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Abstract / Résumé

ABSTRACT.

This dissertation is concerned with modular representation theory of finite groups, and more
precisely, with the study of classes of representations, which we shall term relative endotrivial
modules. Given a prime number p, a finite group G of order divisible by p, we shall say that a
kG-module M is endotrivial relatively to the kG-module V if its endomorphism algebra Endy (M)
is isomorphic, as a kG-module, to a direct sum of a trivial module and another module which is
projective relatively to V, i.e. in short Endg (M) = k @ (V — projective).

More accurately, in the first part of the text projectivity relative to kG-modules is used to define
groups of relative endotrivial modules, which are obtained by replacing the notion of projectivity
with that of relative projectivity in the definition of ordinary endotrivial modules. However, in
order to achieve this goal we first need to develop the theory of projectivity relative to modules, in
particular with respect to standard group operations such as induction, restriction and inflation.
Then, for finite groups having a cyclic Sylow p-subgroup, using the structure of the group T(G) of
endotrivial modules described in [MT07], we give a complete classification of the groups of relative
endotrivial modules. We also study the case of groups that have a Sylow p-subgroup isomorphic
to a Klein group Cy x Cs, as well as the case of p-nilpotent groups.

In a second part of the text, it is shown how our new groups of relative endotrivial modules
provide a natural context to generalise the Dade group of a p-group P to an arbitrary finite group.
The classification of endo-permutation modules and the complete description of the structure of
the Dade group D(P) was completed in 2004 by S. Bouc with [Bou06]. This adventure had started
about 25 years earlier with the first papers and results by E. Dade in [Dad78a] and [Dad78b] in
1978, and the final classification was in fact achieved through the non-effortless combined work
of several (co)-authors between 1998 and 2004, including S. Bouc, J. Carlson, N. Mazza and J.
Thévenaz. It is most interesting to note that crucial building pieces for this classification are
indeed the endotrivial modules, which are particular cases of endo-permutation modules. Yet, for
an arbitrary finite group G, no satisfying equivalent group structure to the Dade group on a class
of kG-modules has been defined so far. With the goal to fill this gap, we turn the problem upside
down, in some sense, and show how one can regard an endo-permutation module as an endotrivial
module, of course not in the ordinary sense, but in the relative sense. This shall enable us to
endow a set of isomorphism classes of endo-p-permutation modules with a group structure, similar
to that of the Dade group. We shall call this new group, the generalised Dade group of the group
G, explicitly compute its structure and show how it is closely related to that of the G-stable points
of the Dade group of a Sylow p-subgroup of G.

Keywords: relative projectivity to modules, relative endotrivial modules, endotrivial modules,
endo-permutation modules, endo-p-permutation modules, Dade group, modular representations of
finite groups.



RESUME.

Cette these se place dans la théorie des représentations modulaires des groupes finis. On
y étudie des familles de représentations que l'on appellera modules endo-triviaux relatifs. Etant
donné un nombre premier p, un groupe fini G d’ordre divisible par p et un corps algébriquement
clos k, un kG-module M est appelé endo-trivial relativement au kG-module V si son algebre des
endomorphismes Endy (M) est isomorphe, comme kG-module, & la somme directe d’'un module
trivial et d’'un module projectif relativement a V, i.e. Endy(M) = k @ (V — projectif).

Dans un premier temps, on y traite en particulier de projectivité relative a un kG-module,
laquelle notion servira a définir des groupes de modules endo-triviaux relatifs, obtenus en rem-
plagant la notion de projectivité ordinaire par la notion de projectivité relative dans la définition
classique d’un module endo-trivial. Pour atteindre ce but, on y développe la théorie de la projec-
tivité relative a un module, dont en particulier certains aspects d’algebre homologique relative et les
comportements par rapport aux opérations de groupes standards comme la restriction, I'induction
et 'inflation. Pour les groupes finis avec un p-sous-groupe de Sylow cyclique, on y donne une clas-
sification complete des groupes d’endo-triviaux relatifs. On y traite aussi plus précisément les cas
de groupes p-nilpotents et des groupes possédant un 2-sous-groupe de Sylow isomorphe au groupe
de Klein Cy x Cs.

Dans une deuxieme partie de ce travail, on utilise I'approche des modules endo-triviaux relatifs
afin de fournir un contexte naturel qui permet de généraliser la structure de groupe de Dade d’un
p-groupe a un groupe fini arbitraire. La classification complete des modules d’endo-permutations,
via la description de la structure du groupe de Dade D(P) s’est achevée en 2004 avec S. Bouc. Cette
aventure avait commencé un quart de siécle plus tot avec les premiers articles sur le sujet [Dad78a]
et [Dad78b] par E. Dade en 1978. La classification finale est en fait le résultat du travail combiné
et de longue haleine de plusieurs (co)-auteurs entre 1998 et 2004, incluant S. Bouc, J. Carlson, N.
Mazza et J. Thévenaz. On notera en particulier, avec grand intérét, que les pieces de construction
élémentaires de cette classification sont les modules endo-triviaux, qui sont des cas particuliers de
modules d’endo-permutation. Cependant, jusqu'a présent, aucun équivalent du groupe de Dade
n’a été défini pour un groupe fini arbitraire. Pour palier & ce manque, on propose dans ce texte,
de regarder ce probléeme, comme depuis 'hémisphere sud, c’est-a-dire la téte a l’envers, et 1'on
montre comment voir un module d’endo-permutation comme un module endo-trivial, bien str non
pas au sens ordinaire, mais au sens relatif. Cette approche nous permet de définir un groupe de
Dade généralisé D(G) pour n’importe quel groupe fini G, & partir d’une sous-classe de la classe des
kG-modules d’endo-p-permutation. Finalement on donne une description explicite de la structure
du groupe D(G) et montre qu’elle est étroitement liée & celle des points G-stables du groupe de
Dade d’un p-sous-groupe de Sylow de G.

Mots-clés: projectivité relative & un module, modules endo-triviaux relatifs, modules endo-
triviaux, modules d’endo-permutation, modules d’endo-p-permutation, groupe de Dade, représen-
tations modulaires des groupes finis.
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Notation

Coker

Ca(H)

Cr
P(X(Na(P)
D(P)

D(G)

Endy

(G, G]

Homyg (M, N)

G
InfG/N

Indg

ker

kG
mod(kG)
Mod(kG)
N

Ne(H)
Proj(V)
Resg

Xn
stmod(kG)
stmody (kG)

>, -
v, 3, 3

cokernel

centraliser of the subgroup H in G

cyclic group of order n

group of kG-Green correspondents of the modules in X(Ng(P))
dimension

Dade group of the p-group P

generalised Dade group of the finite group G

k-endomorphism ring

commutator subgroup of the group G

k-homomorphisms from M to N
inflation from G/N to G, inflation map

induction from H to G

kernel

group algebra of the group G over the field &
category of f.g. left kG-modules

category of all left kG-modules

the natural numbers, 0 included

normaliser of the subgroup H in G
subcategory of V-projective modules
restriction from G to H, restriction map

symmetric group of degree n

stable category of f.g. left kG-modules

relative stable category of f.g. left kG-modules
trace map of the module V'

group of endotrivial modules of G

group of V-endotrivial modules of G

support variety of the kG-module M

group of one-dimensional representations of the group G
the Integers

n-th syzygy module of the module M

n-th V-relative syzygy module of the module M
Qu (M) ® (V — proj)

n-th relative syzygy module of the module M relative to the family of subgroups H
class in Ty (G) of the relative syzygy module Qy (k)
class in T'(G) of the syzygy module Q(k)

k-dual of the kG-module M

conjugate of the module V' by the element g
conjugate of the subgroup H by the element g

a divides b

a does not divide b

M is a direct summand of N

direct sum, tensor product

isomorphism

subgroup relation up to conjugacy in G

restriction from G to H

induction from H to G
tensor induction from H to G

injective morphism, surjective morphism
universal symbols “for all”, “there exists”, “there exists a unique”
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Introduction

The field of mathematics this thesis is concerned with is the theory of modular representations
of finite groups, which studies the modules over the group algebra kG of a finite group G over a field
k of characteristic p dividing the order of G. We shall even require that the field is algebraically
closed.

One of the main goals of the algebraist is to understand his field of study by classifying the
objects he works with. Thus in module theory, one wants to understand the indecomposable mod-
ules. Unfortunately, in modular representation theory of finite groups it was been proven that in
general it is impossible to classify the indecomposable modules. Said in mathematical terms, but
for exceptions, the group algebra of a finite group has wild representation type. In consequence,
the philosophy becomes that described by E. Dade in his celebrated introduction to his paper
[Dad78a]: [...we are reduced to looking for subfamilies which are, at the same time, small enough
to be classified and large enough to be useful.]

Given a p-group P, in [Dad78a], Dade describes two interesting families of kP-modules by
requiring their endomorphism algebra to fulfill a certain property, namely the family of endo-
permutation modules and the family endotrivial modules. A kP-module is called endo-permutation
if its endomorphism algebra is a permutation module, and it is called endotrivial if its endo-
morphism algebra decomposes as the direct sum of a trivial module and a projective module.
Endotrivial modules are particular cases of endo-permutation modules. These two notions give rise
to two group structures D(P) and T'(P) called, the Dade group of the p-group P and the group of
endotrivial modules of P, respectively. In fact, T(P) < D(P). Moreover, the problems of classi-
fying the endo-permutation and endotrivial modules are equivalent to describing the structure of
the groups D(P) and T'(P), respectively. As mentioned in the abstract, this classification started
with Dade in 1978 and was completed in 2004 through the joint efforts of several mathematicians.

A first encounter with these notions raises two questions:
(1) Why require a trivial summand & in the endomorphism algebra of an endotrivial module?
(2) The group of endotrivial modules T(G) can be defined for an arbitrary finite group G, so why
isn’t there a Dade group for an arbitrary finite group?

These rather informal questions are in fact the real starting points of the work presented in

this text. The answers are both hidden in the following result by D. Benson and J. Carlson [BC86,
Thm. 2.1]:

13



THEOREM 0.0.1 (Benson-Carlson).

Let k be an algebraically closed field of characteristic p (possibly p=0), and let A be a Hopf algebra
with antipode over k (e.g. A = kG). If M and N are finite-dimensional indecomposable A-modules,
then

(1) M= N*;

(2) p t dimy(N).

Moreover, if k is a direct summand of N* ® N then it has multiplicity one, i.e. k@ k is not a
summand.

kE|M ® N if and onlyif{

This result is yet another evidence of a splitting in the theory between the indecomposable kG-
modules with k-dimension coprime to p, and those with k-dimension divisible by p. The philosophy
of this thesis being in some sense to further develop Dade’s idea to define interesting families of
modules by requiring a fixed property on the endomorphism algebras, this result is crucial. Let’s
dissect it deeper. First recall that if M is a kG-module, then Endy(M) = M* ® M. Thus the
endomorphisms of an indecomposable kG-module M with k-dimension coprime to p have the form

Endy(M) 2 ke X

for some kG-module X. Therefore, asking that the trivial module is a direct summand in the
endomorphisms is very natural, because it is there anywhere, as soon as the dimension of the
module is coprime to p. The module M is endotrivial if X is a projective module, and when
G is a p-group, it is endo-permutation if X is a permutation module. But, asking that X is
projective or permutation are extremely restricting requirements. The main idea of this piece of
work is to relax these hypothesis and to allow the module X to be projective relatively to some
other f.g. kG-module V. We shall call such a module endotrivial relatively to the module V. We
shall soon discover that, for this notion to be interesting, it is also necessary to require that the
trivial summand %k cannot appear a second time as summand a of X, which is equivalent to re-
quire that all the indecomposable summands of X have k-dimension divisible by p. In consequence
with relative endotrivial modules we shall study families of modules, all with dimension equal to +1
modulo p, and with projectivity relative to V', families of modules all with dimension divisible by p.

From the categorical point of view, one reason for interest in endotrivial modules comes from
the fact that the tensor product with an endotrivial module always induces a self-equivalence of
the stable category stmod(kG). Likewise the tensor product with an endotrivial module always
induces a self-equivalence of the associated relative stable category.

The text itself is built according to the following pattern. In a first part (in Chapter 2) we
develop the theory of projectivity relative to kG-modules. It originates in the early 1990’s in an
unpublished piece of work by T. Okuyama [Oku91] and was then further developed by J. Carlson
and co-authors, essentially with a view to cohomological properties. Here we need to develop other
aspects of this theory, such as the behaviour of relative projectivity with respect to restrictions,
inflations, inductions, or vertices, sources and Green correspondence. We also need to develop the
associated relative homological algebra, and in particular properties of the relative syzygy modules.
Finally, [Oku91] being unpublished, this chapter is also an opportunity to bring together the known
and new material on relative projectivity to modules.

In a second part we define our main objects of study, that is the groups Ty (G) of relatively
V-endotrivial modules of a group G. These groups generalise naturally the ordinary group T(G) of
endotrivial modules as they are simply obtained by replacing projectivity with relative projectiv-
ity, according to the process described above. As a consequence, the study of relative endotrivial
modules is always two-fold: on the one hand it is necessary to develop the properties of these
relative endotrivial modules themselves, and on the other hand, in order to reach this aim, it is
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crucial to master the behaviours of the associated relative projectivity. Hence the reason to be of
the first part. In a first time, we generalise many properties of the ordinary case to the relative
case, whereas in a second time we examine more accurately the three cases of p-nilpotent groups, of
groups with Klein Sylow 2-subgroups, and of groups having cyclic Sylow p-subgroups. In the latter
case, we provide a description of all the different subcategories of relatively projective modules,
and secondly give a complete classification of the groups of relative endotrivial modules.

In a third part, we come to a main motivation for an interest in the families of relative endotriv-
ial modules: they provide a natural context to build a version of the Dade group for an arbitrary
finite group G, and in the meantime, shed new light on the class of endo-p-permutation modules.
Oddly enough, for p-groups P, it took about a quarter of a century to classify endo-permutation
modules via the description of the structure of the Dade group and yet there is no version of this
group for an arbitrary finite group G.

In fact, one attempt to build such a group was made by J.-M. Urfer in [Urf06], where the
author generalises Dade’s compatibility equivalence relation to the class of endo-p-permutation
kG-modules and obtains a group structure on the resulting set of equivalence classes, which is
induced by the tensor product. Although this group has many similarities with the Dade group of
a p-group, it is unsatisfying in the sense that the classes constituting its elements do not have a
unique indecomposable representative, up to isomorphism.

Hence the idea that perhaps one should not use the whole class of endo-p-permutation modules,
but restrict to a subclass that has more similarities with the class of capped endo-permutation
modules.

This is where our relative endotrivial modules come in the picture. In the classical theory, en-
dotrivial modules are always regarded as special cases of endo-permutation modules. Here the idea
is to take this description upside down and realise that endo-permutation modules are endotrivial
modules relatively to the module V := @Q <p k‘Tg, or in other words, relatively to the family of all
proper subgroups of the group P. As the latter condition easily passes to arbitrary finite groups,
it allows of a definition of a group structure D(G), induced by the tensor product ®j, on the set
of isomorphisms classes of indecomposable endo-p-permutation modules which are also endotrivial
relatively to the module W := ®Q§ pk Tg, where P is a Sylow p-subgroup of G. The result is
that this new group D(G) generalises naturally the Dade group in many ways. We shall call it the
generalised Dade group of the group G. Furthermore, using the general results we have developed
for the groups of relative endotrivial modules, it becomes easy to express the structure of D(G) in
terms of the Dade group of the Sylow p-subgroup P and in terms of the Green correspondents of
the one-dimensional representations of the normaliser Ng(P).






CHAPTER 1

BACKGROUND MATERIAL

Conventions and Notations

Throughout this text we assume the reader is acquainted with elementary group, ring, module
and algebra theory. Unless otherwise specified, k shall denote an algebraically closed field of prime
characteristic p, G an arbitrary finite group with order divisible by p, P a finite p-group. We write
M* = Homy (M, k) for the k-dual of a kG-module M, ® instead of ®j for the tensor product
balanced over k when no confusion is to be made. Modules are considered to be finitely generated
left modules. Moreover, we shall always consider modules up to isomorphism.

1.1. Modules for group algebras

We briefly review a few of the most fundamental properties of group algebras and their mod-
ules. The reader is refered to [CR90] and [Ben98a] for proofs and statements of these results in
wider generality. In particular, most of the results hereafter hold if the characteristic of the field is
zero or does not divide the order of the group, or if the field & is replaced with a ring with unity.

Let G be a finite group and k a field. The group algebra is the k-algebra kG whose elements are
the formal sums geG agY for ay € k. Addition is defined component-wise, while the multiplication
derives from the group law:

Za99+ Zbgg = Z(% +bg)9;

geG geEG geG
(Z agg) : (Z bgg) = Z(Z agh—lbh)g .
geG geG geG heG

In addition kG is a k-vector space with a k-basis given by the elements of G. The data of a kG-
module is equivalent to the data of a representation of the group G over k. The group algebra
kG is a finite dimensional algebra and hence the Krull-Schmidt Theorem holds, and allows one to
reduce the study of kG-modules to that of indecomposable kG-modules.

17



18 1. BACKGROUND MATERIAL

KRULL-SCHMIDT THEOREM.

Let A be a k-algebra, finitely generated as a k-module, where R is complete commutative noetherian
local ring (such as for example a field or a complete discrete valuation ring). Then every finitely
generated left A-module M is expressible as a finite direct sum of indecomposable submodules.
Furthermore, if M = @,;_; M; = @j_, N; are two such expressions, then v = s and there is a
permutation o € 3y, such that M; = N, ;) for every integer 1 <i <.

MASCHKE’S THEOREM.
The group algebra kG is semi-simple if and only if the characteristic of the field k does not divide
the order of the group G.

As a consequence, the theory diverges into two parts, depending on whether the characteristic
of the field k divides the order of the group. In case kG is semi-simple, any irreducible kG-module
is projective. In this piece of work, as announces the title we are interested in the other framework,
where char(k) = p > 0 divides |G|, and where not every module is projective. This part of the
theory is called modular representation theory of finite groups. Also recall that the algebra kG is
symmetric and therefore the class of projective kG-modules coincides with the class of injective
kG-modules.

Module categories. Let mod(kG) denote the category of finitely generated left kG-modules
and Mod(kG) the category of all left kG-modules. Moreover, let stmod(kG) denote the stable
category of finitely generated kG-modules modulo projectives. The objects in stmod(kG) are the
same as those in mod(kG) and the morphisms from a module M to a module N are given by

HomkG(M, N) = HOIIlkc,*(]\47 N)/PHOmkg(M, N),

where PHomy (M, N) denotes the set of all morphisms from M to N that factor through a projec-
tive module. A morphism f : M — N is said to factor through a projective module if there exists
P € mod(kG) and two morphisms o € Homyg (M, P) and 8 € Homyg (P, N) such that f = Sa.

A useful property of mod(kG) is the following.

LEMMA 1.1.1.
A short exact sequence 0 — A >+ B Lo o0 mod(kG) splits if and only if B= A® C.

Of course, the necessary condition is true in any abelian category. The converse is a particu-
larity of module categories over finite-dimensional algebras. See [Car96, Lem. 6.12] for a proof.

Group operations, tensor products, Homs and duality.

Restriction. If H < G, then kH is a subring of kG and so any kG-module M can be restricted
to a kH-module, which we write as M %, or Res% (M). In other words, restriction can be seen as
the forgetful functor
Res%: mod(kG) — mod(kH)
M — M%.
This functor is exact, for obvious trivial reasons.

Induction. If L is a kH-module, then the induced module in mod(kG) is defined as the extension
of scalars L1%:= kG ®xx L, also denoted Ind% (M). Since kG is a free right kH-module, of rank
|G : H|, there is an isomorphism of k-vector spaces L1522 D.cic/m*® L, where [G/H]| denotes a
complete set of representatives of the left cosets of H in GG, and where z ® L denotes the conjugate
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module of L by  (z ® L is also denoted *L and it is a k[*H]-module). Moreover, induction can be
seen as the functor
md%: mod(kH) — mod(kG)
L —  L1§
which is exact, again because kG is a free right kH-module.

Note that if a short sequence of kH-modules 0 — A = B & bio 5 0is exact, then so is the

induced sequence 0 — A 1% —% i B1% o C 1% — 0. Moreover, one splits if and only if the
other splits.

Inflation. If N < G, any k[G/N]-module V can be seen as a kG-module, denoted Infg/N(V) and
called the inflation of the module V' from G/N to G. This operation also yields an exact functor
InfG/N : mod(k[G/N]) — mod(kG).

Tensor induction. Let H < G and L be a kH-module. Let |G : H| =: n and consider the wreath
product ¥, ! H", whose elements are of the form (o;hq,...,h,) with o € ¥,,, (h1,...,h,) € H,

and whose multiplication is given by: (0’;hy,..., hy,) - (o5he, ... ha) = (0705 hy )by By P
Given cosets representatives g1,...,g, of H in g, for g € G, we can write g - g; = g,(;)h; for
uniquely defined elements ¢ € ¥, and (hy,...,h,) € H™. In other words, there is an 1njectlve

group homomorphism i : G — X,V H" : ¢ — (o3 h1,...,hy). Now, if M € mod(kH), then the
n-fold tensor product M®" can be made into a %, ! H"-module via

(o5h1,cccyhp)- (M@ @my,) = hg—l(l)ma-—l(l) ®---Qh o=1(n)Mo—1(n) -

The tensor induced module is defined to be Léi = i*(M) = (M®") iz ~H" - The kG-module
structure on L%g does not depend on the choice of the coset representatives. Tensor induction is
well-behaved with respect to the tensor product ®k, but not to the direct sum: if L; and Ly are
kH-modules, then (L1®L2) = L1 ®L2®H and (L1€9L2) = L1 @LQ%?@L/, where L' is

the direct sum of modules mduced from subgroups K contalmng the mtersection of the conjugates
of H.

Here are summarized some of the most useful relations between tensor products, Homy(—, —)
and group operations.

Prorosition 1.1.2.
Let H, K be subgroups of G, N a normal subgroup of G. Let M,S € mod(kG), L € mod(kH),
U € mod(kK) and V € mod(k[G/N]).

(a) There is a natural isomorphism of kG-modules Oy g : M* @5, S — Homy (M, S) defined
by Ors(f ® s)(m) == f(m) - s. In particular End, (M) = M* @ M.
(b) Frobenius Reciprocity. There is a natural isomorphism of kG-modules:
L1G @M = (Lo MI§)15
(¢) Nakayama Relations. There are natural isomorphisms of kG-modules
Homye(L1G, M) = Hompgg (L, M%)
Homyg (M, L1%) = Homgm (M 1S, M)
or, in other words, the functors Indg and Resg are adjoint functors on both sides.
(d) Mackey Decomposition Formula. There is an isomorphism of kK -modules
LGS = EB ("L)d e Sanx
z€[K\G/H]
where [K\G/H]| denotes a set of representatives of the (K, H) double cosets in G.
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(e) A consequence of the Mackey formula is the following:

L1G @ UG = @ ("L) 4 efinre ©U Vyni) 10k
2€[K\G/H]

(f) Let ¢ : HHHN N — HN/N be the canonical group isomorphism. Restriction and
inflation commute in the following way:

Res% o Infg/N(V) = Infg/NmN olso(p™1) o Res%\,]\;N(V)

(g) If moreover N < H and W € mod(k[H/N]), then induction and inflation commute in the
following way:

Indf; o Inf 7 (W) = Infg o Ind (/N (W)

Vertices, sources and Green correspondence. The theory of vertices and sources estab-
lishes relationships between representation theory and the p-local structure of the group G. We
shall make extensive use it.

PROPOSITION-DEFINITION 1.1.3.
Let M be a kG-module and H a subgroup of G. Then M is called projective relative to H iff it is
a direct summand of some module induced from H, or equivalently, iff it is a direct summand of

MGG

Notice that a kG-module is projective if and only if it is projective relative to the trivial
subgroup {1}. It is also a corollary that if H is a subgroup of G containing a Sylow p-subgroup of
G, then every kG-module is projective relatively to H.

DEFINITION 1.1.4.
Let H < G. A short exact sequence of kG-modules 0 — A = B By ¢ — 0is called H-split if

the restricted sequence 0 — Aig& BL%& C’ig—> 0 splits.

PROPOSITION-DEFINITION 1.1.5.
Let U be an indecomposable kG-module.

(a) There is a p-subgroup Q of G, unique up to conjugacy in G, such that U is relatively
H -projective for a subgroup H of G if and only if H contains a G-conjugate of Q. Such
a subgroup @ is called a vertexr of U.

(b) There is an indecomposable kQ-module S, unique up to conjugacy in Na(Q), such that
U | ST% Then, the module S is called a source of U.

One of the main tools of modular representation theory is Green’s correspondence theorem
that transfers the study of the indecomposable kG-modules from G to proper subgroups of G. We
refer the reader to [CR90, §20] for a proof, as well as for a statement of the result in full generality
and use this section to set up notation for the next chapters.

An admissible triple (G, H, D) for the Green correspondence consists of a finite group G, a
p-subgroup D and a subgroup H containing N¢ (D). For each such triple, we define three families
of subgroups:

X:={"DND|zxeG\H}, Y:={"DNH|ze€G\H} A:={D*<D|D*<%s X}.
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THEOREM 1.1.6 (Green Correspondence).
Let (G, H,D) be an admissible triple as above. Then, there exists a bijection

I':[M]=[N]:Gr

from the set of isomorphism classes of indecomposable kG-modules M with vertex in A to the set
of isomorphism classes of indecomposable kH-modules N with vertex in A. An indecomposable
kG-module M with vertex in A corresponds to an indecomposable kH-module N with the same
vertex if and only if the following equivalent conditions hold:

(i) MIG=N & (Y —proj); (i) NTG= M & (X — proj).
Furthermore, corresponding modules have the same source as well as the same vertez.

Module varieties. Sources for a complete introduction to module varieties are [Ben98b] and
[CTVEZ03].

By the Evens-Venkov Theorem, the cohomology ring H*(G, k) is a finitely generated k-algebra,
and thus it is noetherian. Define Vi (k), or simply Vi, to be the maximal ideal spectrum of H*(G, k),
topologized by the Zariski topology. This is a homogeneous affine variety.

For modules M, N € mod(kG), Ext)o(M, N) is a finitely generated module over H*(G, k) =
Exty(k, k). For any kG-module M, let Jg(M) be the annihilator in H*(G, k) of the cohomology
ring Extjo (M, M). We can take Jg(M) to be the annihilator in H*(G, k) of the identity element
Idas. By definition, the support variety of the module M is the closed subset V(M) := Vg (Ja(M))
of Vi (k) consisting of all maximal ideals that contain Jg(M). The variety V(M) is homogeneous.
Moreover varieties have the following properties:

PROPERTIES 1.1.7.
Let M and N be kG-modules.

(a) Va(M) =0 if and only if M is projective.

(b) Va(M) = Va(M™).
(c) Va(M @& N) =Vg(M)UVg(N).
(d) Ve(M ® N) = Vg(M)NVg(N).

If G is an elementary abelian p-group, then the notion of support variety coincides with the notion
of rank variety which is defined as follows. Let G =< z1,...,2, >. For a = (ay,...,a,) € k™, let
Uq =14 Y1, ai(x; — 1). For a kG-module M, define the rank variety of M to be

VE(M) ={a € k™| M |, isnot a free k(uy)-module} U {0}
where M |, is the restriction of M to the subalgebra k(ua) of kG.

1.2. Endo-permutation modules, endotrivial modules and relatives

Our main goal is the study of classes of modules, that we shall call relative endotrivial modules,
and that will turn out to be closely related to endotrivial and endo-permutation modules. We
review here the definitions and basic properties of the two latter classes of modules. For a nice
and shallow introduction to the subject we refer the reader to the survey paper Endo-permutation
modules, a guided tour, by J. Thévenaz [Thé07], which gives an overview of the main steps of the
recent classification of endo-permutation modules, and is also a great source for further material
related to the subject.
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DEFINITION 1.2.1.
Let G be a finite group and P be a finite p-group.
(a) A kEG-module is called a permutation module iff it possesses a G-invariant k-basis.
(b) A kG-module is a p-permutation module iff it is isomorphic to a direct summand of
permutation kG-module.
(¢) A kP-module M is called an endo-permutation module iff its endomorphism algebra
Endg (M) is a permutation kP-module. Furthermore, an endo-permutation module M
is capped if it possesses an indecomposable summand with vertex P.
(¢) A kG-module M is called an endo-p-permutation module iff Endy (M) is a p-permutation
kG-module.
(d) A kG-module M is termed endotrivial iff Endy(M) & M* @, M = k & (proj), where
(proj) denotes a projective module.

REMARKS 1.2.2.

It follows from the definitions that:

— For a p-group the notions of permutation and p-permutation module coincide. So do the notions
of endo-permutation and endo-p-permutation modules.

— Any permutation kP-module is an endo-permutation kP-module and any p-permutation kG-
module is an endo-p-permutation kG-module.

— Any endotrivial kG-module is a an endo-p-permutation kG-module.

— If X is a G-invariant k-basis of a permutation kG-module M, then the decomposition of X into
G-orbits yields a direct sum decomposition of M into summands, each isomorphic to a permutation
module k[G/H] with H the stabiliser of an element z € X in the considered G-orbit.

— For a p-group P, the modules k[P/Q)] are indecomposable for every subgroup @ of P (since
their socle is clearly indecomposable). By contrast this is not true in general if G is not a p-group
and the indecomposable direct summands of k[G/H| are, in general, not permutation modules any
more, hence the notion of a p-permutation module. — Permutation modules are stable under the
operations of restriction, induction and conjugation.

— For instance, kP is a permutation module and thus an endo-permuation module but it is not
endotrivial.

— For instance, the trivial kG-module k is endo-p-permutation, p-permutation and endotrivial.

PROPOSITION 1.2.3 (ENDO-PERMUTATION MODULES AND THE DADE GROUP, [Dad78a)).

(a) The class of endo-permutation modules is closed under taking direct summands, duals,
tensor products (over k), Heller translates, restriction to a subgroup and tensor induction
to an overgroup.

(b) An endo-permutation kP-module M is capped if and only if the trivial module is a direct
summand of Endy(M).

(¢) If M is capped, then any two indecomposable summands of M with vertex P are isomor-
phic. This unique summand, up to isomorphism, is called the cap of M and is written
M.

(d) An equivalence relation ~ on the class of endo-permutation module is defined by: M ~ N
if and only if My = Ny.

(e) Let D(P) denote the resulting set of equivalence classes. Then D(P) is an abelian group
for the following law:

[M] + [N] = [M & N]
The zero element is the class [k] of the trivial kP-module, while the opposite of a class [M]
is the class of the dual module [M*]. This group is called the Dade group of the group P.
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PROPOSITION 1.2.4 (ENDOTRIVIAL MODULES).

(a) The class of endotrivial modules is closed under taking duals, tensor products (over k),
Heller translates, restriction to a subgroup.

(b) An endotrivial kG-module M can be written in a unique way (up to isomorphism) as
M = My @ F, where My is indecomposable and endotrivial and F is a projective kG-
module.

(¢) An equivalence relation ~ on the class of endotrivial modules is defined by: M ~ N if
and only if My = Ny.

(d) Let T(G) denote the resulting set of equivalence classes. Then T(G) is an abelian group
for the following law:

[M] +[N] = [M @ N|
The zero element is the class [k] of the trivial kG-module, while the opposite of a class
[M] is the class of the dual module [M*]. This group is called the group of endotrivial
modules of the group G.

(e) If G is a p-group, then an endotrivial kG-module is a capped endo-permutation module
with cap My, and the group T(G) embeds as a subgroup of the Dade group D(QG).

The classification of endo-permutation modules, through the description of the structure of the

Dade group, started with [Dad78al, [Dad78b] and independently [Alp77]. It was completed in 2004
by S. Bouc in [Bou06]. In between, crucial steps for this classification include the classification of
the endotrivial modules of a p-group. All this was achieved through the work of [Pui90], [BT00],
[CTO0], [CT04], [CTO5], [Bou04] and [BMO4].
At this stage there is no classification for endotrivial modules in general. Some cases are treated
in the following articles: groups with a cyclic Sylow p-subgroup in [MTO07], groups with a normal
Sylow p-subgroup in [Maz07], symmetric and alternating groups in [CMNO09], finite groups of Lie
type in [CMNO06], p-solvable groups in [CMT11a], groups with quaternion or semi-dihedral Sylow
2-subgroups in [CMT11b].

The class of endo-p-permutation modules was mainly studied in [Urf06] and [Urf07]. Main
properties are the following;:

PROPOSITION 1.2.5 (ENDO-p-PERMUTATION MODULES).
The class of endo-p-permutation modules is closed under taking direct summands, duals, tensor
products (over k), restriction to a subgroup and tensor induction to an overgroup.

More detailed properties of endotrivial, endo-permutation and endo-p-permutation modules
shall be recalled in the following chapters in relevant situations.






CHAPTER 2

PROJECTIVITY RELATIVE TO A MODULE

The purpose of this first chapter is to provide a wide-ranging treatment of the subject of
relative projectivity with respect to a kG-module. It originates in the early 1990’s in T. Okuyama’s
unpublished piece of work [Oku91]. Afterwards, it was further developed and used by J. Carlson,
C. Peng and W.Wheeler in [CP96] and [CPW98]. A more detailed reference is Carlson’s Lectures
in Mathematics [Car96].

Relative projectivity to a module, however, is just a special case of the relative homological
algebra generated by a projective class of epimorphisms as described in [HS71, Chap. 10]. It also
coincides with the relative projectivity relative to a pair of adjoint functors as described in [HS71,
Chap. 9]. For the sake of completeness, sections 1,2,3,4,5, 11 and 12 essentially give an overview
of the properties of relative projectivity expounded in the aforementioned references, whereas the
other sections develop further material.

2.1. Definitions, notation, terminology

DEFINITION 2.1.1 ([Oku91]).
Let V be a kG-module.

(a) A finitely generated kG-module M is termed projective relative to the module V or rela-
tively V -projective, or simply V -projective if there exists a kG-module N such that M is
isomorphic to a direct summand of V ®; N.

(b) A short exact sequence E: 0 — A -+ B 20— 0in mod (kG) is termed V-split

if the tensored sequence VR E: 0 —V ® A Ve v e B AACLN V ® C — 0 splits.

NOTATION AND TERMINOLOGY.

The subcategory of all V-projective modules of mod(kG) shall be denoted by Proj(V) and the class
of V-projective indecomposable modules by IProj(V). A module U is said to be a generator for
Proj(V) iff Proj(U) = Proj(V). Moreover, in computations we shall often denote by (V —proj) a
module in Proj(V'), which does not need to be specified, and simply (proj) for a projective module.
We shall also always consider the modules in Proj(V) and IProj(V) up to isomorphism.

25
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Categorical setting. From the point of view of category theory, relative projectivity has the
following two characteristics:

Firstly, projectivity relative to a kG-module V gives rise to an analogue of the stable module
category stmod(kG). Indeed, define the V'-stable category to be the category stmody (kG) in which
the objects are those in mod(kG) and the morphisms from a module M to a module N are given
by

Hom, (M, N) = Homye (M, N)/ PHom) (M, N),
where PHom}, (M, N) denotes the subspace of Homyg (M, N) consisting of all morphisms from M
to N that factor through a V-projective module.

[CPWO98, Sect. 6] proves that stmody (kG) is a triangulated category. (See [CPW98] for a
description of the distinguished triangles.) Moreover (stmody (kG), ®, k) can be seen as a ®-
triangulated category , when equipped with the symmetric monoidal structure given by the tensor
product over k,

®y; : stmody (kG) x stmody (kG) — stmody (kG) ,

which is exact in each variable, and with unit k.

Secondly, the subcategories Proj(V') are functorially finite in the sense of [AS80] and therefore
the homological algebra generated by Proj(V) also coincides with their notion of homological
algebra generated by a functorially finite subcategory.

2.2. The trace map and first properties

To any kG-module V one can associate a kG-homomorphism called a trace map and defined
by:
Try: V*V — k
fev — f(v)
Indeed Try 06‘771‘/ is the ordinary trace of matrices. (Where 0‘71‘/ is the natural isomorphism of
proposition 1.1.2.)

As Okuyama points out in [Oku91], the real point of origin of the notion of relative projectivity
to a module is the following crucial lemma due to Auslander and Carlson in [ACS86].

LEMMA 2.2.1 ([ACS86], [Car96]).
Let V be a kG-module.

(a) If ptdimg(V), then the trace short exact sequence

0— ker(Try) — V@V 2%k —0

splits. In consequence, V* @ V = k @ ker(Try).
(b) Furthermore, the trace s.e.s. is always V-split, that is the s.e.s.

0— Vaker(Try) » VeV eV Y25 Ve k — 0

splits. In consequence, V|V @ V*Q V.
(¢) Furthermore, if p | dimg(V), then Vo V|V V* V.

PROOF.
(a) Let n := dimg(V), let {v;}1<i<n be a k-basis for M and let {v]}1<;<, be its dual basis.
Then, r := > | v} ® v; is the element in V* ® V corresponding to idy € Endy(V) =
V*® V and there is a kG-homomorphism
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I. k — VeV
1y — r.
It is easy to check that the homomorphism ml is a kG-section for Try .
(b) The map
Vek — VVeV
1@l — Y vRul Qv
is a kG-section for the map V ® Try, whatever the value of dimy (V) modulo p.
(c) Define
P VeveV — VeV
v fev — (fo), f(V)v)
which is a surjective kG-homomorphism. In addition, the assumption that dimg (V) is 0
in k implies that the kG-homomorphism
0: Vv — VvV
(v,v) — YL U U+ Y, v v @
is a section for ¥. The result follows.
O

The following omnibus proposition sums up elementary properties of relative projectivity, that
we shall use extensively in the sequel of this text.

PROPOSITION 2.2.2 (Omnibus properties).
Let A, B, M,U,V be kG-modules.
(a) Any direct summand of a V -projective module is V -projective.
(b) If U € Proj(V), then Proj(U) C Proj(V).
(¢c) If ptdimg(V) then Proj(V) = mod(kG).
(d) Proj(V) = Proj(V*).
(e) Proj(Ua® V)= Proj(U)® Proj(V).
(f) Proj(U)N Proj(V) = Proj(U®V) 2 Proj(U)® Proj(V) .
(8) Proj(@j-, V) = Proj(V) = Proj(Q;_, V) Ym,n € N\{0}.
(h) C = A® B is V-projective if and only if both A and B are V -projective.
i) Proj(V) = Proj(2*(V)) for alln € Z.
) Proj(V) = Proj(V*®@V).
) M € Proj(V) if and only if Endg (M) =2 M* ® M € Proj(V).
) Let H < G, let g € G, and let W € mod(kH). Then 9Proj(W) = Proj(W). In

particular, if W is G-invariant, then Proj(9W) = Proj(W) for all g € G and a kH-
module M is W -projective if and only if all its G-conjugates IM are W -projective.

(m) Proj(kG) C Proj(V) for every kG-module V. Moreover, Proj(kG) is equal to the whole
collection of projective modules in mod(kG) and Proj(kG) = Proj(P) for any projective
kG-module P.

(
(J
(k
(1

Apart from (1), all these properties appear either in [Oku91], or in [Car96, Sect. 8], or in [CP96,
Sect. 3.3]. However, they do not necessarily come with a proof.

Moreover we note that statement (f) was mistyped (and not proven) in [CP96, Lem. 3.3(iii)]
as Proj(U) ® Proj(V) = Proj(U ® V) instead of Proj(U) N Proj(V) = Proj(U @ V). We note
that in general, Proj(U) ® Proj(V) # Proj(U ® V). For instance, take G := Cy the cyclic group
of order 9, U := kng and V := kG. Then, Proj(V) = Proj(U®YV), the set of projective modules,
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whereas it will be easy to compute from the results we obtain in Chapter 5 for cyclic p-groups that
Proj(U) ® Proj(V) = {kG®3" |n € N}.

PROOF.

(a) Is straightforward from the definition.

(b) Let M € Proj(U), then M |U ® N for some kG-module N. In addition U € Proj(V)
means that U |V & L for some kG-module L. Thus, M |V ® N ® L, i.e. M € Proj(V).

(c) If p 1 dimg(V), the trace map Try : V* ® V. — k splits by 2.2.1. Therefore k| V* @ V.
So that for every M € mod(kG), M |V*®V @ M. Hence Proj(V) = mod(kQG).

(d) By part (b) of 2.2.1, V|V @ V*® V. Thus, V € Proj(V*) and dually V* € Proj(V).
Hence by (b) Proj(V) = Proj(V*).

(e) Let M € Proj(U @ V). Then there is N € mod(kG) such that

M|UsV)@N=2(UN)®(V®N).

By Krull-Schmidt we can write M = My & My with My |U @ N and My |V ® N. Then
My € Proj(U) and My € Proj(V), so that M € Proj(U) @ Proj(V). For the reverse
inclusion, let M € Proj(U) @ Proj(V). Write M & My & My with My € Proj(U) and
My € Proj(V). Thus My |U ® Ny and My |V ® Ny for some Ny, Ny € mod(kG).
Then,

My®My|Ue V)@ Ny ®(VaeU)® Ny 2 (UaV)® (Ny® Ny)
whence M € Proj(U @ V), and the result follows.

(f) Proj(U ® V) C Proj(U) N Proj(V) by the very definition of U ® V-projectivity. If
M € Proj(U)N Proj(V), then there are kG-modules N and L such that M |U ® N and
M|V®L. By 221 M|M®M*®M. In consequence:

MMM M| USINOM* @VRL2URVINM* QL.

Hence Proj(U) N Proj(V) = Proj(U ® V). In addition, if M € Proj(U) ® Proj(V),
that is M = My ® My with My € Proj(V) and My € Proj(V), then there are modules
Ny, Ny € mod(kG) such that My, | U ® Ny and My | V ® Ny. This yields
M2=2MyoMy|UNy@V@Ny =2U®V ®Ny & Ny.
Hence Proj(U ® V) 2 Proj(U) ® Proj(V).
(g) Follows from (e) and (f).
(h) The necessary condition is given by (a). For the converse, assume that A, B € Proj(V),
then by (e), C 2 A® B € Proj(V) ® Proj(V) = Proj(V & V) = Proj(V).
(i) For all n € Z, Q"(k) @ V = Q™(V) @ (proj), whence Proj(Q"(V)) C Proj(V) by (b).
Now Q"(V)@Q~ (V) = Q%V)®(proj), so that Proj(Q°(V)) C Proj(Q™(V)). Moreover
V = Q%V) @ (proj) € Proj(Q°(V)) by (m) below. Hence Proj(V) C Proj(Q°(V)) and
the result follows.
(j) By (d) and (g), Proj(V*®V) = Proj(V*)N Proj(V) = Proj(V)N Proj(V) = Proj(V).
(k) By (j), Proj(M) = Prog(M* ® M). Thus by (c), ift M € Proj(V), then
Proj(V) 2 Proj(M) = Proj(M* ® M), so that in particular M* @ M € Proj(V),
and conversely.
(1) Let M be a kH-module. Then M € Proj(W) if and only if M|W ® N for some
N € mod(kG) if and only if IM | AW @ N) = 9M @ 9N if and only if 9M € Proj(W).
(m) Recall that V ® kG = kG®4™V | hence kG is V-projective and Proj(kG) C Proj(V)
by (b). In particular, if P is a projective module, then Proj(kG) C Proj(P). In addi-
tion, P is a direct summand of kG™ for some n € N, hence P € Proj(kG) and by (b)
Proj(P) C Proj(kG).
]
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2.3. V-split short exact sequences

PROPOSITION 2.3.1 ([Car96]).

LetE:0—A%BLyCc —50tea V-split short exact sequence in mod(kG) and M a
V -projective module. Then, the tensored sequence

EoM:0— A MY BoMm Y com—0

splits.

PROOF (SKETCH): Since the M |V ® N for some module N € mod(kG), the exact sequence
E ® M is a direct summand of the exact sequence £ ® V' ® N, which splits, and therefore so does
Ex® M. |

COROLLARY 2.3.2.
Let E:0— A B2 C — 0 be a short ezact sequence in mod(kG).
(a) Let U,V € mod(kG) such that Proj(U) = Proj(V). Then, E is U-split if and only if E
is V -split.
In particular, E is V-split if and only if E is V*-split if and only if E is Q™(V')-split.
(b) E is V-split if and only if E* is V-split.

PROOF.
(a) If E is U-split then E ® W splits for every W € Proj(U) by 2.3.1, in particular E® V
splits, i.e. E is V-split. Swap the roles of U and V to obtain the converse.
(b) It is clear that E is V-split if and only if E* is V*-split. Then (a) yields the result because
Proj(V) = Proj(V*).
O

2.4. Equivalent definitions

Finally, we have all the tools in hand to establish the following equivalent definition for V-
projectivity.

PROPOSITION 2.4.1.
Let M and V' be kG-modules. Then the following statements are equivalent:

(a) M is V-projective;
(b)y M|V*®V ® M;
(c) Universal property of V-projective modules: for every surjective V -split kG-homo-

morphism B8 : B — C and every kG-homomorphism 6 : M — C with M € Proj(V),
there exists a kG-homomorphism p : M — B such that the following diagram commutes:

M
B l
6
e

PRroOF.
(b) = (a): is obvious.
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(¢) = (b): Since T'ry is V-split, so is Try @ M. Therefore, taking 6 = Id,s in (c) yields the existence
of a kG-section p: M — V*®@V @ M for Try @ M. Hence V* @V @ M = M @ ker(Try M) .

(a) = (c): There is a commutative diagram

B

Homkg(M,B) Homkg(M,C)

ul 5 lu

Homkg(k,M* (24 B) M Homkg(k,M* (24 C)

Now, since M is V-projective, so is M™* by the omnibus properties of V-projectivity. Thus the
sequence

0 — M* @ker(8) — M* @B 22 M* @ C — 0

splits. Therefore, the kG-homomorphism (1 ® ). is onto and, by commutativity of the diagram,
so is B.. Thus there exists a map p € Homyg (M, B) such that 0 = 5.(u) = Bpu. O

REMARK 2.4.2.

A kG-module M shall be termed V-injective if and only if it is V-projective. In fact, a proper
definition should be established by dualizing the universal property of V-projective modules. How-
ever, since kG is symmetric, as in the case of ordinary projectivity, this would produce a class of
modules coinciding with the class of V-projective modules.

2.5. Projectivity relative to subgroups

The notion of projectivity relative to a module encompasses the notion of projectivity relative
to a subgroup, widely used in the theory of vertices and sources. We refer to [Alp86] and [CR90]
for presentations of this theory.

LEMMA 2.5.1.
Let G be a finite group and H be a subgroup. Let M be a kG-module. Then

(a) M is projective relative to the subgroup H if and only if M is projective relative to the
kG-module kTg,

(b) a short exact sequence E: 0 — A — B — C — 0 in mod(kG) is H-split if and only
if it is k1% -split.

PROOF.

(a) M is projective relatively to H if and only if
M| M G152 (ke M1$)152 k18 oM
therefore M € Proj(k 1%). Conversely, M € Proj(k 1) if and only if there exists a

module N € mod(kG) such that M | k15 @N = (k@ N [%) 1% which is a module induced
from H, thus M is H-projective.
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Recall that a short exact sequence is H-split if and only if it splits upon restriction to H.
There is a commutative diagram:

E®ktG: 0—=A0ktG 22 Boktd 2% 0o k1§ —=0
R
Blgtg: 0 ALt BlGtg C Lt 0

Thus, the top sequence splits if and only if the bottom sequence splits. In addition E |$1%
splits if and only if E]% splits (see 1.1). Hence the result.

O

Furthermore, the notion of projectivity relative to a module also encompasses the notion of
projectivity relative to a familly of subgroups as described in [Thé85] or [Kno78] . With the
advantage that it becomes somewhat less cumbersome when we look at it as projectivity relative
to a single module.

LEMMA 2.5.2.
Let G be a finite group and H be a family of subgroups of G. Let M be a kG-module. Then

(a)
(b)

M is projective relative to the family H if and only if M is projective relative to the
kG-module V(M) := @Dy k1G5

a short exact sequence E: 0 — A — B — C' — 0 in mod(kG) is H-split if and only
if it is V(H)-split.

PROOF.

(a)

If M € Proj(H) then M = @, ; M;, with I a finite indexing set and for all i € I
M; € Proj(H;) = Proj(kTgi) for some H; € H. Therefore

M € D Proj(k1,) = Proj((D k15i,) € Proj(€D k15)
iel iel HeH
since @ielkTgi | Brewn k15
Conversely, if M € Proj(@ ey k 15) = @pey Proj(k 1), then M decomposes as
M =@y Mu with My € Proj(k1$), that is M is projective relatively to .
The sequence E is H-split if and only if it has a kH-linear section for all H € H, that is
if and only if it is k1%-split for all H € H by the preceeding lemma. But

EeVH)=Ee (P k1) = P Fokty
HeH HeH
as short exact sequences, thus if E is H-split, then it is also V(H)-split. Indeed, taking
the direct sum of the sections on each summand E ® k1$ gives a section for E ® V(H).
For the converse recall that if E is assumed to be V' (#)-split, then by Proposition 2.3.1,
E ® N splits for any V(H)-projective module N. In particular, k1% € Proj(@ ey k1)
for all H € H, hence F ® szg splits for all H € H, or in other words, by the preceding
lemma, E has a kH-linear section for every H € H.

O

NOTATION.
In the sequel of this text, if H is a family of subgroups, then we always write V(H) := @ o k1%
and for simplicity, we also sometimes write Proj(H) instead of Proj(V(H)).
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REMARK 2.5.3.

As two different families of subgroups #; and Hs can generate the same subcategories Proj(Hi)
and Proj(Hz) of modules, the following observation shall be useful in computations. Recall that
equivalently a kG-module M is projective relatively to a subgroup H < G or to any conjugate
subgroup 9H for g € G. In other words, M € mod(kQG) is projective relatively to H if and only if
it is projective relatively to the family of subgroups of G defined by the conjugacy class of H (or
to any subfamily of the latter). Indeed, Proj(k1%) = Proj(k1$,;) implies that

Proj(@ k1) = €D Proj(k15y)

geG geG
= D Proj(k1f) = Proj(k1{)
geG
by the omnibus properties for relative projectivity. In consequence, a family H of subgroups of a
group G may always be replaced by a larger family
H:={H|ge G HeH}

closed under conjugation, or, on the contrary, by a subfamily 2 containing only one representative
for the conjugacy classes of subgroups in H, without altering the resulting relative projectivity:

Proj(H) = Proj(H) = Proj(H)

2.6. Operations on groups

We now establish some notation and basic facts concerning projectivity relative to modules
with respect to standard operations on groups.

LEMMA 2.6.1.
Let H be a subgroup of G and N be a normal subgroup of G such that p divides |G/N|.

(a) Restriction: Let Z be a V-projective kG-module, then ZL% s a Vig—pmjective kH -
module. We shall use the following short notation:
Proj(V) 1% C Proj(V 1§)
(b) Induction: Let Z be a V-projective kH-module, then Z Tg isaV Tg—pmjectz’ve kG-
module. We shall use the following short notation:
Proj(V)1§; € Proj(V1§)
¢ ensor tnduction: Let e a V -projective -module, then s a -projective
T induction: Let Z be a V-projective kH-module, then Z1% is a V.15 -projecti
kG-module.
(d) Inflation: let Z be a V-projective k[G/N]-module, then Infg/N(Z) is an Infg/N(V)—
projective kG-module. We shall use the following short notation:

Inf& N (Proj(V)) € ij(Infg/N(V))

(e) Isomorphism: let ¢ : G — G be a group homomorphism and Z be a V-projective
kG-module. ThenV' and Z can be viewed as kG-modules via o1, denoted Iso(p)(V) and
Iso(¢)(Z). Then Iso(p)(Z) is an Iso(v)(V)-projective kG-module.
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PROOF.
(a) Z is V-projective if and only if Z |V ® L for some kG-module L, thus

Z1G (Ve L) =V G oLy,
i.e. Zis V |%-projective.
(b) Z is V-projective if and only if Z|V ® L for some kH-module L, hence
Z15 |(Ve L)1 [V 15 eL1g
since V15 @L 152 @ prym [V Vitinn OL Lifinn) tnn- Thus Z1§ is V1§ -projective.

(¢) Z is V-projective if and only if Z |V ® L for some kH-module L. Write VQ L= Z & Z/,

then

G G G
Venlizalier]es

where S is a kG-module that does not need to be described for the purpose of this
argument. However, it follows that

G G . 4G G
Z%H (Ve L)%H - V(%H ® L%)H
ie. Zég is a V%g—projective kG-module.
(d) Z is V-projective if and only if Z |V ® L for some k[G/N]-module L. Then
Infg/N(Z) |Infg/N(V ®L)= I”fg/N(V) ®Infg/N(L)a

ie. Infg/N(Z) is an Infg/N(V)—projective kG-module.

(e) is clear enough.

REMARK 2.6.2.

As we shall use restriction extensively, note that the reverse inclusion for (a) does not hold in
general. For instance, if G = C5 x C3, let h be one of its generators, H :=< h > and V := kJTgSXCB,
then Vig% k@ k k. It follows that

Proj(V\$%) = Proj(k®3) = Proj(k) = mod(kH),
whereas using Green’s indecomposability theorem it is easy to compute that
Proj(V) %= {M € mod(kH)| M = a1k & axQ(k) ® askH, ay,as, a3 € 37},

where (k) denotes the kernel of a projective cover of the trivial kH-module.

Next we focus on the behaviour of relatively projective modules with respect to restrictions
and inductions.

LEMMA 2.6.3.

Let G be a finite group and X < H < G be subgroups. Let U,V be kG-modules and W, Z be
kX -modules. The following inclusions and equalities hold:

(a) Proj(VIg) 4= Proj(VI$);

(b) Proj(W1¥)1G= Proj(W15$);

(c) Proj(V 1%) 14C Proj(V \$1%) C Proj(V). If, moreover, V is H-projective, then
Proj(V§tG) = Proj(V);
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(d) If Proj(V) C Proj(U), then Proj(V 1%) C Proj(Ul%) and if Proj(V) = Proj(U),
then Proj(V|$%) = Proj(Ul%).

(e) If Proj(W) C Proj(Z), then Proj(W 1)
then Proj(W1$) = Proj(Z1%).

N

Proj(Z1$) and if Proj(W) = Proj(Z),

PROOF.
(a)/(b) In both cases the inclusion C was stated in Lemma 2.6.1. The reverse inclusion is a
straightforward consequence of the transitivity of restrictions and inductions. E.g. V |§{=
(V 1%) L& so that V |§€ Proj(V 1%) J& and by the omnibus properties of relative
projectivity Proj(V 1§) C Proj(V %) 4. A similar argument can be carried through
for induction.

(¢) The inclusion Proj(V {%)1%C Proj(V 1%1%) is a special case of Lemma 2.6.1, part (a).
In addition, Frobenius reciprocity yields V |$1%2 V ® k1%, thus by 2.2.2.(f),

Proj(V1$1%) = Proj(V) N Proj(k1$) C Proj(V).

Moreover, if V is H-projective, then Proj(V) C Proj(k1%) by 2.2.2.(b) again. Conse-
quently,
Proj(VI§t) = Proj(V) N Proj(k1§) = Proj(V).
(d)/(e) If Proj(V) C Proj(U), then, in particular, V € Proj(U) so that V |G€ Proj(Ul%) by
2.6.1.(a), hence Proj(V1%) C Proj(Ul%) by 2.2.2. Swap the roles of V and U for the
reverse inclusion. Property (e) is obtained likewise.

O

The following lemma partly restates (a) and (b) of the two preceding ones, respectively, but
focuses on a particular module rather than on a whole subcategory of relatively projective modules.

LEMMA 2.6.4.
Let G be a finite group and H be a subgroup of G. Let M be an H-projective module. Then, the
following conditions are equivalent:

(a) M is V-projective;
(b) M S is V |G -projective;
(c) MIS1S is V-projective.

PRroor.
(a)= (b): is given by Lemma 2.6.1 (a).
(b)= (c): Again by 2.6.1, M %€ Proj(V]%) implies that M [$1% € Proj(V1%)1%C Proj(V).
(c)= (a): By H-projectivity and by Lemma 2.6.3, M | M [$1% € Proj(V), therefore M € Proj(V).
]

As a consequence, one sees that the set of V-projective modules is actually determined by
restriction to a Sylow p-subgroup, in the sense that two different kG-modules generate the same
set of relative projectivity if and only if their restriction to Sylow p-subgroup generate the same
set of relative projectivity:

COROLLARY 2.6.5.

Let G be a finite group and P a Sylow p-subgroup of G. Let V and W be two kG-modules. Then:
(a) Proj(V) C Proj(W) if and only if Proj(V18) C Proj(W{%);
(b) Proj(V) = Proj(W) if and only if Proj(V %) = Proj(W |%).
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PrROOF. In both cases the necessary condition was established in 2.6.3. For the sufficient
condition, assume that Proj(V 1$) = Proj(W |%). Applying 2.6.4 twice yields the following
equivalences: M € Proj(V) if and only if M [S€ Proj(V |%) = Proj(W %) if and only if
M € Proj(W). In other words, Proj(V) = Proj(W). This proves (b). The same argument can
be carried through with an inclusion instead of an equality, it proves (a). |

Notice that inflation has similar properties:

LEMMA 2.6.6.
Let N be a normal subgroup of the group G such that p||G/N|. Let V,W be k|G/N]-modules.
Then:

(a) Proj(V) C Proj(W) if and only if Proj(Infg n(V)) C Proj(Infg 5 (W));
(b) Proj(V) = Proj(W) if and only if Proj(Infg/N(V)) = Proj(Infg/N(W)) .

PROOF. We have the equivalences:
Proj(V)) C Proj(W) V' is W-projective
VIVW"®W by Lemma 2.2.1
Inf& 5 (V) | Infgn (V) ® InfG n (W)* @ Inf& 5 (W)
Infg/N(V) is Infg/N(W)—projective

Proj(lnfg/N(V)) - Proj(Infg/N(W)) by Proposition 2.2.2.

[N A

The reverse inclusion is obtained by exchanging the roles of V and W. |

LEMMA 2.6.7.

Let G be a group and p a prime that divides |G|. Assume G is a p-group or possesses a normal
subgroup H such that the factor group G/H is a p-group. Then, the indecomposable modules
projective relatively to the subgroup H are described as follows:

IProj(k1%) = {M1% | M is an indecomposable kH-module}

PROOF. Let N be a kG-module, then,
K15 N = NIGG= @ Nith

I finite
with N |72 @, N; a decomposition of N ﬁ, into indecomposable modules. By assumption G is
such that Green’s indecomposability criterion applies, therefore NV; Tg is indecomposable for all
i € I. Now, by definition, an indecomposable kG-module is projective relatively to H if it is a
direct summand of k1% @N for some kG-module N, therefore the above and the Krull-Schmidt
theorem yield the inclusion

IProj(k1$%) C {M1% | M is an indecomposable kH-module} .

On the other hand, recall that a kG-module is projective relatively to H if and only if it is a direct
summand of a module induced from H. In particular, M Tge Proj(k Tg) for all indecomposable
kH-module M. Now by assumption Green’s indecomposability criterion applies so that M T%’} is
indecomposable for all indecomposable kH-module M. Hence the reverse inclusion. O

REMARK 2.6.8.
In particular, in case H is a cyclic p-group of order p™, then the set I Proj(k Tg) of indecomposable
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kG-modules projective relatively to the subgroup H is finite of order p™:
IProj(k1%) = {M;15 | M; is the unique indecomposable kH-module of dimension i, V1 < i < p"}

2.7. Vertices, sources and Green correspondence

We establish here links between the notion of V-projectivity, vertices, sources and the Green
correspondence.

LEMMA 2.7.1.

Let M be an indecomposable kG-module and (D, S) a vertex-source pair for M. Moreover, let
V € mod(kG) and W € mod(kD).

(a) If S € Proj(W), then M € Proj(W1%).
(b) If M € Proj(V), then S € Proj(V1%).

PROOF.

(a) Tt follows from the definitions of vertices and sources of a module that if S € Proj(W),
then M | S1§. Moreover, S1t%e Proj(W1%) by Lemma 2.6.1, hence M € Proj(W 1%)
by 2.2.2.(a).

(b) Likewise, if M € Proj(V), then S| M %€ Proj(V ]%). Hence the result.

LEMMA 2.7.2.
Let (G, H,Q) be an admissible triple for the Green correspondence.

(a) Let U be an indecomposable kG-module with vertex Q and Gr(U) be its kH-Green corre-
spondent. Let V' € mod(kG).

Then U € Proj(V) if and only if Gr(U) € Proj(V1%).
(b) Let T be an indecomposable kH-module with vertex Q) and T'(T) be its kG-Green corre-

spondent. Let W € mod(kH). Then the following holds:
if T € Proj(W) then T'(T) € Proj(W 1%) and if T(T) € Proj(W 1%), then T €

Proj(W1GL5).-
PRroOOF.

(a) If U € Proj(V), then by 2.6.1 U %€ Proj(V %), therefore so does Gr(U) as a direct
summand of U [§. Conversely, if Gr(U) € Proj(V %), then by 2.6.3,

Gr(U)15€ Proj(VI§)15C Proj(V).
Hence U € Proj(V), as a direct summand of Gr(U)1%.
(b) In like manner, if 7 € Proj(W), then by 2.6.1 T 1G€ Proj(W 1%), therefore so does
[(T) since T'(T) | T1%,. Now, if ['(T) € Proj(W1%), then
D(T)Lfi€ Proj(WAG)I5S Proj(WT4li)

and so does T as a direct summand of T'(T).
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2.8. Absolute p-divisibility

Many arguments shall use the next result by D. Benson and J. Carlson [BC86, Thm. 2.1],
which we shall often refer to as the Benson-Carlson theorem:

THEOREM 2.8.1.

Let k be an algebraically closed field of characteristic p (possibly p = 0). Let M, N be finite-
dimensional indecomposable kG-modules, then

(1) M = N*;

(2) p t dimy(N).

Moreover, if k is a direct summand of N* ® N then it has multiplicity one, i.e. k@ k is not a
summand.

kE|M ® N if and onlyz'f{

REMARK 2.8.2.
In general, if M and N are finite-dimensional decomposable modules, write M = €5
N = ®j€J M; as direct sums of indecomposable modules, then,

k|M ® N if and only if 3i € I,j € J such that M; = N and p { dimy(N;).

ier M; and

In particular, if p divides the k-dimension of all direct summands of N then £ is not a summand
of N* ® N = Endg(N).

Moreover it is worth keeping in mind that the implication (p t dimy(N) = k| N*®@N) is always
true, that is even if N is decomposable, since in this case the trace map splits. Futhermore, the
theorem enables us to characterize those kG-modules V relatively to which the trivial module is
projective, which shall be essential later on to define the promised-since-the-title groups of relative
endotrivial modules.

PROPOSITION 2.8.3.
Let V € mod(kG). Then, the following are equivalent:

(a) The trivial kG-module k is V -projective;

(b) p = char(k) does not divide the k-dimension of at least one of the indecomposable direct
summands of V;

(c) the subcategory Proj(V') is equal to the whole category of finite-dimensional kG-modules
mod(kG).

PROOF.

(a)=(b): By 2.4.1, k € Proj(V) if and only if k| V* ® V. Thus, according to the remark above, V'
has an indecomposable direct summand whose k-dimension is not divisible by p.

(b)=(c): Since V is finitely generated, write V' = B, ;V; as a direct sum of indecomposable
modules. Then by 2.2.2,

Proj(V) = @ Proj(V;).
JjeJ
By assumption, there exists jo € J such that p does not divide dimy(V},) so that by
Proposition 2.2.2, Proj(V;,) = mod(kG). Therefore Proj(V) = mod(kG) as well.

(c)=(a): is trivial.
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In other words, the proposition shows that projectivity relative to a module V is interesting
essentially if the k-dimensions of all the indecomposable direct summands of V' are divisible by
p = chark, that is when Proj(V) is not equal to the whole category of finite-dimensional kG-
modules mod(kG). To use the terminology introduced in [BC86], in the sequel, such a kG-module
V shall be called absolutely p-divisible.

As another consequence of Theorem 2.8.1 we can rephrase [Ben98a, Prop. 5.8.1] to get the
following characterisation for dimensions of V-projective kG-modules.

LEMMA 2.8.4.
Let V' be an absolutely p-divisible kG-module and U € Proj(V). Then p divides dimg U.

PROOF. Assume that p t dimg(U), then by Proposition 2.2.2 the trace map Try : U*QU — k
splits. Whence k|U* @ U. But U is V-projective, thus by definition there exists a kG-module N
such that U |V ® N . Therefore

ENU"QU| U9 N®V
so that k € Proj(V) and by Proposition 2.8.3, V' is not absolutely p-divisible. |

LeEMMA 2.8.5.
Let V,M,N € mod(kG) such that M is not absolutely p-divisible. Then N € Proj(V) if and only if
M ® N € Proj(V).

PROOF. Since M is not absolutely p-divisible, Proj(M) = mod(kG) by Proposition 2.8.3
above. Therefore, by the omnibus properties of V-projectivity:

Proj(M ® N) = Proj(M) N Proj(N) = mod(kG) N Proj(N) = Proj(N)

Thus Proj(M®N) C Proj(V) if and only if Proj(N) C Proj(V) and in consequence N € Proj(V)
if and only if M ® N € Proj(V). O

2.9. Absolute p-divisibility and operations on groups

Restriction. The aim of this section is mainly to describe the behaviour of absolute p-divisibility
with respect to restrictions. It shall turn out to be a key argument for the forthcoming study of
relative endotrivial modules.

LEMMA 2.9.1.
Let V' be a kG-module whose restriction V¢§ to some subgroup H < G is absolutely p-divisible,
then V is absolutely p-divisible itself.

PROOF. Let V; be an indecomposable summand of V', then V; ig is absolutely p-divisible by
assumption. Thus its k-dimension is divisible by p, since the k-dimensions of all its direct summands
are, and consequently so is dimy(V;) = dimy,(V; 1), as required. |

As shows the following counterexample, the converse statement to the lemma is not true in
general.

COUNTEREXAMPLE 2.9.2.
Let G := C5 x Cy be the Klein Group. Then the module & Tgiilc"’ is indecomposable and its
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k-dimension is 2, therefore it is absolutely 2-divisible, but k152%¢2 92X 2 g k which is certainl
R Y ’ Cax1 ¥Cax1 — y
not absolutely 2-divisible.

Notwithstanding, it is always true that a restriction to a subgroup containing a Sylow p-
subgroup preserves absolute p-divisibility. Besides, depending on the vertices of the module con-
sidered, it is even possible to restrict to p-subgroups and preserve absolute p-divisibility. Precisely,
the result is stated as follows.

THEOREM 2.9.3.
Let P be a Sylow p-subgroup of G. Let V' be a kG-module with vertex Q < P.
(a) Then for every subgroup H > P, the module V is absolutely p-divisible if and only if V 1%
s absolutely p-divisible.
(b) Furthermore, if Q < P, then for every subgroup R of P such that P > R > Q, the module
V' is absolutely p-divisible if and only if Vig is absolutely p-divisible.

PROOF. In both cases the sufficient condition is given by lemma 2.9.1 and we are left with the
necessary condition to prove.

(a) Let P < H < G be a subgroup and assume that V¢§ is not absolutely p-divisible. Then,
by Proposition 2.8.3, Proj(V |%) = mod(kH). Besides Lemma 2.6.3 yields:

mod(kH) 1= Proj(V§)15C Proj(V515) = Proj(V)

We deduce that, in particualr, k1% € Proj(V). Finally since p { dimy (k1) = |G : H|, it
follows from Lemma 2.8.4 that V is not absolutely p-divisible.

(b) Let R be a subgroup of P. By assumption, V € Proj(k:Tg), so that V [Ge Proj(kTng)
and the Mackey formula yields:

kTng = @ (%) i.gngTg%mR = @ kTg%mR
gE[R\G/Q] gE[R\G/Q]
Therefore,
vife @  Proj(ktian)
gE[R\G/Q]

and so do all its direct summands. Now, the assumption that ¢ < R implies that
9Q N R < R for every g € [R\G/Q]. Thus any direct summand of V |§ has a vertex
strictly smaller than R and it is well-known that the k-dimension of such indecomposable
modules is divisible by p (see Lemma 3.5.1 in Chapter 3). Hence the result.

O

Inflation.

LEMMA 2.9.4.

Let G be a finite group with a normal subgroup N such that p||G/N| and V € mod(k[G/N]) be an
indecomposable module. Then V is absolutely p-divisible if and only if Infg/N(V) is.

PROOF. Since inflation does not alter dimensions and Inf& (V) is indecomposable if and only
if V' is, the result is straightforward. |

Induction. Absolute p-divisibility is not well-behaved with respect to induction. First, contrary
to restriction, the fact the an induced module M Tg is absolutely p-divisible does not imply that
the initial module M is itself absolutely p-divisible.
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COUNTEREXAMPLE 2.9.5.

Let P be a p-group with |P| > 2 and @ be a subgroup such that 1 < < P. Then the permutation
module & Tg is absolutely p-divisible. Indeed, its k-dimension is divisible by p and moreover
it is indecomposable since its socle clearly is. However, the trivial kQ-module is not absolutely
p-divisible.

Nonetheless, we have the following criterion for an induced module to be absolutely p-divisible.

LeEMMA 2.9.6.
Let G be a finite group with a subgroup H and V' € mod(kH) be an arbitrary module. If G is a
p-group, or else if H is normal in G and G/H is a p-group, then VT% is absolutely p-divisible.

PROOF. Since induction and direct sums commute, we may as well assume that V is indecom-
posable and the assumptions of the lemma imply that VTfI is indecomposable as well by Green’s
indecomposability theorem. Furthermore, p| dim; V 1G= |G : H|dim; V because p||G : H]|.
Hence the result. O

2.10. Relative projectivity and module varieties.

One can think of varieties as a way for grouping kG-modules into families of modules all with
a given variety (or one contained in it). Now, given a fixed closed homogeneous subvariety V of
Ve (k), if we pick a module M affording V), then the subcategory Proj(M) is made up of modules
all affording a variety contained in V. In this respect relative projectivity to modules is a finer
notion than that of variety.

LEMMA 2.10.1.
(a) If Proj(M) C Proj(M’), then Vag(M) C Va(M');
(b) If Proj(M) = Proj(M’), then Vg(M) = Va(M');
(¢) The converse of statement (b) does not hold. In particular, V(M) = Va(k) does not
imply that Proj(M) = mod(kG).

PRroor.
(a) In particular M € Proj(M'), hence there exists two kG-modules N and U such that
M®U = M’ ® N. Taking varieties yields:
Vg(M) - Vg(M> U VG(U) = Vg<M/> N Vg(N) - V(;(M/) .

(b) Applying (a) twice yields the double inclusion.
(¢) (Author’s favourite example.) For G = C3 x C3 =:< g > X < h >, k of characteristic 3,
the module M defined by the following diagram

[ ]
'(g—y \{z—l)
[ ) [ )
has a variety equal to Vg(k). Indeed, simply for dimensional reasons, it can never be

free on restriction to a shifted subgroup. However, Proj(M) C mod(kG). For M is
indecomposable and 3-dimensional, hence absolutely 3-divisible.

O
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2.11. Relative homological algebra

We give here a review of the basic relative homological algebra linked to the projectivity relative
to a kG-module V. All the results presented are generalisation of the non-relative case and their
proofs are similar (see for example [HS71]). Most of the material here comes from [Oku91] or
[Car96] where the results are stated but often not proven. For completeness we give sketches of
the proofs.

DEFINITION 2.11.1 ([Car96], Sect. 8).
Let V' € mod(kG) be a module.

(a) A V-projective resolution of a module M € mod(kG) is a non-negative complex P, of

V-projective modules together with a surjective kG-homomorphism P, —° » M such that
the sequence

03 [y 01 €
— P =P —F — M —0
is exact and totally V -split, that is such that for all ¢ > 1, the short exact sequences
0 — ker(8;) — P; 25 Im(9;) — 0,

0—>ker(5)—>P0L»M—>O
are V-split. The latter sequence is called a V -projective presentation of M.

(b) Similarly, there is a notion of V-injective presentation and a notion of V -injective resolu-
tion M — 1.

EXISTENCE OF V-PROJECTIVE RESOLUTIONS.([Car96, Prop. 8.7])
Every module M € mod(kG) has a V-projective resolution and a V-injective resolution.

PROOF. Since the trace map Try : V* ® V. — k is V-split, so is the tensored exact sequence

Try @M
ker(Try ) @ M - V'@V @M M.

Iterate this construction to get, for every n > 2, V-split exact sequences:

Try ® ker(Try )@~V oM

ker(Try)®" @M < V* @V & (ker(Try)®" Y o M)
Obtain a V-projective resolution of M by splicing these sequences together:

V*e@V @ker(Try) @ M V*eVeoM —M

N, T

ker(Try)®2 @ M ker(Try) @ M

ker(Try )Y @ M

To obtain a V-injective resolution of M, start with a V-projective resolution of the dual M* and
dualize! (Le. apply the functor Homy(—, k).) O

LEMMA 2.11.2 ([Car96], Sect. 8).
Let M, N € mod(kG) and let P, — M bea V -projective resolution of M. Then the tensored

compler P, @ N

M ® N is a V-projective resolution of M & N.

PROOF. Since P; is V-projective, so is P; ® N by 2.2.2, and since the complex P, e Mis
QN
exact and totally V-split, so is the complex P, ® N M ® N. O
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LEMMA 2.11.3 ([Car96], Sect. 8).
Let M,N,U,V € mod(kG). Let P, o Mbea U -projective resolution of M and let Q, 2.N

£®
be a V -projective resolution of N. Then P, ® Q, M ® N is a U ® V-projective resolution
of M ® N.

PROOF. By assumption H,(P.) = Hy(P.) = M and H.(Q,) = Hp(Q,) = N, because P, and
Q. are exact complexes in positive degrees. Therefore, by the Kiinneth formula, H,(P. ® Q,) =

Ho(P.®Q,) = Hy(P.)®Ho(Q,) = M®N . Thus P, ®Q, — ' M®N is a resolution of M &N
Moreover, for every n > 0, (P, ® Q,)n = D, =, 1 ® Q;j € Proj(U® V) since P; € Proj(U) and
Q; € Proj(V) for all 4,7 > 0. Finally to see that P, ® Q, is totally (U ® V)-split, it suffices to
notice that (P, ®Q,)®@ (U®V) = (P.®U)® (Q, ® V) is totally split, because both (P, ® U)
and (Q, ® V) are. O

RELATIVE SCHANUEL’S LEMMA 2.11.4.
Let V,M € mod(kQG).

0
(a) Let P o M and Q —» M be two V -projective presentations of M. Then there is an
isomorphism of kG-modules P & ker = Q) & kere.

(b) Let M 5 I and M 5 J be two V -injective presentations of M. Then there is an
isomorphism of kG-modules I @ Coker 3 = J @ Coker1.

PrOOF. Form B := {(p;q) € PxQ |e(p) = 6(q)} the pullback of the pair of mapse : P —» M
and 0 : Q — M, and let 71p : B — P and mg : B — @ be the canonical projections. Since
P,Q € Proj(V) and ¢,0 are V-split, by the universal property of V-projective modules there
are kG-homomorphisms p : Q@ — P, v : P — @ such that ey = 6 and v = . Then the
universal property of the pull-back applied twice yields kG-linear sections for mg and mp. Hence
Pakerf = B =2 Qdkere. This proves (a), and (b) is proved in similar fashion using a pushout. O

RELATIVE LIFTING THEOREM 2.11.5.

Let V € mod(kG). Let P, Q, be two non-negative complexes, such that P, € Proj(V') for alln > 0
and Q, is totally V-split and ezxact, except possibly in degree zero. Let f : Ho(P.) — Ho(Q,)
be a kG-linear map. Then there exists a chain map py : Po — Q, inducing f in degree zero.
Furthermore s ts unique up to homotopy.

RELATIVE COMPARISON THEOREM 2.11.6.

Let V € mod(kG). Let P, —» M and Q. s M be two V -projective resolutions of the module
M € mod(kG). Then P, and Q, are canonically homotopy equivalent, that is, there are chain
maps iy : Py — Q,, ¥y : Q, —> P, lifting idyps, unique up to homotopy, such that .. ~ idp,
and p1), ~idq, . (Where ~ means that the maps are homotopic chain maps.)

These theorems can be dualized to obtain similar statements for V-injective modules and
resolutions. The proofs are identical to those of the non-relative case.

DEFINITION 2.11.7.
Let V, M € mod(kG).
(a) A V-projective cover of M is a minimal V-projective presentation £ : Pyy —» M
satisfying the following property: if 6 : Q — M is another surjective V-split kG-
homomorphism, then there exists an injective kG-homomorphism o : Py; — @Q such
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that € = 6o, and likewise there is a surjective kG-homomorphism 7 : Q — Pjs such that
eTr=290. .
A minimal V-projective resolution of M is a V-projective resolution P, — M such

0
that if Q, — M is another V-projective resolution of M, then there exists an injective
0
chain map ps : (P = M) — (Q, — M) and likewise a surjective chain map
0
1. (Q, — M) —s (P, — M), both lifting the identity on M.

(b) V-injective hulls and minimal V -injective resolutions are defined similarly.

REMARK 2.11.8.

The relative Schanuel’s Lemma shows that V-projective covers and minimal resolutions, and V-
injective hulls and minimal resolutions, if they exist, are unique up to isomorphism.

Moreover, as in the non-relative case, one can also define a relative version of the notion of essential
kG-homomorphism and use it to define V-projective covers.

PROPOSITION 2.11.9 ([Car96], Sect. 8).
Every module M € mod(kG) has a minimal V -projective resolution and a minimal V -injective
resolution.

PROOF. Choose Py; € mod(kG) to be a V-projective module of smallest k-dimension such
that there exists a surjective kG-homomorphism ¢ : Pyy — M (in the worst case take Try @M :
V*®@V ® M — M). Then, as in the non-relative case, use Fitting’s Lemma to prove that it is
a V-projective cover of M. Likewise, build a V-projective cover of ker(e). Iterate the process to
get a minimal V-projective resolution. Notice that the dual of a minimal V-projective resolution
of M* is a minimal V-injective resolution of M. O

A V-projective cover of the trivial module provides us with a canonical generator for Proj(V):

COROLLARY 2.11.10 ([Car96], Sect. 8).
Let e : Vi, — k be a V-projective cover of the trivial module k. Then Proj(V) = Proj(Vy).

PROOF. By definition Vi, € Proj(V), so Proj(Vi) C Proj(V) by 2.2.2. In addition the
sequence ker(g) — Vj, —°  k is V-split so that V | Vi, ® V, thus Proj(V) C Proj(Vy). O

REMARK 2.11.11.

A V-projective resolution P, —~» M is minimal if and only if for all n > 1, Im(9,,) is V -projective
free, i.e. it has no non-zero V-projective direct summands. This leads to the following definition
of relative syzygy modules.

DEFINITION 2.11.12 ([Car96], Sect. 8).

Let V,M € mod(kG). Let (P.,0.) =% M and M <% (I,,0%) be minimal V-projective and
V-injective resolutions of M, respectively. Define for n > 1:

QF (M) :=ker 9,,_; and Q3" (M) := Coker(9" ')

For n = 0, define Y, to be the V-projective free part of M. The modules Qf. (M) are called the
relative syzygy modules of M and Qf,, the relative Heller operators. Moreover, if V' is projective
(e.g. it V = k@), we drop the index V and write Q" (M) instead of Qf, (M), and if n = 1, then we
drop the exponent and write Qy (M) instead of Q1 (M).
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REMARK 2.11.13.

If G =: Pis ap-group and if V = k‘Tg for some subgroup @ of P, then the notion of projectivity
relative to the module V' coincides with the notion of projectivity relative to the subgroup @, as
we have already noticed, but it also coincides with the notion of projectivity relative to the P-
set X = P/Q described in [Bou00]. In consequence, for any M € mod(kP), we have Qy (M) =
Qx (M) in the sense of [Bou00]. Also, if Y is any non transitive finite P-set, it can be decomposed
as a disjoint union of transitive P-sets | |;.; P/Q; and projectivity relative to Y coincides with
projectivity relative to the family of subgroups {Q;}ics. In the sequel we shall juggle with these
three visions in order to use the one that reveals to be the most adapted to the situation.

Because two minimal V-projective resolutions of the same module M are isomorphic, the mod-
ules Qf, (M) do not depend on the choice of the V-projective resolution (i.e. up to isomorphism).
They do not depend either on the choice of the generator V' for Proj(V):

LEMMA 2.11.14.
Let VW € mod(kG) such that Proj(V) = Proj(W). Then Qy (M) = Qw (M) for every module
M € mod(kG).

PrOOF. Let M € mod(kG) and Py —~ » Mbea V-projective cover of M. Then, on the one
hand Py € Proj(V) = Proj(W), and on the other hand, by 2.3.2, ¢ is V-split if and only if it is
W-split. As a consequence, Qy (M) = ker(e) = Quw (M). O

2.12. Arithmetic of relative syzygies

Relative syzygy modules behave in much the same way as ordinary syzygy modules do.

PROPOSITION 2.12.1 (Omnibus properties).

Let M,N,V € mod(kG) and let m,n € Z.

) Q" (M) = (Qp(M7))".

) Q ( ) is V-projective free.

(¢) IfM € Proj(V), then Qf,(M) = 0.

(d) Qp(Qy" (M) = QY (M) = Q' (5, (M)).

(e) If the word mln/ma/ 18 dropped in Definition 2.11.12, then we get modules

Q@—(M) = Qp (M) & (V —proj) .

(a
(b

v(IM & N)=Qy (M) e Qy(N).
Ly (M) = Qpt ™ (M).
uppose M ¢ Proj(V). If M is indecomposable, then so is Qf, (M).
i Q(’}( JON=ZQP(M @ N) @ (V —proj).
Q

V(M) @ Qy (N) = QpT™ (M@ N) @ (V - proj).
IfQV( ) =0, then M € Proj(V).

Most of these properties can be found in [Car96, Sect. 8] or are more general versions of [Car96,
Prop. 4.4], in which case the proofs are similar and obtained by replacing projectivity with relative
projectivity.
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PROOF. (Sketches)
These properties hold for n = 0, almost trivially. Moreover, once (a) is proven, then it is enough
to prove the other formulae for n > 1. Dualizing yields the result for n < 1.

(a) is straightforward from the fact that the dual of a minimal V-projective resolution of M
is a minimal V-injective resolution of M* and conversely.

(b) follows from the minimality of the V-projective resolution in Definition 2.11.12.

(¢) A minimal V-projective resolution of M is given by (--- — 0 — M N M). Hence
QY (M) =0 for all n € Z.

(d) Let QL (Q, (M) = P — Q'(M) be a V-projective cover and let M — I — Q' (M)
be a V-injective hull. The latter is also a V-projective cover of Q(/l(M ), therefore the
relative Schanuel’s Lemma yields I & Qi,(Qy'(M)) = P @ M, where I, P € Proj(V)
and QL (Qy' (M) is V-projective free by (b). Thus the Krull-Schmidt Theorem forces
O (Qy (M) =2 QY (M). A similar arguments yields the second isomorphism.

(e) follows from the relative Schanuel’s Lemma and part (b).

(f) follows from the fact that V-projective covers are additive.

(g) follows by truncating a minimal V-projective resolution of M to a minimal V-projective
resolution of Q7 (M).

(h) If QF (M) were decomposable, then so would be M by (f).

(i) If P, —~» M is a minimal V-projective resolution of M, then by Lemma 2.11.2,

eQN
P.®N © M ® N is a V-projective resolution of M ® N, but it is not necessarily
minimal. Then by (e):

(M) & N = Tm(9, @ N) = O (M & N) = O (M @ N) @ (V = proj)
(j) Using (i) twice, compute:
Qp (M) @ Qp(N) = Qp (M @ Qy(N)) @ (V — proj)
= Q7 (M@ N) @ (V —proj)) @ (V — proj)
=0y (Qy (M ® N)) @ Q3 (V - proj) @ (V — proj)
~ OV (M ®@ N) @ (V — proj)
The last equality follows from (c) because Q7 (V — proj) = 0.
(k) If Q. (M) = 0, then QY (M) = Q" (% (M)) = 0, that is the V-projective free part of M

is zero.

O

LEMMA 2.12.2.
(a) Let H be a subgroup of G and M,V be kG-modules, then:
Qv (M) 15 = Qug (M1F) & (V15 —proj)
(b) Let N be a normal subgroup of G and M be a k[G/N]-module, then :
Qpre (Infg/N(M)) = Infg/N(Q(M))

PROOF.

(a) The restriction of a minimal V-projective resolution is a V' Lg—projective resolution of
M ig, it is not necessarily minimal though. Thus the formula follows from the relative
Schanuel’s lemma.

(b) This formula is a version for projectivity relative to modules of a formula given in [Bou00,
Cor. 4.1.2] for relative syzygies of P-sets, with P a p-group. The proof is identical.

O
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Relative syzygies, vertices, sources and Green correspondence.

LEMMA 2.12.3 ([Oku91], Cor 9.9).
Let V,W € mod(kG).
(a) Let M € Proj(W). Then Qf, (M) € Proj(W) for alln € Z.
(b) Let M be an indecomposable non-V -projective kG-module. Then, for alln € Z, M and
QF (M) have the same vertices.

PRrROOF. Let n € Z.
(a) If M € Proj(W), then M |W ® N for some module N € mod(kG). Moreover, by Lemma
2.12.1 part (i), Q% (M) | Q% (k) @ M. Thus
QU (M) |y (k) @ M| Q7 (k) @ W N
and so QF (M) € Proj(W).
(b) If D is a vertex for M, then M is k1%-projective and by part (a) so is Qf (M). Moreover
D is also a vertex for Qf, (M), otherwise there would exist a subgroup @ <g D such

that QF (M) is k1%-projective and therefore so would be M = Q" (Q%(M)) (by 2.12.1),
contradicting the minimality of D.

O

From this result, one easily concludes that relative Heller operators commute with the Green
correspondence.

COROLLARY 2.12.4.
Let V be a kG-module.

(a) Let (G, H;Q) be an admissible triple for the Green correspondence. Let U be a non V-
projective indecomposable kG-module with vertex Q. If T s the kH-Green correspondent
of U, then Qv c (T) is the kH-Green correspondent of Qv (U).

(b) Let M be an indecomposable non-V -projective kG-module and (D, S) a vertez-source pair
for M. Then Qy, ¢ (S) is a source for Qy (M).

PRroOF.
(a) First, the assumption that U is non V-projective ensures that neither Qv (U), nor Qy, ¢ (T')

is zero. Indeed, by 2.7.2 U ¢ Proj(V) if and only if Gr(U) ¢ Proj(V [%). Then, by
assumption, both the modules U and T have vertex @, thus, by the lemma, so do the
modules Qv (U) and Qy,¢ (7). Therefore, it suffices to prove that Qy, ¢ (T) is a direct

summand of Qv (U) |%. Indeed, as seen before Qyye (U 1) Qv (U) 1%. In addition,
by the Green correspondence, T'|U ig, so that, by the properties of relative syzygies,
Uy (T) | Qe (ULG).

(b) Let ng (S) — ng (S) — S be a minimal V Lg—projective presentation of S. Then
Qyy6(5) TG Pyys () 19— S1G is a V-projective presentation of S1%, but it is not
necessarily minimal though. Nonetheless, the relative version of Shanuel’s lemma yields:

Qg ()15 Qv (S15) & (V — proj) .

By assumption, S is a source of M, thus M is a direct summand of ST% and so Qv (M)
is a direct summand of Qy(S 1), which is, as seen above, in turn a direct summand
of Qyyc (S) 1%. Furthermore, according to the previous lemma, M and Qy (M) have a
common vertex. It follows that €y, (S) is a source for Qy (M).

O
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The composition formula. Finally we focus on compositions of relative Heller operators,
taken relatively to different modules.

PROPOSITION 2.12.5 ([Oku91], Thm. 9.10).
Let VW € mod(kG). Then for any kG-module M the following formula holds:

Qv o Qw (M) = Qvaw o Qvew (M)
In particular, relative syzygy operators “commute” with each other, that is:

QV ng(M) = QW OQ\/(M)

This formula is the version for relative projectivity to modules of the same formula for projec-
tivity relative to P-sets entitled “Thévenaz’ Lemma” in [Bou00]. Since the document [Oku91] is
unpublished we give a proof to this result which shall turn out to be very handy.

PROOF. Start with V- and W-projective covers of k and M:

EVJC:O—)Q\/(I{J)—)PV‘E——»]G—)O

Form the augmented tensored complex Ev X Ew = [(Evi)« @ (Ew,nm )« T, M] described

in remark 2.12.7 below:
0 = Qu (k) ® (M) 5 (Qv (k) © Pw) & (Py @ Quw (M) 2 Py © Py =25 M — 0

Since the sequences By, ® V and Ew, pr ® W both split by definition of relative projective covers,
and (Evy K Ew ) @ (VW) 2 (Eyi V)X (Ewy ® W), the sequence

0—ker(c®7) — Py @ Py <25 M — 0
is (V @ W)-split. As Py ® Py € Proj(V @ W), this sequence is a V ® W-projective presentation
of M, but it is not necessarily minimal. Thus, the relative Schanuel’s Lemma yields

ker(e ® 7) = Qvew (M) @ (V @ W) — proj) .
On the other hand, the tail of the sequence Ey j X Eyy e

0 — Qu (k) @ Qu (M) 25 (Qv (k) ® Pw) @ (Py @ Quw (M)) — Coker(h) — 0

is a V@ W-projective presentation of Coker(h). Indeed, the middle term is clearly V &W-projective
by 2.2.2. It is also V' @ W-split: first it is V-split since (Ev K Ew ) QV = (Evy, @ V) K Ew m
and Ey, ® V splits, and second it is W-split by a similar argument.
Then, using the fact that ker(e ® 7) = Coker(h), Lemma 2.12.3 and the omnibus properties of
relative syzygies and relative projectivity, compute:
Qv o Qw (M) & (V — proj) = Qv (k) ® Qw (M)

=~ Qyew (Coker(h)) & (V& W) — proj)

= Qvew (Qvew (M) © (V@ W) —proj)) & (V& W) — proj)

>~ Qvew o Qvew (M) & (Ve W) — proj)
If M € Proj(V) or M € Proj(W), then Qy o Quw (M) = 0 = Qugw o Quegw (M). So assume
that M is indecomposable, M ¢ Proj(V) and M ¢ Proj(W). Thus both Qy o Qu (M) and

Qvew © Qvew (M) are indecomposable, and they are neither V-projective nor V' @& W-projective.
The result follows from the Krull-Schmidt Theorem. 0

In terms of families of subgroups, this formula has the following user-friendly form:
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COROLLARY 2.12.6 ([Oku91], Cor. 9.11).
Let F and H be families of subgroups of the group G. Then, for any M € mod(kG), the following
formula holds:

QF 0 Qy(M) = Qrup o Qapnp (M)
where S FNH ={9FNH|FecF HcH}.

PROOF. Let V(F) = P per k1 and V(H) = @y k1% be the modules associated with the
families 7 and H. The proposition yields

Qvr) o Qv (M) = Qvmavn © Qv Fevon(M).
Besides,
VF)eVH) = (P rfe (@ ri = @ ri=VFun),
FeF HEH HEFUH
and using Frobenius reciprocity and the Mackey formula, we compute

VF)eaV(H) = (P k1§ o (P k%) = P P #1§ «kth)

FeF HeH FeFr HeH
= D D G okt
FeF HeH

= @ EB ( @ k| aprmt ien ) 15

FeFHeH =xze[H\G/F]

=PP P kt%an
FeF HEH z€[H\G/F)

Finally it follows from Proposition 2.2.2 that Proj(V (F)®V (H)) = Proj(V(%FNH)), as required.
|

REMARK 2.12.7.

IfE: O—>A1>B£>C—>OandF: 0— S5 T 5 U — 0 are short exact sequences, then
one can define chain complexes E, : 0 — A 4 B—0andF,:0— S5 T — 0 with B and
T in degree zero, and with homology H,.(E.) = Hy(E,) = B/A = C and H.(F.) = Hy(F.) 2 U.
Then E, ® F, is exact with homology H,.(E, ® F.) = Hy(E, @ F,) 2 C ® U. In other words, the

augmented complex [E, ® F, C®U]=: ERF is a four-term exact sequence:

0—A®S S (AeT)eBeS) L BT 2L 0ol —0

ARQo
a® s
then so is S ® 7, and if « or ¢ is a split kG-homomorphisms, then so is h.

where h = ( > and g = (—a®T, B®T). Moreover, if 8 and 7 are split kG-homomorphisms,



CHAPTER 3

THE GROUPS OF RELATIVE ENDOTRIVIAL MODULES

Recall that a module M € mod(kG) is called endotrivial if its endomorphism algebra, con-
sidered as a kG-module, has the form End,(M) = k & (proj). In this chapter we generalise this
family of modules to weaker versions by replacing ordinary projectivity with projectivity relative
to a kG-module. This operation enables us to build groups of representations which naturally
generalise the group of endotrivial modules T'(G).

In the sequel, unless otherwise stated, V' shall denote a fixed absolutely p-divisible kG-module
so that the subcategory Proj(V) is not the whole category mod(kG) of kG-modules, which is
equivalent to requiring that the trivial module k is not projective relatively to V.

3.1. Relative endotrivial modules

DEFINITION 3.1.1.

Let V € mod(kG) be an absolutely p-divisible module. A kG-module M is termed endotrivial rela-
tive to the kG-module V or relatively V -endotrivial or simply V -endotrivial if its k-endomorphism
ring is the direct sum of a trivial module and a V-projective module. That is, M is endotrivial
relative to V' if and only if

Endy(M) 2 M " @M= k& (V —proj).

Notice that, if such an isomorphism exists, it is provided by the trace map Try; : M* QM — k,
and thus it is natural.

Also notice that an endotrivial module, in the usual sense, is, in this terminology, a kG-
endotrivial module. In the sequel, we shall often refer to endotrivial modules as ordinary endotrivial
modules in order to differentiate the usual notion from the relative notion. In addition, since for
any kG-module V', the subcategory Proj(V) contains the projective kG-modules, it follows that
endotrivial modules are always V-endotrivial modules, however the choice of V.

CATEGORICAL SETTING 3.1.2.
Definition 3.1.1 is equivalent to requiring that Endg (M) is isomorphic to a trivial module in the

49
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relative stable category stmody (kG). Furthermore, it follows, straightforwardly, from the Benson-
Carlson Theorem (2.8.4) that an indecomposable module M is V-endotrivial if and only if it is
invertible in stmody (kG) endowed with its usual tensor (triangulated) structure!, with inverse M*.

To begin with, here is a rudimentary but extremely useful dimensional characterisation for
relatively endotrivial modules.

LemMA 3.1.3.
Let V' be an absolutely p-divisible kG-module and M be a V-endotrivial module. Then:

(a) dimg(M)?=1 mod p.
(b) In case V = kTg, that is if we comsider projectivity relative to the p-subgroup @ of G,
then dimg(M)? =1 mod |P : Q| where P is a Sylow p-subgroup of G containing Q.

PRrOOF.
(a) By 2.8.4 the k-dimension of any V-projective module is divisible by p, hence

dimy, (M)? = dimy,(Endg(M)) = dimg (k@ (V — proj)) =1 mod p.

(b) As a consequence of Green’s indecomposability theorem, the k-dimension of a module is
divisible by the index of one of its vertices in the corresponding Sylow p-subgroup. (See
[CR90].)

|

In the sequel, we shall often use statement (a) of this lemma without further mention.

REMARK 3.1.4.
Notice that in particular, if G is a p-group of order p™ then statement (b) gives the standard
dimensional characterization for an ordinary endotrivial kG-module M: dimy(M)? =1 mod p".

3.2. Direct sum decomposition structure

Before giving the first examples, it is helpful to describe the direct summands of relative
endotrivial modules.

LEMMA 3.2.1.
If M € mod(kG) is a V-endotrivial module, then so is M & W for any W € Proj(V).

Proor. Compute
Endy (M & W) = End, (M) & (M* @ W) @ (W* @ M) & (W* @ W)
>k (V—proj) @ (V —proj) ® (V — proj)
=ka (V—proj).
O

The next easy result is the first step towards the construction of an abelian group structure on
the class of relative endotrivial modules.

IThe algebraic geometers ([Ball0]) say that the ®-invertible elements of stmod(kG) have been dubbed endotrivial
by the representation theorists. We follow up and dub V-endotrivial the ®-invertible elements of stmody (kG).
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LEmMMA 3.2.2.

Let M be a V-endotrivial kG-module and assume there is a direct sum decomposition M = My @ M,
then one of My or My is V-endotrivial and the other is V-projective. In consequence, M is
V-endotrivial if and only if its V -projective-free part is indecomposable and V -endotrivial.

PROOF. By assumption, we have
k (S5) (V —proj) = El’ldk(M) = Endk<M0) (&) HOIII]C(]\407 Ml) D Homk(Ml, Mo) D Endk(Ml) .

As a result, the Krull-Schmidt theorem forces the trivial module k to be a direct summand of
either Endg(Mpy), or Endg(M7). Indeed, if it were not the case, k would be a direct summand
of Homy (Mg, M1) or Homy (M;, My). But the two latter modules being dual to each other, k @
k would be a direct summand of Endy (M), which is not possible because, by the assumption
that V is absolutely p-divisible, ¥ ¢ Proj(V) (Proposition 2.8.3). Thus we may assume that
Endy (M) = k& (V — proj) and Endy(M;) € Proj(V). But, by 2.2.2, My € Proj(V) if and only
it My ® My € Proj(V). In conclusion, My is V-endotrivial and M; € Proj(V), as required. O

3.3. Examples and constructions

Ordinary endotrivial modules are endotrivial relatively to any kG-module V. In particular, so
is any one-dimensional kG-module x. Indeed, x* ®; x = k because it is one-dimensional and thus
trace map Tr, splits.

The other class of examples of V-endotrivial modules that springs to mind is given by the
kernels (and cokernels) of V-projective resolutions of the trivial module and in particular, the
relative syzygies Q. (k), n € Z. More generally, we have the following construction to manufacture
new V-endotrivial modules from old ones :

LEMMA 3.3.1.

(a) Let P € Proj(V) and 0 — L — P — N — 0 be a V-split short exact sequence.
Then N is V-endotrivial if and only if L is.

(b) Let M be a V-endotrivial kG-module. Then the kG-modules Qf, (M) are V-endotrivial
modules for every kG-module W € Proj(V) and for every n € Z.

PROOF.

(a) follows from (b). Indeed, the sequence 0 — L — P — N — 0 can be seen as a
V-projective presentation of N as well as a V-injective presentation of L. In consequence,
L=Qy(N)=ZQy(N)® (V—proj) and N = Q' (L) = Q' (L) @ (V — proj), by 2.12.1.

(b) Using the arithmetic of the relative syzygies developed in section 2.12 compute:

Endy, (Qfy (M) 2= Q5 (M)* @ Oy (M) = Qyy (M* @ M) & (W — proj)

= Oy (k@ (V = proj)) & (W — proj)

= Oy (k) ® QY (V — proj) & (W — proj)

=ka (V—proj) ® (W —proj) = ko (V — proj)
The last isomorphism comes from the assumption that W € Proj(V). For, the last-but-
one isomorphism, Q9 (k) 2 k because k ¢ Proj(W) C Proj(V) # mod(kG) and because
QY (k) is W-projective-free, and Q9 (V — proj) = (V — proj) by Lemma 2.12.3.

O
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Furthermore, the class of V-endotrivial kG-modules is closed under taking tensor products, duals
and thus under application of Homy(—, —).

LEMMA 3.3.2.
If M, N are V-endotrivial kG-modules, then so are the modules M @ N, M* and Homy(M, N).

Proor. Compute:
Endx (M ® N) = Endg (M) @ Endy(N) = (k@ (V —proj)) @ (k& (V — proj))
> ko (V —proj)

Moreover M* is V-endotrivial because Endy(M*) = Endy(M). Finally Homy(M,N) = M* Q@ N
which is V-endotrivial by the preceding arguments. O

LEmMMA 3.3.3.
Let V € mod(kG) be absolutely p-divisible. Let M be a kG-module such that M = N1® Na for some
N1, Ny € mod(kG) . Then M is V-endotrivial if and only if both N1 and Ny are V-endotrivial.

PRrROOF. If M is V-endotrivial, then k@ (V —proj) 2 M* @ M = Ny ® N1 ® N ® Ny . Since V
is absolutely p-divisible, then in the first place k ¢ Proj(V) and, in the second place, by Lemma
3.1.3, dimy (M) is coprime to p. Hence so are dimy (N1) and dimy (Nz). Thus it follows from Lemma
2.2.1 and the Krull-Schmidt theorem that Ny ® Ny =2 k@& (V —proj) and Ny @ No = k@ (V —proj).
As required. O

Next, we investigate the behaviour of relative endotrivial modules with respect to standard group
operations.

LEMMA 3.3.4.

(a) If H is a subgroup of G and M a V-endotrivial kG-module, then M ig s aV l,g—
endotrivial module.
(b) If N is a normal subgroup of G and M a V -endotrivial k|G /N]-module, then Infg/N(M)

is an Infg/N(V)—endotrivial module.

(c) Let ¢ : G1 — Ga be a group isomorphism and M a kG1-module. Then M can be seen

as a kGo-module, denoted by Isogf (M), the action of G2 on M being given via p~1.

Furthermore, if V is a kG1-module and M is a V-endotrivial kG1-module then Isogf (M)
becomes an Isogf (V))-endotrivial kGa-module.

ProOOF. Use Lemma 2.6.1 to compute:
End (M%) = End, (M) 152 (k@ (V —proj)) 9= k1S o(V — proj) 19= k@ (V1S —proj)
This proves (a). Likewise:
Endy,(Infg (M) = Infg y (Endi (M)) 2 Infg y (k & (V — proj))
= InfG (k) @ Inf (V — proj) = k& (InfS (V) — proj)
and
Endy (Iso&? (M)) 2 Isog? (Endk (M) 2 Isog? (k & (V — proj))
= Isogf (k)& Isogf (V—proj) 2 ke (Isogf (V) —proj) .
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Tensor induction. The tensor induction of a relative endotrivial module does not necessarily
produce a relative endotrivial module either. A counterexample will be provided in section 7.6.

Induction. Relative endotrivial modules are, in general, not stable under induction. This is easily
seen by considering the group G := C5 x C3 and its index 3 subgroup H := C3 x 1. Then, the trivial
kH-module k is endotrivial, but the induced module & Tg can’t be endotrivial relatively to any
kG-module since it is indecomposable and thus by the Benson-Carlson Theorem 2.8.1, the module
(k1%)* ® k1% does not have the trivial module as a direct summand. (This example extends to
any indecomposable relative endotrivial kH-module M and any G > H satisfying the hypothesis
of Green’s indecomposability criterion, since then dimy(M 1) = |G : H|dimg(M) is divisible
by p.)

Notwithstanding, if the problem is taken the other way around, here is a condition for an
induced module to be relatively endotrivial:

LEMMA 3.3.5.
Let V € mod(kG) be absolutely p-divisible. If M is a V -endotrivial kG-module such that M = L1

for some proper subgroup H of G and some L € mod(kH), then H contains a Sylow p-subgroup of
G and L is Vig-endotrivial.

PROOF. First, because M is V-endotrivial, dimg(M) is coprime to p and therefore so are
dimy L and |G : H|. Thus H must contain a Sylow p-subgroup of G.
Then, Theorem 2.9.3 implies that Vigf, is absolutely p-divisible as well. Furthermore, the Mackey
formula implies that L |M ig, which, for dimensional reasons, is not V' ¢§I-pr0jective (Lemma
2.8.4). It follows that L is V ig—endotrivial. Indeed, by the previous lemma, M ig is V ig—
endotrivial, thus by 3.2.2 we can write M [$= My® (V& —proj) with My its unique indecompos-
able and Vig—endotrivial. Now, looking at dimensions, dimy(My) is coprime to p and any direct
summand of the V' |§-projective part has dimension divisible by p, so that L, as a direct summand
of M |%, must be of the form My @ (V1§ —proj) as well. |

3.4. Self-equivalences of the relative stable category

From the categorical point of view, one reason for interest in endotrivial modules comes from
the fact that the tensor product with an endotrivial module always induces a self-equivalence
of the stable category stmod(kG). We establish in this section that, in like manner, the tensor
product with a V-endotrivial module always induces a self-equivalence of the relative stable category
stmody (kG) associated with the module V. To start with, we dissect the tensor product with a
V-endotrivial module in mod(kG).

LEMMA 3.4.1.

Let V' be an absolutely p-divisible kG-module and M be an indecomposable kG-module with dimen-
ston coprime to p.

Then, M is a V-endotrivial kG-module if and only if for any indecomposable kG-module N, the
tensor product M ® N has at most one non-V -projective indecomposable direct summand.

More accurately, for the necessary condition we have:

(a) if N € Proj(V), then M ® N € Proj(V) and so do all its direct summands.
(b) if N ¢ Proj(V), then M ® N has exactly one non-V -projective direct summand.
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PRrROOF. Note that because M has dimension coprime to p, M ¢ Proj(V). For the necessary
condition, statement (a) is given by Lemma 2.2.2, parts (a),(b) and (f). For statement (b), Lemma
2.8.5 ensures that if N ¢ Proj(V), then M ® N ¢ Proj(V) either, therefore M @ N has at least
one non-V-projective direct summand. In order to prove that it is unique, write

M@ N = @Ai@(V—proj)
iel
where @, ; A; is a decomposition into indecomposable summands of the V-projective-free part of
M ® N. Then, on the one hand, we get

M*®(MaN)=M @ P AieV—proj) = (M @A) &V — proj)
iel el o

¢Proj(V)

where, because M is V-endotrivial, it is not absolutely p-divisible so that we can invoke Lemma

2.8.5 to obtain that none of the modules M* ® A; belongs to Proj(V). But, on the other hand,

because M is V-endotrivial,

M*"@M@N 2 (k®(V—proj)) @ N =N & (V — proj)

in which decomposition N is the unique non-V-projective indecomposable summand. Therefore,
using Krull-Schmidt to compare the two decompositions of M*® M ® N yields |I| = 1, as required.

Conversely, taking N = M* means that M* @ M =2 L & (V — proj) for some L € mod(kG).
Moreover, since dimy, M is coprime to p, Lemma 2.2.1 states that the trivial module k is a summand
in M* ® M. Since V is absolutely p-divisible, k& ¢ Proj(V) and therefore the Krull-Schmidt
Theorem forces the existence of a decomposition M* @ M = k@ (V — proj). In other words, M is
V-endotrivial. g

Passing to the relatively V-stable category stmody (kG) provides us with the desired nicer
statement:

PROPOSITION 3.4.2.

Let V' be an absolutely p-divisible kG-module and M be a V -endotrivial module. The tensor product
with M induces a self-equivalence of the relative stable category stmody (kG) with inverse induced
by the dual module M*:

M®
stmody (kG) <= stmody (kG)
M*®—

PROOF. First, by the lemma, the tensor product of a V-projective module with M or M* is
V-projective again. Then, let N be an indecomposable non-V-projective kG-module. Because M
is V-endotrivial, we have seen in the lemma that M* @ M @ N = N @& (V — proj) in mod(kG),
hence M* ® M @ N = N in stmody (kG). The same is true, if we swap the roles of M and M*.
Since the isomorphism M* @ M =2 k@ (V — proj) is natural (obtained via the trace map Trpy), it
follows that M ® — and M* ® — are self-equivalence of stmody (kG). O

3.5. Vertices and sources of relative endotrivial modules

To begin with, here is a well-known characterization of the dimension of modules with vertices
strictly smaller than Sylow p-subgroups. Having found no reference for it, for completeness we give
a quick proof using the language of relative projectivity.
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LeEmMMA 3.5.1.
Let M be an indecomposable kG-module and assume that a vertex Q of M is strictly smaller than
a Sylow p-subgroup P of G. Then p divides the k-dimension of M.

PrOOF. By assumption M € Proj(k Tg) Thus Proj(M) C Proj(k Tg) by 2.2.2 and
Proj(k Tg) # mod(kG) because ) < P (this is well-known from the theory of vertices and sources).
In consequence Proj(M) C mod(kG). Hence by Proposition 2.8.3, M is absolutely p-divisible so

that p | dimg (M) because it is indecomposable. O

As a consequence, this lemma allows us to characterize the vertices of relatively endotrivial
modules and compute their sources.

LemMMA 3.5.2.
Let V' be an absolutely p-divisible kG-module and M be an indecomposable V -endotrivial kG-module.
Then:
(a) The vertices of M are the Sylow p-subgroups of G.
(b) If (P,S) is a vertez-source pair for M, then S is a V |%-endotrivial module S has multi-
plicity one as a direct summand of MiIGD.

(c) Assume moreover that M 3= k @ (V 1G —proj), then the trivial kP-module is a source
for M.

PROOF.
(a) The contrapositive statement of the previous lemma asserts that the vertices of a module
with dimension coprime to p are the Sylow p-subgroups. Hence the result.

b) By assumption S| M |G, so that S* | M* |G and
( P P
S®©S8*|MIE @S* | Mg @M* |3 (M@ M*)|§= ke (VI —proj).

Thus it remains to show that k|S ® S*. Assume ab absurdo that it is not the case,
then S ® S* has to be V |$-projective by the above and therefore, so is S by 2.2.2. In
consequence,

M |S1% € (Proj(VI8))1¢ € Proj(V)
by Lemma 2.6.3, which contradicts the fact that for an absolutely p-divisible module V,
an indecomposable V-endotrivial module is V-projective-free.
(c) Since P is a Sylow p-subgroup, M is P-projective so that

M| MIGSE = (ke (VIS —proj) 182 k1E @(VIE —proj))16= k1¢ @(V — proj),

by Lemma 2.6.3 (¢). Moreover, M is V-projective-free by assumption, thus the Krull-
Schmidt theorem yields that M |k Tg. In consequence, P being a vertex of M, k is a
source of M.

O

3.6. Group structure

We can now copy the group structure on the ordinary endotrivial modules. Let V' € mod(kG)
be an absolutely p-divisible module and set an equivalence relation ~y on the class of V-endotrivial
kG-modules as follows: for M and N two V-endotrivial modules let

M ~y N if and only if My = Ng,
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where My and Ny are the unique V-endotrivial indecomposable summands of M and N, respec-
tively, given by 3.2.2. This amounts to requiring that M and N are isomorphic in stmody (kG).
Then let Ty (G) denote the resulting set of equivalence classes. In particular, any equivalence class
in Ty (G) consists of an indecomposable V-endotrivial module My and all the modules of the form
My @ (V — proj).

PRrROPOSITION 3.6.1.
The ordinary tensor product ®y induces an abelian group structure on the set Ty (G) defined as
follows:

[M] + [N]:= [M ®j. N]

The zero element is [k] and the opposite of a class [M] is the class [M*]. Moreover Ty (G) is called
the group of V-endotrivial modules.

Notice that we use an additive notation, which is consistent with the choice made in [BT00]
and related articles treating endo-permutation and endotrivial modules.

PROOF. The composition law 4+ is clearly commutative. It is also clearly well-defined by
Lemma 3.3.2. Furthermore, if M ~y M’ and N ~y N’ then M = My & (V — proj),
M =2 My®(V —proj), N 2 No&® (V —proj), N' =2 Ny @ (V — proj), with My, Ny indecom-
posable V-endotrivial modules. The omnibus properties of relative projectivity imply that

M ®@ N = (My® Noy) @ (V —proj) and M' @ N' = (My ® No) & (V — proj),
that is M @ N ~y M’ @ N'. O

COROLLARY 3.6.2.
If M is a self-dual, V-endotrivial kG-module, then [M] has order one or two in Ty (G). Moreover
[M] has order one if and only if M = k.

PROOF. By assumption M @ M = M* @ M = k& (V — proj) so that 2[M] = [k]. O

EXAMPLE 3.6.3.

To give a first example, this simple observation can be applied at once to the concrete case of a
cyclic p-group Cpn, n > 1. Indeed, all the indecomposable kCpn-modules are self-dual. There-
fore, whatever the choice of the absolutely p-divisible module V', it can be deduced that the group
Ty (Cpn) is an elementary abelian 2-group. We shall give a complete description of all the different
groups of relative endotrivial modules for cyclic p-groups in Chapter 5.

CATEGORICAL SETTING 3.6.4.

The group Ty (G) of V-endotrivial modules may as well be considered as the group T'(G) of V-stable
isomorphism classes of V-endotrivial modules. Furthermore, following the ideas of [Ball0], from the
point of view of a ®-triangular geometer, Ty (G) is nothing but the Picard group Pic(stmody (kG))
of the ®-triangulated category (stmody (kG), ®, k).

We further note that here the terminology Picard group does not designate the group of self-
equivalences of stmody (kG) as it would for some authors in representation theory. Here, if (K, ®, 1)
is a ®-triangulated category, then Pic(K) designates the abelian group of isomorphism classes [x]
of ®-invertible objects, with addition [z] + [y] = [r ® y| and zero 0 = [1]. Hence the equivalence
above.
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3.7. Some subgroups of Ty (G)

LEMMA 3.7.1.
Let U,V € mod(kG) be absolutely p-divisible modules such that Proj(V)) C Proj(U). Then:

(a) Every V-endotrivial kG-module is U-endotrivial.

(b) If M and N are V-endotrivial modules such that M ~y N, then M ~y N as well. In
consequence, Ty (G) can be identified with a subgroup of Ty(G) wia the injective group
homomorphism

[ Tv(G) — TU(G)
M]y  — [M]y
By abuse of notation, we shall simply write Ty (G) < Ty (G).

PROOF.

(a) Let M be a V-endotrivial module, then End, (M) 2 k& (V —proj) = k@ (U — proj), i.e.
M is U-endotrivial.

(b) Write M = My @ (V — proj) and N = Ny & (V — proj) with My, Ny indecomposable
and V-endotrivial. Then M ~y N implies that My = Ny. By (a), My and Ny are U-
endotrivial, so that M ~y N. In consequence ¢ is a well-defined group homomorphism.
The injectivity follows from the uniqueness of the indecomposable summand M.

O

The study of relative endotrivial modules for the Klein Group Cy x Co will show that it
is possible to have a strict inclusion Proj(V) C Proj(U) but an isomorphism Ty (G) = Ty (G).
Nevertheless, a strict inclusion Proj(V') € Proj(U) implies that the class of V-endotrivial modules
is strictly contained in the class of U-endotrivial modules. Indeed, if M € Proj(U) \ Proj(V),
then, on the one hand, L := k & M is U-endotrivial, since

Endy(L) = koMo M* ® (Mo M) =ka (U - proj),

but on the other hand it is not V-endotrivial, otherwise M would be V-projective. Besides, this
argument shows that there are more modules belonging to the class [k] in Ty (G) than in Ty (G).

CONSEQUENCE 3.7.2.
The group T(G) of ordinary endotrivial modules is a subgroup of Ty (G) for every absolutely p-
divisible V' € mod(kG). For Proj C Proj(V), thus Lemma 3.7.1 yields T(G) < Ty (G).

ONE-DIMENSIONAL REPRESENTATIONS.
If G is a finite group, we shall follow the notation of [MT07] and denote by X (G) the abelian group
of all isomorphism classes of one-dimensional kG-modules endowed with the group law induced by
®g, which can also be identified with the group Hom(G, k*) of k-linear characters of G. It is a
p’-group, isomorphic to the p’-part of the abelianization G/[G, G] of G.

As mentioned before in Section 3.3, a one-dimensional module y is V-endotrivial for every
absolutely p-divisible kG-module V', because x* ® x = k. Therefore there is an embedding

X(G) — Tv(G)
x  — .

mapping a one-dimensional module to its class in Ty (G). Formalism would require to denote by
Xv(G) the image of X(G) in Ty (G), where the law is written additively, nonetheless, in order to
keep light notation, we shall simply use X (G) instead of Xy (G) and, in addition, consider it as a
subgroup of Ty (G). Thus there is always a chain of subgroups:

X(G) < T(G) < Ty (G)



58 3. THE GROUPS OF RELATIVE ENDOTRIVIAL MODULES

3.8. Computing with relative syzygies.

NOTATION.
Let V € mod(kG). For simplicity of notation, in the sequel of this text, we shall denote by Qy

the class of the relative syzygy module Qy (k) in any group of relative endotrivial modules Ty (G)
such that V' € Proj(W).

The following formulae are basic rules for computations with relative syzygies in groups of
relative endotrivial modules:

LEMMA 3.8.1.

Let n > 2 be an integer and V1, ..., V, € mod(kG) be pairwise non isomorphic absolutely p-divisble
modules.

(a) In Ty, (G), for any indecomposable Vi -endotrivial kG-module N :
[QVI (N)} = [ﬁVl (N)]

(b) In Ty,ev,(G):
Qy, + Qv, = [, 0 Qs (k)]
(¢) In Tv, v, (G):
Do, = Qv + Qy, — Qvien,
(d) More generally, in Ty,e. av, (G):

n

Wis ov, =2 DTC Y Qseen,)

s=1 1<i1<...<is<n

PROOF.
(a) Qy, (N) is a notation for any module of the form Qv, (V) ® (Vi — proj), thus, in any

case, (dy;(N) is the unique Vi-endotrivial summand in Qv, (N). Hence the equality
[Qv, (N)] = [y, (V)] € Ty, (G) follows.

(b) By definition of the addition [Qy, (k)]+[Qv, (k)] = [Qv, (k) @Qv, (k)]. Moreover by Lemma
2.12.1, Qy, (B)@Q, (k) = Qv, (v, (k))®(Vi—proj), hence the equality [Qy, (k)@Qy, (k)] =
[Qv, 0 Qy, (k)] in Ty, ev, (G) since Proj(Vy) C Proj(Vy & Va).

(¢) Let us compute:
Qv, + Qu, = [Qv, 0 Qy, (k)] by part (b)
= [Qv, 91, © Qv o1, (k)] by Proposition 2.12.5
= Qv ev, + Quuev, by part (b) again.
Whence the formula Qv, ¢y, = Qv + Qv, — Qvigv, -

(d) By part (c¢), the formula holds for n = 2. Thus we can proceed by induction on the
integer n. Let n > 3 and assume as induction hypothesis that the formula holds for every
(n — 1)-tuple of absolutely p-divisible modules Vi,...V,,_1 € mod(kG). Then, applying
part (b) to the modules Vi @ ... ® V;,_1 and V;, yields:

Mis..ov, = Wie.ev, 1 T, —Quie..ev. eV,
1

= > (=17 > Qv @--0vi,) + W, — Qvie..ev._ev,
1 1<i1<...<is<n—1

n

@
Il
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by the induction hypothesis. Moreover, applying the induction hypothesis a second time
to the class Qv ¢..0v,_)ov, yields:

Qvie..ov._nev. = QWieV,)®...eV._10V.)

n—1
= (=" > Qi ovi)e-oVi.oV.))
s=1

1<i1<...<is<n—1

n—1
= (—1)*TY( > W, Vi, oV.)
s=1

1<iy <...<ig<n—1

since Proj((V,)®"=1) = Proj(V,) by Proposition 2.2.2. As a result

n—1
_ s+1
Wigav, = > (-1 > Qv -avi,) + v, — Qvie..ov._av,
s=1 1<i1<..<is<n—1

n—1
=3 (1) > Qv;, @--0vi,) + v,
s=1

1<iy <...<is<n—1

n—1
- Z(—l)SH( Z Qv -0V, 8V,)
s=1

1<ig <...<is<n—1

_ Z(*1)3+1( Z QV;,1®“-®V1‘5) .

1<i1<...<is<n

REMARK 3.8.2.
Depending on the situation it can be interesting to use the following more manageable form for
formula (d) of the lemma:

n n
Mie.ov. = Z Qv, = Z%i;}w@vj

i=1 j=2

In particular, if H := {H;,..., H,} is a family of subgroups of the group G such that the kG-module
V(H) is absolutely p-divisible, then by Corollary 2.12.6 the latter formula reads

3.9. Standard homomorphisms.

In order to make further links between different groups of relative endotrivial modules, we
define group homomorphisms and actions induced by group operations.

Restriction. Let H be a subgroup of G and let V' an absolutely p-divisible kG-module such that
V 1% is absolutely p-divisible too. Then both the groups Ty (G) and T via (H) are well-defined. If

M is a V-endotrivial kG-module, then M % is a V |$-endotrivial kH-module. Therefore, in this
case restriction to a subgroup induces a well-defined group homomorphism:
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Resg: Tv(G) — TVl'g(H)
(M) — [MUF]

Indeed, Resg is a group homomorphism since restriction and ®j; commute. Furthermore, by
Lemma 2.6.3, the map Resg is independent of the choice of the generator V' for Proj(V).

Inflation. Let N be a normal subgroup of a group G such that p||G/N|. If V is an absolutely
p-divisible k[G /N]-module, then both the groups Ty (G/N) and TInfg/N(V)(G) are well-defined. In

addition, if M is a V-endotrivial k[G/N]-module, then Infg (M) is Inf& y (V)-endotrivial. Thus
inflation induces an injective group homomorphism:

Infg/N3 Ty (G/N) = TInfg/N(V)(G)
[M]  — [Inf&)n(M)]

Indeed, inflation and ®j; commute. Furthermore, by Lemma 2.6.6, the map Infg /N 1s independent
of the choice of the generator V for Proj(V).

Isomorphism. Let ¢ : G; — G4 be a group isomorphism. If M is a kG;-module, then it can be
seen as a kG>-module, denoted by Iso()(M), the action of G being given via ¢~!. Furthermore, if
V is an absolutely p-divisible kG1-module, then Iso(p)(V') is an absolutely p-divisible kGo-module,
and if M is a V-endotrivial kG1-module, then M becomes an Iso(p)(V)-endotrivial kGa-module.
This operation induces a group isomorphism:

Iso(p): Tv(G1) — Tiso(e)(v)(G2)
M} — [Iso(p)(M)]
A concrete example of such an isomorphism between groups of relative endotrivial modules is
provided below by conjugation.

REMARK 3.9.1.

It should be noted that the three cases of restriction, inflation, and isomorphism can be unified in
the single case of restriction along a group homomorphism G; — G3. Nonetheless, we do not
do it in these terms because of restriction for which we need to require that the module Vifl is
absolutely p-divisible. This shows that an arbitrary group homomorphism, and in particular an
inclusion of subgroups, would not necessarily induce a well-defined group homomorphism between
the corresponding groups of relative endotrivial modules.

Conjugation. Let H < G be a normal subgroup and V' be an absolutely p-divisible G-invariant
kH-module. Then, for all g € G, 9Proj(V) = Proj(V) and 9H = H. Therefore, conjugation
induces a well-defined action of G (or rather G/H), on the group Ty (H) given by:

G x TV (H) — TV (H)
(9:[M])  +— [*M]

In case the subgroup H and the module V' are not assumed to be normal nor G-invariant, then
the above assignment does not yield a group action. Nevertheless, for any element g € G, the
conjugation isomorphism v, : H — 9H induces a group isomorphism

ve: Tv(H) — Te(9H)

M]  +— [9M)]

In particular, if H < G, then Ty (H) = Toy (H).



CHAPTER 4

RESTRICTION MAPS

The purpose of this chapter is to relate groups of relative endotrivial modules for a group G to
those for a Sylow p-subgroup P of G or a subgroup H containing P. In particular, links between
endotrivial modules for G and the normaliser Ng(P) of the Sylow subgroup can be obtained by
Green correspondence. Most of the results presented in this chapter are generalisations of results
concerning ordinary endotrivial modules which can be found in [MT07], [CMNO06] and [Maz07].

4.1. Restriction to a Sylow p-subgroup

To begin with, we describe restrictions to a Sylow p-subgroup. The following easy properties
generalise [CMNO06, Prop. 2.6].

LEMMA 4.1.1.

Let P be a Sylow p-subgroup of G and H a subgroup of G containing P. Let V be an absolutely
p-divisible kG-module.

(a) Let M be a V-endotrivial kG-module. Then M is a direct summand of a V | -endotrivial
module induced from H to G, namely the module M [$1%.
(b) Let M be a kG-module such that Mig 18 Vig—endotm’m’al, then M is V-endotrivial.

PRrOOF.
(a) Since H > P, by H-projectivity M | M [$1G where M % is V | $-endotrivial by 3.3.4.
(b) As M |% is V | %-endotrivial and V ] is absolutely p-divisible,
(dimg M)? = (dimy M1$)?>=1 mod p.
In consequence both the trace map and its restriction to H split, so that
M*®@ M =k @ ker(Tr)
and
(M1$)* @ M52 k@ ker(Tr) G
where ker(Tr) |% has to be V |G-projective by the assumption that M |G is V |G-
endotrivial. Besides, by H-projectivity, ker(T7r) | ker(Tr) %1% € Proj(V) by 2.6.4.

61
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Therefore ker(Tr) is a V-projective module as well and M* @ M = k & (V — proj)
as required.

O

We now treat the special case of a normal Sylow p-subgroup. The next proposition and its
corollary partly generalise [CMNO6, Prop. 2.6, (d)] and [Maz07, Cor. 2.7].

PRrROPOSITION 4.1.2.

Let P be a normal Sylow p-subgroup of G. Let V' be an absolutely p-divisible kG-module. Then, an
indecomposable kG-module M is V -endotrivial if and only if its restriction to P is an indecompos-
able V |G-endotrivial module.

PROOF. Suppose M is an indecomposable V-endotrivial module. Let M ig =N B---D Ny,
s € N, be a decomposition into indecomposable summands. Since P is a vertex of M (see 3.5.1),
one may assume, without loss of generality, that N; is a source for M, so that M | Ny TIGJ as well.
Thus, given that P is normal in G, the Mackey formula yields

M IN1EEe P Ny

g€[G/P]

Now, on the one hand M |G is V |%-endotrivial, which is more accurately the direct sum of an
indecomposable Vig—endotrivial module, whose k-dimension is coprime to p, and a Vig—projective
module, all of whose indecomposable summands have k-dimension divisible by p. On the other hand
the G-conjugates 9N; of V7 are all indecomposable with k-dimension equal to that of N;. Therefore,
this forces M [ to be indecomposable (V |%-endotrivial). Conversely, let M be such that M |% is
an indecomposable Vig—endotrivial module. Firstly the fact that M Lg is indecomposable forces
M to be indecomposable as well, and secondly it follows from part (b) of Lemma 4.1.1 that M is
V-endotrivial. |

As a consequence, when the Sylow p-subgroup P is normal in the group G, then the V-
endotrivial modules are detected upon restriction to P. Since the restriction of a V-endotrivial
module is G-invariant, at the level of groups of relatively endotrivial modules, there is an inclusion

Im(Res%) < ng(P)NG(P)/P.

A natural question is to ask when this inclusion is indeed an equality, that is when the restriction
map is actually surjective onto the Ng(P)/P-fixed points of Ty, (P). We shall see further in
Chapter 5 that, for instance, it is always the case for groups with cyclic Sylow p-subgroups.

COROLLARY 4.1.3.
Let P be a normal Sylow p-subgroup of G. Let V be an absolutely p-divisible kG-module, M be an
indecomposable V -endotrivial module and (X, d.) be a V -projective resolution of M. Then:
(a) (X, 0x) is minimal if and only if (X« 1%, 0.1%) is a minimal V |G-projective resolution
of M1E;
(b) in particular, Q% (M) |G = Q%g (M 1S) for all integers n.

PROOF. Given that (X, d.) is a minimal V-projective resolution, for each integer n > 0 there
is a V-split short exact sequence

0 —= QU (M) — X,, — 2= Q. (M) —>0 .
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Restricting it from G to P yields a V [§-projective presentation of Q%G (M)|$ :
P

98
0 —=Qp (M)IE — Xl —= QM) I —0

although, it is not necessarily minimal. However, by 2.12.1,
QL (M) 162 QUL (MAE) & (V4G —proj) and Q4 (M) 162 Q5 (ML) & (V4§ —prog)
Besides, by the proposition, both these modules are indecomposable so that the Vig-projective

factors are zero. Therefore the above short exact sequence is indeed

n onl
0—= QU (MG — X, 1§ —= Q. (M 1E) —0 .

Hence the minimality of (X, 5,0, 1%). The converse is trivial. |

4.2. Restriction to the normaliser of a Sylow p-subgroup

The goal is now to figure out the behaviour of restriction maps from a group G to the normaliser
of a Sylow p-subgroup P or a subgroup H containing N¢g(P). The picture to keep in mind is the
following:

It follows from Theorem 2.9.3 and Section 3.9 that for every absolutely p-divisible kG-module V'
there is a well-defined restriction map

Res$ : Ty (G) — Ty, (H).
The following statement generalises [CMNO06, Prop. 2.6.(a)].

LemMA 4.2.1.
Let P be a Sylow p-subgroup of G and let H be a subgroup of G containing Ng(P). Let V € mod(kG)
be an absolutely p-divisible module. Then both the restriction maps Res$; : Ty (G) — ng(H)

and Resf,c(P) 1 Tyye (H) — ngc(m (N (P)) are injective.

PROOF. Since Ny (P) = Ng(P), it suffices to show that Res% is injective. Let M be an
indecomposable V-endotrivial kG-module. By Lemma 3.5.2, P is a vertex of M. Then, on the one
hand, the Green correspondence for the triple (G, H; P) yields:

MG~ Gr(M)® X

where Gr(M) is an indecomposable kH-module with vertex P and X € Proj(Y) with
Y={*PNH|x € G\H}. But PN H < *P for all z € G\ H, otherwise P would be a
Sylow p-subgroup of H which is not possible, since then there would be h € H such that "*P = P,
that is ha € Ng(P) C H and « € H. Therefore all the direct summands of X have a vertex strictly
smaller than P. On the other hand, M ig isa Vig—endotrivial module, that is:

M5 = My (V1§ —proj)
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with My an indecomposable Vig—endotrivial module, thus with vertex P by 3.5.2. In consequence,
the Krull-Schmidt theorem implies that My = Gr(M), the kH-Green correspondent of M, whose
uniqueness yields the injectivity of Resg. |

REMARK 4.2.2.
As a scholium, note that in particular an indecomposable V-endotrivial module restricts to Ng(P)
as

M 1S(p) 2 Mo ® (VIS (p) —proj)

where the V ¢%G( P)—projective part is actually projective relatively to the family of subgroups
Y ={"PNNg(P)|z € G\Ng(P)}.

4.3. Cases in which restriction maps are isomorphisms

Knowing that the restriction map Res$ : Ty (G) — Ty,c (H) is injective for every subgroup
H containing the normaliser Ng(P) of a Sylow p-subgroup P, the next question that arises is
to understand when this map is an isomorphism. The last section on groups with cyclic Sylow
p-subgroup shall provide us with examples in which the answer depends on the module V' to which
relative projectivity is considered. Notwithstanding, one can show that in case the subgroup H is
strongly p-embedded in G, then Resg is always an isomorphism, however the choice of the module
V. This result generalises the similar result for ordinary endotrivial modules that can be found, for
instance, in [MTO07, Lem. 2.7]. Furthermore, the proof of this result provides us with the following
more general sufficient condition on the module V for the restriction map to be an isomorphism.

LEMMA 4.3.1.

Let P be a Sylow p-subgroup of G and H < G a subgroup containing the normaliser Ng(P) of
P. Let V be an absolutely p-divisible kG-module. If Proj(V |%) 2 Proj(Y), where Y is the
family of subgroups {9PNH |g € G\ H} involved in the Green correspondence, then the restriction
map Resg Ty (G) — ng(H) s an tsomorphism. Furthermore, the inverse map s induced by
induction, so that

Ty (G) = {[M1§]|[M] € Ty,e (H)} = Ty (H)

More accurately, on indecomposable Vig—endotm‘vml modules, the inverse map is induced by the
Green correspondence, that is, if T'(M) denotes the Green correspondent of an indecomposable
kH-module M, then

Ty (G) = {[T(M)]| M is an indecomposable V |G -endotrivial kH-module} .

PRrROOF. By 4.2.1, the map Resg is one-to-one, therefore it only remains to show that it is
onto as well. Let L be an indecomposable V' |§-endotrivial module. The Mackey formula yields
the isomorphism.

L= Le @ L= Lol
g€E[H\G/H]
geG—H

where, by the proof of the Green correspondence, L' € Proj()), so that
L1G5= Le (Y —proj) = L& (Vg —proj)
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by assumption. In other words, LT%,?I is Vig—endotrivial and consequently LT% is V-endotrivial
by 4.1.1. Therefore, ResG([L15]) = [L 1G] = [L]. Hence the surjectivity of Res%. Moreover,
the proof of the injectivity of Resg shows that the unique indecomposable V-endotrivial summand
of LT% has to be isomorphic to the kG-Green correspondent of L.

It follows from the proof of the injectivity (Lemma 4.2.1) that the inverse map is induced by
Green correspondence on the indecomposable modules. To see that, alternatively, it is induced by
induction, let [M] € ng (H) and write M = My & (V ig —proj) with My an indecomposable
V |%-endotrivial module. Then,

MG 2 Mot &(V G —proj) 152 T(Mo) & (X — proj) & (V — proj)

where X is the familly of subgroups involved in the Green correspondence, as described in section 2,
and Proj(V1%)1%C Proj(V) by Lemma 2.6.3. As just mentioned above, I'(Mp) is V-endotrivial,
therefore it remains to check that Proj(X) C Proj(V'). But this is a consequence of the hypothesis
that Proj(V1%) 2 Proj()). Indeed, at the level of k H-modules, Proj()) 2 Proj(X) by definition
of the families X and Y, thus Proj(V %) D Proj(X). Inducing to G yields in mod(kG) the required

inclusions
Proj(V) 2 Proj(VI$)1% 2 Proj(X) 1= Proj(X).

COROLLARY 4.3.2.
If the subgroup H is strongly p-embedded in G, then Resg Ty (G) — Tyye (H) is an isomorphism.

Proor. If H is strongly p-embedded in G, then for any g € G\ H the subgroup 9H N H has
order coprime to p, thus J = {{1}}. Therefore Res% is an isomorphism, regardless of the module
V, since then Proj(V %) 2 Proj(Y) = Proj for any kG-module V.

|

For instance, if the Sylow p-subgroup P is a trivial intersection subgroup (TI), then Ng(P) is
strongly p-embedded in G. Moreover, any strongly p-embedded subgroup contains the normaliser
of some Sylow p-subgroup of G.

REMARK 4.3.3.

(a) The first explicit example that springs to mind for a module satisfying the hypotheses of
the lemma is the absolutely p-divisible module

V= k1§

QEFc

where Fg := {Q < P} is the family of all proper p-subgroups of the Sylow p-subgroup P.
Indeed, for any p-subgroup @ < P < G it results from the Mackey formula that kTg isa
direct summand of kTng, thus

Proj(V 1) 2 Proj(Fu) = Proj(Fu) 2 Proj(y),

where the middle equality was established in Remark 2.5.3.

(b) Finally, it is also worth emphasizing that in general the kG-Green correspondent I'(L)
of an indecomposable V |%-endotrivial module L might or might not be a V-endotrivial
module. Again, the section on groups with cyclic Sylow p-subgroups shall provide us with
a handful of examples illustrating this phenomenon. Nonetheless, whenever the lemma
applies I'(L) is always V-endotrivial.
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4.4. On the kernels of the restriction maps

The next result gives conditions on the module V' under which the kernel of the restriction
map Resg Ty (G) — Tyg (P) is exactly X (G). This generalises [MTO07, Lem. 2.6]. The proof is
the same, it is only analysed more deeply in order to state the results in terms of V-projectivity,
which is less restricting than ordinary projectivity. This criterion shall be especially useful in the
forthcoming chapters dealing with groups having a cyclic Sylow p-subgroup and the Dade group of
a finite group.

LEMMA 4.4.1.
Let G be a finite group and P be a Sylow p-subgroup of G. Let V be an absolutely p-divisible
kG-module.

(a) Let Q be any p-subgroup of G such that the restriction map Resg Ty (G) — ng(Q)

is well-defined, that is such that Vig is absolutely p-divisible. Then X (G) < ker(Resg).

(b) If all the direct summands of V1S have a vertex strictly included in *P N P for every
z € G\ Ng(P), then X(G) = ker(Res®). In particular, if P is normal in G, then
X(G) = ker(Res$).

PRroor.

(a) This is clear since the only one-dimensional k@Q-module is the trivial module.

(b) It remains to show the reverse inclusion. So let M be an indecomposable V-endotrivial
kG-module such that [M] € ker(Res%), i.e. M [$= k@ (V | —proj). Thus, by P-
projectivity, we have:

M| MG = k1 &(VIE —proj)18= k1% &(V — proj)
where by 2.6.1 and 2.6.3 Proj(V [%) 14C Proj(V [$1%) = Proj(V). Now, since by
assumption M is indecomposable and V-endotrivial, that is V-projective-free, M must
be a direct summand of k1%, therefore restricting to P and applying the Mackey formula
yields:
MG | kA= kNI Pl (B ke

z€[P\G/P]
z¢Na(P)

Each summand k14, has a vertex equal to ®P N P. Write V [§ @, Vi,meN, as
a sum of indecomposable modules, and for all 1 < i < n let Q; be a vertex of V;, then

Proj(V12) = @ Proj(Vi) € €D Proj(k1g,) .
i=1 i=1

Assume then that k15, p€ Proj(V %), thus k15, p€ Proj(kTgi) for some 1 <13 < m.
However, Q; <¢ P N P by assumption, contradicting the fact that *P N P is a vertex.
Therefore, none of the summands k 11, belongs to Proj(V |$%), which forces M |
to be a direct summand of k®INe(P):Pl Using once more that MiIGD is Vig—endotrivial
allows us to deduce that M |4 k, for V [§ being absolutely p-divisible, k ¢ Proj(V 1$).
Hence [M] € X(G).

|

In case V = kG, that is if we consider ordinary endotrivial modules, then condition (b) is
equivalent to requiring that “P N P is non trivial for all x € G, as is stated in [MTO07, Lem. 2.6].



CHAPTER 5

Groups WiITH CYCLIC SYLOW p-SUBGROUPS

Part A: Cyclic p-groups

Let G := Cp» be a cyclic p-group of order p”, n > 1 and k an algebraically closed field of
characteristic p. Then kCpn = k[X]/(X —1)P" as k-algebras and M; := k[X]/(X —1)" is the unique
indecomposable kCpn»-module of dimension %, up to isomorphism, for each 1 <7 < p™. Moreover,
for 1 <+¢ < p” this provides a complete list of indecomposable £Cp~»-modules, up to isomorphism.
In particular, M; = k, the trivial module, and My~ = kCp» is the indecomposable projective
module. (See [Thé95, Exercises 5.4, 17.2 and 28.3] for details.) Besides, for all 1 < ¢ < p", a simple
comparison of dimensions yields Q(M;) =2 M,»_;. Also note that the indecomposable absolutely
p-divisible modules are the M;’s with p dividing their dimension ¢. Finally, according to notation
used in [MTO7], for all integers 0 < r < n, we shall denote by Z, the unique cyclic subgroup of
P of order p", with Zy =1, Z; =: Z and Z,, = P. Thus there are isomorphisms M, = kTgﬂ,r
and we keep in mind that projectivity relative to M,  is the same thing as projectivity relative to
the subgroup Z,,_,.. In part A of this chapter we give a classification of the endotrivial modules
relatively to any absolutely p-divisible kG-module V. In part B, we shall use this classification to
treat the case of groups that are not necessarily cyclic p-groups any more, but have a cyclic Sylow
p-subgroup.

5.1. Relative projectivity to modules

The goal of this chapter is first to describe all the absolutely p-divisible modules V for which
the subcategories Proj(V') are strictly different and secondly to describe explicitly all the modules
they contain (up to isomorphism).

LeEmMMA 5.1.1.
For every integer 1 <r <n, IProj(My) = {Mapr|a € N;1 <a <p" "}

PrOOF. Let 1 <r <nand 1 < a < p"" be integers. Consider the subgroup Z,,_, < Cpn of
index p”. By 2.2.2 (c¢), mod(kZ,_,) = Proj(k). In particular, the kZ,_,-module M,, € Proj(k)

67
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thus, by Lemma 2.6.1, we get

Mo 152" € Proj(k 157" ).
In addition, by Green’s indecomposability theorem, both M, Tg:ir and k Tg:ir are indecom-
posable. Because for every 1 < ¢ < p™, there is a unique indecomposable kC}»-module with k-
dimension 4, it is necessary that M, Tg::% Mgy and k TCZJZL% M,yr, so that May,r € Proj(Myr).
This yields the inclusion

{Mopr |1 <a<p" "} CIProj(Myr).

On the other hand, projectivity relative to the module M, is exactly the same thing as projectivity
relative to the subgroup Z,_, of Cp». Therefore, if M is projective relatively to Z,,_,, then by
3.1.3 the index p" = |Cpn : Z,,_,| divides dimy (M), which proves the second inclusion. a

COROLLARY 5.1.2.
For every integer 1 <1 < n, the collection of kCpn-modules projective relatively to the kCpn -module
M, is given as follows:

Proj(M,-) ={ @ My,prloi €Nand 1l <oa; <p"~"Viel}
I finite

LEMMA 5.1.3.

Let M; be an indecomposable kCpn-module such that p", with 1 < r < n —1, is the largest power
of p diwiding dimy(M;) = i. Write i := a;p" with 1 < a; < p—1 an integer. Then Proj(M;) =
Proj(Myr).

PrOOF. By Lemma 5.1.1, M; = My, ,» € IProj(Mp-). In consequence,
Proj(M;) C Proj(Mpr).
In order to show the reverse inclusion, consider again the subgroup Z,_,. Since p { «y, by 2.2.2

(¢), Proj(My,) = mod(kZ,_,). In particular, the trivial £Z,_,-module k € Proj(M,,), hence

7

Cpn . Cpn .
My =k 1,7 € Proj(Ma, 157" ) = Proj(Ma,pr)

by Green’s indecomposability theorem again. Thus Proj(M;) 2 Proj(My-). ]

We shall now show that in mod(kCp») projectivity relative to modules is indeed reduced to
projectivity relative to subgroups. In other words:

ProrosiTION 5.1.4.
Let V' be an absolutely p-divisible kCpn-module. Then, there exists a subgroup Z,_, of Cpn, with
r > 1, such that

Proj(V) = Proj(My) = Proj(k 15" ).

ProOF. If V is indecomposable then V' 2 M; for some i divisible by p, and the result has been
shown in the preceding lemma. If V' is decomposable, write V := @;:1 M;, s € N. Factor every
1<j<s,asj:=a;p7 withl<a; <p—1land1l<r; <n—1. Let m:=min{r;}. Then, using

J

Proposition 2.2.2, compute:

Proj(V) = Proj(@ M;) = @Proj(Mj) = @Proj(Mprj) = @Proj(Mpm) = Proj(Mym)
j=1 j=1 j=1 j=1
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where clearly Proj(M, ;) C Proj(Mpym) either by a classical argument on projectivity relative to
subgroups or by Lemma 5.1.1. ]

In particular, note that for G = C), a cyclic group of prime order, there is no relative projectivity
to modules other than ordinary projectivity. More generally, we note that there is a unique chain
of strict inclusions of subcategories of relatively projective kCp,»-modules given as follows:

Proj = Proj(Myn) € Proj(Myn-1) C --- C Proj(M,:) C Proj(M,) C Proj(k) = mod(kG) .

5.2. Structure of the groups of relatively endotrivial modules

Since there are exactly n different proper subcategories of relatively projective modules in
mod(kCyn), given by Proj(Mpy-) for 0 < r < n, there are also n different groups of relatively
endotrivial modules TMP,,, (Cpn) for 0 < r < n. Besides, since there is a unique indecomposable
kCpn-module for each k-dimension between 1 and p™, it is clear that every such module is self-dual.
Therefore, Corollary 3.6.2 ensures that any group Ty, (Cp) is an elementary abelian 2-group (or
trivial). It remains to figure out their respective ranks.

In order to figure out which indecomposable kC)»-modules are relative endotrivial modules,
we shall divide them into 3 parts of interest as pictured below:

M, M n-1 Mon_n-1 Mpn

p p—p

part A part B part QA

Part A : is made of the indecomposable modules M; such that 1 < dimy(M;) < p"~!. The

subgroup C) of Cy» acts trivially on any such module, therefore these modules can be
. . ~ Cpn

seen as inflationed from the subgroup Cpn-1 =2 Cpn/Cp: M; = Infcﬁn,l(Mi) for all

1<i<pr L,

Part B: p"~1 < dimy(M;) < p™ —p"~ L.

Part QA : p*—p"~! < dimg(M;) < p™. Furthermore, any such module is the Heller translate
of some module in part A, or 0: M; = Q(Mp_;) for all p" —p"~! < i < p". This
symmetry shall allow us to reduce the problem to the case of modules with dimensions
less or equal to p™~! and proceed by induction.

To start with, we show that there is no relative endotrivial kCp»-module in part B.

LEMMA 5.2.1.

Let Cpn be a cyclic p-group with n > 2 and let 1 < r < n be an integer. Then, there is
no indecomposable kCyn-module, whose k-dimension lies between p™~' and p™ — p™~', which is
M, -endotrivial.

The main idea of the proof is based on the following restriction formula (see [Thé95, Exercise
28.3 (a)]):

Cpn n—
(1) M; 17" 2 sMyyq @ (p" 7t — s)M,
withi=ap" ' +5,0<s<p”land0<a<p, forall<i<p"

PROOF. The case p = 2 is trivial since 2771 = 27 — 2"~1 therefore, we may assume that p
is odd. Furthermore, an M,--endotrivial module is necessarily Mp-endotrivial since Proj(Mp-) C
Proj(M,), hence we may also asume that » = 1. The indecomposable modules, candidates to be
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M,,-endotrivial are the indecomposable modules of the form Mg,y for some 1 < 3 < p"~1. We
claim that, if p"~! < Bp+ 1 < p™ — p"~ !, then Mgp41 is not Mp-endotrivial.

First note that the symmetry given by the Heller operator 2 allows us to consider only the
case Op+ 1. Then, the proof proceeds ab absurdo: let us assume that Mg, is Mp-endotrivial and

compute Endk(M5p+1)¢gpn. Since p"~! < Bp+1 < p™ — p" 1, we have p"~2 < B < p"~! and we
can write 3 := yp" 24 ¢ with v and o integers such that 1 <y <p—1and 0 < o < p"~2. So that
Bp+1=(p" 2 +o)p+1=p"""+op+1.
Now, Mgp41 is Mp-endotrivial, thus
Endy(Mgpi1) = k& (M, — proj)
and . .
Endy (Mgpi1) 47" = k@ (M, 1" —proj).
Let us count the number of trivial summands on both sides of this isomorphism. On the right-

hand side, there is one modulo p by formula (1) (this easily follows from the fact that Mp-projective
modules have dimension divisible by p by 2.8.4). On the left-hand side formula (1) yields:

Ende(Mgp1) 15" = (Mapi1 17"") © (Mapia 57")
= ((op+ 1)Myyr ® (p" ' — op — 1)M,,)®?
= (op + 1)*(My41)? @ 20" = op = 1)(0p + 1) (Mo 41 ® M)
@ (p" 7t —op — 1)2(M,)*?
Since 1 < v < p—1, p tdimy M, and p { dimy M,41, but by 2.8.1 there is exactly one trivial

summand k in M, ® M, as well as in M, ® M, and, moreover, k is not a direct summand
of M,+1 ® M,. Therefore, altogether there are (op + 1)? + (p"~! — op — 1) = 2 mod p trivial

summands in Endy(Mgpt1) ¢g"", which is a contradiction. Hence the result. ]

For simplicity of notation, we shall, from now on, denote by €,. the class of the relative
syzygy module Qpy . (k) in Ty, (Cpn) for each r < s < n and simply use  := Q7. The
classification theorem is the following.

THEOREM 5.2.2.
Let G := Cpn with n > 1 be a cyclic p-group and M, with 1 < r < n be an absolutely p-divisible
kCyn-module.

(a) If p is odd, or if p=2 and r > 2, then

n—(r—1)
Tryr (Cpn) =<{Qp,. |7 < s <> = H Cy
j=1
(b) Ifp=2 andr =1, then
n—1
T, (Con) = <{Qu,. [L<s<n}>= ][] C.
j=1

To begin with, the following lemma on the structure of Ty . (Cpn) shall enable us to prove the
theorem by induction on the integer n.

LEMMA 5.2.3.
Assume G = Cpn with n > 2 and write Cpyn—1 = Cyn /Z. Then for every integer 1 <r <mn,

Tar, (Cpr) = Infgiz (Tag, (Cpn1)) X <Q> = Tap  (Cprr) % Cs.

—1
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Proor. Inflation induces an injective group homomorphism

Wic? Tty (Cpns) < Tagy (Con)

The indecomposable representatives for the classes in the image subgroup Infg”" . (TMPT (Cpn-1))
P

n—1

are kCpn-modules whose k-dimension is less than or equal to p"~*. Moreover, as inflation com-

mutes with direct sums, it is clear that M; = Infgpl1 (M;) is Mpr-endotrivial if and only if M;,
seen as a kCpn-1-module, is an M,--endotrivial kCpn-1-module. As seen in Lemma 5.2.1 there is
no indecomposable M,--endotrivial module with k-dimension between p"~! and p™ — p"~!. Fur-
thermore, for all p” —p"~! < i < p", M; 2 Q(Myn_;) is Myr-endotrivial if and only if Myn_; is
and for such a module in Ty, (Cpn ) we have [M;] = [Q(Mpn ;)] = Q4 [Mpn_;]. Whence the direct
product

n—1

Tar, (Cpn) = InfG?" (Tar,, (Cpn1))x <Q> .

-1

O

PRrROOF OF THEOREM 5.2.2.
(a) The proof proceeds by induction on n. First, the cyclic p-group of smallest order for which
projectivity relative to an indecomposable module of dimension p” can be considered is
Cpr, in which case Proj(Myr) = Proj as My = kCpr. Therefore, using the assumption
that p” > 2 we get Ty, (Cpr) = T(Cpr) =< Q >= Cy by the classification made in
[Dad78b]. Then by the lemma and the induction hypothesis we get:
Tatye (Cpr) = It (Tagye (Cpos)) x <>

—1

:Infgzz,l(<{QMps r<s<n-—1}>)x<Q>

=<{Q,.
n—(r—1)

=~ H Co
j=1

since by Corollary 3.6.2 any element of T . (Cpn) has order 2.

r<s<n—1}>x<Q>=<{Qy,.

r<s<mn}>

(b) If p=2and r = 1, then T, (Ca) = T(C3) = {[k]} is trivial. Hence the missing factor Cs
in the product. Notice that Qp, (k) = k. Nonetheless, the set of generators is obtained
in like manner as it was in part (a).

O

COROLLARY 5.2.4.
Let Cypn with n > 1 be a cyclic p-group. Then the Dade group D(Cpn) = Tpr, (Cpn).

PROOF. By the description of the Dade group for cyclic p-groups made in [Dad78b], any
indecomposable M,-endotrivial kCpn-module is an endo-permutation module, therefore there is an
isomorphism 1 : D(Cpn) — Ty, (Cpn) = [M] — [Cap(M)]. (The injectivity of ) will be proved
in general in Theorem 7.4.1 for an arbitrary p-group P and a module V' dependending on P such
that Proj(V) = Proj(M,) when P = Cpn.) O

REMARK 5.2.5.

Even though we showed that for cyclic p-groups projectivity relative to modules is reduced to
projectivity relative to subgroups, we kept notation using modules rather than subgroups because
it was more manageable firstly in the description of relatively projective modules, secondly in
computations and thirdly in arguments involving inflation. Nevertheless in the next sections,
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treating the case of groups having a cyclic Sylow p-subgroup, it will be easier to think in terms of
subgroups. In this system of notation the groups of relatively endotrivial modules are generated as
follows:

TMT(Opn):T Cpn (Opn):<{Q Cpn |0§5Sn77’}>lfMpr§£M2,
? Kty k2,

TM2 (02") = Tkrgp’L (02") =< {kargf”

n—1

0 < s <mn—1}> otherwise.

Part B: Groups with cyclic Sylow p-subgroups

For the remainder of this chapter G shall denote a finite group having a non-trivial cyclic Sylow
p-subgroup P = Cpn, n > 1. We shall sometimes refer, in all generality, to this kind of groups as the
“cyclic case”. Analogously to Part A, for all 0 < r < n, Z,. shall denote the unique cyclic subgroup
of P of order p". Now, before setting foot in detailed computations, it can be worth keeping in
mind that the general situation we are about to work with is best sketched by the following chain
of inclusions of subgroups of G (for 0 <r <n —1):

5.3. Determination of the different types of V-projectivities

To begin with we show that the only types of relative projectivity that occur are again the
projectivities relative to subgroups.

PROPOSITION 5.3.1.
Let G be a finite group with a cyclic Sylow p-subgroup P = Cpn with n > 1.

(a) LetV € mod(kG). Then Proj(V) = Proj(kTg) for some subgroup Q of P. In particular,
V' is absolutely p-divisible if and only if Q is a proper subgroup of P.

(b) There is a unique chain of proper inclusions of subcategories of relatively projective kG-
modules:

Proj C Proj(k1§,) € Proj(k15,) € -+ C Proj(k1% ) € Proj(k1%) = mod(kG)
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ProOF.
(a) Recall that, by Lemma 2.6.5, subcategories of relatively projective modules are determined
upon restriction to P in the sense that for all U, W € mod(kG), Proj(U %) = Proj(W %)
if and only if Proj(U) = Proj(W). First of all, by 5.1.4 there exists a subgroup @ of P
such that

Proj(V ) = Proj(k15).
(Q = P in case V |G is not absolutely p-divisible.) Therefore, by the above remark, in
order to show that Proj(V) = Proj(k Tg), it is enough to check that Proj(k Tng) =
Proj(k TS). Indeed, applying the Mackey formula yields

FEEE D ktonr
z€[P\G/Q]
where the subgroups “Q N P form a chain of subgroups of Q ='Q N P, since P is cyclic.
Hence Proj(ktiynp) € Proj(k1g) for all z € [P\G/Q] so that

Proj(k13l%) = @ Projktionp) = Proj(kth).
z€[P\G/Q]

Now, the module V is absolutely p-divisible if and only if Proj(V) # mod(kG) = Proj(k),
if and only if Proj(V %) = Proj(k Tg) # Proj(kl$) = Proj(k). Thus by the charac-
terization given in 5.1.4, V is absolutely p-divisible if and only if @) is a proper subgroup
of P.

(b) For G = P, we have shown in a previous section that there is a unique chain of inclusions
of subcategories of relatively projective kP-modules given by

Proj C Proj(k1y,) € Proj(k1y,) S --- G Proj(k1y, ) G Proj(k1p) = mod(kP).

But we proved in (a) that Proj(kTng) = Proj(k Tg) for all subgroup Q < P, therefore
another application of Lemma 2.6.5 yields the result.

O

SCHOLIUM 5.3.2.
For all 0 < r < n, projectivity relative to the p-subgroup Z, of G restricted to a subgroup H of G
such that either P < H or Z, < H < P remains projectivity relative to Z,, i.e.

Proj(k1%1%) = Proj(k1%).

PRrooOF. For, we showed in the proof of the proposition that Proj(k:T%ig) = Proj(k:TIZDT), but
the argument remains true if P is replaced with a subgroup H as given above. |

Groups of relatively endotrivial modules are defined only for absolutely p-divisible modules V',
in consequence and in view of Proposition 5.3.1, we shall assume for the remainder of the chapter
that V = kJTg for some proper subgroup Z, of P. The remainder of the section is devoted to the
determination of the structure of the groups T, g (G) with 0 < r < n.

REMARK 5.3.3.

By Proposition 5.3.1 the restriction of an absolutely p-divisible kG-module V' remains absolutely
p-divisible whenever either P < H or Z, < H < P. Indeed, we have Proj(V) = Proj(k T%) for
some Z, < P then, by Lemma 2.6.3 and the above remarks

Proj(V1§) = Proj(k15 %) = Proj(k1y ) # modkH .
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Hence V¢§ is an absolutely p-divisible kH-module. In consequence, for all subgroups H as above,
the restriction maps Res$ from the group Tiye (@) are well-defined and all have the form

Res : Tipg. (G) — Tigz. (H).

5.4. The structure theorem

First we develop a few more properties of the restriction maps. We shall then use them to
deduce the structure of the groups of relatively endotrivial modules TchZ;r (@) from our knowledge
of the structure of TMZ (P).

In order to ease up notation we simply use the symbole Qy to denote the class [Qy (k)] in Ty (G)
and kT, instead of kTg in indices when it is clear to which subgroup H < G induction goes. We
avoid to use a simpler notation like Qg because it has been widely used to denote the class of
the ordinary syzygy Q(k) in mod(kQ@) in articles concerned with endotrivial and endo-permutation
modules.

LEMMA 5.4.1.
Let H < G be a subgroup such that either P < H or Z, < H < P. Then, the restriction map
Res% : Ty, (G) — Tig, (H) has the following properties:

(a) Resg(QmZ‘) =g, forall Zs < Z, so that ({Qx, |0<s<7r}) < Im(Res%) ;

(b) if Z, < H < P, then Res$, is surjective.

PROOF.
(a) By 2.12.2, iy, (k) 1§ Qi (k) @ (k1% —proj). Hence Resg(QmZS) =g, -
(b) Follows from (a) since by 5.2.2 the group Tjy, (H) is generated by the set of all relative
syzygies Qg (k) such that Z; < Z,.
]

COROLLARY 5.4.2.
Let P be a cyclic p-group and Z,. a proper subgroup of P. Then, the restriction maps
Resh Tyyp (P) — Tyyn (H) are isomorphisms for all Z, < H < P.

PROOF. By the previous lemma ResZ is surjective and, by Theorem 5.2.2 and Remark 5.3.3,
T, (P)| = |Tie,, (H)|. 0

Using the criterion described in Lemma 4.3.1, we can show that the group Tj_ (G) is indeed
entirely determined by restriction to Ng(Z,41).

PROPOSITION 5.4.3.
Let G be a finite group with a non-trivial cyclic Sylow p-subgroup P and Z,. be a proper subgroup
of P. Then, the restriction map

Res¥, (2.1 Ty, (G) — Ty, (Na(Zr41))
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is an isomorphism, with inverse map induced by Green correspondence or alternatively by induction:

Ty, (G) ={[L'(M)]| M is an indecomposable k1, _-endotrivial kNg(Z,41)-module}
= {[MTgG(zTH)] | [M] € Tig, (Na(Zr+1))}

PrOOF. The isomorphism and both the descriptions of Ty, (G) using Green correspondence
and induction follow from Lemma 4.3.1. In fact, in order to invoke 4.3.1 it suffices to check that

Proj (kTNG(Z’“)) 2 Proj(Y),

where ¥ = {9P N Ng(Z,4+1)|9g € G\ Ng(Zy+1)}. For all ¢ € G\ Ng(Z,41), the subgroup
9P N Ng(Zr4+1) is a p-subgroup of 9P, hence of the form 9Z; for some | € N,, since P = Cpn is
cyclic. Besides, 97; < Ng(Z,+1) as well, thus contained in some Sylow p-subgroup of Ng(Z,11),
say "P with h € Ng(Z,,1), so that by uniqueness of the subgroup of order p! in "P, we have
97, = "Z,. Hence h~'g normalizes Z; and

g € hNe(Z1) € Na(Zr+1)Na(Z1) 2 Na(Zri1)

since g does not normalize Z,,;. This forces Ng(Z;) to contain strictly Ng(Z,4+1), because the
subgroups N¢(Z;) are totally ordered by inclusion, hence Z; < Z,.. As a consequence,

Proj(P N Ng(Zr+1)) = Proj(Zi) C PTOj(kTgTG(ZTH))
and as required:
Proj¥)= @  Proj(*PNNa(Zr41)) C Proj(ktye @)
9EG\NG(Zr 1)
O

In view of the proposition we can restrict our attention to the groups Tk, (Ng(Zr+1)). First

of all, computing the kernel of the restriction map ResNG(ZT“) Ty, (NG(Zr41)) — Tig, (P)
provides us with a set of generators.

LEMMA 5.4.4.

(a) There is an exact sequence

NG (Zr41)
Resp

0 — X(Na(Zri1)) — Ty, (Na(Zr41)) ———— Ty, (P) — 0.
(b) The group Ty, (Ng(Zr41)) is a finite abelian group generated by X (Ng(Z,41)) and the
7+ 1 relative syzygy modules & = Qpp , Ly, .., Qg

Zy "

PRrOOF.
(a) The map ResNG(ZT“) is surjective by 5.4.1. In addition, V := k TNG(ZT“ fulfills the
hypotheses of Lemma 4.4.1. Indeed, recall from the proof of Proposmon 5.3.1 that

Ng(Z, Na(Zrg1) m
ROl B ke
9E[P\NG(Zr+1)/2r]

where each indecomposable summand k& TIQDZTQ p has a vertex equal to 92, NP < Z,,
which is strictly contained in *P N P for all z € Ng(Z,+1) \ Ng(P). Indeed, any such
normalizes Z, 41, thus Z, < Z,11 < *P N P. Therefore 4.4.1 yields

ker(Resp® 7)) = X(Ng(Zr11)) -
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(b) By Theorem 5.2.2, Tiy, (P) = ({4, [0 < s <r}). Now, by 5.4.1, Qj, is a preimage

by ResNG(ZT“) for the generator of Tig, (P)forall0 < s <r. Thus X(Ng(Z;41))U
{4, 10 < s <r}is aset of generators for’ Tit, (Ng(Zy41)). Lastly, the finiteness of
Ty, (Ng( Zy41)) follows from both that of Tiy (Ng(P)) and of X(Ngy(Zy11)).

O

Our main purpose is to work out the structure of the groups Tch (G). At this stage, we know

that there is a group isomorphism Tjy Q) TMZT(N(;(ZT_H)). Be81des we have a surjective
group morphism induced by restriction

Reshe(Zr+1) Tit,, (N(Zr41)) = Tig, (P)

which provides us with a set of generators for the group Tj, (Ng(Z;+1)) made up of the kernel

er(Res = c(Zr4+1)) and the classes of the r+ 1 relative syzygy modules of the trivia
ker(Resp®# 1)) = X (N¢(Zy41)) and the cl f the r+ 1 relati dules of the trivial
module: QvaTzl ;oo 8hs, . The latter being preimages for the generators Qk'rg ,0< s <7, of

Ty, (P) which all have order 2, it remains to identify 2Qy, , for all 0 < s <r, with an element
of the kernel, that is a one-dimensional representation of Ng(Z,41).

These identifications will follow from an induction argument and use the structure of the group
of endotrivial modules T(G) described in [MTO07, Thm. 3.2]. This result makes use of a distin-
guished element of X (N¢(Z)), which we need to describe and understand before use.

For Z the unique subgroup of P of order p, let H := Ng(Z) be its normaliser in G. As H acts
by conjugation on Z, the quotient H/Cq(Z) embeds as a subgroup of Aut(Z) = (Z/pZ)*, thus
given ¢ € H, for all u € Z we have

u = u"® for some v(c) € (ZZ)*
where in addition v(c) can be considered as an element of £* via the canonical embedding
Z/pZ — k. In consequence, the composition H — H/Cq(Z) — Aut(Z) & ZpZ* — k*
defines a linear character of H. For simplicity, v is then identified with a one-dimensional module
in X(H).
In fact, a similar construction can be applied to any subgroup of G which normalizes Z. Further-
more, a Frattini argument applied to H and its normal subgroup Cg(Z) yields the decomposition
H = Ny (P)Cq(Z) = Ng(P)Cq(Z), therefore as C(Z) acts trivially on Z, v is entirely defined by
its value on Ng(P). In other words, v can be viewed as a kNg(P)-module which can be extended
in a kH-module for all subgroup H such that H > H > Ng(P), and for ease of notation, we also
denote these modules by v, so that:

Resg; (v)=v whenever H > Hy, > Hy > Ng(P).
In particular, we are interested in the subgroup H,;1 := Ng(Z,+1). Our aim will be to apply
an induction argument to its quotient H,;1/Z,. In this respect, note that P/Z, is a cyclic Sylow
p-subgroup of H,y1/Z., Z,11/Z, its unique cyclic p-subgroup of order p, moreover H, 1/Z, =
Ny, /2,(Zr11/Zy) and Ny, 7. (P/Z;) = Ng(P)/Z.. Moreover, a Frattini argument yields
more precisely

HT+1/Z7" = NG(P)/ZT" ’ CH,,~+1/Z,,»(ZT+1/ZT) .

Therefore, there is also a corresponding kNg(P)/Z,.-module v = UNe(P)/2,. Which extends to
H,y1/Z,. Finally, the following technical result computes the inflation of vy (p)/z, to a kNg(P)-
module.
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LEMMA 5.4.5.
With the notation above we have Inf (P)/Z (UN(P)/2,) = VNg(P), that is, by abuse of notation,

Na(P) —
In ng )z, (V) =v.

PROOF. Write P :=< u|u?" = 1 >. Then Z =< u?" >, Z, =< u”" > and thus
n—r—1

Zpy1]Zy =< uP Z, >. Let d € Ng(P), we have % = u/ for some integer j such that
1 <j <p. Then u®) = (u*)? for all 1 < 2 < n. Therefore Yu?" ") = (u?" ' )I so that

v(d) = j mod p. Likewise “r(u?" "' Z,) = (W)Z )P = Wz = " Z,),
hence Inf%gg;/z,,,(y)(d) = j mod p. Hence the result. O

THEOREM 5.4.6.

Let G be a finite group with a non trivial cyclic Sylow p-subgroup P = Cpn. For all 0 < r < n, let
Z, be the unique proper p-subgroup of P of order p” and H,y1 be its normaliser in G. Let v be as
above. Then

Tig, (Hri1) = (X(Hrp1), {0, |0<s<71})
(X(Hm) © ({Qu, 10<s<r} >) / ([y] —20y, 0<s< 7") .

1

ProOOF. We need to identify each class 20~ with an element of X (H,1). We claim that
QQk’Fzs = [v] for all 0 < s < r. The proof proceeds by induction on r. The case r = 0 holds by
[MTO07, Thm 3.2], because projectivity relative to Zy = {1} is ordinary projectivity, thus » = 0 is
the ordinary endotrivial case. So we may assume that > 0 and as TkTZFl (H,11) can be seen as a

subgroup of Tjy (H,41), by induction hypothesis, we may assume that the relations 2k, = [V]
hold for all 0 < s <r — 1. Thus it remains to show that 2Q = [V].

Factoring out H,11 = Ng(Z,4+1) by its normal subgroup Z, enables us to apply the induction
hypothesis again to the group

Tk’FZT/ZT (Hr41/2y) =T(Hy41/2r),
for which [MT07, Thm. 3.2] provides the relation
2Q = [v] in T(Hy41/Zy), that is, 20q = [v] in Tjy, P (Hyt1/Z) .

The following commutative square yields the desired relation for Tyt , (Hry1):

R
Tig,, (Hr+1) © = T, (Na(P))
I“iji/Zr o WS,

>
TkTZr/ZT (HT+1/ZT) Res TkTer/Zr (NG (P)/Zr)

By Lemma 2.12.2, Infg":ii/Z.(QmZ P ) = Qs , , therefore, inflationing the above relation to
Tig, (Hyy1) yields
QQM = [Inf Hrpa ()] in Ty, (Hpy1)-

Hys1/2x
By the previous lemma [Inf Ellzg /2, (v)] = [v], so that the result follows from the injectivity of
ResN’JE}D) (Lemma 4.2.1). O

REMARK 5.4.7.
Since 20y, = [v] = 2Q for all 0 < s < r the generators Qg -, g, can be replaced with
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the generators Q — Qg ,...,Q — Q- all of which have order 2. Thus the abelian group
Ty, (NG(Zr41)) contains a direct sum of 7 copies of Z/27Z.

Finally, using the isomorphism of Proposition 5.4.3, the description by generators and relations
of Tig, (Na(Zr41)) extends to Ty, (G) which is a finite abelian group generated by the relative
syzygy modules ) = Qlec, Qk?% e 7Qk¢% and an isomorphic copy of X(Ng(Z,4+1)), made up of
all the classes of the Green correspondents of the one-dimensional kNg(Z,41)-modules, with the
relations QQchZ;S =) forall0 <s<r.



CHAPTER 6

ABOUT p-NILPOTENT GROUPS

The aim of this short chapter is mainly to generalise part of the results of [CMT11a, Sect. 3]
concerning the group of endotrivial modules of a p-nilpotent group. Throughout the chapter G is
a p-nilpotent group, that is, G has a normal p-complement, or in other words, there is a normal
subgroup N of G of order coprime to p such that G/N is a p-group. Equivalently, G is a semidirect
product G = N x P, with N = O,/(G) and P a Sylow p-subgroup of G. Moreover G = NP,

N NP = {1} and we shall denote by ¢ : P = P/NNP = NP/N = G/N the isomorphism
provided by the second isomorphism Theorem. It follows that any kP-module L can be seen as a
kG-module via ¢ followed by inflation from G/N to G, which we shall still denote by L instead of
Inf& /v oIso(p)(L). We shall keep this notation throughout the chapter and the following ones.

6.1. Preliminaries

To begin with, relative projectivity for p-nilpotent groups is well-behaved with respect to group
operations in the following sense:

LEMMA 6.1.1.
Let G = N x P be a p-nilpotent group.

(a) Res$ OInfg/N olso(p)(M) = M for every kP-module M.
(b) Proj(V) = Proj(Infg/N oTso(p) o Res& (V) for every kG-module V.

PROOF.
(a) Let L be a k[G/N]-module. Using formula (f) of Proposition 1.1.2 with H = P we get:
Res$ o Infg/N(L) = Infg/PnN olso(p™1)o Resg{vj\/[N(L)

Since G is p-nilpotent this formula reads Res% OInfg/N (L) = Iso(p~1)(L) . Replacing L
with Iso(p)(M) where M is a kP-module yields the result.

(b) It follows from part (a) that
Res% o Infg/N oIso(p) o ResG (V) = Res& (V).
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Therefore Proj(Res% oInfg/N oTso(p) o Res& (V) = Proj(Res%(V)) and Lemma 2.6.5
yields
Proj(V) = Proj(Infg/N oIso(yp) o Res& (V).
]

Most of the results in this chapter rely upon the following facts concerning blocks of p-nilpotent
groups, recalled and proved in [CMT11a).

PROPOSITION 6.1.2 ([CMT11a], Prop. 3.1 ).
Let G = N x P be a p-nilpotent group. Let Z be a simple kN -module, let e be the central primitive
idempotent of kN corresponding to Z, and H be the inertial subgroup of Z. Then:

(a) The idempotent e is a block idempotent of kH and f := de[G/H] geg~ ! is a block idem-
potent of kG. Moreover induction induces a Morita equivalence between mod(kHe) and
mod(kGf).

(b) If H < G, then every module in mod(kG f) has dimension divisible by p.

(¢) If H = G, then there is a kG-module structure on Z, still written Z, that extends the
initial kN -module structure, and this extension is unique. Moreover, Zig is an endo-
permutation module and Z has vertex P.

(d) If H = G, then Z is the unique simple module in the block kGe and, for any kGe-module
Y, the restriction Yi% is isomorphic to a direct sum of copies of the simple module Zi%.

(e) If H= G, then mod(kGe) is Morita equivalent to mod(kP) via the functor

®: mod(kP) — mod(kGe)
X — 20X
where X is seen as a kG-module via ¢ and inflation, and where G acts diagonally on the
tensor product.

6.2. First Properties of the groups of relative endotrivial modules

LEMMA 6.2.1 (Generalisation of [CMT11a], Lem. 3.2).

Let G = N x P be a p-nilpotent group, let V. € mod(kG) be an absolutely p-divisible module, and
let M € mod(kG) be an indecomposable V -endotrivial module. Let Z be the unique simple module
in the block containing M. Then Zijc\;, is a simple kN -module.

ProoOF. Let W be a simple summand ZL% and let H be its inertial subgroup. Since the block
containing Z also contains the V-endotrivial M, which has k-dimension coprime to p, part (b) of
Lemma 6.1.2 implies that H = G, so that by part (c) of the same lemma, W extends uniquely to
G. This forces W = Z|§. |

Next we state two first results about the structure of the groups Ty (N x P). They generalise
[CMT11a, Thm. 3.3, Cor. 3.4]. From now on, if V is an absolutely p-divisible kG-module, we let
Ky (@) denote the kernel of the restriction map Res% : Ty (G) — Ty, (P).

THEOREM 6.2.2.
Let G = N x P be a p-nilpotent group and V' be an absolutely p-divisible kG-module. Then, the
restriction map Res$ : Ty (G) — Ty, (P) is split surjective. A section is provided by the map

Infg/N oIso(p). In other words, there is an isomorphism

Ty (G) = Kv(G) & Tyg(P).
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PROOF. By part (b) of Lemma 6.1.1 there is a diagram

G
Resp

Tv(G) Ty, (P)

=~ | Iso(p)
Infg

TIso(gp)oResg(V) (G/N) :

furthermore, part (a) of Proposition 6.1.1 implies that the homomorphism Inf& /v olso(p) is a

section for the restriction map Resg. g

PROPOSITION 6.2.3.

Let G = N x P be a p-nilpotent group and let V' be an absolutely p-divisible kG-module. Let M
be an indecomposable V -endotrivial kG-module. Let Z be the unique simple module in the block B
containing M. Then:

(a) M admits a decomposition M =2 Z @ U, where U is an indecomposable kP-module. In
particular, Z is V-endotrivial and U is Vig—endotrivial.

(b) [M] € Kv(G) if and only if M has a decomposition M = Z ® S*, where S € mod(kP) is
a source for Z.

PRrooFr.

(a) Because the functor ® : mod(kP) — modB defines a Morita equivalence, there exists an
indecomposable kP-module U such that M = Z ® U (with U seen as a kG-module). By
Lemma 3.3.3, both Z and U are V-endotrivial modules, so that Z ¢§§ and U, regarded as
a kP-module, are both V |G-endotrivial (U]%= U by Lemma 6.1.1).

(b) Let S € mod(kP) be a source for Z. By Lemma 3.5.1 S is also V |G-endotrivial and we
can write Z %= S @ (V]E —proj). Then

M\ = (ZeU)|g= Z|F oU
= (S@ (VIE —proj)) @ U = (SoU) & (VIE —proj)

Now, [M] € Ky (G) if and only if [M %] = [k], if and only if k| S ® U. But, by the
Benson-Carlson Theorem (2.8.1), this happens if and only if U = S*. (For U being
Vig—endotrivial, its k-dimension is coprime to p.)

O

COROLLARY 6.2.4.

Let G = N x P be a p-nilpotent group with N abelian. Let V' be an absolutely p-divisible kG-module.
Then Kv(G) = X(G).

PROOF. The inclusion Ky (G) 2 X (G) is always true. We need to show that Ky (G) C X(G).
Let [M] € Ky (G) with M indecomposable. Then by Proposition 6.2.3, M has a decomposition
M = Z® S*, where Z is the unique simple module in the block B containing M and S € mod(kP)
is a source for Z. In addition Z is V-endotrivial, so that dimg(Z) is coprime to p, thus its inertial
subgroup is G by part (b) of Lemma 6.1.2. Moreover by part (¢) and (d) of the same lemma
A i% is simple, hence one-dimensional since N is abelian. It follows that S is trivial and that
M= 7 e X(G). O






CHAPTER 7

THE DADE GROUP OF A FINITE GROUP

We come in this chapter to a chief reason of interest in relative endotrivial modules: it provides
a way to define a group structure on collections of representations of an arbitrary finite group G
which gives a natural generalisation for the Dade Group D(P) of a finite p-group P. In particular,
the purpose of the chapter is to shed new light on the class of endo-p-permutation modules studied
in [Urf06] and [Urf07]. We shall use endotrivial modules relatively to a well-chosen family of
subgroups to provide a definition of the Dade group of a finite group G in general, which coincides
with the Dade group when G is a p-group. To achieve this goal, our first task is to understand
better the links between permutation, p-permutation modules and relative projectivity to modules
and subgroups. Likewise, it is necessary to understand endo-permutation and endo-p-permutation
modules in terms of relatively endotrivial modules.

Unless otherwise specified, throughout the chapter G shall denote a finite group, P a Sylow
p-subgroup of G and Ng(P) its normaliser in G. Furthermore, we assume that the reader is
acquainted with endo-permutation modules, the Dade group and endo-p-permutation modules.
We refer to the first chapter for basic definitions and further references.

7.1. Preliminaries on projectivity relative to families of subgroups

A natural module to use to manufacture relative endotrivial modules would be the module
V(H) = @ ey k15 associated with the family H := {H < G} of all subgroups of a given group
G. However, this module is not absolutely p-divisible and in consequence there is no well-defined
group of V(H)-endotrivial modules in the sense of definition 3.6. Hence arises the question of
finding the largest possible family F of subgroups of G which would provide us with a well-defined
group structure Ty (7)(G). Remembering Remark 2.5.3, it becomes easy to see that the right family
to look at is the family of all proper subgroups of a given Sylow p-subgroup P of the group G.

LEMMA 7.1.1.

Let P be a Sylow p-subgroup of G. Let H be a subgroup of G and Q be a Sylow p-subgroup of H.
Let H = {X < G}. Then,

(a) Proj(k1%) = P?“oj(k‘Tg) :
(b) The permutation module k1% is absolutely p-divisible if and only if Q <c P.
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An indecomposable p-permutation module L € mod(kG) is absolutely p-divisible if and
only if it has a vertex R <qg P.

(d) Proj(H) = Proj({R < P}) = mod(kG).
PROOF.
(a) Since @ is a Sylow p-subgroup of H, k € Proj(kTg), so that by Lemma 2.6.1

k1€ Proj(k1gie) = Proj(k1g)

and therefore Proj(k1%) C Proj(k Tg) Moreover, k1€ mod(kH) = Proj(k), hence,
again by Lemma 2.6.1,

k1G= k1G5 € Proj(k1),

which proves the reverse inclusion Proj(k:Tg) C Proj(k1%).

By (a), Proj(k1%) = Proj(k Tg) Therefore by Proposition 2.8.3 the module k 1% is
absolutely p-divisible if and only if Proj(k Tg) # mod(kG), that is if and only if Q <g P.
(This is well-known from the theory of vertices and sources.)

The sufficient condition is a particular case of Lemma 3.5.1. The necessary condition is
easier proven by contraposition. Indeed, if R =g P, the trivial kP-module is a source
of L, therefore k|L |S. In consequence mod(kP) = Proj(k) C Proj(L %) and so
Proj(L1%) = mod(kP). Therefore L|$ is not absolutely p-divisble and by 2.9.3 neither
is L.

First by the omnibus properties of relative projectivity we have:

Proj(H) = Proj(€D k1§) = @ Proj(k1§) = €D Proj(k18x))

XeH XeH XeH

where for all X € H, Q(X) is a Sylow p-subgroup of X, and where the penultimate
equality follows from part (a). In consequence Proj(H) = mod(kG) by Proposition 2.8.3
because Proj(k1%) = mod(kG) by (b). Moreover Proj(H) = Proj({R < P}) by Remark
2.5.3.

O

As a consequence we can restrict our attention to the family of subgroups of a fixed Sylow

p-subgroup P of G. According to the above proof, in order to obtain an absolutely p-divisible
family of subgroups, it is necessary to remove P itself from this family {Q < P}.

NOTATION.

For G a finite group, fix a Sylow p-subgroup P. Then set Fg := {Q < P} and V(Fg) := @QekaTg.
Then Proj(V(Fg)) corresponds to projectivity relative to the family of all non maximal p-subgroups
of G and it does not depend on the choice of the Sylow p-subgroup P.

LEMMA 7.1.2.

(a)
(b)

Let P be a Sylow p-subgroup of G, H be a subgroup of G such that P < H < G. Then:

Proj(V(Fa)l$) = Proj(V(Fu)).
V(Fu) is absolutely p-divisible.

PROOF.
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(a) The Mackey formula yields

VF)lG = P rigla= @ P kthow= Prtdox

QeFa QeFe z€[H\G/Q] Q<P
N——
V(Fu)

where X is a direct sum of modules of the form kTg with S < P. Thus by Proposition
2.2.2 (b), (c) and (h) we conclude that Proj(V(Fg)l%) = Proj(V(Fg)).
(b) By Green’s indecomposability Criterion, the direct sum decomposition

V(Fr)= P k15

QEFp

is a decomposition into indecomposable modules, all of which have dimension divisible by
p. In other words, V(Fp) is absolutely p-divisible and, therefore by part (a) and Lemma
2.9.1 so are the modules V(Fg) for every P < H < G.

(¢)/(d) A module L is a p-permutation kG-module if and only if there exists a subgroup R < G
such that L | kT%. Therefore by the previous lemma
Proj(L) C Proj(k;Tg) = Proj(k:Tg) = Proj(k:TfQ)

where @ is a Sylow p-subgroup of R and g € G such that 9Q < P. Then (c) and (d) are
consequences of Theorem 2.9.3 and the fact that Proj(k1$,) = mod(kG) if and only if
9Q) = P. Indeed, in case 9 = P then any kG-module is P-projective and conversely, if
9Q < P then kT_?Q | V(Fe) which is absolutely p-divisible by part (b).

O

LEMMA 7.1.3.
Let N be a normal subgroup of the group G such that p||G/N|.Then

Proj(Int&,n (V(Fa/n))) € Proj(V(Fe)) .

PROOF. Let P be a Sylow p-subgroup of G and PN/N the corresponding Sylow p-subgroup
of G/N. By definition,

VFen) = @ k5" .
R<PN/N

Moreover, if R < PN/N, there exists a subgroup @ such that PN N < @Q < P and R = QN/N.
Whence

G/N
Inf&,n (V(Fan)) = EB Infg/N(kTQ{V/N) = ED k1GN -
PNN<Q<P PNN<QLP

Now, since @ is a Sylow p-subgroup of QN, by Lemma 7.1.1 Proj(kTgN) = ij(kTg). Whence
Proj(Infé,n(V(Fayn))) = Proj( @ k1§n)
PAN<Q<P

= EB Proj(kTg) C Proj(V(Fg)) -
PNNLQZP
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7.2. V(F¢)-endotrivial modules

Having proven that the module V(Fg) is absolutely p-divisible, it makes sense to consider
V(Fg)-endotrivial modules since then we obtain a well-defined associated group structure
Ty (rs)(G). To start with, here is a short summary of elementary properties of this group that can
easily be deduced from the general theory of relative endotrivial modules that has been developed
in the preceding chapters.

LemMMA 7.2.1.
Let P be a Sylow p-subgroup of G and H be a subgroup of G such that P < H < G.

(a) There is a well-defined restriction map
Resg" TV(]:G)(G) — TV(]:H)(H)
[M] — [MUg].
(b) If H contains Ng(P), then the restriction map Res$ : Ty (re)(G) = Ty (Fy)(H) is an

isomorphism, whose inverse is induced by the Green correspondence on the indecomposable
V(Fg)-endotrivial modules.

(¢) ker(Resp")) = X (N (P)).

(d) If T denotes the Green correspondence and T'(X(Ng(P))) denotes the subgroup of
Ty (r;)(G) made up of the classes of the kG-Green correspondents of the modules in
X(Ng(P)), then

ker(Res$) = T(X (Ng(P))).
Moreover I'(X (Ng(P))) =2 X(Ng(P)) via restriction and is a finite group.

PROOF.
(a) This follows from the definition of a restriction map and parts (a) and (b) of Lemma 7.1.2.
(b) This is a consequence of Lemma 4.3.1 and the remarks in section 4.3.

)
(¢) This follows from part (a) of Lemma 7.1.2 and Lemma 4.4.1.
(d) Since Res$, (p) is an isomorphism, (d) is a straightforward consequence of (c). The group
is finite because X (N¢g(P)) is the p’-part of the abelianization of Ng(P).

O

OCCURENCES OF V(F¢g)-ENDOTRIVIAL MODULES.

Thus far, we have essentially two families of examples of V(F¢)-endotrivial modules at our disposal.

1. The kG-Green correspondents of the one-dimensional representations of the normaliser
N¢g(P), provided by part (d) of the above lemma.

2. The relative syzygies Qj, (M) with W € Proj(V(Fg)), n € Z and M a V (F¢)-endotrivial
module as described in Lemma 3.3.1.

Anyhow, a profusion of examples are given by the relative syzygies Q% (k) of the trivial
module, where H is a family of subgroups of G such that the associated module V(H) is
absolutely p-divisible. (According to the previous section, H might as well be assumed to
be a family of proper p-subgroups of a given Sylow p-subgroup P of G.) Then Proj(H) C
Proj(V(Fg)) and so

Ty ) (G) < Ty (7. (G) -
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Furthermore, Ty (r,)(G) admits the subgroups T(G) = (Qv (k) |V € Proj(F¢)) and
DG) = (k) | H C Fa).

It is known from Alperin [Alp01] that the relative syzygies 2}, (k) are endo-permutation mod-
ules in the case that G is a p-group. In similar manner, it can be seen that they are endo-p-
permutation modules when G is arbitrary (see [Urf06, Prop. 5.8]). We shall show in section 7.7
that the same is true for the modules in I'(X (Ng(P))). Therefore there are strong connections
between V (Fg)-endotrivial modules and endo-permutation modules as well as endo-p-permutation
modules. Our task for the next sections is to understand more precisely these connections.

7.3. Preliminaries on endo-permutation modules

Let P be a p-group. The Dade Group of P is constructed by E. Dade in [Dad78a| as described
below. It relies essentially on the following proposition:

PROPOSITION 7.3.1 ([Dad78a], Thm. 3.8).
If M is an endo-permutation kP-module, then any two indecomposable direct summands of M with
vertex P are isomorphic.

Thus, if M is an arbitrary endo-permutation kP-module, it has at most one isomorphism class
of indecomposable direct summands with vertex P. If such direct summands exist, then their
isomorphism class is denoted by Cap(M) and M is called capped. We note that the class of all
capped endo-permutation kP-modules is closed under taking direct summands, duals and tensor
products.

Furthermore, this class can be endowed with the following equivalence relation: two capped
endo-permutation kP-modules are said to be equivalent if their caps are isomorphic. We shall write
[M] for the equivalence class of the endo-permutation module M and let D(P) denote the resulting
set of equivalence classes. It is an abelian group for the composition law:

([M], [N]) — [M] + [N] := [M @ N]

The zero element is the class [k] of the trivial module, while the opposite of a class [M] is the class
[M*] of the dual module. The group D(P) is called the Dade group of P.

As Dade notices, there is another useful way of thinking of the group D(P). In every equiv-
alence class, there is, up to isomorphism, a unique indecomposable module, namely the cap of
any module in the class. Therefore, if E(P) is the set of isomorphism classes of indecomposable
endo-permutation kP-modules with vertex P, then there is a bijection

D(P) — D(P)
[M]  — [Cap(M)] .

In consequence, D(P) is an abelian group for the operation [M]+ [N] := [Cap(M ® N)], where the
square brackets are also used to denote the isomorphism class of a module.

Yet another way of thinking about the group D(P), the one we are interested in, is an inter-
mediary version of the two previous ones. An endo-permutation kP-module M is called capped
in the strong sense if Cap(M) has multiplicity one as a direct summand of M. The class of all
such kP-modules is a subclass of that of capped endo-permutation kP-modules to which the above
equivalence relation can be restricted and following the above process it induces a third group ZA)(P)
isomorphic to D(P).
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7.4. Relative endotrivial modules as a generalisation for the Dade group

The above construction of the Dade group D(P) is valid only in case the group P is a
p-group. This is linked to the facts that kP-permutation modules are indecomposable, whereas
kG-permutation modules are not in general for an arbitrary group G, and moreover that their
direct summands are not permutation modules.

Notwithstanding, one way to obtain a similar notion to that of the Dade Group for arbitrary
groups is to consider endo-p-permutation modules as described by Urfer in [Urf06]. He shows that
if P is a p-subgroup of a group G, this notion induces a group structure, denoted by Dp(G), on a
set of equivalence classes of indecomposable endo-p-permutation kG-modules with vertex P. (The
equivalence relation is a generalisation of Dade’s compatibility relation.) However, the main draw-
back of this approach resides in the fact that there is not a unique indecomposable representative,
up to isomorphism, for the classes in Dp(G).

Our notion of relative endotrivial modules can generalize the Dade group in a more natural
way. Let us fix P a finite p-group. The first observation to make is that an indecomposable capped
endo-permutation kP-module M (i.e. with vertex P) is always a relative endotrivial module, that
is relatively to some intrinsincally defined kP-module V. Indeed, it is an elementary fact about
capped endo-permutation modules that the trivial £P-module k& has to be a direct summand of
Endi(M) ([Dad78a, Prop. 3.7]), while by 2.8.1 it is clear that the multiplicity of & is exactly one.
It yields the characterization:

Endg (M) = (permutation module) = k @ kTgl Q- ® kTSS

for some subgroups Q1,...,Qs < P, s € N. Thus one can set Vys := @;_, kTgﬂ which is clearly
absolutely p-divisible by 7.1.2. Then, by very definition, M becomes a Vjs-endotrivial module.
Besides, Vi | V(Fg) and so M is also V(Fp)-endotrivial.

In other words, the module V (Fp) is a universal module relatively to which any indecomposable
capped endo-permutation module is endotrivial. This construction leads to the following natural
embedding of D(P) in Ty (r,)(P), in which the equivalence classes do have a unique indecomposable
representative, up to isomorphism.

THEOREM 7.4.1.
The Dade group D(P) can be identified with a subgroup of Ty (r,)(P) via the canonical injective
homomorphism

D(P) — TyF.)(P)
(M] >  [Cap(M)] .

PRrROOF. If [M] is a class in D(P), then Cap(M) is the unique indecomposable representative
of this class. Moreover, according to the above construction, any indecomposable capped endo-
permutation module is V' (Fp)-endotrivial. Hence, since both in D(P) and in Ty (5, (P) there is a
unique indecomposable representative for the classes, the map [M] — [Cap(M)] of the statement
is a well-defined, injective group morphism. O

REMARK 7.4.2.
We shall see that if P = Cpn, a cyclic p-group, or if p = 2 and P = Cy xCy, then D(P) = Ty () (P).
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7.5. Endo-p-permutation modules and the Dade group of a finite group

With the classical case of endo-permutation modules in mind we can pass to the case of endo-p-
permutation modules. To begin with, let us recall a few facts about this class of modules. An endo-
p-permutation kG-module is defined to be a module M € mod(kG) whose endomorphism algebra
End; (M) is a p-permutation’ kG-module. In other words, if Endy, (M) = @,.; N; where each N;
is indecomposable, then for every i € I, N; | szgi for some p-subgroup Q; of G. Equivalently, M is
endo-p-permutation if M ¢g is an endo-permutation kQ@Q-module for every p-subgroup @ of G. In
fact, since p-permutation modules are preserved under conjugation and restriction, it is enough to
check that M |% is an endo-permutation kP-module for P a fixed Sylow p-subgroup of G. A few
other elementary properties of this class of modules are the following:

LEMMA 7.5.1.
Let M € mod(kG) be an indecomposable endo-p-permutation module with vertex P. Then:

(a) M|$ is capped endo-permutation.
(b) ptdimy M.
(¢) k| Endg (M) with multiplicity 1.

PROOF.

(a) Tt is easy to see that M ig is forced to have a summand with vertex P, thus it is capped
endo-permutation. See [Urf06, Chapter 2] for details.

(b) Assume M were an indecomposable kG-module with k-dimension divisible by p, that is
absolutely p-divisible. Then, by Theorem 2.9.3, so would be M ig, which contradicts
statement (a). Indeed, M iIG: being capped, it has got at least one direct summand with
k-dimension not divisible by p, for according to the previous section, Cap(M ig) is an
indecomposable endo-permutation module, hence V' (Fp)-endotrivial and thus by Lemma
3.1.3 we have dimy Cap(M [§) = +£1 mod (p).

(c) This is a consequence of (b) and the Benson-Carlson Theorem (2.8.1).

O

It can be seen from the work of [Urf06] that setting an equivalence relation on the whole class
of endo-p-permutation modules with vertex P given by a generalisation of Dade’s compatibility
relation (cf [Dad78a]) does not lead to a group structure induced by tensor product on the set
of isomorphism classes of indecomposable endo-p-permutation modules with vertex P. The idea
is then to find a subclass of this class which has more similarities with that of capped endo-
permutation modules for a p-group and obtain a group structure induced by tensor product which
embeds naturally in Ty (£, (G), generalising the embedding D(P) < Ty (7, (P) of Theorem 7.4.1.
In this respect we shall focus on endo-p-permutation modules which are V (F¢)-endotrivial at the
same time.

PROPOSITION 7.5.2.
Let M € mod(kG) be an endo-p-permutation module. The following conditions are equivalent:
(a) M is V(Fg)-endotrivial;
(b) MG is V(Fp)-endotrivial;
(¢) M has a unique indecomposable summand with vertex P, say My and, in addition, if
S € mod(kP) is a source for My, then the multiplicity of S as a direct summand of M |G
s one;

Un English, a p-permutation module is also often termed a trivial source module.
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(d) Endi(M) =2 k@ N where N is a p-permutation kG-module, all of whose indecomposable
summands have a vertex strictly contained in P.

PROOF.
(a)&(b): By Lemma 7.1.2, Proj(V(Fg)) %) = Proj(V(Fp)), therefore statements (a) and (b)
are equivalent by Lemmas 3.3.4 and 4.1.1. As a matter of fact, this equivalence is independent of
the initial assumption that M is endo-p-permutation.

(a)=(c): This implication does not need either the assumption that M is endo-p-permutation.
Indeed, assuming (a) yields a decomposition:

M= Mo ® (V(Fg) —proj)

where My is the unique indecomposable V (Fg)-endotrivial summand of M. By Lemma 3.5.1, My
has vertex P, whereas all the other summands of M have a vertex strictly smaller than P by
definition of Proj(V(Fg)). Furthermore, still by Lemma 3.5.1, if S € mod(kP) is a source for M,
then S has multiplicity one in M iIGD. In consequence, since M ig is V(Fp)-endotrivial we have

M \|$2 Mol &(V(Fp) —proj) = S & (V(Fp) — proj)

where the Krull-Schmidt Theorem forces S to be isomorphic to the unique V(Fp)-endotrivial
summand of M i]GD Thus S has multiplicity one in M i}GD as well.
(¢)=(b): Write M = My @® L with Mj indecomposable with vertex P and L a module all of whose
indecomposable summands have a vertex strictly smaller than P. Thus L € Proj(V(Fg)) and
restricting M to P yields

M 1§ Mol ®(V(Fp) - proj).
Now M is endo-p-permutation as a direct summand of an endo-p-permutation module, therefore
My ¢IC§ is capped endo-permutation by Lemma 7.5.1. Moreover S | My ¢1G3 and because S has vertex
P too, we must have S = Cap(My %), so that the fact that the multiplicity of S is one forces all
the remaining direct summands of M, ig to have a vertex strictly smaller than P, that is to be
V (Fp)-ptojective. Hence M |G is V(Fp)-endotrivial.
(a)<(d): Given that M is endo-p-permutation, then Endy(M) is a p-permutation module. Thus
M satisfies condition (d) if and only if it is V(Fg)-endotrivial, by definition of the family Fo. O

DEFINITION 7.5.3.

An endo-p-permutation kG-module M is said to be strongly capped if it satisfies the equivalent
conditions of Proposition 7.5.2. Moreover, the unique summand of M with vertex P given by
condition (c) is called the cap of M and denoted by Cap(M).

REMARKS 7.5.4.

(a) The cap of a strongly capped endo-p-permutation module is its unique indecomposable
direct summand which is itself strongly capped.
(b) A strongly capped endo-p-permutation kG-module has a direct sum decomposition of the
form
M = Cap(M) & (V(Fg) — proj) .

where the V(Fg)-projective part is also an endo-p-permutation module.

LEMMA 7.5.5.
The class of strongly capped endo-p-permutation kG-modules is closed under taking duals, tensor
products and restrictions to a subgroup containing a Sylow p-subgroup of G.
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PRrOOF. Taking duals and tensor products are stable operations for both the classes of endo-
p-permutation modules and of V(Fg)-endotrivial modules, therefore they are stable for strongly
capped endo-p-permutation modules too. Moreover, the restriction of an endo-p-permutation mod-
ule to a subgroup containing a Sylow p-subgroup is an endo-p-permutation module and the re-
striction of a V(F¢)-endotrivial module to a subgroup H containing a Sylow p-subgroup is a
V (Fg)-endotrivial module by Lemma 7.2.1. Thus the restriction to H of a strongly capped endo-
p-permutation module is strongly capped. O

Using a similar approach to that used by Dade for endo-permutation modules, one can define an
equivalence relation ~ on the class of all strongly capped endo-p-permutation modules by setting:

M ~ N & Cap(M) = Cap(N)

We shall write [M] for the equivalence class of the module M and let D(G) denote the resulting
set of equivalence classes.

Observe that this equivalence relation is the restriction to the class of strongly capped endo-p-
permutation of the equivalence relation ~v (x.y on V(Fg)-endotrivial modules of Definition 3.6. In
consequence, if M and N are two strongly capped endo-p-permutation kG-modules, then M ~ N
if and only if M~y (x,) N. Therefore, the reader should be aware that the classes do not mean the
same thing in Ty (r,)(G) and in D(G), and moreover that in general there are more representatives
for a given class in Ty (7. (G) than in D(G).

COROLLARY-DEFINITION 7.5.6.
The set D(G) is an abelian group for the composition law

([M], [N]) /— [M] + [N] := [M & NJ,
called the generalized Dade group of G, or simply the Dade group of G. Moreover, D(G) can be
identified with a subgroup of Ty (r,)(G) through the natural embedding

v D(G) — Tvr,)(G)
M] — [M]

PROOF. Lemma 7.5.5 and the uniqueness of the caps ensure that the assignment
([M],[N]) — [M @ N]

of the statement is a well-defined composition law for D(G). The zero element is the class [k] of
the trivial module, while the opposite of a class [M] is the class [M*] of the dual module.

Now 1 is well-defined by the above observation on ~ and ~y (#,) and it is a homomorphism
because the addition is induced by ®j on both sides. Finally, it is injective because ker(z) = {[k]}.
Indeed, if +([M]) = [k], then M ~vy (£, k which is equivalent to M ~ k because both M and k are
strongly capped endo-p-permutation modules. O

For the sake of simplicity, we shall from now on identify D(G) with its image +(D(G)) and
therefore view D(G) as a subgroup of Ty (£,)(G).

REMARK 7.5.7.

Notice that any ordinary endotrivial module is strongly capped, and in particular, so is any one-
dimensional kG-module. Therefore, up to identifications, the groups T(G) and X (G) can also be
viewed as subgroups of D(G) and we have a series of subgroup inclusions:

X(6) < T(G) < D(G) < Ty5)(G)
The group D%(G) = (Qu (k) |H C Fg) is also a subgroup of D(G) because of the next Lemma.
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LEMMA 7.5.8.
Let H be a subfamily of Fg. If M is a strongly capped endo-p-permutation module, then Qy 3y (M)
is a strongly capped endo-p-permutation kG-module.

PROOF. Since M is assumed to be strongly capped, it is both endo-p-permutation and V (F¢)-
endotrivial. In consequence, on the one hand Qy (3)(M) is V(Fg)-endotrivial by Lemma 3.3.1,
hence V(H)-endotrivial and on the second hand, it is shown in [Urf06, Proposition 5.8] that it is
endo-p-permutation, hence strongly capped, as required. O

To end up the section we note that D(G) can be identified with two other groups of endo-p-
permutation modules.

The first one is the set of isomorphism classes of indecomposable strongly capped endo-p-
permutation kG-modules endowed with an abelian group structure induced by tensor product in
the same way as the group ﬁ(P) is for a p-group P. More accurately, observe that in every
equivalence class in D(G) there is a unique indecomposable module, namely the cap of any module
in the class, therefore, if E(G) denotes the set of isomorphism classes of strongly capped endo-p-
permutation modules, then there is a bijection

D(G) — D(G)
[M] — [Cap(M)]

and D(G) endowed with the operation [M] 4 [N] := [Cap(M ® N)] becomes an abelian group
(where the square brackets are also used, in a non-misleading way, to denote the isomorphism class
of a module).

The second one is based on Dade’s construction for endo-permutation modules and the idea
of allowing endo-p-permutation modules to have caps with a multiplicity. We shall momentarily
say that an endo-p-permutation module M is weakly capped if it has, up to isomorphism a unique
indecomposable summand with vertex P, denoted by Cap(M), and which is moreover strongly
capped. Such a module M has a direct sum decomposition of the form

M = Cap(M)®" & (V(Fa) — proj)

with 7 > 1 an integer. Then we can set an equivalence relation on the class of weakly capped
endo-p-permutation kG-modules by setting M ~ N < Cap(M) = Cap(N). Then, this class is
closed under taking duals and tensor products. Indeed, for tensor products, consider two modules
M = Cap(M)®M) & (V(Fg) —proj) and N = Cap(N)®"WN) @ (V(Fg) —proj) with r(M),r(N) €
N. Then

M ® N = (Cap(Cap(M) @ Cap(N)))E"M(N) ¢ (V(Fg) — proj).

In consequence, if 5(G) denotes the resulting set of equivalence classes, it can be endowed with an
abelian group structure for the operation ([M], [N]) — [M] + [N] := [M ® N]. Furthermore, the
map

D(G) — D(G)
[M]  +——  [Cap(M)]

is a group isomorphism.

The three groups D(G), D(G) and D(G) all have the property to have a unique indecomposable
representative in their classes. The main drawback of E(G) in our vision resides in the fact the
representatives in the classes are not relatively endotrivial modules as soon as their cap has a
multiplicity greater or equal to 2. In consequence, we favour the approach of D(G) and we may
also identify D(G) and D(G) without further mention.
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7.6. Group operations

The operations of restriction and inflation induce group homomorphisms between the gener-
alised Dade groups, whereas we will provide a counterexample to show that tensor induction does
not.

1. Restriction.

LEMMA 7.6.1.
Let P be a Sylow p-subgroup of G and let H be a subgroup of G such that P < H < G. Then
restriction induces a group homomorphism

Res%: D(G) — D(H)
[M] — [MIF]

Furthermore, if H contains the normaliser Ng(P), then the map Resg 1s 1njective.

PROOF. Asseen in 7.2.1, there is a restriction homomorphism for groups of relative endotrivial
modules

Resg: TV(]:G)(G) — TV(]:H)(H)
[M] — (MG,
which is, furthermore, an isomorphism if H contains Ng(P). In consequence, it suffices to check
that this maps D(G) to a subgroup of D(H). In fact, if [M] € D(G), then, M |$ is clearly both

V (Fp)-endotrivial and endo-p-permutation, hence it is strongly capped and [M |%] € D(H), as
required. Consequently, set Res$ : D(G) — D(H) to be the restriction of map

Resfy : Tv(70)(G) — Ty (F) (H)
to D(G). It is injective if H > Ng(P). O

REMARK 7.6.2.

In particular, the injectivity of the restriction map Res%G(P) : D(G) — D(N¢g(P)) allows us to
identify the Dade group D(G) of a group G with a subgroup of the Dade group D(Ng(P)) of the
normaliser Ng(P) of its Sylow p-subgroup P.

2. Inflation.

LEMMA 7.6.3.
Let N be a normal subgroup of the group G such that G/N has order divisible by p. Then inflation
induces a group homomorphism

Inf&,y: D(G/N) — D(G)
[M] > [InfG (M)

PROOF. Let M be a strongly capped endo-p-permutation k[G/N]-module. Then so is
Infg/N(M). Indeed, on the one hand it is V(Fg)-endotrivial, because it is Infg/N(V(]:(G/N)))-

endotrivial by Section 3.9 and moreover Proj(Infg/N(V(fg/N))) C Proj(V(Fg)) by Lemma 7.1.3.

On the second hand it is an endo-p-permutation module as well, for if ¢ : P/PNN = PN, /N
denotes the canonical group morphism, then

Res% o Infg/N(M) = Ian;/PmN olso(¢™1) o Resgfvj\/IN(M)
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is endo-permutation because both isomorphism and inflation preserve endo-permutation modules.
In consequence, there is a group homomorphism Inf$ /N ¢ D(G/N) — D(G) defined by the
following diagram

Infg/N
TV(]:G/N)(G/N) TInfg/N V(]—‘G/N)(G) Tv(]:G)(G)
T Infg/N T
DG/N)= == ===~ =~ == ===~~~ ~ D(G)
as the restriction of the top map i o Infg/N. |

3. Tensor induction.

Although the tensor induction of an endo-p-permutation module is an endo-p-permutation
module (see [Urf06, Prop. 2.5]), the tensor induction of a strongly capped endo-p-permutation
module is not necessarily a strongly capped endo-p-permutation module. We provide here an even
more interesting counterexample in which the tensor induction of an endotrivial module is not even
endotrivial relatively to any kG-module. It will show at the same time that the tensor induction of

a V-endotrivial module is not necessarily a V% -endotrivial module. We refer to Section 1.1 and
[CRY0, §13] for a careful construction and description of the tensor induced module.

COUNTEREXAMPLE 7.6.4.
Consider the 3-nilpotent group G := C7 xCj in characteristic 3. Write C7 :=< a > and C5 :=< u >.

The action of C3 on C7 is given by uau~! = a?. Consider the module Q(k) € mod(kCs3). It is an
endotrivial module of dimension 2. However the module (k) ggg is neither an endotrivial module
nor a strongly capped endo-3-permutation module. In fact, we have the following:

LEMMA 7.6.5.
There exists no absolutely 3-divisible kG-module V' such that the tensor induced module Q(k)g9

1s V -endotrivial.

G
C3

Proor. Write M := Q(k). Then M* ® M = k & kCs, so that
G\« G . G o
(ML) @ML, = (kokCs)L, ko N

for some kG-module N and we need to show that N is not an absolutely 3-divisible module. The
module L := k & kCj5 is a permutation kC3-module, so let X := {xg,x1, 22,23} with zo € k and
1, %2, x3 € kC3 form a Cs-invariant k-basis for L. Without loss of generality we may assume that
uxry = To, ury = w3 and uwz = x;. Moreover, choose {a’, al,a?, a® a*, a’, a%} as a set of coset

representatives for the subgroup Cs in G. Then
G 0 ;
Li, =@ ®L)
i=0
is also a permutation module with a G-invariant k-basis given by

{(a0®xjo)®"'®(a6®xje)|1'j07""$j6 EX}'

Let us compute fixed points under the action of the Sylow 3-subgroup C5 of G. Of course,
(@ ® 29) ® -+ @ (a® @ z0) is fixed under the action of C3. This basis element corresponds to



7.7. TOWARDS THE STRUCTURE OF D(G) 95

the trivial summand in (k & k‘C?,)(;ggS > k@ N. Moreover, the element

b= (a"@z0) @ (a' @21) @ (a® @ x2) @ (a® @ 23) ® (a* @ 23) @ (a° @ 13) ® (a® @ x1)

is also fixed under the action of Cj, for

@ u(a® ® z3) @ u(a* @ x3) @ u(a® ® x2) @ u(a® @ 1)
® (a° ®@ uxs) ® (a' @ uzrs) @ (a® @ urs) ® (a® @ uxy)
= (" ®@20)®(@*@29) @ (a* @ 23) @ (® ®21) ® (¢! @ 21) @ (a® @ 73) ® (a° @ 29)
= (0’ ®w0) ® (a' ®21) ® (¥ @ 72) ® (a” ® 23) ® (a" ® 23) ® (a° @ w2) ® (a® @ w1) = b
after identification of (a° ® L) ® (a* ® L)@ (a?* @ L) ® (a* ® L) ®@ (a! @ L) ® (a®* ® L) @ (a® @ L)
with ®°_,(a’ @ L).
In consequence, (k@ kCg) =~ k' N must contain at least a second direct summand, apart from
k, with vertex the Sylow 3—subgroup Cs of G. Such a summand is then a 3-permutation module,

but is not absolutely p-divisible by part (d) of Lemma 7.1.2. This prevents (M%gs)* ® M%gs from
being of the form k & (V — proj) for any absolutely 3-divisible kG-module V.

uw-b=u(a® @) @ula' ®z) ®u(a® @z,

)
= (a° ® uzo) ® (0 @ ur1) ® (a* ® uws)
(
® (

TG

This counterexample easily generalises to groups of the form G := Cy; x Cp with p, ¢ odd primes
and p|q — 1, char(k) = p. In characteristic 2, it generalises to groups of the form G := C,; x Cy
with ¢ a prime such that 4 |¢ — 1.

7.7. Towards the structure of D(G)

We aim to determine the structure of the group D(G). To begin with we recall some more
results on endo-p-permutation modules. A first key tool is provided by the following theorem
proven by Dade and never published.

THEOREM 7.7.1 (Theorem 7.1, [Dad82]).
Let G be a finite group having a normal Sylow p-subgroup P. Let M be an endo-permutation
kP-module. Then M extends to a kG-module if and only if M is G-stable.

In order to set up notation, let us recall that if M is a Mackey functor, H a subgroup of a group
G and if Res denotes the restriction and ¢, denotes the conjugation by g € G, then an element
m € M(H) is called G-stable iff:

(Res sy 0¢g) () = Resliyp(m), Vg€ G.
Moreover, M(H)%~5¢ denotes the subgroup of all G-stable elements of M(H). In particular, it

follows easily from this definition that D(P)Ne(P)=st — D(P)Na(P)_ that is the subgroup of fixed
points of D(P) under the action of the normaliser Ng(P) by conjugation.

A second key tool is provided by the following characterisation of endo-p-permutation modules
by J.-M. Urfer:

THEOREM 7.7.2 (Theorem 1.5, [Urf07]).

Let G be a finite group. Let M € mod(kG) be an indecomposable module with vertex P and source
S € mod(kP). Then M is an endo-p-permutation module if and only if S is an endo-permutation
module whose class [S] in the Dade group D(P) belongs to D(P)%=5t.
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NOTATION.

For ease of notation, we write X := X (Ng(P)) for the group of one-dimensional representations
of N¢(P), identified with a subgroup of D(Ng(P)) as noticed in Remark 7.5.7. Likewise we write
I'(X) := I'(X(Ng(P))) for the subgroup of Ty (£.,)(G) made up of the classes of the kG-Green
correspondents of the modules in X (Ng(P)) defined in Lemma 7.2.1.

THEOREM 7.7.3.
Let G be a finite group with a non-trivial Sylow p-subgroup P.Then,

(a)

(b)

restriction from Ng(P) to P yields an exact sequence

Ng(P)
Sp

R Ng(P
0 — X «—— D(Ng(P)) ——— D(P)Ne") — 0;
restriction from G to P yields an exact sequence

G
Resp

0 — I'(X) — D(G) D(P)¢=st — 0.

In order to avoid confusion, and for the purpose of the following proof only, we shall mo-
mentarily denote by R$ the restriction maps Resg s Ty(re)(G) — Ty (7, (H) at the level of

V (Fa)-endotrivial modules and keep the notation Res$, : D(G) — D(H) for the restriction maps
at the level of the Dade groups.

PROOF.

(1)

(2)

First, it follows from Theorem 7.7.2 that Im(Res%) < D(P)~**. In particular,
Im(Resy¢")) < D(P)Ne(P)=st — p(p)Ne(®)

We claim that indeed Im(Res$) = D(P)G—5t,

Let [S] € D(P)¢~*! with S indecomposable. Notice that D(P)¢~st C D(P)Ne(P) so

that by Dade s Theorem S € mod(kP) extends to a kNg(P) module S. In other words,

S iNG ~ S and S is a source for S. By construction S is strongly capped endo-p-
permutation because its source is endo-permutation and has multiplicity 1 in its restric-

tion. Hence [S] € D(Ng(P)) and ResNG(P)([S]) = [S]. In particular, this argument
proves the surJect1V1ty of the map ResP P onto D(P)Na(P),
Now if F(S) is the kG-Green correspondent of S, then it has source S as well. There-

fore T'(S) is endo-p-permutation by Theorem 7.7.2. It is moreover V(F¢)-endotrivial
by Lemma 7.2.1 because the restriction map Rgc (P) is an isomorphism whose inverse

is induced by Green correspondence on indecomposable kNg(P)-modules. Consequently
[[(S)] € D(G) and Res&([T(S)]) = [S] € D(P)S~*, as required.

We claim that the kernel of the restriction map Res$ : D(G) — D(P) is T'(X).
First, it was established in Lemma 7.2.1 that ker(RNG(P)) X. Therefore

ker(Resn? ")) = ker(Rp®")) N D(Na(P)) = X N D(Ng(P)) = X
because X < D(Ng(P)) as noticed in Remark 7.5.7. Furthermore,
ker(Res@) = (Res,, )~ (ker(Res G(P)))
(RGSNG(P)) I(X)
— (RS, (p){(X) N D(G) = T(X) N D(G).

It remains to show that I'(X') < D(G). By the very definition of I'(X), the indecomposable
representatives of the classes in I'(X) are V(Fg)-endotrivial modules. Besides, they
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are also endo-p-permutation modules, thus strongly capped. Indeed, if x € X, then
its kG-Green correspondent I'(x) has the same source as x, that is the trivial module
k € mod(kP). Therefore I'(x)| k1%, or in other words, it is a p-permutation module and
thus an endo-p-permutation module.

O

COROLLARY 7.7.4.
The generalized Dade group D(G) of a finite group G is finitely generated.

PROOF. The group I'(X) = X is finite. The group D(P)%~* is finitely generated as a subgroup
of D(P), which is finitely generated by [Pui90]. Thus the exact sequence

G
Resp

0 — T(X) — D(G) D(P)=st — 0.
of the Theorem implies that D(G) is finitely generated too. |

7.8. The generalized Dade group and control of p-fusion

The Dade group D(G) may always be identified with a subgroup of the Dade group D(Ng(P))
of the normaliser of a Sylow p-subgroup P of G. Then we may naturally ask when these groups
are equal. The control of p-fusion in G by a subgroup H gives a partial answer to this question.

PROPOSITION 7.8.1.
Let H be a subgroup of G such that Ng(P) < H < G. Then, up to identification via restriction,
D(G) = D(H) if and only if D(P)¢~%t = D(P)H=st,

PROOF. Since H < G, D(P)¢~st < D(P)H =5, Thus, there is a commutative diagram with
exact rows given by Theorem 7.7.3

Res}GD
0 ——>Tg(X) —— D(G) ——= D(P)¢=st ——>0

i \[Resg \[Z
Res?!

0———Ty(X)—— D(H) ——= D(P)I~5t ———=0

IR

where I'¢(X) and I'y(X) denote the subgroups made of the classes of the Green correspondents
of the one-dimensional kNg(P)-modules for G and H respectively. Furthermore, I'g(X) =2 X =
I'z(X). In consequence, it follows from the five-lemma (or the 2/3-lemma) that the map Res%
is surjective if and only if the map ¢ is. Thus, up to identification, D(G) = D(H) if and only if
D(P)Gfst :D(P)Hfst. 0

Then, we recall that Urfer has already established links between control of p-fusion and the
G-stable points of the Dade group of a p-group:

PROPOSITION 7.8.2 ([Urf06], Prop. 2.22).

Let P be a p-subgroup of G and assume that p-fusion in G is controlled by H < G. Then
D(P)¢=st = D(P)=st. In particular, if H = Ng(P), then D(P)¢=t = D(P)N¢(P) s the
subgroup of fixed points of D(P) under the action of Ng(P) by conjugation.
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COROLLARY 7.8.3.

Assume that the p-fusion of G is controlled by a subgroup H < G.
(a) If G > H > Ng(P), then D(G) = D(H).
(b) If N¢(P) > H > P, then D(G) = D(Ng(P)).

PROOF.
(a) is a straightforward consequence of the above Propositions 7.8.1 and 7.8.2.
(b) If No(P) > H > P, then Ng(P) certainly controls p-fusion as well and part (a) yields
the result.

O

EXAMPLE 7.8.4.
For instance, it follows from the corollary that any finite group G belonging to one of the following
families of groups is such that D(G) = D(Ng(P)) via restriction:

- G is a group with an abelian Sylow p-subgroup P. Indeed, in this case N¢g(P) controls

p-fusion in G by Burnside’s Theorem.

G is p-nilpotent. Indeed, in this case P controls p-fusion.

- pis odd and G is a group with a metacyclic Sylow p-subgroup P. Then Ng(P) controls
p-fusion in G because such p-groups are resistant to fusion. (See [Sta02].)

- G is a group with a generalised extraspecial Sylow p-subgroup P, excepting the case when
P = E x A where A is elementary abelian and E is dihedral of order 8 (when p = 2) or
extraspecial of order p? and exponent p (when p is odd). Such p-groups are also resistant
by [Sta02], therefore Ng(P) controls p-fusion in G.

EXAMPLE 7.8.5.

An example in which D(G) < D(Ng(P)) is provided by G := GL3(F3) and its extraspecial Sylow
3-subgroup P of order 27 which consists of the upper unitriangular matrices. This subgroup P is
generated by the matrices:

1 01 11 1 1 0 1
rx==1 01 1 |J,y:=( 0 1 0 andz:=| 0 1 0
0 0 1 0 0 1 0 0 1

Then it is proven in [Urf07, Section 4] that the class in D(P) of the relative syzygy module Qy.r (k)

is Ng(P)-stable but not G-stable. Thus D(P)¢~*t < D(P)N¢(P) and it follows from Proposition
7.8.1 that D(G) < D(Ng(P)).

7.9. The p-nilpotent case

Let G = N x P be a p-nilpotent group as in Chapter 6, so that P controls p-fusion in G. Thus
Corollary 7.8.3 yields D(G) = D(Ng(P)), up to identification via restriction.

THEOREM 7.9.1.
Let G = N x P be a p-nilpotent group. The restriction map Resg : D(G) — D(P) is split
surjective. In consequence there is an isomorphism

D(G) = X(Ng(P)) @ D(P).
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PROOF. Theorem 6.2.2 states that the restriction map Res$ : Ty (56)(G) — Ty (rp)(P) is
split surjective and moreover that a section is provided by the map

Iso() Inf§
Ty (7p)(P) o Ty (7o ) (G/N) S Ty (r:)(G).

Restricting these maps to the Dade groups imply that Infg/N olso(p) : D(P) — D(G) is a

section for Res% : D(G) — D(P). In other words, Res$ is surjective with kernel is T'(X) (by

Theorem 7.7.3) so that D(G) decomposes as a direct sum D(G) = T'(X) & D(P). Moreover,
I'(X) =2 X(Ng(P)) by 7.2.1. The result follows. O

7.10. The cyclic case

Before going back to more general considerations, we shortly investigate the case of a group G
with a non-trivial cyclic Sylow p-subgroup P = Cp», n > 1. In this case the classification provided
in Chapter 5 for the groups of relative endotrivial modules allows us to determine the generalised
Dade group D(G) with ease.

ProposiTioN 7.10.1.
Let G be a group with a non-trivial cyclic Sylow p-subgroup P = Cyn, n > 1. Then

D(G) = Ty (r,)(G).

PROOF. Since P is cyclic, it is abelian, thus Ng(P) =: N controls p-fusion as noticed in 7.8.4.
Therefore D(G) = D(N). Next we show that D(N) = Ty (r,)(N). Write Z, for the unique cyclic

subgroup of P of order p”, then V(Fy) = @::_01 kTgﬁ so that

n—1
Proj(V(Fy)) = @ Proj(k1},) = Proj(kt}, )
s=0
because Proj(k1}.) € Proj(k1} ) for every s < n —1 as is well-known from the theory of
vertices and sources (otherwise see Proposition 5.3.1). Therefore

Ty (N) =Tipy  (N).

In addition, by Theorem 5.4.6, we have

where all the generators, that is more precisely their indecomposable representatives, are not only
k1% _ -endotrivial modules but also endo-p-permutation modules. Indeed X(N) < D(N) and

the relative syzygy modules ng (k) are endo-p-permutation modules by Lemma 7.5.8. Whence
D(N) = Ty(ry)(N). Finally, recall that , Ty (r,)(G) = Ty (r,)(N) via restriction, by Lemma
7.2.1. Consequently, we are in the following situation:

Res$
00— Ty (7)(G) Ty (7x)(N) 0
Resg
0——=D(G)————=D(N) ————=0

where the left-hand side vertical arrow is the inclusion of D(G) as a subgroup of Ty (#,)(G). Thus,
the equality D(G) = Ty (r,)(G) follows by diagram chasing. a
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REMARK 7.10.2.

In characteristic 2, if the Sylow p-subgroup is not cyclic but isomorphic to a Klein group Cs x Cs,
then the situation is similar and it is also easy to show that D(G) = Ty (#,)(G). We shall treat
this case in details in Chapter 8.

7.11. The group D%(G)

A main source of examples of strongly capped endo-p-permutation modules is provided by the
‘H-relative syzygy modules 24 (k) of the trivial module, where H is a family of subgroups of G such
that Proj(H) C Proj(V(Fg)). Indeed, as already noticed in section 7.2, these modules are both
V (Fg)-endotrivial and endo-p-permutation, hence strongly capped.

If P is a p-group, with p odd, then one of the main results of the classification of endo-
permutation modules asserts that D(P) = D(P). Therefore one might naturally ask whether or
not a similar result holds for the generalised Dade group.

NOTATION.
Set D(@) to be the subgroup of D(G) generated by all the relative syzygies Qy (3 where # runs
over all the subfamilies of subgroups of Fg.

LEMMA 7.11.1.
The group D*(G) is generated by the relative syzygies ng , where Q Tuns over the proper subgroups

of P:
DUG) = (s |Q € Fe}).

PrOOF. If H C Fg is a family of subgroups, set ny := max{|H||H € H}. We claim that
Oy € ({ng |Q € Fg}) for every H C Fg and the proof proceeds by induction on the natural
number ny,.
First, if ny = 1, then Proj(H) = Proj is ordinary projectivity, so that

Q'H =0 = Q{lc} S <{Qk¢g |Q S .Fg}> .
Then, let H := {Hy,..., H,} be a subfamily of F¢ such that ny > 2 and assume as induction
hypothesis that Qr € ({ng |Q € Fg}) for every subfamily F C Fg such that 1 < nr < ny.

Furthermore, we may assume that H; £¢ H; Vi # j,1 < 4,j < n since conjugate subgroups
generate the same relative projectivity (cf. Remark 2.5.3). Then, according to Remark 3.8.2 we
can write

n n
e = ZQ{Hi} o ZQG{Hlv---ij—l}ﬁ{Hj} in Ty (3)(G) -

i=1 j=2
The sum Y ;" Qp,y € <{Qk’f8 |Q € Fg}), clearly. Besides, for every 2 < j < n, the family of
subgroups “{Hy,...,H;_1} N {H;} is made up of the subgroups of the form 9H; N H; with g € G
and 1 <4 < j — 1, which all satisfy 9H; N H; < H; by the above assumption. In consequence,
the sum 2?22 Qoqm,,..H,_yn{H,} belongs to ({ng |Q € Fi}) by induction hypothesis, and the
result follows. O

ScHOLIUM 7.11.2.
Let H be a subfamily of Fo. Then Qy € ({ng |Q < H for some H € H}).
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We recall that in case G = P is a p-group and p is odd, then the Dade group of P is
D(P) = D¥(P) (see [Bou06]).

Question: Does a similar result hold in general for D(G) when G is an arbitrary finite group?

Non-answer: Because the one-dimensional representations are always in D(G) this result ob-
viously has to be adapted when G is not a p-group anymore. Nonetheless, we claim that in
the forthcoming cases, D(G) is D(G) modulo the group of Green correspondents I'(X) of one-
dimensional representations of Ng(P) (with P a Sylow p-subgroup of G):

(a) when G has a cyclic Sylow p-subgroup;

(b) when p is odd, then we shall prove that D(Ng(P)) is D®}(Ng(P)) modulo X (Ng(P));

(¢) when Ng(P) controls p-fusion in the Sylow p-subgroup P;

(d) it is also true for G = GL3(F,) with p odd.

We leave open the question of determining if this result holds in general.

(a) The cyclic case. In case the group G has a cyclic Sylow p-subgroup P, then it was proven
in Proposition 7.10.1 that D(G) = Ty (r,)(G). In addition, the structure Theorem 5.4.6 implies
that

Tv(re)(G) = Tiyg _ (G) =<D(X(Na(P))) {Qyrer [0S s <n—1}> .

1

Hence D(G) is indeed D*(G) modulo T'(X).

(b) The normal odd case (!): In order to prove (b), we first recall that a set of generators
for D(P)%~*t is provided by Urfer in [Urf06] in the following form:

ProposITION 7.11.3 ([Urf06], Cor. 3.7).
Suppose that p is an odd prime and P is a Sylow p-subgroup of the group G. Then the abelian
group D(P)Ne(P) is spanned by the elements

fq:= > o,
g€[Na(P)/PNa(P,Q))

where Ng(P,Q) ={g € Ng(P) | 9Q = Q} and Q runs over Fq.

In what follows, we shall consider that P < G, then we note that in this case Ng(P, Q) = Ng(Q)
for every subgroup @ < P. We still need another technical result on projectivity relative to
p-subgroups.

LEMMA 7.11.4.
Let G be a group with a normal Sylow p-subgroup P and R be a proper subgroup of P. Then

Proj(k13\3) = Proj( € k1%R).

2€[G/PNg(R)]

PRrOOF. The Mackey formula yields
ij(kTng) = Proj( @ kTI;Q).
z€[G/P]

Now, in order to obtain the equality of the statement, recall from the omnibus properties of
relative projectivity (Proposition 2.2.2) that if VW € mod(kG) and Proj(V) = Proj(W) then
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Proj(V ¢ W) = Proj(V). Therefore, in

Proj( @ kT];Q): @ Proj(kaQ)

z€[G/ P) z€[G/P]

it is enough to keep only one copy of the summands generating the same relative projectivity. Let
z,y € G and compute:

Proj(kaQ) = Proj(kTIyDQ) <= Jp € P such that 7"Q = “Q

<= y 'z € PNg(Q) since P<1G
< y=z mod PNg(Q).

Whence Proj(k:TgL(F’:) = Proj(@®.cic/pne )] k’Tl;_’Q). O

PROPOSITION 7.11.5.
Let p be an odd prime and P be a normal Sylow p-subgroup of G. Then the restriction map

Res% : DY(G) —» D(P)¢

18 surjective.
More accurately, if Q < P, then any generator fo of D(P)€ described in proposition 7.11.3 can be
expressed as

fo= > Qrr,, = ResP(Qug) + X
9€[G/PNG(Q)]

where X € ({fr € D(P)Y|R< P and |R| <|Q|}).

PROOF. The proof proceeds by induction on the order of the subgroup Q.
Case |Q| = 1: Q(k) 1= Q(k) @ (proj) (by 2.12.2), hence f{1} =Q = Res$(Q) € Res&(D(G)).

Induction step: Let @ < P such that |Q| > 1 and assume as induction hypothesis that for every
subgroup S < P such that [S| < [Q], the generator fs =3 cic/png(s) me, of D(P)% belongs

to Res%(D(G)). Now, in D(P), we have
ReSIGp(Qk«rg) = Qm%g = QV

where V := @, €[G/P] kTITDQ, so that the second equality follows from the Mackey formula whereas
the first equality follows from Lemma 2.12.2. In fact, in this situation it shall be more fruitful to
take the vision of P-sets in which Qy = Qy for Y the P-set defined by Y := [ |, ¢ (¢/p) P/ “Q. Then

[Bou00, Lem. 5.2.3] provides us with the formula

Oy = Y upU, V)
U\ Velsp]
U<pV
YV £0

where [sp| is a set of representatives of conjugacy classes, under the action of P, of subgroups in
P and pp is the Mébius function of the poset ([sp], <p). Translating this in terms of kP-modules
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yields:

Qv = Z( > MP(va))rig

U€[sp] Velsp]
U<gQ ULpV<eQ

Y Dt Z( > F‘P(U’V))Qmﬁ

U€[sp] U€[sp] Velsp]
U=cQ U<cgQ ULpV<eQ
= Y Yt > (( > oow@y) > QW;U>
z€[G/PNg(Q)] U€[G\[spl] Velsp] z€[G/PNg(U)]
U<g@Q U<pV<eQ
fa fu
—fet X (X @)
Ue[G\[sp]] Velsp]

U<gQ U<LpV<cQ

where [G\[sp]] denotes a set of representatives of conjugacy classes of classes of subgroups in [sp]
under the left action of G. Then set

—x= > (X wr@)fv e dfneDP)CIRLPIR <|QI).
U€[G\[sp]] Ve(sp]
U<a@Q U<pV<gQ
Thus X € Resg(DQ(G)) by induction hypothesis and so fo = Resg(ﬂmg) + X e Resg(DQ(G))
as required. O

THEOREM 7.11.6.
Let p be an odd prime and G a finite group having a normal Sylow p-subgroup. Then

D(G) = X(G) + D%G).

ProoF. This is a direct consequence of the previous proposition together with Theorem 7.7.3
since the latter states that the map Res$ induces an isomorphism D(G)/X(G) = D(P)¢ and the
former that its restriction to D*(G) is surjective.

REMARK 7.11.7.

Notice that the sum D(G) = X(G) + D}(G) of Theorem 7.11.6 need not be direct. A counterex-
ample is provided by taking G to be a group with a normal Sylow p-subgroup isomorphic to a
cyclic p-group Cp» with p,n > 3. Indeed, we have shown, on the one hand, in Theorem 7.10.1 that
D(G) = Ty(r,)(G) = ngn ) (G), and, on the the other hand, in Theorem 5.4.6 that there are

relations
2QkT§5 =pvV0o<s<r.

Thus [v] belongs to both X (G) and D%(G). (Notation is that of Chapter 5.)

(c) D% and control of fusion.

LEMMA 7.11.8.
Let H be a subgroup of G containing the Sylow p-subgroup P and assume moreover that H controls
p-fusion. Then:
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(a) The restriction map Res§y : D(G) —s D2(H) is surjective.
(b) If No(P) < H < G, then restriction induces an isomorphism D®(G) = D (H).

PROOF.
(a) The proof is similar to that of Proposition 7.11.5. We claim that for every Q < P,

Resg(QMg) = Qe + X
with X € ({Qr € D*(H)|R < P,|R| < |Q|}). Again we proceed by induction on the
order of the subgroup Q.
Case |Q| =1: QkTS = so that Resg(Qk,rg) =Q= Qk’rﬁ} € Res% (D(Q)).
Induction step: Let @ < P be a subgroup such that |Q| > 2 and assume that

Resg(ng) has the required form for every subgroup S < P such that |S| < |@]. Com-
pute, by 2.12.2, that

ReS%(QMg) = QM&g = Qv,
where by the Mackey Formula one can set V := @, ¢m¢/0 kﬂm g - Then decompose
V= @ kthm= D e D Mihu.

z€[H\G/Q] z€[H\G/Q] z€[H\G/Q]
"Q<H "QLH

::Vl ::V2
Then, by formula (c) of Lemma 3.8.1, Qy = Qy, + Qv, — Quiev, -

Now, firstly, since H controls fusion, for every x € [H\G/Q)] such that *Q < H, there ex-
ists h € H, such that “Q = "Q. As a consequence Proj(Vi) = Proj(kTg) = Proj(*{Q})
by 2.2.2 and thus, by 2.11.14, Qy, = rig

Secondly, Proj(Vs) corresponds to projectivity relative to the family of subgroups H :=
{*QNH |z € [H\G/Q], “Q £ H}, all of whose elements have order stricltly smaller than
|Q|. Therefore Scholium 7.11.2 states that

Qv = O € {Qye |5 < PISI<Q[})

Thirdly, according to Corrollary 2.12.6, Qv,ev, = Qunuigy. Since H consists of sub-
groups all of order strictly smaller than |Q|, so does the family HN #{Q}. Thus, the same
argument as above yields

QV1®V2 = Q’Hﬁ HIQ} € <{Qk1‘g |S < P, ‘S| < |Q|}> .
Therefore, to sum up, if we set X := —Qy, + Qy,»v,, we get
Qupn = Resg(rig) +X
with X € ({Qr € D®(H)|R < P,|R| < |Q|}), as required. Then, by induction hypoth-
esis, X € Res%(D%(G)) and thus so does ng- Therefore, all the generators of D*(H)
are in Res$ (D?(G)) and the surjectivity of Res% : D(G) — D(H) follows.
(b) Since Ng(P) < H < G, the map Res$, : D(G) — D(H) is injective by 7.6.1. Thus part
(a) yields the required isomorphism.
(]

COROLLARY 7.11.9.
Let p be an odd prime. If Ng(P) controls p-fusion, then the Dade group decomposes as

D(G) = D%(G) +T'(X).
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PROOF. Theorem 7.7.3 provides us with the exact sequence

G
Res?

0 — I'(X) — D(G) D(P)¢—st — 0.

Thus it suffices to prove that the map Resg : D¥(G) — D(P)%5t is surjective. Indeed, since
Ng(P) controls p-fusion, D(P)Ne¢(P) = D(P)¢=st by 7.8.2. Therefore,
Res% : D(G) — D(P)%~*" is equal to the composition

G
Resxgp) Res &7

D®(Ng(P))

DQ(G) D(P)NG(P) — D(p)G—st

where Res%G(P) is surjective by Lemma 7.11.8 and Reng(P) is surjective by Proposition 7.11.5.
Hence the result. ]

(d) The example of GL3(F,). In this subsection, we let G := GL3(F,) for an odd prime p.
This group has a Sylow p-subgroup P isomorphic to an extraspecial group of order p® and consisting
of the upper unitriangular matrices. Let

1 01 1 1 1 1 01
z=(011|,y=| 0 1 0 andz:=[ 0 1 0
0 0 1 0 0 1 0 0 1
Then the subgroup P is generated by z, y and z.
The G-stable points of D(P) were computed in [LM09, Example 6.6], and in what follows we
use their notation. As a matter of fact, the computation is made for PSL3(F,). However,
since the fusion in P is the same under the action of GL3(F,) or under the action of PSL3(F),),

D(P)StaEn=st = D(p)FStalin=st,

First, by [BMO04], D(P) = <QkT§ 11<Q < P) 27ZP2 @ (Z/2Z)PF2. To simplify let

€y ‘= Q,

€1 = Qk«ri’m>, €9 = QICTZ»’
€3 = Qkfr}zmy>’ Ty ep_l'_l = Qmizyp71>7
Ep+2 = QM\Q’Z>,

=0 =0
ep+3 mlzm,z> ’ ep+4 kT1<3y,z> ’

e = e e =0
p+5 sz:):y,z>, » €2p+3 Mixw—l,o

In addition, these generators are subject to the following relations: 2ey = Zf;l 2e; and 2e; = 0,
forallp+3<i<2p+3.

Then D(P)%~*! is described in [LM09, Example 6.6] as the group generated by the following
elements:

pt1 2p+3
for=eo, fri=epater, foi=epaten, fsi= ) e fii= Y e
i=3 i=p+5

We claim that this list is not a set of generators for D(P)%~!, or more precisely that it misses one
element to be a set of generators. Set f5 := ez +epratepra = Qe  +Qqr  +Qure € D(P).
We claim that

D(P)S=t = { fo, f1, fos f3, fa f5) -
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We will not show in details that this list forms a complete set of generators, because this is quite
tedious. The method is explained in [LMO09]:

D(P)Gfst — D(P)NG(P) N m D(P)NG(E)*St.

E<P
E p-essential

In the current case GL3(IF,) has exactly two p-essential subgroups, namely E; :=< z,z > and
E5 :=< y,z >, both of which contain Ng(P).

D(P)G—st — D(P)Nc(El)—St e D(P)NG(E2)—5t

Now let
* F* * %
GLy(F 2
H,:= Ng(Ep) = 2( p) * and K, := N¢g(E2) = 0 GLs(F,)
00 |F 0 e

which are the two maximal parabolic subgroups in GL3(F,). The group D(P)#»=5 is generated
by:

Qp,QAp/cy> Apjcay> + -+ Qpjcgyr-1>

Qp/co s Up/cay s> + oo+ Qpjcayr—1 25
Qp/czs +Qp/cy o>
Qp/ca> +Qp/cy,>

And the group D(P)¥»~5* is generated by:

Qp, Qp/cos: Upjcays + -+ QUpjcpyp-1s

Qpjcyoms Upjcay s> + -t Qpjcayr—1..>
Qp/cz> +Qpjcaz>

QP/<y> + QP/<a:,z> )
Taking the intersection yields that D(P)¢~*! is generated by:

Qp = fo
Qpjca> +Qp/cy.> = f1,
Qp/<y> + Qpjcaz> = f2,
Qp/cay>+ -+ Qpjcayr-15 = [3,
Qp/caye>t oo+ Qpjcayr—125 = [fa,

QP/<y> + QP/<z> + QI:’/<y,z> = f5 ,
The fact that f5 is G-stable will follow from the result we are interested in:

LEMMA 7.11.10.
Let p be an odd prime and let G := GL3(F3). Then Res$(D?(G)) = D(P)G—st.

PrOOF. Exempla gratia, we compute explicitly Resg(ngw). First by Lemma 2.12.2, we
have Resg(QkTgD) = Qe _jg. By the Mackey Formula

kTS.L>\l’g = @ kTI-‘?D<1'>ﬁP :

ge[P\G/<z>]
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Therefore Proj(k1¢,.1%) = Proj(kP @ k1Z,. ®k1L y> ©k 1£..) by Proposition 2.2.2. Thus
using 2.11.14 and applying formula (c) of Lemma 3.8.1 we get
Mge, 18 = DpomE,, oM, oML, .

- QM1<3:c>@kT}<jy> OKE. o +02-Q
=Qure  + Qe+ Qe —Q-Q=fi+f5-2f.

The last equality follows from the fact that Qp/., .~ = €,44 has order 2 in D(P).

Similarly, using the Mackey formula, the formulae of Lemma 3.8.1, the fact that Proj(V) =
Proj(VeV) (Proposition 2.2.2), the fact that Qy = Qw if Proj(V) = Proj(W) (Lemma 2.11.14),
it is easy to compute the following restrictions. Details of the computations are left to the reader.

ReSIGD(QkT?U) =Qyr, = Jo
Resg(ﬂmgﬁo) =fo—Jo
Resp(Que, ) =F1=fo
ResE (e, ) = fs—(p—2)fo
ResE(Yyge, )= fat+ fi+ fs = Bx2 (2Qur ) = fa+ fi + f5 — 25+ (2f5 — 2fa)
It follows that all the generators fo, f1, f2, f3, f4, 5 belong to Resg (D®*(@)). Hence the result.

We leave the details of the computations to the reader. O

COROLLARY 7.11.11.
D(G) = DQ(G) +I(X).

PROOF. Similarly to 7.11.9, this is a straightforward consequence of the surjectivity of the
restriction map Resg : D2(G) — D(P)%st, -

COROLLARY 7.11.12.
The element f5 € D(P) is G-stable but does not belong to { fo, f1, f2, f3, fa) -

PROOF. Since f5 has ep2 = Qr_ as a summand, and in view of the relations in D(P), it

is clear that f5 is not spanned by fy, fl, f2, f3 and f;. However, according to the proof of Lemma
7.11.10:

fs =ResE (e, ) = fi + fo = ResE (e ) — ResE (e, ) + fo) + fo
= ResE(Qpe, . — Qee, ) € ResE(DY(G)) = D(P)S
by the previous corollary. (|

REMARK 7.11.13.
Using the above data, it is also easy to compute that the maps Resg” : DY(H,) — D(P)H»r—st

and Resg" : D®(H,) — D(P)%»=5t are surjective.






CHAPTER 8

THE KLEIN CASE

The aim of this short chapter is to compute the groups of relative endotrivial modules and
the Dade group for the very particular case of groups G having a Sylow 2-subgroup P isomorphic
to the Klein group Cs x Cy. Throughout the chapter k£ denotes an algebraically closed field of
characteristic 2.

As a matter of fact, we shall soon realise that nothing much exciting happens and that relative
endotrivial modules are not of much interest in this case. For a first intuition, consider the case
G = (O3 x (Cg, then everyone knows that the complete list of odd-dimensional indecomposable
k[Cy x Ca]-modules is given by the relative syzygies Q" (k) (n € Z) of the trivial module. In other
words, the only candidates to be V-endotrivial are indeed already ordinary endotrivial modules.
This fact allows us to deduce with ease that in case P is normal in G, any group of relative
endotrivial modules turns out to be isomorphic to the group T(G) of ordinary endotrivial modules,
whose structure is made explicit in [Maz07]. Nonetheless the Klein case is still worth considering
because it is a nice source of examples and counter-examples for general behaviours of the groups
of relative endotrivial modules.

In case P is not normal in G, we do not have in this text a general answer to provide the
reader with for the structure of the group Ty (G) for an arbitrary kG-module V', nevertheless it
is not very difficult to show that any such group can be identified with a subgroup of the group
T(Ng(P)). Moreover, some special cases can be deduced from other properties we have developed
in the previous chapters.

8.1. Relative endotrivial modules

THEOREM 8.1.1.
Let G be a finite group with a normal Sylow 2-subgroup P = Cy x Cy. Let V' be any absolutely
2-divisible kG-module. Then there is a group isomorphism
p: Tv(G) — T(G)
Mly > [Mo]
where M = My @ (V — proj) with My the unique indecomposable and V -endotrivial summand of
M. In particular, if G = Cy x Cq, then Ty (G) =< [Q(k)]y > = Z.
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PRrROOF. To begin with, consider the case G = Cy x Cs itself. The Klein group is a 2-group,
therefore the indecomposable modules that bear chances to be V-endotrivial must have odd k-
dimension. By the classification of indecomposable k[Cy x C3]-modules, the odd-dimensional inde-
composable modules are precisely the modules Q" (k), n € Z, which are all endotrivial modules in
the usual sense. In consequence, on the one hand, <[Q(k)]y > <[Q(k)]>= T(G) = Z and on the
other hand, Ty (G) = T(G) via ¢. Hence

Tv(G) =<[Qk)]y>= Z

although the classes in Ty (G) may contain more modules than the classes in T(G). Now, let G be
an arbitrary group with a normal Sylow 2-subgroup isomorphic to Cy x C5. By 4.1.2, a kG-module
M is indecomposable V-endotrivial if and only if its restriction M ing@ is indecomposable and
V &, c,-endotrivial. But we have just shown that any such k[Cy x Cs]-module is in fact an
ordinary endotrivial module hence, by the same criterion, M is endotrivial. In consequence, ¢
is a well-defined group homomorphism. Then, the uniqueness of the summand M; yields the
bijection. O

REMARK 8.1.2.

Note that in the normal case, that is G > P, the structure of T(G) is described more accurately in
[Maz07, Thm. 2.6] as follows

T(G) = X(G)o <Qk)>= X(G) & Z

with X(G) denoting the group of one-dimensional representations of G. In terms of modules
Corollary 4.1.3 tells us that the indecomposable endotrivial kG-modules consist of all the extensions
to G of the k[C2 x C3]-modules Q" (k), n € Z, which are given by the family of modules Q" (k) ® k,,
such that n € Z and k,, is a one-dimensional kG-module.

COROLLARY 8.1.3.
Let G be a finite group with a Sylow 2-subgroup P = Cy x Cs.
(a) For any absolutely 2-divisible kG-module V', the group Ty (G) identifies with a subgroup
of Tv (76)(G) = T(Na(P)).
(b) Moreover D(G) = Ty (£.)(G), up to identification. And, in particular, in the normal case
D(Ng(P)) =T(Ng(P)) -

PROOF. Set N := Ng(P).

(a) Let V € mod(kG) be absolutely 2-divisible. The map Res$ : Ty (G) — Ty,c(N) is in-
jective by Lemma 4.2.1. By Lemma 7.2.1, the map Res% C Ty (7o) (G) — Ty (ry) (N) is
an isomorphism whose inverse is induced by Green correspondence on the indecompos-
able V(Fy)-endotrivial modules. Furthermore Ty (7,)(N) = T(N) = Ty, ¢ (N) by the
preceding theorem. Therefore, the situation is as described in the following diagram:

TyFe) (@) <—=-=====-~ - Ty (G)
GreenA \L G G
corresp. : = | Resy Resy

Ty (7y)(N) —T(N) — Ty (N)

Thus, if L denotes an indecomposable V-endotrivial module, then we can define an injec-
tive group homomorphism Ty (G) — Ty (7,)(G) : [Llv = [L]v(Fg)-
(b) We treat first the normal case. The series of embeddings

T(N) < D(N) < Ty (zy) ()
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and Theorem 8.1.1, which identifies T'(V') with Ty (5, (/N), allow us to conclude that
T(N) = D(N) = Ty (Fy)(N) -

Secondly, for the general case, the fact that Cy x Cs is abelian implies that N controls
p-fusion in G so that D(G) = D(N) via restriction, by Corollary 7.8.3. Therefore we are
in a similar situation to that of the proof of Proposition 7.10.1 in the cyclic case and have
again a commutative diagram of the form:

Res$
0 Ty (5 (G) o Ty (1 (N) —— 0

G

0

D(G) D(N) ————0

Whence D(G) = Ty (r,)(G).

REMARKS 8.1.4.

(a)

The theorem and its corollary could have been merged in one unique statement saying
that the group Ty (G) identifies with a subgroup of the group Ty (£, (G), which, moreover,
is isomorphic to the Dade group D(G). Nevertheless, we thought it was worth separating
the normal and non normal cases, since in the normal case the description of the structure
of Ty (G) is complete however the module V', but not in the non normal case.

As shows the proof of the corollary, in the non normal case, the only remaining prob-
lem to provide a complete description of the structure of the group Ty (G) for an arbi-
trary module V, is the question of determining whether or not the Green correspondents
of the ordinary endotrivial kNg(P)-modules are V-endotrivial modules. Indeed, since
T(Ng(P)) = X(Ng(P)) ® <Q(k)> and the kG-Green correspondent of Q(k) is Q(k), the
real question is to determine which one-dimensional kN¢g(P)-modules have V-endotrivial
kG-Green correspondents.

Nevertheless, if the Sylow 2-subgroup Cs x Cs is strongly 2-embedded in G, as for instance
if G = As, then Corollary 4.3.2 ensures that the restriction map

RGS%G(P) Ty (G) — ngc(m (Na(P))

is an isomorphism for any absolutely 2-divisible V. Thus in this case, again there are only
endotrivial modules, that is: Ty (G) 2 T(G) = T'(Ng(P)).

If G is a 2-nilpotent group, then Theorem 6.2.2 establishes that there is an isomorphism
Ty (G) 2 Ky(GQ)® Ty,c (P).

Furthermore, as just proven Ty, ¢ (P) = T'(P) = Z and by Corollary 6.2.4 Kv (G) = X(G).
Thus in conclusion,

Ty(G) 2 X(G)BT(Cox () 2 X(G)DZ

for any absolutely 2-divisible kG-module V. As a result Ty (G) = T'(G) for any absolutely
2-divisible kG-module V', again.
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8.2. Relative projectivity to modules

Although, in the “normal Klein case”, there is, up to isomorphism, only one group of relatively
endotrivial kG-modules, there are infinitely many different subcategories of V-projective modules,
which, in particular, do not correspond to projectivity relative to a subgroup.

We give here a complete description of these subcategories for G = C5 x C3. Recall that
the algebra k[Cy x Cs] has domestic representation type and, moreover, that a complete set of
representatives of isomorphism classes of indecomposable k[Cs x C3]-modules was provided by
Basev, Heller and Reiner. We refer to [Ben98a, section 4.3] for a detailed description. The Green
ring structure on k[Cy x C5] is also known and was computed by Bagev [Bas61] and later corrected
by Conlon [Con65].

First notice that an indecomposable k[C5 x C3]-module is absolutely 2-divisible if and only if it
is even-dimensional. Furthermore, these modules are parametrised by P! (k) in the following sense:
let A € P!(k) and n > 1 be an integer, then there is a unique 2n-dimensional indecomposable
k[Cy x Cy]-module with projective variety {\}, which we denote by M, (N). (cf. [Ben98a, Thm.
4.3.3] and [Ben98b, Section 5.13].)

LEMMA 8.2.1.
The indecomposable modules projective relative to My, () are:
(a) IProj(Man(N)) = {Mam(N) |1 <m <n}U{k[Cs x Ca]} if A=0,1, 00;
(b) IProj(Ma(N)) = {M2(A), Ma(N), k[C2 x Co]} if A # 0,1, 00;
(¢) IProj(Man(N) = {Ma2m(A\) |1 <m <n}U{k[Ce x Ca2]} if X #0,1,00 and n > 2.

PROOF. This follows from the Green ring structure on k[Cy x C3] and this proof only consists
in reading the ®j-multiplication table for k[Cs x Cs]-indecomposable modules given in [Con65]. O



CHAPTER 9

MORE ENDOTRIVIAL-LIKE MODULES

In this closing chapter we introduce more endotrivial-like modules, which we have not deeply
investigated, but that we introduce as possible developments of the research presented in this text
and could lead to a different approach to the subject.

9.1. A giant group

Due to the facts that, but for exceptions, the group algebra kG has wild representation type
and that almost nothing is known about the structure of the Green ring A(kG), it is, at this stage,
virtually impossible to compute the structure of the group Ty (G) for an arbitrary finite group G
and an arbitrary absolutely p-divisible kG-module V. Hence a need for new methods to treat the
subject.

One approach, differing from the ones used thus far is the following: instead of fixing the module
V, one could start with an indecomposable kG-module M such that dimg(M) = %1 (mod p),
consider its endomorphism algebra, which has the form Endy (M) = k® X for some X € mod(kG).
If X is absolutely p-divisible then M is X-endotrivial and gives rise to an element of the group
Tx (G). Similarly, starting with another indecomposable module M’ € mod(kG), with dimension
equal to =1 (mod p), such that Endy (M) = ke X’ with X’ absolutely p-divisible, yields an element
[M'] € Tx/(G). The groups Tx (G) and Tx/(G) might not have much in common, but one possibility
to connect them is to view them as subgroups of the larger group of relative endotrivial modules
TX{BX’ (G)

This procedure leads to the idea of stopping to specify a module V', but building a much larger
group that contains all the groups Ty (G) for every absolutely p-divisible module V' € mod(kG).

Let Z denote the set of isomorphism classes of indecomposable modules with k-dimension
divisible by p and let P(Z) <o := {I C Z||I] < oo} denote the set of finite families of modules in Z.
The set P(Z) <o is in bijection with the set of isomorphism classes of finite-dimensional absolutely
p-divisible kG-modules whose indecomposable direct summands all have multiplicity 1. Then, let
E: =@,V € Mod(kG) and if I € P(T)<co, let Vi := @y, V. Notice that if I, J € P(T)<co,
then Proj(Vius) = Proj(Vr @ V) by the omnibus properties of relative projectivity.
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DEFINITION 9.1.1.
A kEG-module M € mod(kG) is called E-endotrivial if and only if its endomorphism algebra has
the form

Endy(M) 2k X

where X is an absolutely p-divisible kG-module.

If M and N are V-endotrivial and V’-endotrivial, respectively, for two absolutely p-divisible
kG-modules V and V', then M ®N is certainly a V@ V’-endotrivial module. Thus, if Tg(G) denotes
the set of isomorphism classes of indecomposable E-endotrivial modules, it can be endowed with
the following group law:

[M] + [N] == [(M ® N)o]
where (M ® N)g is the unique (V @ V')-endotrivial summand of M ® N. In other words, if we
consider Ty (G) and Ty (G) as subgroups of the group Ty gy (G), then the class [M] € Ty (G) and
the class [N] € Ty/(G) can be added in Ty gy (G):

[M] +[N]=[M ® N] € Tygv (G)

For I,J € P(T)<co, I C J,set frj: Ty, (G) = Ty, (G) to be the canonical inclusions of Lemma
3.7.1. Then P(Z)< ordered by inclusion is a directed set and (Ty,(G))rez and the morphisms
(frr)1,5ePz)-.. form a directed system of groups. For every I € P(Z)<, define an injective
homomorphism

©r: TVI — TE(G)
[M] — [Mo]
where My is the unique Vj-endotrivial indecomposable summand of M. This leads to the following
description of Tg(G) as a direct limit:

PROPOSITION 9.1.2.
Let E and T be as above. Then
Te(G) = hg Ty, (G).
I€P(T) < oo

PROOF. By the above construction Tg and the homomorphisms ¢, I € P(Z)< satisfy the
universal property of the direct limit . O

ExAMPLE 9.1.3.
Two first examples, not so interesting, are given by the Klein and cyclic cases:

(a) If G is a finite group having a cyclic Sylow p-subgroup, then
Te(G) =2 D(Q).
For, by Proposition 7.10.1, Ty (7.)(G) = D(G) and moreover, by Proposition 5.3.1, for
any absolutely p-divisible module V', Proj(V) = Proj(k Tg(v)) for some p-subgroup
Q(V) < G so that Ty (G) < Ty (r,)(G) by Lemma 3.7.1.

(b) A similar isomorphism holds in characteristic 2 if G has a Sylow 2-subgroup isomorphic
to Cy x Cs. Indeed, then by Corollary 8.1.3 for any absolutely p-divisble module V,
Tv(G) < Ty(r,)(G) = D(G). Whence
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9.2. Inspiration from the dihedral 2-groups Dy,

The reason why we became interested in a group such as Tg(G) is linked to the dihedral 2-groups
D,q, with ¢ > 2 a power of 2. For a complete description of the indecomposable £D,,-modules, we
refer the reader to [Ben98a, Section 4.11].

In contrast with the cyclic and Klein cases, very little is known about the structure of the
Green ring A(kDy,), and in particular, there is no description of how tensor products of kDg,-
modules decompose, which makes it difficult to compute the subcategories of relative projective
modules Proj(V) for absolutely 2-divisible V’s and in consequence to compute the associated
groups Ty (Daq). However, indecomposable odd-dimensional kD,,-modules have remarkable prop-
erties proved by L. Archer in [Arc08].

First, for dimensional reasons, the candidates to be indecomposable relative endotrivial modules
(that is relatively to a non specified absolutely 2-divisible module) are all the odd-dimensional
indecomposable kD4,-modules (which are all string modules). Moreover:

LEMMA 9.2.1 ([Arc08], Lem. 3.1).

Let M, N be two odd-dimensional indecomposable kD4q,-modules. Then, the tensor product M @ N
decomposes into a direct sum of exactly one odd-dimensional indecomposable summand and even-
dimensional summands.

As a consequence the set of isomorphism classes of indecomposable odd-dimensional kD44~
modules can be endowed with an abelian group structure induced by the tensor product by setting:

[M] + [N] — [the unique odd-dimensional summand of M ® N]

This group is denoted I'(kD4,) by Archer and it is isomorphic to the group Tg(Dag).

Furthermore I'(kD.g) is torsion-free by [Arc08, Thm. 3.4] and it is not finitely generated by [Arc08,
Thm. 3.5], whence an indication that the group Tg(G) is not finitely generated in general.

9.3. Endotrivial modules relative to module varieties

Let G be a finite group and let V be a closed homogeneous proper subvariety of V.

Call V-endotrivial a module M € mod(kG) such that
Endy(M) = k@ X
with X € mod(kG) a module such that Vg (X) C V.

It follows at once that any V-endotrivial has k-dimension coprime to p (by the Benson-Carlson
Theorem) and also that its variety is V. Also, any module X such that Vg (X) C V has to be
absolutely p-divisible (otherwise its variety would be Vg.)

Adapting the proofs of Chapter 3, sections 3.3 and 3.6, it is easy to show that:

- the tensor product of two V-endotrivial modules is again V-endotrivial ;

- any V-endotrivial module M decomposes as M = My ® Y, where Mj is indecomposable and
V-endotrivial, and Y is such that Vg(Y) C V.

(Here the condition that V is a proper subvariety of V¢ plays the role that absolute p-divisibility
played for V-endotrivial modules.)
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Thus there is an equivalence relation ~y on the class of V-endotrivial kG-modules given by
M ~y, N if and only if My = Ny,

where My and Ny are the unique V-endotrivial indecomposable summands of M and N, respec-
tively. Then let T),(G) denote the resulting set of equivalence classes. It follows that the tensor
product ®; induces an abelian group structure on the set T),(G) defined as follows:

[M] + [N] := [M ® N|
The zero element is [k] and the opposite of a class [M] is the class [M*].
Let Z(V) denote the set of isomorphism classes of modules V' in mod(kG) such that Vg(V) C V. If
V € Z(V), then all the modules in Proj(V') also have a variety contained in V (see Lemma 2.10.1)

and thus there is a canonical inclusion Ty (G) — TV(G) : [M] — [M]. In consequence, it is also
possible to describe the group Ty, (G) as a direct limit:

LEMMA 9.3.1.
Let V be as above. Then
W(G) = lm Tv(G) =Tgw)(G)

VEmod(kG)
Va (V)QV

where E(V) := @y ez V € Mod(kG) and Tr(v)(G) is defined analogously to Te(G).

REMARK 9.3.2.

As noticed in part (c¢) of Lemma 2.10.1, there exist indecomposable absolutely p-divisible modules
V such that Vo (V) = Va. Therefore there are also groups of relative endotrivial modules Ty (G)
which cannot be seen as subgroups of a group Ty, (G) for some variety V.

To be continued...
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