For u € G unipotent, we define Ag(u) = Ca(u)/Cg(u). We fix X¢ the set of all unipotent
conjugacy classes of the connected reductive group G. We denote by uc any F-stable
element of C such that Ag(uc) = Ag(uc)¥. If the center Z(G) of G is connected and
G/Z(G) is simple, such an element ue will always exists for any C € Xg by [Tay13, Prop.
2.4].

We will use the notation from CHEVIE ([Micl5]) for the names of unipotent classes
and unipotent characters.
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1. COUNTING THE NUMBER OF MODULAR REPRESENTATIONS OF GG

In order to understand the ¢-decomposition matrix of GG, not only do we need the number
n = |Irr(G)| of columns of the matrix, but also a labeling of the columns and the rows.
More precisely, using the parametrisation of the ordinary modules of G, we choose a
subset of them, say B ¢ Irrk (G) such that |B| = n. Our hope is that to each V' € B, we can
associate a projective indecomposable kG-module Py, such that the matrix ((I, P‘(,Q ®0
K) i )wves is lower-unitriangular. In other terms, we want to find unitriangular basic
sets. In this section, we will fix a candidate set B in several cases.

Hypotheses. In this section, we always assume that Z(G) is connected and G/Z(G) is
simple. Moreover, the prime p is different from ¢ and p is good for G.

1.1. Parametrisation of the ordinary characters of G. In [Lus84al, Lusztig gave a
parametrisation of the ordinary irreducible characters of G. We very briefly summarise
these results.

One can partition the irreducible characters of G into series indexed by semisimple
elements of the dual group ([Lus77, 7.6]), called Lusztig series:

Irr(G) = |?|€(G, s),

where s runs over representatives of the conjugacy classes of semisimple elements of
(G*)F". The unipotent series Uch(G) = £(G,1) is of particular interest, thanks to the
Jordan decomposition of characters. Indeed, by [Lus84a, Thm. 4.23|, there is a bijection

Uch(Cg+(5)f") <= £(G,s) Vse(G)F.

The set Uch(G) can itself be decomposed into families which could be defined through
the notion of unipotent support, a unique unipotent conjugacy class of G associated to
each irreducible character. Thanks to [GMO00, Prop. 4.2 and Cor. 5.2|, we say that two
unipotent characters are in the same family if and only if they have the same unipotent
support.

As a consequence, for any semisimple element s € (G*)¥", we have a partition

£(G,s) = |?|5(G,s)f,

where F runs over the families of Uch(Cg+(s)¥"). We say that a unipotent class in G is
special if it is the unipotent support of a unipotent character. More generally, we call
g € G* special if (g,)c,. (4.) is the unipotent support of a unipotent character of Cq-(gs),
with g, € (G*)F". If F is the family of Uch(Cqgx(gs)f") with unipotent support (g,)g+,
we set

III(G)g = g(Gvgs)]:v
under Jordan decomposition of characters.

Lusztig defined a surjective map ® from the special G*-conjugacy classes to the unipo-
tent conjugacy classes of G. We recall a few notions needed for this definition. We define
Ng to be the set of all pairs (C,¢) with C € Xg and ¢ € Irr(Ag(u)). The Springer
correspondence gives an injective map ig : Irr(W) - Ng, see [Spr76], [Lus84b].

Recall that for ¢ € Irr(W), the b-invariant of v is defined as the smallest non-negative
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integer n € N such that ¢ occurs in the character of the nth symmetric power of the natu-
ral representation of W (|Lus79, § 2|). If W’ is a subgroup of W generated by reflections,
then for each v’ € Irr(W’) there exists a unique 1 € Irr(W) such that (i, Indyy. (¢')) = 1
and the b-invariants of ¢ and v’ agree. It is called the j-induction of ¢’ and denoted
Jw(¥") ([Lus79, § 3]). For ¢ € Irr(W), the a-invariant is defined as the largest n € N
such that " divides the generic degree of 1, for an indeterminate q ([Lus79, § 2|). We
say that ¢ € Irr(W) is special if ay = by,. Lusztig’s map ® from the special conjugacy
classes of G* to Xq is then constructed as follows.
(1) We start with g = sv € G* special where we assume that s € T* and v € Cg(s) is
unipotent.
(2) Since (V). (s) is special, there is a unique special ¥’ € Irr(We, (5)) such that
i (s)(¥") = (V) ez, 5), 1)-
(3) We apply j-induction and construct a character j“’/VV;G*(S)(W)'

(4) Since W = W, there is an associated character ¢ of W which corresponds to
AN )
(5) Lastly, we apply Springer correspondence ig(¢) = (C,¢) € Ng. We then set
®(g) =C.
By [Lus92, Thm. 10.7] for p € Irr(G) if g € G* is special such that p € Irr(G),, then
®(g) is the unipotent support of p.

Lastly, to each family F of Uch(G) with unipotent support C € X, Lusztig defined an
ordinary canonical quotient Qg ¢, a certain quotient of Ag(uc) (|Lus84a, Thm. 4.23
and § 13.1.3] and [Lus14]). He showed that there exists a finite group Qg ¢ such that Qg ¢
is a normal subgroup of QG7C, |§~2G7C : Qg c| = ¢, where c¢ is the order of the automorphism
o and such that there is a bijection between M(Qgc € Q) and F.

1.2. Basic sets and their parametrisation.

Hypothesis. We further assume in this subsection that ¢ does not divide the order of the
largest quotient of Z(G) on which F' acts trivially.

We only consider the unipotent blocks, which can be defined thanks to [BM89,
Thm. 2.2| as
Bi(G) =]&(G,s),
where s runs over representatives of conjugacy classes of semisimple /-elements of (G*)*".

These unipotent blocks are particularly important as most other unions of blocks are
Morita equivalent to them, thanks to Bonnafé and Rouquier [BR03, Thm. 11.8].

When /¢ is good, we know a basic set of ordinary irreducible characters for the unipotent

blocks.

Theorem 1.1 (|[GH91, Thm. 5.1]). Recall that p # ¢ and ¢ are good for G and Z(G)
1s connected. Then, the number of irreducible Brauer characters in the unipotent blocks
Bl(G) 18 L ~

E(G. D) = 2 IM(Qae € Qac)l,

c
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where C runs over the F'-stable special unipotent conjugacy classes of G.

In the case where ¢ is bad, £(G,1) does not give a basic set for By(G). However,
Chaneb ([Cha21]) found another parametrisation, which involves more unipotent conju-
gacy classes in the sum.

Recall that ¢ € G a semisimple element is called quasi-isolated if Cg (%) is not included
in a proper Levi subgroup of G. If moreover, Cg(t) is not contained in a proper Levi
subgroup of G, then we say that t is isolated.

Definition 1.2 (Chaneb). We say that a unipotent class C € X is (-special if there exists
s € G* an isolated semisimple ¢-element and v € Cg+(s) unipotent such that ®(sv) =C.

In particular, any special unipotent class of G is f-special. Analogously to Luzstig,
Chaneb defined another quotient of Ag(uc), the ~canonical quotient QY . associated
to an (-special class C. Note that when ¢ is good and G is simple and zidjoint, then
Ag(uc) is an ¢/-group for all special unipotent conjugacy classes C of G and Qf . = Qgc.
This new definition gave the following result: ’

Theorem 1.3 (|Cha2l, Thm. 3.16|). Assume that G is simple adjoint of exceptional
type. There exists a finite group Qé,c such that Qg . is a normal subgroup of Qé,c:
|Qéc : Q% | = ¢, where ¢ is the order of the automorphism o. Then, the number of
irreducible Brauer characters in the unipotent blocks B1(G) is

; |M(Qéc < Qé,c)L

where C runs over the F'-stable (-special unipotent conjugacy classes of G.

For each F-stable (-special unipotent class C, we write aj = WZ(Qg ¢S Qé ¢)|- Recall
that when p is good and G simple adjoint of exceptional type all unipotent conjugacy
classes of G are F-stable [Héz04, Section 5.1].

2. THE GENERAL APPROACH FOR FINDING A UNITRIANGULAR BASIC SET

We would like to show that the decomposition matrix of the unipotent ¢-blocks of G
is lower unitriangular. Firstly, as the following result shows, it is enough to find suitable
projective kG-modules, not necessarily indecomposable.

Proposition 2.1 (|Gec94, Lem. 2.6]). Let A be a finite group. Let B be a union of (-
blocks of the group A and n = |Irry(B)|. Assume that there ezist irreducible KA-modules
Vi,..., Vo in B and projective kA-modules Py, ..., P, such that the matriz ([V;, P;])1<ij<n
s lower unitriangular. Then the (-decomposition matriz of B is unitriangular.

We will proceed as follows.

(1) Fix a total ordering of the f-special unipotent conjugacy classes C; < --- < C,..
(2) For each f-special class C,, with 1 <n <r,

e find a set of af projective kG-modules {P;" |1 <i<af }

e and a set of aj; irreducible KG-modules {V;* [1<i<af },

such that
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A) ([vir, P ¢ is lower unitriangular,

i 1§i,j§acn

(B) and for all 1 <m <7, if m<n, [V Pr]=0forall1<i<af and1<j<ag .
The total ordering will be based on the dimensions of the unipotent classes. Besides, we
will choose as KG-modules associated to a certain f-special unipotent class C a subset of
the ones which have wave front set C (a dual notion to the unipotent support). Lastly,
for the projective kG-modules we will consider Kawanaka characters which decompose
generalised Gelfand-Graev characters.
We first recall the main results of [BDT20] leading to the proof of their Theorem A. Most
of their intermediate results do not depend on the prime £.

Hypothesis. In this section, we assume that p is good for G.
2.1. Generalised Gelfand—Graev characters.

2.1.1. Unipotent conjugacy classes and nilpotent orbits. We parameterize the unipotent
conjugacy classes of G. Firstly we introduce some notation, following [Car85, Chapter 5|.

Definition 2.2. Let A € Y(T) be a cocharacter of T. We define the following subgroups
of G:

P, =(T,U, |ae® with (a,\) >0),
L, =(T,U, |ae® with (a,\) =0),
U, = (U, | a € ® with (o, A) > 0).

Observe that P, is a parabolic subgroup of G with Levi subgroup L, and unipotent
radical U,. For any integer ¢ > 0 we also define
U,(4) = (U, | e @ with (o, \) > 1),
U, (i) = (U, | a € @ with (o, \) < —i).
Observe that Uy (1) = U_,(1).

We set F, : F, - F, the standard Frobenius endomorphism defined by F,(z) = 24 for
v € F,. We define an F-action on Y (T) as follows: F'-A=FoXo F 1

2.1.2. Step 1: Parameterizing unipotent conjugacy classes reduces to parameterizing nilpo-
tent orbits. We denote by N the variety of nilpotent elements of the Lie algebra g as-
sociated to G and by U the variety of unipotent elements of G. By [McNO05, § 10|, we
have

Proposition 2.3 (Springer, Serre). There exists a homeomorphism of varieties Wy, :
U - N such that for all elements g € G and unipotent elements u € U, we have

Vopr(u) = Ad(g) (¥ (u)).
The induced map between the unipotent conjugacy classes of G and the nilpotent orbits of
g does not depend on the choice of Uy,

This map is called the Springer homeomorphism. If the group is proximate ([Tay16,
Def. 2.10]) then any Springer homeomorphism is an isomorphism of varieties. (|Tayl6,
Lem. 3.4])
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2.1.3. Step 2: Nilpotent orbits are parametrized by weighted Dynkin diagrams. Recall that
we assume that p is good for G. We let G¢ be a reductive group defined over C with
Borel subgroup B¢ and maximal torus T¢ such that it defines an isomorphic root datum
to the one associated to (G,B,T). To each non-zero nilpotent orbit O, one can associate
an slo-triple {e, f,h} € gc = Lie(Gc) such that e € O, by the Jacobson-Morozov Theorem.
We may further assume that «(h) > 0 for all simple roots . We then define the weighted
Dynkin diagram associated to O as the map dp : A = Z, dpo(«) = a(h), that we extend
linearly to a map on all roots of G. The weighted Dynkin diagram deo defined above does
not depend on the choice of {e, f,h} up to conjugation. Moreover, two nilpotent orbits O
and O’ have the same weighted Dynkin diagram if and only if they are the same. Lastly,
there is a unique cocharacter Ay, € Y (T) such that for all roots «

do(a) = (av >‘do>>

for the pairing between X (T) and Y (T). We write D for the set of all the weighted
Dynkin diagrams constructed as above. We also define

Y5 ={\i|deD, ge G}.

Lastly for u € U we define Y,§(u) the subset of A € Y,§ is such that Wy, (u) is in the unique
dense open Ljy-orbit of Lie(U,(2)\Ux(3)).

2.1.4. Definition of the generalised Gelfand—Graev characters. We now recall the con-
struction of the generalised Gelfand-Graev characters (GGGC'’s) following the notation
in [BDT20, Section II.6]. These characters were first defined in [Kaw86], and another
construction was given in [Tay16].

Hypothesis. From now on, we assume that G is proximate.

We fix a Kawanaka datum K = (Ug,, K, xp) as in [BDT20, Def. 6.1, Lem. 6.3]. For each
u € UF arational unipotent element and \ € ;¥ (u)?, we fix a certain irreducible character
£7, of Ux(-1)" (I[BDT20, Eq. 6.4]). We can associate to £, an irreducible kG-module

as Uy(-1)F is a p-group, whence an ¢’-group. Moreover, by [BDT20, Eq. 6.5], for any
reQ,

G _ ¢G
‘ U T gzu,z)\'

Definition 2.4 (Kawanaka). For u € UF a rational unipotent element and A € Y,$(u)¥ an
F-stable cocharacter, we define the generalised Gelfand—Graev character (GGGC)
of G as

. G
VS = IndU,\(—l)F (gfx)

One can show that 7¢ does not depend on the choice of cocharacter A € Y§(u)”
(IBDT20, below Def. 6.6]). Moreover, for any z € G,

Vi = Vou
In particular, for an F-stable unipotent conjugacy class C, one could obtain at most as
many different generalised Gelfand-Graev characters of the form & for some u € CF as
there are conjugacy classes of Ag(uc).
Observe as well that since Uy(-1)¥ is a p-group, whence an ¢’-group and since induction
preserves projectivity, we can associate to each GGGC a projective kG-module. In other



10 M. ROTH

words, there exists a projective kG-module I'¢ such that ¢ is the character associated
to (1"3)0 ®0 K.

2.1.5. Wave front set. We define a dual concept to the unipotent support using GGGCs.

Definition 2.5. Let p € Irr(G). A wave front set of p is an F-stable unipotent conjugacy
class C of G such that:
(1) there is v € C¥ such that (75, p) # 0 and

(2) for any unipotent conjugacy class C’ of G such that (75, p) # 0 for some v’ € C’,
we have dim(C") < dim(C).

Similarly to the unipotent support, the wave front set is in fact unique.

Theorem 2.6 ([Tayl6, Thm. 14.10, Thm. 15.2]). Let p € Irr(G). Then p has a unique
wave front set, which we denote by C;. Moreover, for any unipotent element u € G, if

(26,0} #0, then (u) <.
For an irreducible character p € Irr(G), we write

p*=xDa(p),
where the sign is the unique choice making the Alvis—Curtis dual Dg(p) an irreducible

character of G, see [GM20, Def. 3.4.1| for a definition of Dg.
Unipotent supports and wave front sets are deeply linked:

Lemma 2.7 ([Tayl6, Lem. 14.15]). Let p € Irr(G). Then the unipotent support C,« of p*
is the wave front set Cs of p, (and conversely the unipotent support of p is the wave front

set of p* ).

Remark 2.8. Let us look at our plan we explained at the beginning of this section. We
choose for a total ordering of the ¢-special unipotent conjugacy classes one such that
C; < C; if dimC; < dimC; for all 1 <i < j <r. For each C,, in order to satisfy Condition
(B), we would like to choose irreducible ordinary representations of G with wave front set
C, and GGGCs of the form T'¢ for u € C,,. However, if the number of conjugacy classes of
Ag(uc) is smaller than aén, we do not have enough projective kG-modules.

2.2. Admissible coverings and Kawanaka characters. To overcome the difficulty
that there might not be enough generalised Gelfand-Graev characters, Brunat-Dudas—
Taylor decompose the GGGCs into a direct sum of other characters called Kawanaka
characters. To do so, they first define a lift of each ordinary canonical quotient.

2.2.1. Definition and existence of an admissible covering.

Definition 2.9 ([BDT20, Def. 7.1]). Let u € UF be a rational unipotent element. Let
A < Cg(u) be a subgroup and A € Y5 (u)" be an F-stable cocharacter. We say that the
pair (A, \) is admissible for u if the following hold:

(1) the subgroup A c LY,

(2) the subgroup A contains only semisimple elements,

(3) and for all a € A, we have a € Cp (Ca(a)).

If Ais a quotient of Ag(u) on which F' acts, we say that the pair (A, \) is an admissible
covering for A if:



SHAPE OF DECOMPOSITION MATRICES FOR EXCEPTIONAL FINITE REDUCTIVE GROUPS 11

(4) the restriction of the map Cg(u) - A to A —» A fits into the following short exact
sequence B
l—7—A—A—1

where Z < Z(A) is a central subgroup with Z n[A, A] ={1}.

Proposition 2.10 (|[BDT20, Sections 9 and 10]). Assume that G is simple and adjoint.
Let C be a special unipotent conjugacy class of G. Then there always exist

e an F'-stable unipotent element uc € C such that F acts trivially on Ag(uc) and
o an admissible pair (Ac,\) for uc which is an admissible covering of Qg c, and
such that Ac is abelian or Ac = Qg .

Moreover |A¢| is divisible only by bad primes for G.
We describe in more details the case of exceptional groups.

Proposition 2.11 ( [BDT20, Section 10]). Assume that G is simple adjoint of exceptional
type. Let C be a special unipotent conjugacy class of G. We distinguish between the
following cases:

(1) If Qg c is trivial, then we choose Ac = {1} € G for an admissible covering.

(2) If G is of type Es and C = Eg(bs), then Ag(uc) = S and Qg c = Ac 2 Ss.

(3) If G is of type E7 and C = Ay + Ay or G is of type Eg and C is one of Fg(ay) +

Ay, D7(az), Ay + Ay, then Ag(uc) =2 Qg e 2 Se and Ac = Cy.
(4) Else, Qg ¢ is not trivial and Ag(uc) = Qac 2 Ac.

2.2.2. Definition of a Kawanaka character. We fix u € UF a rational unipotent element
and (A, \) be an admissible pair for u. To each a € A, one can find an element u, € ((u)g)?
such that the set {u, | a € A} satisfies certain conditions [BDT20, Lem. 7.6]. It is called
a set of admissible representatives.

For any a € A, we define an extension gg’;)\ € Irr(Ca(a) x Uy(=1)F) of £F | as in
[BDT20, Section 7.4]. It is called the Weyl extension and is well-understood, by
[BDT20, Lem. 7.11|, [Gér77].

Definition 2.12 (|[BDT20, Def. 7.13]). Let a € A and ¢ € Irr(Ca(a)). We define the
Kawanaka character associated to the pair (a, ) to be

“c Ca(a)xUA (DT
KG gy = I8, e, e (652 @ IECH Y 0).

We observe that

(1) Y= 2 PKG .
pelrr(Ca(a))
Moreover, for any a,b e A and ¢ € Irr(C4(a)), we have K(b ve) = K(le 4)- We denote by

K[ o) the Kawanaka character K( ) for each orbit [a, ¢] in M(A).

Lastly, we see that if A is an ¢’-group, then there exist projective kG-modules ICG
such that K[G ol is the character associated to (ICG 4] )O ®o K for any [a, ] € M(A) In
particular, if ¢ is good for G, then the Kawanaka characters allow us to overcome the
difficulty raised in Remark 2.8. However, we still have to check the condition (A) stated

at the beginning of this section. The idea of Brunat—-Dudas—Taylor is to use characteristic
functions of character sheaves instead of irreducible characters.
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2.3. Decomposition of the Kawanaka characters.

2.3.1. Character sheaves and characteristic functions. We very briefly recall some results
about characteristic functions of character sheaves, for more details see Section 4.
Character sheaves are certain irreducible perverse sheaves on G. We denote the set of
isomorphism classes of character sheaves of G by G. We have

G=]G,,
where s runs over representatives of the W-orbits on T* (see [Lus85a, Def. 2.10], [Lus85c,

Cor. 11.4], for an isomorphism between the Kummer local systems on T and T*). We
say that a character sheaf is unipotent if it belongs to G;.

We assume that G is simple and adjoint. The parametrisation of G is very similar
to the one of Irr(G). Fix s a representative of a W-orbit on T*. To each family F of
Irr(Wey, s)) one can associate a family of character sheaves (Gs)r parametrised by a

variant of M(Gx) for a certain finite group G. In the unipotent case, we have Gr = Qg r
(|[Lus86a, 17.8.3]).

To each family F of G, we can associate a unipotent conjugacy class Cr of G, called
unipotent support. It is the unique unipotent class of G satisfying the following prop-
erties:

(1) there exists a conjugacy class D of G and a character sheaf A € F such that the
unipotent part of D is C and A, # 0,

(2) and for any conjugacy class D of G such that the unipotent part of D is different
from C and whichhas dimension bigger than or equal to the one of C and for any
character sheaf A € F, we have A, = 0.

Now, we want to consider the character sheaves A which are F-stable. In that case, we
fix an isomorphism F*A = A as in [Lus86b, 25.1| and we can define a class function y 4,
called the characteristic function of A. It depends on the choice of the isomorphism up
to a scalar multiple of norm 1). Then by [Lus86b, § 25|, the set of characteristic functions
of F-stable character sheaves forms an orthornomal basis of the space of class functions

of GF.

This time, by [Sho95b, § 5|, the F-stable characters sheaves in G, are parametrised by
the F*-stable families F of Irr(Wey, (5)) for s a representative of a W-orbit on T* such
that F*(s) = w.s for some w € W.

Theorem 2.13 ([Sho95b|,[Sho95al). The space spanned by the unipotent characters with
wave front set C is equal to the space spanned by the Alvis—Curtis duals of the characteristic
functions of the F-stable unipotent character sheaves with unipotent support C.

2.3.2. Fourier transform of Kawanaka characters and some of their properties. We collect
some results about Kawanaka characters, coming from [BDT20, Section 8]. We fix an F-
stable unipotent conjugacy class C € Xq, u € CF', an admissible pair (A, \) for v and a set
{uy | a € A} of admissible representatives.
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Definition 2.14. The Fourier transform of Kawanaka characters is given as follows.

For [a,¢] e M(A), we set
Fin= % AladlbeDKg ).

[b,9]eM(A)

Using the previous results and knowledge about the characteristic function of some
character sheaves, one can get interesting results. We explain one simplified proof of
[BDT20, Thm 8.9] in a particular case. Let C € Xg and g € G* such that ®(g) =C. We
write G’Q for the set of F-stable characters sheaves in Ggs with unipotent support C. For
0 a class function of G, we denote by pr,(¢) the projection of § to the space spanned by
Dg(Irr(G)y) = {Da(p) | p € Irr(G),}. By [Sho95a], observe that the space spanned by
De(Irr(G),) equal the space spanned by {Dg(x4) | A€ G,}.

Proposition 2.15. Assume that G is simple adjoint of exceptional type. Assume that £
is good for G. Let g € G* such that ®(g) =C. We write s:=gs, v =g, and G} = Cg+(s).
Assume the following:

o ™ acts trivially on Qgx (Wgr

o there exists an F- stable umpotent element uec € C such that F acts trivially on
Ag(uc) and an admissible pair (Ac, \) for uc which is an admissible covering of

AG(UC)J
° AC = A(;(UC) = QG*

s 7(U)G§ 7

o there exists an F-stable character sheaf A€ G, such that for all [b,¢] € M(Ac)

(F{ s Da(xa)) = {“ if [b;¢] = [1,1]

0 otherwise,

for some x4 € C*.
Then prg(K[(i ¢]) is irreducible for all [a,¢] € M(Ac). Furthermore,

{prg (K o)) | [, 6] € M(Ac)} = De(TIrx(G),)

and K = K§ 1 if and only if [a,¢] = [b,4], for [a,¢],[b,4] € M(Ac).

Proof. We let E = {Da(xa) | A€ G,}. We fix [a,¢] e M(Ac). Then, we have
Kio= % A{laolbyvlF,

[bypleM(Ac)

={[a,¢],[LIDFS y+ 2 A{la el [b el S,

[bp]leM(Ac)\[1,1]
1
= 7FG + Z {[avgb]a[bad)]}F%’ :
Cala)l " em@ovuy .
Thus

2 Da(x)+ Y i Da(xa),

pry(K( ) =
9\ ae) |c ()I HeGg\[A)
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with xA, Ve C for all A e G \{A}.
The set E forms an orthonormal family. Therefore, we get

(pr,(KS .),pr, (KS ))=ﬂ+ > x[fctm]x[jd)] 0
oA lae)ER A adl T 0y (a)? AreGig\[A}

Now by construction, prg(K[% ¢]) is a character of G, thus for all [a,¢],[b,] € M(Ac),
we have

(prg(Kﬁ7¢])7prg(K€17¢])> 2 ]' and (prg(Kﬁ7¢])7prg(K[Gb’7w])> 2 0
By the decomposition of GGGCs into Kawanaka characters (Eq. (1)), we get for all
a € Ac,

<prg(FUa)7prg(PUa)> 2 Z ¢(1)2<prg(K[?1,¢])vprg(K[?;,qb])) 2 Z ¢(1)2

¢elrr(Ca, (a)) ¢elrr(Ca, (a))
On the other hand, since Ag(uc) 2 Qax,(v)., We can apply [GHO8, Rmk. 4.4] to get
(pry(Cu,) pry(Tu)) = 3, o(1)%
¢elrr(Ca, (a))
Consequently, for all [a, @] # [b,¢] in M(A¢),
<prg(K[?’1,¢])7prg(K[C;,¢])> = 17 and <prg(K[?’1,¢])7prg(K[(Iiw])> =0.
In particular, prg(K[(i ¢]) is irreducible for all [a,¢] € M(A¢). Since by assumption, F

acts trivially on Qs (v),., we have that [M(Qas, (). )| = [Tit(G)4| = [Da (Irr(G),4)| and
we can conclude. O

In the unipotent case, we know more about the characteristic functions of unipotent
character sheaves thanks to [Lusl5, Thm. 2.4]. Using this, Brunat-Dudas—Taylor showed
a similar result to the above proposition in more generality.

Proposition 2.16 ([BDT20, Thm. 8.9|). Assume that ¢ is good for G. Assume that
C € Xg is special and F-stable. Let Ac be as in Proposition 2.10. Given [a,¢] € M(Ac),
the character K[ 4] has at most one unipotent constituent with wave front set C and it

occurs with multzplzczty one. Furthermore, every unipotent character with wave front set C
occurs in some K[a for some [a, @] € M(A) Moreover, if A= Qgc, then Ka o= =K§

[b:¢]
if and only if [a,¢] = [b,v], for [a,¢],[b,10] € M(A).

Remark 2.17. We observe that [Lusl5, Thm. 2.4] does not hold in full generality. For
instance, if we consider G simple adjoint of type E7, there are two cuspidal unipotent
character sheaves (|Lus86a, Prop. 20.3 c|). Their support is the closure of the G-conjugacy
class (su)g where s € G is semisimple with connected centralizer of type SLy x SLy x SLy
and u € Cg(s) is unipotent such that (u)ce(s) is the regular class. Their associated
local systems correspond to the two non-real characters of Ag(su) = Cy. They belong to
the same family of exceptional character sheaves with unipotent support (u)g denoted
A4+ Ay in CHEVIE notation. Theorem 2.4 in [Lus15| claims that the restriction of those
character sheaves to their support is a local system corresponding to the lift of a character
of Ag(u) = Ss, which is necessarily real.

Similar situations occur for G of type Eg, when considering cuspidal characters in an
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exceptional family. However, by explicit computations in CHEVIE [Micl5], we have
checked that the theorem [Lusl5, Thm. 2.4| holds true in exceptional type groups for all
the other cases.

This discussion does not really matter for the proof of the result of Brunat—Dudas—Taylor.
For instance, we could apply Proposition 2.15 in the cases for which [Lusl5, Thm. 2.4|
fails to hold.

3. THE UNIPOTENT BLOCKS FOR ¢ BAD

Hypotheses. In this section, we assume that G is simple adjoint of exceptional type and
p is good for G.

We want to show the unitriangularity of the /-decomposition matrix of the unipotent
¢-blocks for ¢ bad. We first use an approach from [GHOS8|, which uses only GGGC'’s.
Then, we will see how to adapt [BDT20, Thm. 8.9] to the special classes when ¢ is bad,
adapting the definition of Kawanaka characters. Lastly, we will finish the proof using a
case by case analysis.

3.1. Using generalised Gelfand—Graev characters. We study ¢-special unipotent
conjugacy classes. If we add some conditions on these classes, then it will be enough
to choose generalised Gelfand-Graev characters, instead of Kawanaka characters. Recall
that a unipotent conjugacy class is said f-special if its preimage under Lustig’s map ¢
contains an element g whose semisimple part is isolated and an ¢-element. We could ask
for another property of g.

Definition 3.1 (|Héz04, Thm. A|). Let C be an F-stable unipotent class of G and g be
a special element of G*. We say that g satisfies the property (P) with respect to C if :

(1) q)((g)G*) :Ca
(3) the image of g, in the adjoint quotient of G* is quasi-isolated.

If there exists such a g € G* such that moreover, g, is isolated and an (-element, we say
that C is (- P-special.

In general, for any F-stable unipotent conjugacy class of G, there exists a special
element g € G* satisfying (P) with respect to C and such that the class (¢)g+ is F*-stable
(|Héz04, Thm. B|). By the Lang-Steinberg theorem, we may choose g € (G*)¥". However,
not all /-special classes are (- P-special.

Lemma 3.2. Let C be an F-stable unipotent class of G. Assume that ¢ is bad for G.
Then

e C is (-P-special if and only if Qé,c = Ag(ue),

o if C is (-special but not special then C s ¢-P-special, and

e if C is (-special but not ¢-P-special, then Qé,c 2 Qgce # Ac(uc).

Proof. We get these results by computations using CHEVIE [Mic15|, which has all the
data for the j-induction, the Springer correspondence and the isolated semisimple ele-
ments. 0
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For C € Xg an F'-stable class, we know part of the restriction of the GGGC’s coming
from C to irreducible characters of G with unipotent support C.

Proposition 3.3 (|[GHO8, Prop. 3.4]). Assume that p is good for G. Let C be an F-
stable unipotent class of G and uy,...,uq be representatives for the G-conjugacy classes
contained in CF'. Let g € (G*)F" satisfying property (P) with respect to C. Assume that
QC e (gs).9. 15 abelian. Then there exist pi1,...,pq € Irr(G)y such that (pf,v.,) = 0s5 for
1<i,j<d.

As a corollary, if C as above is (-P-special and d = o, then considering the generalised
Gelfand-Graev characters is sufficient.

Corollary 3.4. Let C be an F-stable (-P-special unipotent class of G. If Q& , is trivial
orf =2 and QZQC ~ Sy, then there exist pq, ... P, € Irr(G) in the unipotent (-blocks with
unipotent support C and generalised Gelfand—Graev characters F1,---,Fag such that for
1<i,j<ab,

(p775) = bij-
Proposition 3.5. If G is simple adjoint of exceptional type and ¢ is bad for G, the only

C-special but not special unipotent conjugacy classes of G for which we can not apply
Corollary 3.4 are when G is of type Eg

(1) € =2 and the unipotent conjugacy class is E;(as) and
(2) =3 and the unipotent conjugacy class is Eg(as) + A;.
Proof. This follows by inspection of the tables in Appendix A. O

3.2. Adapting the general approach for the special classes. In the leftover cases,
we would like to adapt the proof of [BDT20, Thm. 8.9]. We fix C an F-stable unipotent
conjugacy class, u € CF', an admissible pair (A, \) for u and a set {u, | a € A} of admissible
representatives.

The main issue is that Kawanaka characters might not be characters of projective OG-
modules anymore, because the group A might not be an ¢’-group.

3.2.1. ¢(-Kawanaka characters.

Definition 3.6. Assume a € A and let ¥ be the character of a projective indecomposable
kCa(a)-module P (i.e. the character associated to the KCs(a)-module P° ®o K). We

also write W, for a module of KCx(a) x Uy(-1) affording the character (& for any
a € A. We define the /-Kawanaka module associated to the pair (a, V) to be

CA(a)xUy (-1)F
Kl = IndgA(aWUA(—l)F(((Wu@)o ®0 k) ® Inf* (D p)

and denote by Kg y) the character afforded by the module (IC(Ga \P))O ®0 K.
Remark 3.7. Observe that if C'4(a) is an ¢'-group, ¥ is an irreducible character of Cy(a).

Lemma 3.8. Let a € A and let ¥ be the character of a projective indecomposable k[ C a(a)x
U, (-1)¥]-module P. Then IC(CZL wy s @ projective KG-module.

Proof. Since Uy(-1)F is a p-group, and p # ¢, the inflation of P is a projective kCy4(a)-
module. Tensoring and inducing preserve projectivity, thus ICE;; ) is projective. 0
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Lemma 3.9. Fizae A and let U be the character of a projective indecomposable kC4(a)-
module P. Then
a el
Kiw= 2 duwK(y).
Yelrr(Ca(a))
Proof. For any 1 € Irr(Ca(a)) we write V,, for an irreducible KCy(a)-module affording
the character v. We observe that K (C; ) is the character of

Ca(a)xUy(-1)F o
IndgA(a)KU/\(—l)F (((Wua)o ® k) ® Infciga; ACD P) (20%) K,

O
= IndgA(a)xU/\(_l)p (((Wua)o ® k ® Infgng;NUA(*l)F P) ®O K) 5
— TndC Ca(a)xU(-D)F )
= Inch(a)xU)\(il)F (Wua 624 (Infcj(a) A P) ®O K) y

_ G Ca(a)xUx(-1)F po
= Inch(a)xU)\(il)F (Wua ® InijOl) A P ®0 K) 5

G Ca(a)xUy(-1)F
= Inch(a)xU)\(il)F (Wua ® InfCIZEa; A(=1) Z dw’\va) 5

Yelrr(Cy(a))
~ a Ca(a)xUy(-1)F
= Z dyw IndCA(a)KUA(—l)F (Wu@ ® Infci(a) " Vw) '
Yelrr(Cy(a))
G
ThUS, K(a,\I/) = zweIrr(CA(a)) dw&Kg,w)' =
As a consequence, since for any a,b € A and ¢ € Irr(Ca(a)), we have Kga%) = K(CZ; )’
it makes sense to write K[C; v = Kg o for any [a,¥] e ME(A).

3.2.2. Special unipotent conjugacy classes. For the special conjugacy classes, we want
to use what we know about the decomposition of Kawanaka characters into irreducible
characters of GG to deduce the decomposition of the /-Kawanaka characters.

Proposition 3.10. Assume that G is adjoint simple of exceptional type. Let C be a
special F-stable unipotent conjugacy class of G and (A, \) be the admissible covering of the
ordinary canonical quotient of Ag (uc) as in Proposition 2.11. Letd = |\M*(Qac)|. Assume
that either ¢ does not divide |A| or A 2 Qgc. Then, there exist unipotent characters
P1,- -+ pa of G with unipotent support C and [a1,V1],...,[aq, Vq] € ME(A) such that for

1<i,7<d,
0 1<y
* G _ )
(pi ’K[%‘I’j]) B {1 i=7.
Proof. Let v € (G*)¥" be unipotent such that ®(v) = C. We observe that, by Lemma 3.9,
prv(K(CjL,\p)) = Z dyw prv(Kaw)).
Yelrr(Ca(a))

Let us first assume that ¢ does not divide |A|. Since M*(Qgc) = M (g ), which is
in bijection with the set of unipotent characters with unipotent support C, this is just a
reformulation of Proposition 2.16.

Suppose now that A = (g c. Thanks to Proposition 2.16, up to reindexing, we can

*

write pr,(K[qy)) = Pla) where pq,y] is a unipotent character with unipotent support C
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for all [a,9] e M(Qcc).
In other words, for each a € A and ¥ the character of a projective indecomposable kC'4 (a)-
module, we have
prv(K(C;\I/)) = Z dtl),‘l’ prv(K(C;@[;)) = Z dwv‘l’pfa,w]'
pelrr(C(a)) Yelrr(Ca(a))
Now, we observe that for 1,1’ € Irr(Cs(a)), we have [a,?] = [a,¢'] if and only if ¢ = 9"
Therefore,
(Do, Pro (K 41)) = dy .
On the other hand, for b € A not A-conjugate to a, and any ¢ € Irr(C4(b)), we have
(p[*b7¢],prv(Kﬁ7qj])) = 0. Assume that for each a € A, we have fixed a total ordering of {; |
1 <j< Sa}, the set of characters of C4(a) associated to the projective indecomposable
kC's(a)-modules, and an ordering of {¢; | 1 < ¢ < t,} = Irr(Ca(a)) such that for all
1<j<s,and for 1 <i<y,
Oifi<y
Y T it G = g
Then for each 1< j <54, We set ppq,w,] = plap,] and the sets {prau7 | [a, V] e M*(A)} and
{K[C;\p] | [a,¥] e Mf(A)} satisfy the statement of the proposition.

In other terms, we are left to check that the ¢-decomposition matrix of Cy(a) is lower-
unitriangular for each a € A. One can easily check that this holds since by Proposition
2.11, the group A is either Sy, S3, Sy or S5 and the primes are £ € {2,3,5}. We need to check
the /-decomposition matrices of the following groups: S, S3,S4, S5, C3, CyxCy, Dg, Cy, Cs
and Do (group with 12 elements) and Cg. We already know that the ¢-decomposition
matrix of the symmetric group is unitriangular. Moreover, it is also trivially the case for
groups of order a prime power. We can easily check that it is also true for the last two
cases. U

Corollary 3.11. Assume that G is adjoint simple of exceptional type. Let C be a special
F-stable unipotent conjugacy class of G and (A,\) be the admissible covering of the
ordinary canonical quotient of Ag(uc), as in Proposition 2.11. Assume that Qac = Q4 .
and that either ¢ does not divide |A| or A = Qgc. Then, there ezist py, ... s P, unipotent
characters of G with unipotent support C and [ay, V4], ..., [aazé,llfaé] e MY(A) such that
for1<i,j<af,

0 i<y

*’Ka )= ’

i Ko ={] 1
Observe that the proof of Proposition 3.10 also shows the following result:

Proposition 3.12. Assume that G is adjoint simple of exceptional type. Let C be an
F-stable unipotent conjugacy class of G. Assume that
(1) there exists an F-stable unipotent element uc € C such that F acts trivially on
Ag(uc) and an admissible pair (Ac, \) for uc which is an admissible covering of
AG(UC)J
(2) there is g € (G*)F" such that ®(g) =C and g5 is an (-element
(3) QG;7(U)G§ = QZG,CJ
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(4) there is g € (G*)F" such that ®(g) =C and g5 is an (-element, and
(5) {prg(Kgm) | [a,¢] € M(Ac)} = Dg(Irr(G),) and if Ac = Qas,(v)g, and F
acts trivially on QG;7(U)G§’ then K[C;,d)] = K[%w] if and only if [a,¢] = [b,¢], for
[a, 6], [b,] € M(Ac).
If either € does not divide |Ac| or Ac 2 QGge’(v)G;, then there exist py,. ..  Pat, € Irr(G)y in
the unipotent blocks with unipotent support C and [a1, V4], ..., [%ga‘l’ag] e MY (Ac) such
that for 1<1i,j <ap,
R

Lemma 3.13. If G is simple adjoint of exceptional type, the only special unipotent classes
of G for which we can not apply Corollary 3.11 are given in Table 1. Moreover, the

G (=2 (=3
Fy Ay, F4(a2)
E7 A4 + Al, E7(a4), Ag + A2

Eg Eﬁ(a1)+A1, D7(CL2), A4+A1, Eg(b4), D7(CL1), Eg(bﬁ)
D5 + AQ, E7(a4), D4 + AQ, A3 + AQ
TABLE 1. Special unipotent conjugacy classes where we can not apply Cor. 3.11.

unipotent class Eg(bg) for G of type Eg when € = 3 is the only one of those exceptions
which is not {-P-special.

Proof. This follows from the description of the admissible covering in Proposition 2.11 and
from explicit computations in CHEVIE [Mic15] of the ordinary and ¢-canonical quotients,
as well as the computation of Lusztig’s map, which uses the data in CHEVIE for the
j-induction, the Springer correspondence and the isolated elements. O

The only special unipotent conjugacy class where we can not apply Corollary 3.11 nor
Corollary 3.4 is when G is of type Eg, ¢ =3, and the unipotent conjugacy class is Fg(bg).
We study this case separately.

Lemma 3.14. Let G be a simple group of type Eg and C the F-stable unipotent class
Eg(bs). Then, there exist o irreducible characters in the unipotent 3-blocks with unipo-
tent support C and o projective characters (either Kawanaka or GGGC) such that the
decomposition matriz restricted to these rows and columns is unitriangular.

Proof. We observe using CHEVIE [Micl5] that Ag(uc) = QY , 2 S3 and o = 5.

Firstly, thanks to Proposition 2.11, we can find an admissible covering A of the ordinary
canonical quotient associated to C. In this case, we have A = Qg ¢ = S;. We denote the el-
ements of M(A) by [1,1],[1,sgn],[-1,1],[-1,sgn], where sgn denotes the sign character.
Thanks to Proposition 3.10 and since ¢ does not divide A, we can find four unipotent char-
acters pri,1], P[1,sen]s P[-1,1]> P[-1,sgn] With unipotent support C, and construct four Kawanaka
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characters with respect to A and C such that for [b, ¢],[a,v] € M(A),

1 b=aand ¢ =1
* KG = ’
{p (0,61 7" [a,¥] ) {O otherwise.

Since [M3(Q )| = 5, we need to find an irreducible character of G' in the unipotent
¢-blocks, which has unipotent support C but is not unipotent. As in [GHO8, Proof of
Prop. 4.3|, we have for any unipotent character p with unipotent support C,

3 " AG u
) > lAam): Aa(u) 1o 75) = A

i=1 np

where n, is given by [Lus84a, 4.26.3]. In our case, since p is unipotent and Qg c = So,
we have n, = 2. Moreover, as in [GM20, Example 2.7.8 c¢)|, we may assume that u,
corresponds to 1 (whence [Ag(u1) : Ag(u1)f] = 1), us corresponds to a 2-cycle (whence
[Ag(u2) : Ag(u2)¥'] =3), and ug to a 3-cycle (whence [Ag(us) : Ag(us)f] =2).

Let ¢ € Irr(S;) and 4,5 € {+1}. By Equation (1), there are two distinct GGGCs, say 75
and ¢, such that (pf@.7¢],75j_> = 0,;. By construction, we have 7§ =~ and 7§ =1&.
Applying to (2), we must have

(pﬁ@]a’%ﬁ) =1 and (pf—17¢]771i> =0.

Moreover, we can check using CHEVIE [Micl5| that the conjugacy class C is 3-P-
special. In other words, there is g = sv = vs € (G*)¥" with s € (G*)¥" semisimple of order
a power of 3, and v € (G*)I" unipotent such that Q¢ (s),» 2 S3 and ®(g) = C. Now by
[Gec99, Prop. 6.7] and [Héz04, Rem. 4.4], there is a character € £(G,s), such that

(W70 ) = O
We then choose the irreducible characters u, pri,17, pr1,sgn]> P[-1,1]5 P[-1,s¢n] and the projec-
tive kG-characters 7., K[Cl’" H,K[Cf Sgn],K[(_;1 " K[Cfl <) i these orders. We can check that
the decomposition matrix of G restricted to these rows of irreducible KG-modules and
columns of projective kG-modules has the following shape, where the empty entries are 0:

1
(%11 ) 0
1
1

Thanks to Proposition 3.5 and the above discussion on the special classes, we have
only two ¢-special but not special classes to consider, which occur when G is of type
Eg. In order to apply Proposition 3.12, we need to understand the decomposition of the
Kawanaka characters into non-unipotent characters, for instance using Proposition 2.15
and non-unipotent character sheaves.

4. RESTRICTION OF PRINCIPAL SERIES CHARACTER SHEAVES TO CONJUGACY
CLASSES

In this section, we will consider the restriction of character sheaves coming from the
principal series to a mixed conjugacy class.

Remark 4.1. All the perverse sheaves are defined over Q,. We do not make assumptions
on the center of G nor on the prime p.
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4.1. Induction of character sheaves. From certain local systems on the maximal torus

T, we construct G-equivariant semisimple perverse sheaves on G, following [Lus85a, § 1
and 2.

4.1.1. Kummer local systems on the torus and character sheaves. We consider a certain
class of local systems on the torus. Firstly, we fix an injective homomorphism

w:{xekx|:c":1forsomeneN}—>@;.

Definition 4.2. We say that a @Z—local system £ on T is Kummer if there is n € N,
coprime to p, such that £&" =Q,.

Kummer local systems are constructed as follows:
(1) Let n € N such that (p,n) = 1, and p, = {x € k* | 2 = 1}. Define p, : k — k,
x — ™. Then j, acts on the local system (p,), Q,.
(2) Set &, the summand of (p,), Q, on which u, acts according to 1.
(3) Fix A e Hom(T, k*) and consider the @Z-local systems on T of the form A\*&, .

We denote by S(T) the set of isomorphism classes of Kummer @Z—local systems on T.

The action of w € W on T induces an action on S(T) sending the isomorphism class
of £ to the isomorphism class of ad(w)*L. For £ = A&, € S(T) with n € N and
A € Hom(T, k*), we define

We={weW |ad(w™)* L= L}
Observe that W, is not always a Coxeter group. We define
Op={aed|s, e W},

and W2 the Weyl group generated by {s, |« € ®.}. By [Lus85a, § 2.2.2|, for each w € W,
there exists a character \,, € X(T) such that ad(w™)*L = ad(w™1)*A\*&E, 4 = (AZA)*Epp-

To each £ € S(T) corresponds a set of character sheaves G as defined by Lusztig in
[Lus85a, Def. 2.10]. We have, by [Lus85¢, Prop. 11.2]
G = |_| GL-
LeS(T)/W
4.1.2. Induction of character sheaves. As for representations of finite groups, we would
like to obtain character sheaves of G from character sheaves of subgroups of G, and
in particular from Levi subgroups. For our purpose, we only describe the parabolic
induction coming from a torus, following [MS89, § 7.1] and [Lus85¢, §3 and 4]. We write

G xg B for the quotient of G x B by the B-action b.(g,q) = (gb~,bqb™!) for b,q e B, g € G.
We have the following diagram:

T +% GxB —5 GxgB —= G
with
e the map a: (g,ut) »tfor ge G, ueU and t €T,

e the quotient map S,
e and the map 0 : (g,b) — gbg~! for g € G, ¢ B.
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If K is a T-equivariant perverse sheaf on T, then o* K[dim G +dim U] is a B-equivariant
perverse sheaf on G x B. There exists a unique perverse sheaf K (up to isomorphism) on

G xg B such that a*K[2dim U] = 8*(K). We put
Ind§ (K) = 6,(K).

Any irreducible perverse sheaf on a variety X can be obtained as the intersection
cohomology complex IC(U,E) where U € X is open and & is a local system on U [BBD82,
Thm. 4.3.1]. We fix

K = IC(T, £)[dim T]
where £ = *(&,,4) € S(T) is a Kummer local system on T. We construct an intersection

cohomology complex isomorphic to the induced perverse sheaf Ind$§ (K) as follows:
We have the following diagram:

T +% GxThy — Gxp Ty —2> Vr
with
o the set T)ey = {g e T |Cg(g) = T} and the set Y = Ugeg 9T reqg7
o the set G xt T4, quotient of G x T, by the T-action t.(g,a) = (gt7!,tat™t) =
(gt7t,a) fort e T,ge G and a € T,.g,
e the map «a which is the projection on T of the second coordinate,
e the quotient map S,
e and the map d: (g,a) » gag™" for g€ G,a € T,.,.
Note that Yp = G. There exists a unique local system £ on G xp T,e, such that
a*L = B*(L) (up to isomorphism). Then, thanks to [Lus84b, Thm 4.5]

Ind$§ (K) 2 IC(Yr, 0. (£))[dim Y] = IC(G, 6,(£))[dim G].

It is semisimple and decomposes into a direct sum of character sheaves. In fact, we can
write

Indg(K) = @ AE®VE,

EeIrr(End(Indg (K)))

where Ap are the irreducible character sheaves in Ind§ (K) and Vi = Hom(Ag, Ind§ (K))
are the irreducible End(Ind$ (K))-modules. This algebra is closely related to some rela-
tive Weyl groups.

Theorem 4.3 ([Lus85b, § 10.2]). The algebra End(Ind§ (K)) is isomorphic to the group
algebra Q,[W,] twisted by a 2-cocycle.

4.1.3. The algebras End(Ind§(K)) and Q,[W,]. In the principal series case, Lusztig
made this isomorphism more explicit and showed that the cocycle is trivial [Lus86c, § 2.3].
Observe that for any w € W, the following diagram commutes:

T % GxTyy —— GxpTpoy — Yo

s SR S

T(TGXTTQQ T}GXTTreg —6>YT
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with the T-equivariant map ¢, : G x Tyey > G x T,eg, (g, a) = (gw,w taw).

We define . := End(8.(£)). For each w € W, we consider the action of w. We set
Hew = Hom(g}, (£), £).

Since L is irreducible, this vector space is non-trivial (and hence has dimension 1) if
and only if ¢z (£) 2 £ if and only if ad(1~')*(L) = £. There is a natural pairing for
w,w' e Wp:

Hewx Hew = Hewe
frxgrgeopu(f)-
Since 6,(L) = d, (@Z}(ﬁ)), we obtain a natural algebra isomorphism
Hez D Hew.

weWp
For w € W, we fix the unique isomorphism ¢g : ad(w™)*L — L such that (¢5); i
the identity. It induces an isomorphism ¢% € Hr,,. Observe that ¢£ , = ¢£ x ¢~, for all
w,w’ € W,. Therefore, H, = QZ[WE] as algebras. Thanks to this construction, we can
write

I1C(G,6.(L)[dmG]z @D ALe Vg,
Eelrr(Wg)
where Ag are the irreducible character sheaves in the induction of K to G and Vg =
Hom( A%, Indg (K)) are this time seen as the irreducible Q,[W,]-modules.

Moreover, we get an identification as follows

Hew = Hom(ad(w™) L, £) = Quoh < Quost = Hg, ,, = Hom(g;, (Q) . Q).
This embedding of algebras H, — Hg, leads to a canonical isomorphism [Lus86c, 2.6.¢|:

(A)c = D (EResty, EVAY) ...

E’elrr(W)

4.2. Central translation of character sheaves with unipotent support. We would
like to consider translation of character sheaves by an element of the center of G. For
z € Z(QG), we define the translation z: T - T, ¢t — zt for t € T.

4.2.1. Translation of Kummer systems. We want to get a better understanding of the
isomorphism ¢% : ad(w™)*L - L for £ e S(T) and w e Wp.

We fix n € N and c € k*. The stalk ((pn)*@g)C can be seen as the n-dimensional Q,-
vector space Qy[p;!(c)], with action of y, on p;'(c) by multiplication. In that setting,
(En), is the Q-vector subspace of dimension one on which the action of z € i, is simply
multiplication by ¢ (z).

We start by a few observations, defining some morphisms and keeping track of their
restriction to the stalks. Fix A,y € X(T). Firstly, we have a p,-equivariant morphism:

(M) () Q= (V) (). Qe ®, (1) (), Qs
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On the stalk ¢ € T, we get a morphism of y1,-modules from Q[ ;' (A(£)7(¢))] to Qi[5 (A(1))]®,,

Qlot (v B
Now, we denote by Qg[,un]v the constant sheaf on a variety V. The adjunction (p,)" (pn), Q, —

Q, is given by the pi,-equivariant isomorphism:

(Pn)" (Pn). @Z - QZ[Nn]kx-
Taking the pullback by v, we get a p,-equivariant morphism

(") (Pn) 2 Qe =" (Pn)" (Pn) e Qo > V' Qulptn] ., = Qulptn]. .

On the stalk at ¢t € T, we get an isomorphism of j,-modules from Qlpt(y ()] =
QLY (£)11a] t0 Qylsta], by multiplication by 771 (£).
Combining the two previous pu,-equivariant morphisms, we get

™) (). Qe = (V) (). Qe®,, (V)" (P0). Qe = (V) (pn), Qu®pu, Qulptn],, = (V) (p0). Qv

On the stalk ¢ € T, we get a morphism of y,,-modules from Qo) ()] = Q[v() pr (A (t))]
to Q[ p;t(A(t))], given by multiplication by ~1(t).
This p,-equivariant morphism restricts to an isomorphism:

Usyn 2 (AY") Enp = N &y
Let t € T such that t" = 1. The definition of &, ,, implies that the isomorphism (v ,,,), of

pto-modules from (&ny), ) < Qulpt(M(1)] to (En) ) € Q[P (M(1))] is in fact given
by multiplication by ¢ ((¢)~!). More generally, since we always have A\*&, ,, isomorphic
to (A™)*Eym,y for all m € N, for any element ¢ € T of finite order, the isomorphism () 5,,),
of p,-modules is simply multiplication by ¥ (~y(t)™!).

We can now consider the particular case of the isomorphism between ad(w=1)*L - L
for £Le€S(T) and w € W,. The above discussion leads to the following result:

Lemma 4.4. Let L = X*E,, € S(T) forneN and A € X(T). Let w e Wg. Recall that
there is Ay € X(T) such that X = AX?. Then ¢4 in in fact vy x, n-

Proof. Since L is irreducible, it suffices to check that (v, ..), is equal to (¢5);, which

is the identity. It clearly follows from the previous discussion. O
Lemma 4.5. Let z € Z(G), w e Wy, then there is A, € Hom(T, k*) depending on L such
that

b(A(2))2*(85) = 955 and (N, (2))2* (95) = 05 ~.

Proof. We have W, = W, and ¢3 * is well-defined. Since z*(¢%) € M.+, the two
isomorphisms 2*(¢%) and ¢z £ differ by a scalar. To determine it, it suffices to consider
the stalks at 1. On one hand, by definition, ((bfu*ﬁ) | is the identity. On the other hand,
by Lemma 4.4, (2*(¢5)); = (Vaxu.n), 1S given by multiplication by (A, (2))™! and we
can conclude. O

Remark 4.6. Observe that the map Wz - Q,,w = 1h(Ay(2)) is a group homomorphism
since z* @5, o ad((w')™1)*z*(¢%) = z* (¢5, cad((w')™1)*(¢5)) = z* ¢~ . for all w,w’ € W.
Thus, ¢(Aw(2)) 7" 0 (A (2)) 7! = ¥ (Auwwr(2)) 7
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We gather different facts on (A, (z)) from [Lus85c, § 11.8]:

Lemma 4.7. Let z € Z(G), L=X(&,). Then

(1) Y(A\p(2)) =1 if z€ Z°(G) or we Wg,

(2) the map W/W2 - Hom(Z(G)/Z°(G), Q,), wr (2> ¥(A(2))) is injective.
4.2.2. Translation of character sheaves.
Lemma 4.8. For z € Z(G), E € Irr(W,) we have

AL = AZE

where x*: Wy - Q, is given by w = 1h(\p(2)).
Proof. For w € W, we can define two embeddings of H.«z ., into Hg, ,,: the first one being

the usual one identifying ¢ £ with ¢%‘ and the second one identifying 2*(¢%) with gbg‘
So we get two isomorphisms between Q,[W,] and End(IC(G,d,(2*£))). From Lemma
4.5, we see that they differ by multiplication with 1)(\,(2)). We define x#: W, - Q, by
w > YP(Ay(2)) for any w e W,. On one hand we have,

Af = Homg,qr0(a 6.(2)) (E, e (G, 5*(2)))
~ Homy, (E, 1C (G,5.(£))) (6L < ¢2)
~ 2* Homyy, (B, 2* 1C(G, 5,(£))) (2% 6L o o)
= Homyy, (E, IC(G,6,(2*L))).
On the other hand, for E’ € Irr(W,), we have
Apf ez Homg,q(10(as. 7)) (E",1C(G,6.(+°L)))

= Homyy, (E', IC(G, 0. (27L))) (65F = x*(w) =05 < 63°)
~ Homyy, (E'- (x*)™1, IC(G, 5,(2°L))). (2% 6L < 62)
We conclude that A% = AZ £ if and only if E' = E - x*. O

4.3. Restriction of an induced cuspidal perverse sheaf to a mixed conjugacy
class. We fix a character sheaf K = IC(T,L) on the torus where £ = A\*(&, ) € S(T).
We also fix s € G a semisimple element. For any g € G, we define the left translation g :
G — G, h ~ gh. To simplify notation, we set H:= Cg(s). We also write WH := Ny (T)/T.

Definition 4.9. We let
M:={meG|m'smeT} and I':=H\M/T.
For each ~ € I', we define
T,=4Ty'nHc4By ' nH=B,.

We set L, the local system on T, obtained as the inverse image of £ under the map
7,: T, - T, g~ 47 tsgy. By [Lus85b, Prop. 7.11| we can then define irreducible cuspidal
character sheaves on T,

K, =1C(T,, L,)[dimT,].



26 M. ROTH

The induced perverse sheaf Indgv(K,y) is semisimple and decomposes into a direct sum
of character sheaves on H.

Remark 4.10. We will often abuse notation and write only ~ for % for any v eI

Remark 4.11. Let v eI'. We set By, = BnH?".
We also fix £y, the local system on T obtained as the inverse image of £ under the
map T - T, g — 7y tsvg. We define the perverse sheaf on T,

Ko, =1C(T,Ly,)[dim T].
We observe that £, =72L =ad(y)*(y'sy)*L =ad(y!)*Lo,. Therefore,

Ind (K;) = ad(371)" (Indf, (Ko,)).

By [MS89, Prop. 8.2.3] and [Lus85b, §8|, we can decompose s*((Indg (K))js,,;) into
a direct sum of the various (Indgw(Ky))H for y eI

uni

Proposition 4.12 ([Lus85b, §8]). There is an open neighborhood U of s in H, such that
sHyn; €U and
S (A (K))pr) = @ (IndE, (K,)), 10 [dim(G) - dim(H)].
~vyel’
We describe the isomorphism on the level of local systems thanks to the proof of [MS89,
Prop. 8.2.3| and the discussion following it.

For each v € I', we have the following commutative diagram:

B 5
T, +— Hx Tyreg —— H X1, Ty reg — Yr,

T<TGXTregT>GXTngT>YT

with

o the sets Tyepy Toreg = 10 € Ty | Cin(9) € Ty}, Vi = Upeq 9 Tregg™) and Va, =
UhECg(T) hT'y,regh_lu
the map o (resp. a,) the projection on T (resp. T, ) of the second coordinate ,
the map f (resp. ) induced by quotienting,
the maps 0 : (g,a) » gag™ for g € G,a € T,., and 0, : (g,a) = gag™ for g € G and
ac€ T'y,rega
the map 7, : g » 7 1sg?,
the map s, : (h,g) = (hy,¥71sg?¥), for he H and g€ T, .,
and the map s: g~ sg for ge Y.
We define Q =01 (UnYy) and S := QN G xp T,e,. For each yeT, we set Q. ={(g,9') €
Qlgen}and S, =5nQ, =G xp T,y nQ,. We observe that s, induces an isomorphism
from 671(s7'U nYp,) to @Q,. There exists a local system L on G xrp T,., such that
a*(L) = B*(L). We set L, = 5;(5) We then have

af (L) = ai7i (L) = Bisi (L) = B(L,).
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Moreover, by the change of basis theorem, since the diagram is commutative,

s7(0.(L)jss,) = (0,)+((5,)"(L1s,)))
= (5’7)*((37)*(£~|G><TTregmsy(5:/1(s—lUﬁYT,Y)))))
= (6,)+ ((£3)[xa, Tregrsst (1 UV )
2 (0,)« (L)1 (s e, )
SCART p—
We then have U n Y = U,er 0, (S5) (|[Lus85b, § 8.2.17]) and a canonical isomorphism

5" (6 (L)wrve) = () (£y)s wove, )-

~yel’

Observe that Indg_ (K,) = IC(Yx,,6,,£L,)[dim Yy, ] = IC(H,§,,L,)[dim H]. The isomor-

phism above gives rise to an isomorphism

s*((Indg (K))wry ) & @(Indgw(Kv))s—lwnYT)[dim(G) - dim(H)].

By [Lus85b, 8.8.4-8.8.7], this isomorphism can be uniquely extended to the isomorphism
in Proposition 4.12:
s*((Ind§ (K))v) @(IndH (K,))s1y[dim(G) — dim(H)].

~vyel’

Observe that s*((IndS (K ))jv) might not be a semisimple perverse sheaf. However,
Lusztig showed in [Lusl5, Prop. 1.4] that
5 (S () e, ) [ dim(G) + dim(H) — dim(T)] = D(IndE (K, )) 1, [~ dim(T))],

~yel’

is indeed semisimple.

Remark 4.13. Observe that the right hand side of the isomorphism does not depend on s
but rather on its conjugacy class. Therefore, from now on, we will assume that s € T.

4.4. Restriction of a character sheaf to a mixed conjugacy class. By Proposition
4.12, we know how to decompose the restriction of the induction of a cuspidal character
sheaf K to a mixed conjugacy class as a direct sum of inductions of cuspidal character
sheaves on a smaller group. The main goal is to understand how this decomposition
behaves with respect to the action of the endomorphism algebra of K or rather the
relative Weyl group associated to K.

4.4.1. Action of Wy on I'. As in [Lusl5|, we define an action of W, on I

Definition 4.14. We define an action of Ng(T, L) on M by nm = mn~! for all m € M and
n € Ng(T,L). Tt induces a well defined action of W, on I" by w.y = w.HAT = Hyw 'T
forall yel', we Wg.

Definition 4.15. We fix a set A of orbit representatives for the action of W, on I,

U= | WA
AeA
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Lemma 4.16. Let we W, and A€ A. Then
Tya=T).
Moreover,
Loxr2Ly and Loy, 2 ad(w™) Loy
Proof. Tt follows from the definition of W, and from the fact that 7, = ad(w)o7r,. O

Let v € I, then the stabilizer of 4 by the action of Ng(T, £) is Ng(T, L)nH" = Ng~(L).
Thus, the stabilizer of v by the action of W, is Ng~(T,L)/T. We would like to better
understand this group. To ease notation, we write W, = Ng-(T,L)/T.

Lemma 4.17. Let v €T, then
N (L) = NE and W} =W’

Proof. Let h € Ng~(L£). Recall that £y, = (77 tsy)*L and h € Cg(y7tsy). We therefore
have

ad(h)* Lo, =ad(h)* (v sy)* L2 (v sy) ad(h) * L2 (v sy) L = Lo
Thus, h € Ny HV . On the other hand, let h € N HV . Symmetrically we have £ = (y1s71v)* L,
and h € CG('Y s71y) and we conclude that h ¢ Nuv(L). The claims follow. O

Lemma 4.18. There is a bijection w between WH\W /W, and the W -orbits on T.

Proof. We define a W -equivariant bijection
w:WH\W - T
WHw —» HuT.
We first show that the map is well-defined. Fix WHw e WH\W and let n; € Ng(T) and
ny € Ng(T) such that noTn; T = w. Then, there is ¢ € T such that nonit = w. Then we
see that
w(WHw) = Hnyn tT = Hny T = w(WHn, T).
Observe that w is Wr-equivariant. Indeed, let’s fix WHw in WH\W and v € W,. Then
wWHwr™) = Hio ™' T = 0. Ho'T = v.w(WHw).

To show surjectivity, we fix m € M. We observe that T ¢ H and T € H. Therefore, there
is h € H such that ™T = "T. Thus, h-'m € Ng(T). Let w € W such that w = h-\mT,
i.e. w = htmt for some t € T. Then w(WHw) = HuwT = Hh'mtT = HnT and w is
surjective. Injectivity is clear. 0

4.4.2. Restriction of a character sheaf to a mized conjugacy class. We define an action of
W, on the right hand side of Proposition 4.12, so that it commutes with the isomorphism.
We write Y = Y and Y, == Y, for each v € I'. For each A € A, we fix a set VA of left
cosets representatives such that Wy =, W)v. In other words, we have

WeAd={vA|veV*)
Proposition 4.12 becomes

S(ICT,6.L)0) =@ P IC(YVr, 6.5 \L)s 11

AeA peV A
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Since for any A€ A and v € V| s, = @,-1 0 5, we in fact have

s*(IC(Y,6. L)) 2@ @ IC(Y 1, 0.8, L) 10

AeA peVA

By [MS89, above lemma 8.6] or [Lus85b, § 8.7.13|, we have that §(S,) = 6(S,.,) for all
v el and w e Wy. Fix w e W,. For each A € A and v € V?, there is v’ € V* and wy € W}
such that wv = wev’. Then we get

s(IC(Y, 0.0, L)) 2 D @D IC(V1,0.55¢,-1¢,,1L)s 10
AeA peV A

= @ @ [C(?M 5*3;@22/)*1 @walz)s‘lU-
AeA peV A

Recall that we fixed an isomorphism @£ : ¢ (L) — £ in Subsection 4.2. Observe that
the following diagram commutes:

(5 (0@ D))y — (5538001 23 D)
5*5*(¢35,)l i&s;@zv,yl(%o)
("0 £)) gy —— (5:5307,91Ls, )

where the horizontal lines are given by the canonical isomorphisms from the change of
basis.
Hence, we define an isomorphism

IC(Y 5, 6:8351 041 L) 51t = TO(Y 3, 028300,y 1 £) 510

by rearranging the terms and acting on each component via 5*31{@@,)71((%0). By defini-
tion, it commutes with the isomorphism in Proposition 4.12.

The set of maps a)), = sf\(g?)ﬁ) for we W) = WEI)AA lifts to a basis of H., , and therefore

induces an algebra isomorphism between @Z[Wg)l] and End(IC (Y, Ly.2)). We would like

to link the a, for w € W} to the isomorphisms ¢ Here a) is simply the translation of
P by s* € Z(H»). Therefore, we can apply Lemma 4.5 and we see that

bO(sM))al =0~
We finally obtain a formula for the restriction of a character sheaf. We write

IC(G,L)[dimG]z @ Vp®Ap and

Eelrr(Wr)

IC(HM Lo))[dimH]z @ VoAl VieA

Erelrr(We, )

We let x*: W) — Q) w e p(Ap(s*)). We let d = dim(H) - dim(T) and for any symbol
S, any WHwW,, we write S¥ := S¥(v) for w as in Lemma 4.18.
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Proposition 4.19. For E e Irr(W;), let Ap as above. Then s*((Ag)sa,.;)[d - dim(G)]
18 1somorphic to

w HY — ‘
B @ RelEE Rel E Yy (A pze [d - dim(H)].
we r 'elrr w

Proof. Firstly, we see that s*((Ag)sH,.;)[—dim(G) + d] is isomorphic to
Homg, ) (Ve s” (IC(V, £)pom,. []))

Ve 1oy, £)a [d ])

XeA QW]

~ Homg, yy, | (VE, D md2 e Res gf[

)\eA

w .
=@ D Hom@[wg](ﬁes@{ ]]VE,RS—[ ) vEf)<A%> = dim(T)].
ACA Vel (Qe [ W, 1)

Here the action of W} on IC(H/\,EO,)\) is induced by the maps aj) for v € W2. Now if
instead we consider the usual action of Wé on IC (HA,E~0,)\) induced by <;51<,8A)*£, we are
in a similar situation as in Lemma 4.8. We thus obtain s*((Ag)su,,.)[-dim(G) + d] is
isomorphic to
@ @ (Res%@ E- XSW’E’>WEU (A%/)‘HZJM[— dim T]
weWH\W /W, E'elrr(W})

By [Lus86¢, § 2.6], Indgw(IC(T,@g))‘HZJni = Indgw(IC'(T,E))mﬁ»m, and we get

* . ~ W HY I} o) .
s*((Ap)jem,, ) [~ dim(G) +d] = @@(R%% E-x*" Resiyy Ewy(Ag) )y, [-dim(T)],
where w runs over the double cosets representatives of WH\W /W, and E’ over the irre-
ducible modules of Q,[WH"]. O

Remark 4.20. It is usually more practical to see s*((Ag)|sk,,;)[d — dim(G)] isomorphic
to

P P( Resww E-x* ResWS E"™ )Ww(A%f)\Hum[ dim(T)],

w  E
where w runs over the double cosets representatives of WH\W /W, and E’ over the irre-

ducible modules of Q,[WH].

5. THE TWO LEFTOVER CASES IN Fjg

We now have the tools to check the conditions in Proposition 3.12 for the two ¢-special
unipotent conjugacy classes of G for which we can not apply Corollary 3.4.

Lemma 5.1. The unipotent classes in Proposition 3.5 satisfy the conditions of Proposition
3.12.

It suffices to show the existence of an admissible covering and the conditions in Propo-
sition 2.15.
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For the rest of this section, we assume that G is simple of type Eg. For each simple
root B € A, we set wg the fundamental dominant coweight corresponding to 3. We fix a
bijection « from the semisimple elements of T* to the Kummer local systems on T. For
t € T*, by [AA10, Prop. 4.4|, we have

Wg = WCG* ®) (T*)

5.1. The unipotent conjugacy class Fg(a3)+A; when ¢ =3. We fix the setting in the
case where the F-stable unipotent class is C = Eg(as) + A;. We choose t € T* such that
Ca~(t) is of type Eg x Ay and v € Cg+(t) lies in the unipotent class Ay, 111 of Eg x As.

5.1.1. Admissible covering. We follow [BDT20, § 10.2]. We can choose s = w,,(1/2) and
uc € Cg(s) F-fixed. In that case Cg(s) is of type Ds. We set H = Cg(s). Thanks to
Algorithm 5.2 in [BDT20], since only one unipotent class of H fuses into C, we know that
uc lies in the unipotent class 6631 of H which fuses into Fg(as) + A;. The group A = (s)
can be chosen as an admissible covering of Ag(uc) for a fixed cocharacter. Observe that

A AG(UC) = QCG*(t)y(U)CG*(t)

and if £ =3, then A=z Qg ..
We are left to check the last condition of Proposition 2.15.

5.1.2. Character sheaves. We fix L = a(t) € S(T). We now consider a principal series
character sheaf of G coming from £ with unipotent support Fg(as) + A;. Thanks to
Lusztig’s map ( [Lus92, Thm. 10.7]), in CHEVIE notation, we choose the one correspond-
ing to the character ¢s0 15,111 of W,. Observe that A := A£30,15,111 is F-stable.

Using CHEVIE, we compute that WH\W /W, = {1,¢g} for some g € W. The groups
WH AW, and WH’ n W, are both Weyl groups. Therefore x* and x*’ are trivial, by
Lemma 4.7. We can thus use the Mackey formula to simplify Proposition 4.19. In that
case, it becomes for any F € Irr(W,)

s (Ap)pa, ) [-dim(G) +d] = @ (Indll, B, IndWe By (A%) g, [~ dim(T)].
E’elrr(WH)

We consider the restriction to (suc)g. By the same argument as in [Lusl5, Proof of
Thm. 2.4|, we need to consider only the character sheaves of H which correspond under the
Springer correspondence to the unipotent class 6631, that is character sheaves such that

(A%{)HW = 1C((w)m, &) [dim(T) - dim((u)g)] for E’ € Irr(WH) and £ a local system on
(u)u. Indeed, if v € H is unipotent such that (u)g ¢ (v)u, then IC((v)w, E")|w)y = 0 for &’
a local system on (v)g. On the other hand, if (u)g € (v)u—(v)u, then (u)g € (v)a—(v)a.
By definition of the unipotent support, we must have s*((Ag)s(v)y) = 0. Thus the char-

acter sheaf of the form .Agf = I1C((v)m,&)[dim(7T) — dim((u)g)] can not appear in the
decomposition of s*((Ag)sH.,.; )-

By the Springer correspondence, there is only one character E' € Irr(WH) such that
A% [-dim(T)] is of the form IC((u)m,&)[dim(u)u] for B € Ir(WH) and &£ a local

system on (u)g. In that case, .A%‘i = IC((w)u, Lirivia) [dim(u)g] where Liipiq is the
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local system on (u)g corresponding to the trivial character of Ag(u) = Cu(u)/Cgy(u).
Using CHEVIE, we conclude that (Ind%£(¢30715, 111),Ind%H E")w =0, whence

Asuye = 0.
We see that there is an F-stable character sheaf A with unipotent support C such that
® ‘A\(SUC)C&(S) =0, and
¢ Ajue)e[—dim(C)-dim(T)] is a local system corresponding to the trivial character
of A(;(UC).

Therefore, we can apply the same proof as for [BDT20, Prop. 8.8|, and we get that for all
[b, 0] e M(A)

(Fosp Da(xa)) = {“ if [b,¢] = [1,1]

0 otherwise,

for some x4 € C*.

5.2. The unipotent conjugacy class E7(as;) when ¢ = 2. We fix the setting in the
case where the F-stable unipotent class is C = E7(as). We choose ¢ € T* such that Cg-(t)
is of type Eg x As and v € Cg+(t) lies in the unipotent class Dy(ay),11 of E7 x A;.

5.2.1. Admissible covering. We fix M the Levi subgroup of G of type F;. We fix an
element uc € M¥ such that (uc)g is the unipotent conjugacy class E;(as) and F acts
trivially on Ang(uc) = S3. We write Cy = (ue)m. Then the unipotent conjugacy class Cy
is distinguished in M. We fix a cocharacter A € Y (u)¥. By the same reasoning as in
[BDT20, § 10.4], the group A = Cr,,(n)(uc) is an admissible covering of An(uc). Then,
by the argument at the end of [BDT20, § 10.5], where they apply [BDT20, Lem. 4.4|, the
admissible pair (A, ) is also an admissible covering for Ag(uc). Observe that

Az AG(UC) = QCG*(t)7(v)CG*(t)
and if £ =2, then A= Qg ..
Remark 5.2. Observe that by [MS03, Thm. 1| we have,
Ae(uc) = (wa, (1/2)" C&(uc),wa, (1/3)"Ce (uc))

for some hq, hs € G.

5.2.2. Character sheaves. We fix L = a(s) € S(T). We consider a principal series charac-
ter sheaf of G coming from £ with unipotent support E7(as). Thanks to Lusztig’s map
(|[Lus92, Thm. 10.7]), we choose the one corresponding to the character of W, denoted by
¢315,16, 11. In order to apply the same argument as in the proof of [BDT20, Prop. 8.8|, we

need to compute the value of the characteristic function of A = "45315 L..11 On the conjugacy

classes (auc)ce,(a) for each a € A.

Let’s look at the case where a in an involution. Then, there exists x € G such that
a® = we, (1/2) € T. We fix s = w,,(1/2) € T such that H = Cg(s) is of type Dg. Thanks
to Algorithm 5.2 in [BDT20], since only one unipotent class of H fuses into C, we know
that u = u% lies in the unipotent class 7522 of H which fuses into E7(as).

We want to compute the restriction of the previous character sheaf to the mixed conjugacy
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class (su)g. We compute WH\W /W, = {1, g} for some g € W. The group WHn W, is
a Weyl group. On the other hand, W} = WH’ n W, is not a Weyl group and we have
WZ2[(W})e = Cy= Z(H9). Thus, by Lemma 4.7, x* is the sign character.

Using CHEVIE, we can compute that!

(A) sy = 0.
Lastly, we consider the case where a has order 3. By similar arguments as before, using
CHEVIE, we compute that
(A(auc)cG(a) =0.

We see that there is an F-stable character sheaf A with unipotent support C such that

. A‘(GUC)CE(S) =0if a# 1 for any a € A.

® Aj(ue)e [~ dim(C) -dim(T)] is a local system corresponding to the trivial character

of Ag(uc).

Therefore, we can apply the same proof as for [BDT20, Prop. 8.8|, and we get that for all
[b,¢] € M(A)

(Fiy o Da(xa)) = {x““ if [b,¢] = [1,1]

0 otherwise,

for some x4 € C*.

6. UNITRIANGULARITY OF THE /-DECOMPOSITION MATRIX OF THE UNIPOTENT
/-BLOCKS

We are now ready to prove our main result.

Proposition 6.1. Let G be an adjoint simple group of exceptional type defined over k,
an algebraically closed field of characteristic p with Frobenius endomorphism F. Assume
that p is good for G. If { is bad for G, then the decomposition matrix of the unipotent
C-blocks of G is unitriangular.

Proof. We fix a total ordering of the /-special unipotent conjugacy classes of G, Cy,...,C,
such that n <m if dim(C,) < dim(C,,).

Let C, be a unipotent (-special conjugacy class and «,, = |M?* (Qécn)| Thanks to our
previous discussion, we can find projective kG-modules Py',..., Py with characters 77
associated to their lift to KG-modules and irreducible characters of G in the unipotent
¢-blocks with unipotent support C,, p7,...,pk , such that for all 1 <4,5 <o,

(o)) {

In particular, for a fixed n the P are all distinct.
Let C,,, # C,, be another unipotent /-special conjugacy class of G and p’ be an irreducible
character of G with unipotent support C,,. Suppose that there is 1 < j < «,, such that

((p")*,7}) #0.

Lif we did not tensor by the sign character when applying Proposition 4.19, we would have had
(A)(su)H 0

0 <y,
1 i=j.
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We observe that if ((p')*,77) # 0, then there exists v € CI" and a generalised Gelfand-
Graev character 7,, such that ((p’),v,) # 0. If P is itself a GGGC, then it is obvious.
Otherwise it is a consequence of Lemma 3.9 and Equation (1). In any case, since (p’)* has
wave front set C,,, we conclude by the unicity of the wave front set [Tayl6, Thm 15.2])
that (v)g = Cy € Cm, whence dim(C,) < dim(C,,) and thus n < m.

Now for each 1 <n <r and 1< < oy, we set u" == (p?)*. The irreducible character p?

lies in the unipotent ¢-blocks. Moreover, for 1 <m <r and 1< j < «,,, we have
Oifn<mor (n=m and i< j),
(:u??ﬂ-m>:{1 . _ .

ifn=mand=j.

Therefore, summing over all the ¢-special unipotent conjugacy classes, we obtain the exact
number of indecomposable projective kGG-modules in the unipotent ¢-blocks. We conclude
thanks to Proposition 2.1. O

APPENDIX A. TABLES FOR THE EXCEPTIONAL GROUPS

C Ag(u) | QF | O
As 1 1

As+ A, |1 1

3A, 1 1

245+ A1 | 1 1

TABLE 2. The /-special but not special classes of Ejg

C

Ds
D6(a2)

Ag

D, + A
Az +2A,;
(A3 + Ay)’
44,

3A]

As + A 1
24, + Ay 1
TABLE 3. The /-special but not special classes of E7

-
2
S
2
o)
w

=== === =] =
<

== =)= = =] =] =
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C Ag(u) | 5 | Q5 | Q5
Er

D
E;(as)
Dg

Ay
D5+ A
Er(as) S3 S3
Dﬁ(az) Sy S
Ds(ay) + As
As

Dy+ Ay

2A5

As+ Ay + Ay
As+2A,
As+ Ay

Ay + 34,
44,

3A;

Eg+ Ay
Es(a3) + A4
245 +2A;
245 + Ay

Ay + Ag 1 1
TABLE 4. The /-special but not special classes of Eg

= === === F=]|}F~=

— = ==k == =] == ==

$
&

—_
—_

—_
—_

C | Ag(u) | 2| Q3
A1 1
A1 1

TABLE 5. The f-special but not special classes of G
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[AA10]
[BBDS2)
[BRO3|
[BMS9]
[BDT20]

[Car85)|

[Chal9]

[Cha21]
Gec90]
[Geco4]
[Gec99)]
[Gec21]
|GHOS]
|GH91]

[GMO0]

M. ROTH

C Ag(u) | O | 23
Ay 1 1

A+ Ay |1 1

B, So So
C3(ay) | Sz S

As+ A, |1 1

TABLE 6. The f-special but not special classes of F}
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