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Let X be a family of finite groups satisfying certain conditions
and K be a field. We study composition factors, radicals, and so-
cles of biset and related functors defined on X over K. For such
a functor M and for a group H in X, we construct bijections
between some classes of maximal (respectively, simple) subfunctors
of M and some classes of maximal (respectively, simple) K Out(H)-
submodules of M(H). We use these bijections to relate the
multiplicity of a simple functor Sy v in M to the multiplicity of
V in a certain KOut(H)-module related to M(H). We then use
these general results to study the structure of one of the important
biset and related functors, namely the Burnside functor Bx which
assigns to each group G in X its Burnside algebra By (G) =
K ®z B(G) where B(G) is the Burnside ring of G. We find the
radical and the socle of Bk in most cases of X and K. For example,
if K is of characteristic p > 0 and X is a family of finite abelian
p-groups, we find the radical and the socle series of Bk considered
as a biset functor on X over K. We finally study restrictions
of functors to nonfull subcategories. For example, we find some
conditions forcing a simple deflation functor to remain simple as
a Mackey functor. For an inflation functor M defined on abelian
groups over a field of characteristic zero, we also obtain a criterion
for M to be semisimple, in terms of the images of inflation and
induction maps on M.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The main purpose of the paper is to develop some methods that can be used in order to find
composition factors of biset and related functors. We especially obtain some results allowing us to find
the radicals and the socles of arbitrary biset and related functors. We use these results to study the
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structure of the Burnside functor, aiming to find its radical and socle series. We also study restrictions
of functors to nonfull subcategories, for instance we study structures of inflation and deflation functors
considered as (global) Mackey functors.

The notion of biset functors was introduced and developed by Bouc [2]. One of the most important
examples of biset functors is the Burnside functor Bx on X over K which assigns to each group G in
the family X its Burnside algebra K ®7 B(G) where K is a field and X" is a family of finite groups
satisfying some certain conditions and B(G) is the Burnside ring of G.

For an arbitrary functor M and a group H in X, we first construct a bijective correspondence
between maximal subfunctors of M whose simple quotients have H as minimal groups and some
maximal K Out(H)-submodules of the Brauer quotient of M at H. These bijections allow us to find
maximal subfunctors of M in terms of the maximal KOut(H)-submodules of the Brauer quotients
of M at groups H in X, because determining maximal submodules of the Brauer quotients of M
are usually easier than determining maximal subfunctors of M. We already used a similar approach
in [17] to study the structure of Mackey functors for a fixed group. Therefore, we here (in Sections 4
and 6) extend some parts of [17] to functors defined globally.

The subfunctors of the Burnside functor Bk, considered as a biset functor on the family of all
finite p-groups (p is a prime), are found explicitly in Bouc and Thévenaz [3] when the characteristic
of the field K is different from p. In this case each algebra Bk (G) admits a K-basis consisting of
primitive idempotents, and these primitive idempotents are used in [3] in a crucial way. In a similar
case, when K is of characteristic p > 0 and X is a family of nilpotent p’-groups, the composition
factors of the Burnside functor considered as a biset functor on X over K is studied by Bourizk [8].
We mainly study the structure of Bk in the remaining cases, and we also consider Bk as an inflation,
a (global) Mackey, or a deflation functor and study its structure in each case. In most of the cases we
study the structure of Bk, the Burnside algebra Bk (G) is local and so it has no K-basis consisting of
idempotents. Biset functors together with these related functors are called globally defined Mackey
functors or group functors by some authors. We here do not use this terminology.

An important quotient functor of Bx defined on p-groups is the rational representation functor
whose subfunctors are found in Bouc [2] (when the characteristic of K is 0) and in Bouc [4] (when
the characteristic of K is p > 0). The rational representation functor and its subfunctors are studied
also by Bourizk [7,9].

In Section 5 we study the radical of Bx. We obtain some conditions that must be satisfied by Bx
in order to have a maximal subfunctor. For instance, we show that the Burnside functor, considered
as a deflation or a Mackey functor on the family of all finite p-groups over a field of characteristic
p > 0, has no maximal subfunctors. In Theorem 5.4 we obtain that the Burnside functor By, consid-
ered as a Mackey functor on a family X over K, has a maximal subfunctor ] satisfying the property
that H is a minimal group of the simple functor Bk /] if and only if for any K € X having a subgroup
isomorphic to H and for any subgroup A of K isomorphic to H the index |[Nk(A) : A| is not divis-
ible by the characteristic of the field K. One of the consequence of this result is that the Burnside
functor considered as a Mackey functor on a family of p’-groups over a field of characteristic p > 0 is
semisimple. A related result that can be found in Webb [15] states that over any field of characteristic
0 the category of (global) Mackey functors is semisimple.

We also obtain similar results related to simple subfunctors. For example, using a result of Bourizk
[6] we find in Proposition 7.4 that the socle of the Burnside functor, considered as a biset functor on
the family of all p-groups of order less than or equal to p™ (m is a natural number with m > 2) over
a field of characteristic p > 0, is isomorphic to

Psux
H

where H ranges over a complete set of isomorphism classes of all groups of order p™ and Sy i is
the simple functor parameterized by the pair (H, K) (see Section 2).

We devote Section 8 to the study of the Burnside functor considered as a deflation or a Mackey
functor. We discover some results about the simple functors appearing in the radical quotients of
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the Burnside functor. For example, if we consider the Burnside functor Bx as a Mackey functor on
the family of all p-groups of order less than or equal to p™ (m is a natural number) over a field
of characteristic p > 0, we show that the simple functor S x (whose multiplicity in the Burnside
functor is 1) appears in the radical quotient J;;/Jm+1 where Ji =Jack(Bk) denotes the kth radical of
the Burnside functor.

In Section 9, we consider the Burnside functor as a biset functor on a family of finite abelian p-
groups, and find its radical and socle series. For instance, letting K be of characteristic p > 0 and X’
be the family of all finite abelian p-groups, and considering the Burnside functor Bk as a biset functor
on X over K, and for any natural number k > 1 putting Jj = Jack(Bg), in Theorem 9.4 we find the
radical series of By as follows:

Br/J1=S1x and Ji/Ji1 ZEP Suxk.
H

for any natural number k > 1, where H ranges over a complete set of isomorphism classes of all
groups of order p**1 in X'. We also observe that the radical and the socle series of Bx coincides with
each other, except that the socle series reaches to Bk only if one places a bound on the orders of the
groups in X.

We finally study restrictions of functors to nonfull subcategories. For instance, we observe that if
a simple Mackey functor Sy y parameterized by the pair (H, V) is projective then the simple de-
flation functor Sy vy parameterized by the pair (H, V) remains to be simple when considered as a
Mackey functor. For another example, we obtain a semisimplicity criterion for inflation functors. That
is, an inflation functor M defined on a family X of abelian groups over a field of characteristic 0 is
semisimple if and only if

( > lnfﬁ/NM(H/N)> c ( > Indf M(P))

N<H: N#1 P<H

for any H € X.

Most of our notations are standard and tend to follow [2]. Let H < G > K be finite groups. By the
notation HgK € G we mean that g ranges over a complete set of representatives of double cosets of
(H, K) in G. The notations S <¢ G and S <, G appearing in an index set both mean that S ranges over
all non-G-conjugate subgroups of G. The notation S < G means that S <¢ G and S # G. A quotient
group of a subgroup of G is called a section of G. Thus a section of G is of the form A/B where
B << A < G. By a proper section of G we mean a section of G whose order is less than the order of G.
For any set S we denote by |S| the number of elements in S. For any prime number p by a p’-group
we mean a group whose order is not divisible p. If p is the characteristic of a field and p =0, by a
p’-group we mean any finite group.

For a functor M we denote by Jac(M) the Jacobson radical of M, the intersection of all maximal
subfunctors. It may happen that M has no maximal subfunctors, in which case we have Jac(M) = M.
In a dual way we denote by Soc(M) the socle of M, the sum of all simple subfunctors of M.
If M has no simple subfunctors then Soc(M) = 0. We also define the higher radicals and socles as:
Jaci(M) =Jac(]aci’l(M)) and Soci(M)/Soci’l(M) = Soc(M/ Soc=1(M)) for any natural number i > 1
where Jac®(M) = M and Soc®(M) = 0. One then has the radical and the socle series

M =Jac®(M) 2 Jac' (M) 2 Jac*(M) 2 - -,
0= Soc®(M) < Soc! (M) C Soc*(M) C - --.
The successive quotients of each series are either zero or semisimple, because a functor (whose eval-

uations at each group in X is a finite dimensional K-module), with zero radical is semisimple, see
the explanation given after 3.3. If there are only finitely many groups, up to isomorphism, in X and
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if M(G) is a finite dimensional K-module for each G € X, it follows from the explanation given in
the next paragraph that the radical and the socle series reach to 0 and M, respectively, and they have
equal finite lengths called the Loewy length of M.

Let M be a functor on X and S be a simple functor on X parameterized by the pair (H, V).
We sometimes write M~ to indicate that we are considering M as a functor on X. We say that S is a
composition factor of M if there are subfunctors K C L of M such that L/K = S. Let ) be a subfamily
of X (satisfying certain conditions) such that SY = 0. It follows from the explanation given after 3.8
that S% is a composition factor of M~ if and only if S¥ is a composition factor of MY. By the
multiplicity of S in M we mean the multiplicity of S as a composition factor of MZ where Z is
the subfamily of X' such that any group in Z is isomorphic to a section of H. Although M* may not
have a composition series, MZ must have a composition series. The reason for this is that MZ may
be identified with a module of the category algebra of the skeletal category of its domain category
(i.e., any of b, i, 0, or m defined in Section 2), and it is a finite dimensional K-algebra because there
are only finitely many groups, up to isomorphism, in Z. See, for instance, Barker [1] and Webb [15]
for more details about the category algebras. Furthermore, it follows from above that if M has a
composition series then the multiplicity of S% in M is equal to the multiplicity of S in MZ. More
to the point, we observe in 4.10 that the multiplicity of S in M is equal to the multiplicity of V as a
composition factor of End(H)-module M(H).

Throughout the paper, R is a commutative unital ring, K is a field, and X is a family of finite
groups which is closed under taking subgroups, quotients, and isomorphisms.

2. Preliminaries

In this section, we simply collect some crucial results on bisets and functors in Bouc [2]. Let G, H,
and K be finite groups. A (G, H)-biset is a finite set U having a left G-action and a right H-action
such that the two actions commute. Given a (G, H)-biset U and an (H, K)-biset V, the cartesian
product U x V becomes a right H-set with the action (u, v)h = (uh,h~v). If we let u ® v denote
the H-orbit of U x V containing (u, v), then the set U xy V of the H-orbits of U x V becomes a
(G, K)-biset with the actions g(u ® v)k = gu ® vk. Any (G, H)-biset U is a left G x H-set by the
action (g, h)u = guh~!, and conversely. Terminology for (G, H)-bisets is inherited from terminology
for G x H-sets. Thus transitive (G, H)-bisets are isomorphic to bisets of the form (G x H)/L where L
is a subgroup G x H. We write [U] for the isomorphism class of a biset U.

Let L be a subgroup of G x H. We define

pi(l)={ge€G:3heH, (g.hel} and ki(l)={geG: (g.)el},
pa(l)={heH:3g€G, (g.h)eL} and ka(l)={heH: (1,h)eL}.

Then k;(L) is a normal subgroup p;(L), and k(L) x k(L) is a normal subgroup of L, and the three
quotient groups which we denote by q(L) are isomorphic. If L <G x H and M < H x K we write

LxM={(g.k)eGxK:3heH, (g h)eL, (h,k)yeM}.

Proposition 2.1. (See [2].)Let L < G x H and M < H x K. Then

((G x H)/L) xy ((H x K)/M) = Z (G x K)/(L*TDM).
p2(L)hp1 (M)CH

There are five types of basic bisets so that any transitive biset is isomorphic to a product of them.
For H < G > N and isomorphism of groups v : G — G/, they are
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Indf; = (G x H)/{(h,h): he H},

Res§; = (H x G)/{(h,h): h e H},
Inf§y = (G x G/N)/{(g. gN): g€ G},
Def¢ = (G/N x G)/{(gN. &): g€ G},

150 (¥) = (G' x G)/{(v(g). g): g €G}.

Proposition 2.2. (See [2].) For any L < G x H we have

~ G p1(L) p1(L)/k1(L) P2 (L) H
(G H)/L = Indy, 1) Iy 1 iy 1) 1900, (ka1 V) Doy 1) 1) RESpy 1)

where v (hky (L)) = gki(L) ifand only if (g, h) € L.

Let X be a family of finite groups closed under taking subgroups, taking isomorphisms and taking
quotients. We define the biset category b (on X over R), which is R-linear, as follows:

e The objects are the groups in X.

e If H and G are in X then Homy (H, G) = RB(G x H) is the Burnside group of (G, H)-bisets, with
coefficients in R.

e Composition of morphisms is obtained by R-linearity from the product (U, V) U xy V.

Any R-linear (covariant) functor from the category b to the category of left R-modules is called a
biset functor (on X over R). We denote by §p the category of biset functors, which is an abelian
category.

We also want to consider some nonfull subcategories of b and R-linear functors from these sub-
categories to the category of left R-modules. Let i be the subcategory of b with the same objects and
with the morphisms

Hom;(H, G) = &b R[(G x H)/L].

L<, GxH: ky(L)=1

An R-linear functor from i to the category of left R-modules is called an inflation functor (on X’
over R). We denote by J; the category of inflation functors.
Let 0 be the subcategory of b with the same objects and with the morphisms

Homy(H, G) = ) R[(G x H)/L].

L<, GxH: ky(L)=1

An R-linear functor from ? to the category of left R-modules is called a deflation functor (on X over
R). We denote by §5 the category of deflation functors.
Let m be the subcategory of b with the same objects and with the morphisms

Hom (H, G) = &P R[(G x H)/L].
L<, GxH: ki (L)=1=ka(L)

An R-linear functor from m to the category of left R-modules is called a (global) Mackey functor
(on X over R). We denote by F.. the category of Mackey functors. Mackey functors can also be
defined on a family X of finite groups closed under taking subgroups and taking isomorphism.
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These four functor categories have similar theories. For example their simple objects are param-
eterized in the same manner. From now on in this section, a functor means any of biset, inflation,
deflation or Mackey.

For any groups X and Y in X’ the composition of morphism gives an (End(Y), End(X))-bimodule
structure on Hom(X, Y), and for a functor M we have an End(X)-module structure on M(X) given by
fmyx = M(f)(mx).

For a group X in & and an End(X)-module V we define a functor Lx vy and an its subfunctor Jx v
as follows:

Lx v(Y) =Hom(X,Y) ®Enax) V.,
Lxv(f):Lxv(Y)—Lxv(Z), 6@vr fO®vV,
Jxv(= [\ Ker(Lxv(f)).

feHom(Y,X)
where Ker(Lx,v(f)) denotes the kernel of the map Ly, v (f).

Having defined the functors Lx v we define two important functors between the functor cate-
gory § (i.e., any of §p, Fi, $o or §m) and End(X)-module category.

Lx _ :End(X)-Mod - §, Vi Lxyv,

and if ¢ : V — W is an End(X)-module homomorphism then Lx _(¢): Lx v — Lx,w is the natural
transformation whose Y € X component is the map Lx v(Y) = Lx.w(Y), givenby f® v fQ@@(v).

ex :§ — End(X)-Mod, M~ M(X),

and if 7 : M — N is a morphism of functors (i.e., a natural transformation) then ex () is the X-
component Ty : M(X) — N(X) of .

Proposition 2.3. (See [2].) Let X be a group in X. Then:

(1) ex is an exact functor and Lx _ is a right exact functor.

(2) (Lx,—,ex) is an adjoint pair.

(3) If V is a projective End(X)-module then Lx v is a projective functor.

(4) IfV is an indecomposable End(X)-module then Ly v is an indecomposable functor.

Let M be a functor. A group H in X is called a minimal group of M if M(H) %0 and M(K) =0
for all K € X with |K| < |H]|.

Proposition 2.4. (See [2].) Let X be a group in X and let V be a simple End(X)-module. Then, Jx v is the
unique maximal subfunctor of Lx v and Lx v/ ] x,v is a simple functor whose evaluation at X is V. However,
X may not be a minimal subgroup of this simple functor.

Proposition 2.5. (See [2].) For a group G in X, there is a direct sum decomposition
End(G) = Ext(G) @ I¢

where I is a two sided ideal of End(G) with an R-basis consisting of the elements [(G x G)/L] of End(G)
with |q(L)| < |G|, and Ext(G) is a unital subalgebra of End(G) isomorphic to the group algebra R Out(G) of
the group of outer automorphisms of G.
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A simple functor S with a minimal group H is denoted by Sy v if S(H) =

Theorem 2.6. (See [2].) In the following an R Out(H)-module is considered as an End(H)-module via the
natural projection map End(H) — Ext(H) = R Out(H) given in 2.5.

(1) Let H be a group in X and let V be a simple R Out(H)-module. Then H is a minimal subgroup of the
simple functor Ly v/Ju,v. S0 Ly,v/Ju,v = SH,v.

(2) Let S be a simple functor and let H be a minimal subgroup S. Then Iy annihilates S(H), and S(H) is a
simple R Out(H)-module, and S = Sy v where S(H) =

(3) Sh.v = Sk.w ifand only if there is a group isomorphism H — K transporting V to W.

(4) If Su.v (G) # 0 for some group G, then H is isomorphic to a section of G (to a subgroup of G in the case of
Mackey functors).

3. Linear functors in general

Throughout this section, 2( is an (small) R-linear category, and § is the category of R-linear (co-
variant) functors from 2l to the category of (left) R-modules.

Let M € § be a functor and X be an object of 2. Composition of morphisms of 2 induces an (left)
Endg (X)-module structure on the R-module M(X) defined by fm = M(f)(m) for any f € Endg(X)
and any m € M(X). The main purpose of this section is to find some relations between the maximal
(respectively, simple) subfunctors of M and the maximal (respectively, simple) Endg (X)-submodules
of M(X).

For a functor M € §, an object X of 2, and an Endg (X)-submodule V of M(X), we define two
subfunctors Im% v and I(er% v of M whose evaluations at any object Y of 2 are given as

mf, ()= DY MV,

feHomg (X,Y)

kel y)= () MW,

feHomg (Y,X)

where for an f € Homg (Y, X) we denote by M(f)~1(V) the set of all elements y € M(Y) such that
M(f)(y) € V. It is obvious from the definitions that they are subfunctors of M and that the evalu-
ations of subfunctors Imx v and I(erx v at X are both equal to V. Moreover, Imx v is the smallest
subfunctor of M in the sense that it is contained in any subfunctor I of M satlsfymg V C1(X), and
KerX v is the largest subfunctor of M in the sense that it contains any subfunctor ] of M satisfying
J(X) € V. We note that the subfunctor Jx v of Lx v described in Section 2 is the Kery o subfunctor
of Lx v. Some elementary properties and applications of these subfunctors can be found in [16].

Lemma 3.1. Let M € § be a functor and X be an object of 2. Then:

(1) The maps | — J(X) and I(er% v <V define a bijective correspondence between the largest elements |
of the set of all subfunctors I of M satisfying the property Im%M(X) ¢ 1, and the maximal Endg((X)-
submodules V of M(X).

(2) The maps | — J(X) and lm’;(”’v <V define a bijective correspondence between the smallest elements
J of the set of all subfunctors I of M satisfying the property I ¢ I(er%o, and the simple Endg (X)-
submodules V of M(X).

We skip the proof of the above result, which follows easily from the definitions of Im and Ker
subfunctors. Note that the largest (respectively smallest) subfunctors J considered in the above result
may not be the maximal (respectively simple) subfunctors of M unless Im%wx) = M (respectively

Ker%O =0). If we assume further that lm%Mm = M (respectively I(er%0 =0) then the above result
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implies Propositions 3.3 and 3.5 in [16]. We also note that the conditions Im%M(X) ZlandI¢ Kerl)‘f{0
are equivalent to the conditions I(X) # M(X) and I(X) # 0, respectively.
The following is an immediate consequence of 3.1.

Proposition 3.2. Let M € § be a functor and X be an object of 2. Then:

(1) The maps | — J(X) and Ker%v <« V define a bijective correspondence between the maximal subfunc-

tors | of M satisfying the property Im%M(X) ¢ J, and the maximal Endg((X)-submodules V of M(X)
satisfying the property

ImY yx) +Kerl , =M.

(2) Themaps | — J(X) and lm%v <« V define a bijective correspondence between the simple subfunctors |
of M satisfying the property | ¢ I(er% o and the simple Endg (X)-submodules V of M(X) satisfying the
property

Im} , NKerY o =0.

The following characterization of simple functors (see, for instance, Corollary 3.6 of [16]) is an easy
consequence of 3.2.

Remark 3.3. Let M € § be a functor and X be an object of 2 such that M(X) # 0. Then, M is simple
if and only if M(X) is a simple Endg (X)-module, Im%m(x) =M, and Kerl¢ ; =0.

Let M € § be a functor and X be an object of 2 such that M(X) # 0. It follows from 3.2 that any
maximal subfunctor of M which does not contain lmy_’ Mx) must be of the form Kery , for some

maximal Endg (X)-submodule V of M(X), and so it contains l(er%o. Consequently, we must have that

Kery o NImY 1 x) SJac(M) and  Jac(M(X)) S Jac(M)(X),

where Jac(M) denotes the radical of the functor M and Jac(M (X)) denotes the radical of the Endg (X)-
module M(X). Moreover, it is clear from the definitions that Ker’,‘{ Oﬂlm% M(X) is equal to I(erﬁ{o

where [x = Imx M(x)- Now we assume further that Jac(M) =0 and that M(Y) is an artinian Endg(Y)-

module for each object Y of 2. For any object Y of Ql it follows from what we observed above that

M(Y) is a semisimple Endg (Y)-module and that I(erY 0= = 0. Then, it follows from 3.3 that each Iy is

a semisimple functor. Consequently, M must be a semisimple functor because M is equal to the sum

of the semisimple functors Iy where Y is ranging in the set of all objects Y of 2f with M(Y) 0.
We apply 3.3 to derive the following result.

Remark 3.4. Let B be a subcategory of 20 and §o be the category of R-linear functors from B to the
category of R-modules. Any functor M € § defines a functor ¢% M= Mol € §F, called the restriction
of M to B, where I:% — 2( is the inclusion functor. If 9B is a full subcategory of 2 and S € § is a
simple functor, then the restriction of S to B is either zero or a simple functor in Fos.

Lemma 3.5. Let M € § be a semisimple functor and X be an object of 2. For any Ends (X)-submodule V of
M(X),

ImY 4y x, +Ker¥ y =M and ImY, NKerl,=0.
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Proof. Letting T = M/KerX v we may see that I(erX o = 0. Therefore, S(X) # 0 for any simple sub-
functor S of T. As T is semisimple, by using 3.3 and the definition of Im subfunctors we obtain that
lmX!T(X) =T, which implies that the sum of ImX!M(X) and Kerx.v is M. What remains can be justified
similarly. O
The following refinement of 3.2 is an easy consequence of 3.5 and 3.2.
Proposition 3.6. Let M € § be a semisimple functor and X be an object of 2. Then:
(1) The maps ] — J(X) and Kerx v < V define a bijective correspondence between the maximal subfunc-
tors J of M satisfying the property J(X) # M(X), and the maximal Endg (X)-submodules V of M(X).

(2) The maps ] — J(X) and Im% v < V define a bijective correspondence between the simple subfunctors

J of M satisfying the property J(X) # 0, and the simple Endg (X)-submodules V of M (X).

We have also the following relations between socles and Im subfunctors, and radicals and Ker
subfunctors.

Remark 3.7. Let M, N € § be functors, S € § be a simple functor, and X be an object of 2 such that
S(X)#0.Put I = lm%M(x) and K = I(er%o. Then:

1) If Im%N(X) = N then Homg (N, M) =Homg(N, I) as R-modules. In particular, the multiplicities of
S in the socles of M and I are equal.

2) If I(erX o =0 then Homg (M, N) = Homg(M/K, N) as R-modules. In particular, the multiplicities
of S in the heads of M and M/K are equal.

Proof. For any natural transformation 7 : N — M it follows that

N M
7 (N)= ﬂ(lmx,woo) CImy yxy =1

and it follows from 3.3 that Imfas(x) = S, proving the first part. The second part can be proved
similarly. O

Proposition 3.8. Let M, N € § be functors and let X be an object of 2. Let
¢ : Homg (M, N) = Homgndy (x) (M(X), N(X)), 7 — 7x,

be the R-module (R-algebra if M = N) homomorphism sending a natural transformation m to its X-
component . Then:

) Ifl(er%0 = 0 then ¢ is a monomorphism.
(2) IfKerX g =0and ImY \, . = M then ¢ is an isomorphism.

Proof. (1) Let ¥ : M — N be a natural transformation with x = 0. Then,
0= mx(M(X)) = (M)(X),
implying that
(M) C Ker) o =0.

Thus, 1 =0 if mx =0.
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(2) Let f:M(X) — N(X) be an Endg (X)-module homomorphism. We will construct a natural
transformation 7 : M — N with wx = f. Let Y be an object of 2 and u € M(Y). As lm%M(X) =M,
there are elements vq,...,v, in M(X) and morphisms fi,..., f; in Homg (X, Y) for some natural
number n, such that

u=M(f)(vi) + -+ M(fo) (V).

We define 7ty as

my (W) = N(f1)(F(v1) + -+ N (f (vn)).

One may see that s with this definition is a natural transformation with wx = f. We here justify
only that wy defined above is a well-defined map. For this end, let wq, ..., wy be elements of M(X)
and g1, ..., gn be morphisms in Homg (X, Y) such that

Mg (w1) +--- 4+ M(gm)(Wm) =0.

We need to show that a =0 where

a=N(@)(fW1)+ -+ N(gm)(f (Wn)).

Indeed, let g be any morphism in Homg (Y, X). Then, each go g; is in Endg(X), and as f is an
Endg (X)-module homomorphism we must have that N(g o g;)(f(w;)) = f(M(g o g;)(w;)). Hence,

N(g)(@) = N(g)(N(g)(f(w1) + -+ N(Egm) (f(Wm)))
=N(gog)(f(w1)+---+N(gogm)(f(Wm))
= f(M(gog)(W) + -+ f(M(g o gm)(Wm))
= f(M(g)(M(g1)(W1) + -+ + M(gm)(Wm)))
= f(M(@)©) =0,

showing that a € Ker%o. Therefore, a=0. O

Let M € § be a functor and S € § be a simple functor. Let 6 be a full subcategory of 2 such
that ¢% S # 0. Suppose that there are subfunctors K € L of ¢% M such that L/K is isomorphic
to L% S. Take any object X of B such that S(X) # 0. It follows that Homgngy, (x)(L(X), S(X)) is
nonzero. As Endg (X) is equal to Endg (X), we see by using 3.8 and 3.3 that Homg(lm%L(X), S) is
nonzero. Therefore, S appears in the head of lm% LX) which is a subfunctor of M. Consequently, we
observed that if ¢% S is a composition factor of L% M then S is a composition factor of M. The
converse of this observation is also true and it follows from 3.4. A consequence of this observation is
that, for any simple functors S; and S; in § and for any full subcategory B of , if ¢% S1 and ¢% S2
are nonzero isomorphic functors then S; and Sy are isomorphic functors in F.

We have the following obvious consequence of 3.8.

Corollary 3.9. Let M € § be a functor and X be an object of 2 such that lmyM(X) =M and I(erg‘{0 =0.
Suppose

M=M&---&Mn
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is a decomposition of M into nonzero functors in §. Then,

M(X) =Mi(X) @ --- & Mn(X)

is a decomposition of M(X) into nonzero Endg (X)-modules such that the functors M; and M j are isomorphic
if and only if the Endg (X)-modules M;(X) and M;(X) are isomorphic. Moreover, M; is an indecomposable
functor if and only if M;(X) is an indecomposable Endg (X)-module.

4. Maximal subfunctors and Brauer quotients

Throughout this section, by a functor we mean any of biset functor, inflation functor, (global)
Mackey functor, or deflation functor, defined on X over K. Whenever we consider Mackey functors,
we do not need to assume that the family X is closed under taking quotients, and the words “section”
may be replaced with the words “subgroup”.

We begin with recalling the notion of the Brauer quotient of a functor, see [15]. Let M be a functor
and H be a group in X, we put

by(M) = M(f)(M(K))
f.K

where K ranges over all groups in X’ having no sections isomorphic to H and f ranges in Hom(K, H).
It is clear that by (M) is a KOut(H)-submodule of M(H). The quotient module M(H)/by (M) is called
the Brauer quotient of M at H, and denoted by M(H).

For a functor M, and groups H and K in X, and f € Hom(K, H), we sometimes use the notation f
to denote the K-module homomorphism M(f) : M(K) — M(H). For instance, by the expression IyM
in the below we mean the sum of all K-modules M(f)(M(H)) where f ranges in the ideal Iy of
End(H) described in 2.5.

Remark 4.1. Let M be a functor and H be a group in X. Then, IyM C by(M) so that by (M) is
an End(H)-submodule of M(H) where Iy is the ideal of End(H) described in 2.5. In particular, any
K Out(H)-submodule of M(H) containing by (M) is an End(H)-submodule of M(H).

Proof. As the ideal Iy of End(H) is spanned by the transitive (H, H)-bisets
[(H x H)/L]

with |q(L)| < |H|, by using 2.2 we may factorize
[(H x H)/L]

as fg for some K € X with |K| < |H| and f € Hom(K, H) and g € Hom(H, K). In particular, K has no
sections isomorphic to H. As M is a functor,

M(fg)(M(H)) S M(f)(M(K)) Sby(M). O

The above result shows that the notation Ker",f,v makes sense for KOut(H)-submodules V of

M(H) containing by (M), where Ker’)‘{’_’W subfunctors of a functor M are defined in the previous section
for End(X)-submodules W of M(X).
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Theorem 4.2. Let M be a functor and H be a group in X. Then, the maps | — J(H) and Ker’,\;’ v <V define
a bijective correspondence between the largest elements ] of the set of all subfunctors I of M satisfying the
property that H is a minimal group of M/I, and the maximal K Out(H)-submodules V /by (M) of M(H).
Moreover, M(H) = 0 if and only if M has no quotient functor having H as a minimal group.

Proof. Let | be a subfunctor of M satisfying the property that H is a minimal group of M/I. We will
observe that by (M) C I(H). In particular, M(H) # 0: Indeed, for any group K in X having no sections
isomorphic to H, and any L < H x K, we must have that |q(L)| < |H|, and then 2.2 implies that

[(H x K)/L]

can be factorized as fg for some A € X with |A| < |H| and f € Hom(A, H) and g € Hom(K, A).
Moreover, M(A) = I(A) as H is a minimal group of M/I and as |A| < |H|. Now

M(f£)(M(K)) € M(f)(M(A)) = M(f)(I(A)) S I(H).

Hence by (M) C I(H).
Let A be the set of all subfunctors I of M satisfying the property that H is a minimal group of
M/I, and let B be the set of all subfunctors I of M satisfying the property that

M
Imy ZI,

so that we have A C B. We will show that any largest element | of the set .4 remains to be a largest
element in the set B: Indeed, let | be a largest element of A. If there is an element I of B such that
J €I, then

M(K) = J(K) C I(K)

for any group K in X with |K| < |H| because H is a minimal group of M/J. This shows that H is
also a minimal group of M/I, and so I € A proving that | =1.

Let V be a proper KOut(H)-submodule of M(H) containing by (M). We will show that H is a
minimal group of the functor M/I where I = Ker’,‘f.v. In particular, I is an element of the set A
defined above: Indeed, as I(H) = V the functor M/I is nonzero at H. Let K be a group in X such
that |K| < |H|. Then K has no sections isomorphic to H, implying for any subgroup L of H x K that

[(Hx K)/L]M(K) Cby(M)C V.

Hence I(K) = M(K) which shows that H is a minimal group of M/I.
Finally, the theorem follows from part (1) of 3.1. O

The subfunctors | mentioned in the previous result may not be maximal subfunctors of M. For
maximal subfunctors we have the following result as an immediate consequence of 3.2 and 4.2.

Corollary 4.3. Let M be a functor and H be a group in X'. Then, the maps ] — J(H) and l(er",g’.v <« V definea
bijective correspondence between the maximal subfunctors ] of M satisfying the property that H is a minimal
group of M/ ], and the maximal K Out(H)-submodules V /by (M) of M(H) satisfying the property that

Imjf ) +Kerlf y =M.

In terms of multiplicities in heads, 4.3 may be stated as follows.
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Corollary 4.4. Let M be a functor and H be a group in X. For any simple K Out(H)-module V, let n be the
multiplicity of V in the K Out(H)-module M(H)/Jac(M(H)) and let m be the multiplicity of the simple functor
SH.v in M/Jac(M). Then, m < n. In particular, if m #20andn =1 thenm = 1.

Proof. Firstly, it follows from 4.3 that the multiplicity of Sy v in M/Jac(M) is finite. There are m
maximal subfunctors Ji,..., Jm of M such that each quotient M/ J; is isomorphic to Sy v and such
that the product of natural epimorphisms

v M= [[M/J;

i=1

is surjective. From 2.3, the evaluation functor ey is exact so that the H-component

Y M(H) — [ [M(H)/ Ji(H)

i=1

of (the natural transformation) v is a surjective End(H)-module homomorphism. We know from 4.3
that each J;(H) contains by (M) and Jij(H)/by(M) is a maximal KOut(H)-submodule of M(H) and
its quotient is isomorphic to V. Thus ¢y induces a KOut(H)-module homomorphism

M(H) - mV
which is surjective. Hence,n >m. O

The previous two results will be the main tool we use to find the maximal subfunctors of a given
functor M and multiplicities of simple functors in the head of M. For this end, we first need to
find the maximal KOut(H)-submodules V /by (M) of the Brauer quotients M(H) so that maximal
subfunctors are of the form I(er%iv, but for I(er%_v to be a maximal subfunctor, V must satisfy the
given condition in 4.3. The next result illustrate some groups H for which this condition satisfied
automatically for any maximal K Out(H)-submodules V /by (M) of M(H).

Proposition 4.5. Let M be a functor and H be a group in X. Suppose that M(H) # 0 and that M(K) = 0 for
any group K in X having a proper section isomorphic to H. Then:

(1) The maps | — J(H) and I(er’,‘_,/’_v <« V define a bijective correspondence between the maximal subfunc-
tors | of M satisfying the property that H is a minimal group of M/ ], and the maximal KOut(H)-
submodules V /by (M) of M(H).

(2) For any simple K Out(H)-module V, the multiplicity of V in M(H)/ Jac(M(H)) is equal to the multiplicity
of Su,v in M/Jac(M).

Proof. (1) Let V /by (M) be a maximal K Out(H)-submodule of M(H). From 4.3 it is enough to show
that I = M where I is the functor defined as

I=1my] ) +Kerlf y .
Assume that I # M. Then M/I is nonzero, and so it has a minimal group K. It follows from 4.2 that

M(K) # 0. The condition on H implies that K has no proper sections isomorphic to H. Moreover, K is
not isomorphic to H because I(H) = M(H) and K is a minimal group of M/I. We will show that

M(K) = Ker}! |, (K) € I(K),
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which contradicts the fact that K is a minimal group of M/I: The group K has no sections isomorphic
to H so that for any f € Hom(K, H) we have

M(f)(M(K)) S bu(M) S V

Therefore M(K) C Kerﬂ v (K), as desired.

(2) Let n be the mulfiplicity of V and m be the multiplicity of Sy v. The inequality m < n is known
from 4.4. There are n maximal K Out(H)-submodules V1, ..., V, of M(H) containing by (M) such that
each quotient M(H)/V; is isomorphic to V and such that the product of natural homomorphisms

¢ : M(H) — [ [M(H)/Vi

i=1

is surjective. From the first part, we know that each J; = Ker’ﬂqvi is a maximal subfunctor of M and
M/ J; is isomorphic to Sy v. We will show that the product of natural homomorphisms

v M — [ M/

i=1

is surjective, which gives the inequality n < m. For this end, we first put

for any i. Surjectivity of ¢ will follow if we show that J; + Tl =M for any i. Indeed, if the sum J; + ]N,
is not M, then J; C J; (as J; is a maximal subfunctor of M), implying that J;(H) C J;j(H), equivalently

n

[ vicv.

j=1: j#i

But then, for any v in M(H) which is not in V;, the element of

[ [MH)v;i

i=1

whose j-components are all equal to 0 for j #i and whose i-component is v 4+ V; has no preimage
under the map ¢, contradicting to the surjectivity of ¢. O

Proposition 4.6. Let M be a semisimple functor and H be a group in X. Then:

(1) The maps | — J(H) and I(erﬂ v <V define a bijective correspondence between the maximal subfunc-
tors | of M satisfying the proberty that H is a minimal group of M/ ], and the maximal K Out(H)-
submodules V /by (M) of M(H).

(2) M(H) is a semisimple K Out(H)-module.

(3) For any simple K Out(H)-module V, the multiplicity of V in M(H) is equal to the multiplicity of Sy v
in M.



E. Yaraneri / Journal of Algebra 335 (2011) 113-162 127

Proof. (1) follows from 3.5 and 4.3.

(2) As M is semisimple, it follows from 3.3 that M(H) is a semisimple End(H)-module, and so
M(H)/IyM is a semisimple KOut(H)-module where Iy is the ideal of End(H) described in 2.5.
We now obtain the result by using 4.1 stating that M(H) is a quotient of M(H)/IyM.

(3) follows from the previous parts, 4.4, and the proof of the second part of 4.5. O

For an arbitrary functor M, which is not necessarily semisimple, let

by (M)/bp(M) = Vo/by(M) C V1/by(M) C -+ C Vu /by (M) = M(H)

be a composition series of the KOut(H)-module M(H). Letting M; = Ker%vi for each i, we obtain a
series

Kery{ . qpy =MoC M1 C---CMy=M

of the functor M. We see for each i that Kery o subfunctor of the quotient M;/M;_ is 0, and then
we deduce by using 3.2 that M;/M;_; has a unique simple subfunctor, namely its Imy, v;/m;_;)H)
subfunctor which is isomorphic to Sy v,/v,_,. We then conclude that the multiplicity of Sy v, v,_, in
M;/M;_1 is 1 because (M;/M;_1)(H) = V;/V;_1. Thus, we justified the following.

Proposition 4.7. Let M be a functor, H be a group in X, and V be a simple K Out(H)-module. Then, the
multiplicity of V in M(H) is equal to the multiplicity of Sy,v in M/ I(erﬂ’bH(M). In particular, the multiplicity
of V in M(H) is less than or equal to the multiplicity of Sy v in M.

Corollary 4.8. Let M be a functor and H € X be a group with by (M) = 0. For any simple K Out(H)-module V,
the multiplicity of V in the K Out(H)-module M (H) is equal to the multiplicity of Sy v in M.

Proof. Put T = Ker%bH(M). As T(H) =by (M) =0, we see that T has no composition factor having H
as a minimal group. Therefore, the multiplicities of Sy v in M and M/T are equal. The result follows
from 4.7. O

The following result (in which by (M) =0) is an immediate consequence of 4.8.

Corollary 4.9. Let M be a functor and H € X be a minimal group of M. For any simple K Out(H)-module V,
the multiplicity of V in the K Out(H)-module M(H) is equal to the multiplicity of Sy v in M.

Remark 4.10. Let M be a functor, H be a group in X, and V be a simple K Out(H)-module. Then:

(1) The multiplicity of Sy v in M is equal to the multiplicity of the simple End(H)-module V in the
End(H)-module M(H).

(2) The multiplicity of Sy v in M is less than or equal to the multiplicity of the simple KOut(H)-
module V in the KOut(H)-module M(H).

Proof. (1) For any simple functor Sy v on X over any field K (which is not assumed to be alge-
braically closed), it follows from 3.8 that the endomorphism algebras Endz(Sy,v) and Endgnghy (V)
are isomorphic. Moreover, let P(V) be the projective cover of the simple End(H)-module V and
let M be a functor on X over K. It follows from 2.3 that the K-spaces Homg(Ly p(v), M) and
Homgpqepy (P(V), M(H)) are isomorphic. Therefore the result follows.

(2) Evaluating a composition series

0=MoCcM;C---CMu,=M
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of M at H yields a series

0=Mo(H) € Mi(H) C--- € Ma(H) = M(H)

of M(H) considered as an End(H)-module. Indeed, it follows from 3.3 that each

M;(H)/M;_1(H)

is a simple End(H)-module (if nonzero), which is also a simple K Out(H)-module isomorphic to V if
the simple functor M;/M;_; is isomorphic to Sy v. The result follows. O

For a functor having a unique maximal subfunctor (i.e., a quotient functor of a projective indecom-
posable functor) we have the following result.

Remark 4.11. If a functor M has a unique maximal subfunctor, then there is a group H, unique up
to isomorphism, in X such that M(H) has a unique maximal KOut(H)-submodule and such that
I} ) =M.

Proof. Suppose that M has a unique maximal subfunctor J. Let H be a minimal group of the simple
functor S = M/ J. By the definition of Im subfunctors, the Imy, sy subfunctor of S is equal to

(M3 yigy +1)/J

which is also equal to M/] (see 3.3). As ] is the unique maximal subfunctor of M we obtain that
lm%’.M 1y = M. Moreover, it follows from 4.3 that M(H) has a unique maximal K Out(H)-submodule.

Conversely, let H be a group satisfying the required properties. Then, 4.3 implies that M has a
maximal subfunctor whose simple quotient has H as a minimal group. O

Furthermore, for a functor M whose subfunctor lattice is a (possibly infinite) chain (i.e., M is a
uniserial functor), one may see that if M(H) and M(K) are both nonzero for some groups H and K
then one of the groups H and K must be isomorphic to a section of the other.

The next result is an easy consequence of definitions and the decomposition of a transitive biset
given in 2.2.

Remark 4.12. Let M be a functor, H and K be groups in X, and let V be a KOut(H)-submodule of
M(H) containing by (M).

(1) If M is a biset or an inflation functor, then

bu(M)= > Indf M(P)+ > Infjj,y M(H/N).
P<H N<H: N#1

(2) If M is a Mackey or a deflation functor, then

bu(M) = Indj M(P).
P<H
(3) If M is a biset or a deflation functor, then

Kery y (K)= (") {x€ M(K): Iso}f 5(f) Def} g Resk x € V}
AB.f
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where A ranges over all subgroups of K, and B ranges over all normal subgroups of A such that
the quotient group A/B is isomorphic to H, and f ranges over all isomorphisms from A/B to H.
(4) If M is a Mackey or an inflation functor, then

Kerl y (K) = ﬂ{x € M(K): Iso (f)Resk x e v}
Af

where A ranges over all subgroups of K isomorphic to H, and f ranges over all isomorphisms
from A to H.

5. Radicals of Burnside functors

We now use the results of the previous section to study the radicals of Burnside functors. By a
functor we mean any of biset functor, inflation functor, (global) Mackey functor, or deflation functor,
defined on X" over K.

We begin with recalling the definitions of Burnside algebras and the maps making them a functor,
see [2,3,10]. For a finite group H, the set of isomorphism classes of finite H-sets form a commutative
semiring under the operations disjoint union and cartesian product. The associated Grothendieck ring
Bz (H) is called the Burnside ring of H. The Burnside algebra of H over K is the K-algebra Bx(H) =
K®zBz(H). Therefore, letting V runs over representatives of the conjugacy classes of subgroups of H,
then [H/V] comprise (without repetition) a K-basis of Bx(H), where the notation [H/V] denotes the
isomorphism class of transitive H-sets whose stabilizers are H-conjugates of V. The collection of
Burnside algebras form a functor with the following morphisms:

Indf; ((H/V]) =[G/V].  Infg,\([(G/N)/(V/N)])=[G/V],  Isof(F)([H/UY)=[K/fW)],
Def¢ (IG/V]) =[(G/N)/(NV/N)],  Resi(IG/W])= »_ [H/(HNEW)].

HgWcG

The product in the algebra Bk (G) of any basis elements [G/H] and [G/W] is given by

[G/HIIG/W1= Y [G/(HNswW)],

HgW <G

which is equal to lndg Resg[G/W]. Therefore, we have the next result, see [2], Section 8 of [3], and
Lemma 3.3 of [9].

Remark 5.1. M(G) is an ideal of the commutative algebra Bk (G) for any subfunctor M of Bx and
any group G. In particular, a K-linear combination of mutually orthogonal idempotents of Bk (G) is in
M(G) if and only if each idempotent in the linear combination is in M(G).

Using 4.12 we can easily obtain the Brauer quotients of Burnside functors as follows.
Remark 5.2.
(1) Consider the Burnside functor Bk as a biset or an inflation functor on X'. Then, b (Bk) = Bk (G)
for any G € X with G # 1 and b1(Bk) =0, in particular, the Brauer quotients of Bk at nontrivial

groups are all zero.
(2) Consider the Burnside functor Bk as a deflation or a Mackey functor on X. Then,

be(Br) = € KIG/V]

V<GG
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for any G € & with G # 1 and b;(Bk) =0, in particular, the Brauer quotient of Bk at any group
X € X is the trivial KOut(X)-module.

If we consider the Burnside functor Bx as a biset or an inflation functor on X over K then 5.2
and 4.5 imply that Bk has a unique maximal subfunctor which is Ker; g, whose corresponding quo-
tient is isomorphic to the simple functor S k. Indeed, this is a consequence of a well-known result.
From the definitions of functors Ly y described in Section 2, we easily see that Bx is isomorphic to
the functor L1k (see [2]), and so 2.3 and 2.6 imply that Bk is the projective cover of the simple
functor S, in particular Bx has a unique maximal subfunctor. Here we investigate the maximal
subfunctors of Bk considered as a deflation or a Mackey functor.

Proposition 5.3. Let K be of characteristic p > 0, and let any group in X be a p-group. Consider the Burnside
functor By as a deflation (respectively, a Mackey) functor on X over K. If Bx has a maximal subfunctor ],
then B/ ] = Sy xk for some H € X' and there is no group in X’ having a proper section (respectively, a proper
subgroup) isomorphic to H.

Proof. We give a proof for deflation functors. The same proof works also for Mackey functors. Let | be
a maximal subfunctor of M where M = B, and let H be a minimal group of the simple functor M/ J
(which is unique up to isomorphism). For any group G, we know from 5.2 that the Brauer quotient
M(G) is the trivial K Out(G)-module. Then 4.3 implies that

J=Kerl, 4. M/]J=Suk

and that I + | = M where

M
I=lmH,M(H).

Take any group K in X. Then I(K) + J(K) = M(K). It is well known from [10] that M(K) is a local
K-algebra so that it has a unique maximal ideal. As I(K) and J(K) are ideals of M(K) by 5.1, we must
have that

M(K)=1(K) or M(K)= J(K).

Suppose for a moment that K has a proper section isomorphic to H, say B<JA<K and A/B=H
and |H| < |K|. Then M(K) # J(K), because

Isz/B Defg‘/B ResK[K/K]=[H/H] ¢ bu (M)

which, together with 4.12, imply that [K/K] ¢ J(K). We now also observe that M(K) # I(K) which
finishes the proof. Indeed, since |H| < |K| the group H has no sections isomorphic to K. Definitions
of Im subfunctors and Brauer quotients imply then that

I(K) Sbg (M) #M(K). O

The above results shows that the Burnside functor, considered as a deflation or a Mackey functor
on the family of all finite p-groups over a field of characteristic p > 0, has no maximal subfunctors.
Over arbitrary characteristics and families we have the following result.

Theorem 5.4. Consider the Burnside functor Bx as a Mackey functor on X over K. Then, Bg has a maximal
subfunctor ] satisfying the property that H is a minimal group of the simple functor By / J if and only if for any
K € X having a subgroup isomorphic to H and for any subgroup A of K isomorphic to H the index |Ng (A) : A|
is not divisible by the characteristic of the field K.
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Proof. As in the proof of 5.3, we see by using 5.2 and 4.3 that maximal subfunctors of M are precisely
the subfunctors Jx with X € X satisfying the property Sx + Jx = M where

M=Bg, Sx=Imy . Jx=Kerf, o .
Moreover, if Jx is a maximal subfunctor of M then M/ Jx = Sx k.

We know from 5.1 that Sx(K) + Jx(K) is an ideal of M(K) for any K € X. Hence, it is equal to
M(K) if and only if it contains the unity [K/K] of the algebra M(K). Furthermore, 4.12 implies that
Jx(K) =M(K) if K has no subgroups isomorphic to X. Consequently, the condition Sx + Jx = M is
equivalent to the condition [K/K] € Sx(K)+ Jx(K) for all K € X having a subgroup isomorphic to X.

Suppose that M has a maximal subfunctor J. Then ] = Jy for some H € X and M/ Jy is iso-

morphic to Sy k. Take any group K in &X' having a subgroup isomorphic to H. Then, as [K/K] €
SH(K) + Jy(K) there is an xg € Sy (K) such that [K/K] — xg € Jy(K), and 4.12 implies that

Isoly (f)Res ([K/K]— xk) = [H/H] —Iso}{ (f)Res} (xk) € by(M) = €D K[H/V]
V<yH

for any subgroup A of K isomorphic to H and any isomorphism f from A to H.
We will show that we may assume

xke @ Kik/ul

U<LkK: U=H
Indeed, as xg € Sy (K) it follows that xg is in the sum of the spaces
[(K x H)/L|M(H)

where L < K x H with kq{(L) = ka(L) = 1. Firstly, we observe that if Y, Z, T, D, E are groups with
D <Y x Z and E < Z x T then it follows easily that

kz2(E) <kz2(D * E) < p2(D * E) < p2(E),

in particular |q(D % E)| < |q(E)|. If T =Y and |q(E)| < |Y| then this observation implies that the
product

[(Y x Z)/D][(Z x Y)/E]

is in the ideal Iy of End(Y) described in 2.5. Therefore, if L < K x H with kq(L) =ky(L) =1 and
|g(L)| < |H| then the product

Isof (f)Resk[(K x H)/L]
is in the ideal Iy of End(H), so from 4.1 we get that

Iso (f)Res}[(K x H)/LIM(H) € IyM C by (M).

Hence, we may assume that

xk€ Y. Indj M(B).
B<K: B=H
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Now, if a transitive basis element [K/U] of M(K) appears in the decomposition of xx then U is a
subgroup of a group B < K with B= H, and if

Isoff (f)Resf[K/UT= Y Isof (/)[A/(ANEU)] ¢bu(M)
AgUCK

then AN&U =A=H for some g €K, and as |U| < |H| we see that 8U = A and so U = H.
Thus we may assume that

XK = Z )\U[K/U]

U<LkK: U=H

for some Ay € K. Then we see from the preceding paragraph that

Iso!f (f) Resf (xk) + by (M) = apIsol{ (f) Resk (IK /A1) + bu (M)
= %.a|Nk(A): A|[H/H]+ b (M).

As a result, we must have for any A < K with A = H that A4|Ng(A) : A|=1 or [Ng(A): A| is not
divisible by the characteristic of the field K.

Conversely, suppose that the condition on the indexes are satisfied. We will show that Jy is a
maximal subfunctor of M by illustrating that Sy + Jy = M. Indeed, for any K having a subgroup
isomorphic to H if we let

-1
o= S [Nk U| K /UT € SHK),
U<gK: U=H

then it follows from what we observed in the first part of the proof that [K/K] — xx € Jy(K) so that
Sy + Ju =M. Thus ]y is a maximal subfunctor of M, and clearly M/ ]y is isomorphic to Sy x. O

Manipulating the proof of 5.4 one may obtain the following result.

Remark 5.5. Consider the Burnside functor Bx as a deflation functor on X over K. Then, Bk has a
maximal subfunctor | satisfying the property that H is a minimal group of the simple functor M/ J
if and only if the following conditions hold:

(i) Any group in X having a section isomorphic to H has a subgroup isomorphic to H.
(ii) For any G € X having a subgroup isomorphic to H and for any subgroup U of G isomorphic to
H the index |[Ng(U) : U] is nonzero in the field K.
(iii) For any group G € X having a section isomorphic to H and for any section P/Q of G isomorphic
to H,

) {PgU S G: (PNEUQ =P}|
INc(U) : U] a

1

U<cG: UZH
in the field K.

We now obtain some consequences of 5.4.
It is known that any Mackey functor over any field of characteristic 0 is semisimple [15]. In the
next result we show that more is true for the Burnside functor.
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Corollary 5.6. Consider the Burnside functor Bg as a Mackey functor on X over K. If K is of characteristic
p > 0 and if any group in X is a p’-group, then By is semisimple and

BK’E@SH,K
H

where H ranges over a complete set of isomorphism classes of all groups in X.

Proof. From 5.4 and its proof, we know in this case that the maximal subfunctors of M are precisely
Jy with H € X where

M=Bg, Ju=Kerl], .

and each quotient M/ J is isomorphic to Sy k. As each M(H) is a trivial K Out(H)-module, it follows
from 4.4 that the multiplicity of Sy x in M/Jac(M) is 1. We will show that the intersection | =
Jac(M) of all functors Jy where H ranges over all groups in X is 0, which completes the proof.
Indeed, let K be a group in X and let x be an element of J(K). Write x as a linear combination of
transitive K-sets, say

x= Y awvlKk/V].

V<kK

Take a maximal element U of the set {V <y K: Ay # 0}. Note that such a maximal element U exits
unless x is zero. As x € J(K) C Jy(K), it follows from 4.12 that Resg(x) € by (M). But we see that

Resk (1) + by (M) = Ay [Nk (U) : U|[U/U] + by (M),

and so Res{j(x) € by (M) implies that Ay|Ng(U): U| =0. Since K is a p’-group, Ay must be zero,
implying that x=0. O

Let M be the simple deflation (respectively inflation) functor Sy v. Considering M as a Mackey
functor we may see that M = lm%v (respectively I(er",_l/’.0 =0). It can be deduced from 3.1 that the
simple deflation functor M has a unique maximal Mackey subfunctor whose quotient is isomorphic to
the simple Mackey functor Sy v, and that the simple inflation functor M has a unique simple Mackey
subfunctor isomorphic to the simple Mackey functor Sy v. See Propositions 3.8 and 7.6 of [16]. In the
case of 5.6 each quotient functor of a subfunctor of Bk is semisimple as a Mackey functor, and so the
next result follows. See also Section 10, especially (the proof of) 10.4.

Corollary 5.7. Consider the Burnside functor Bk as a deflation (respectively, an inflation) functor on X over K.
If K is of characteristic p > 0 and if any group in X is a p’-group, then composition factors of B are precisely
the simple deflation (respectively, inflation) functors Sy x, with multiplicities equal to one, where H ranges
over a complete set of isomorphism classes of all groups in X.

Let M be the simple biset functor Sy v. Considering M as an inflation (respectively a deflation)
functor we may see that M = lmﬂv (respectively I(er%”0 =0). It can be deduced from 3.1 that the
simple biset functor M has a unique maximal inflation subfunctor whose quotient is isomorphic to
the simple inflation functor Sy v, and that the simple biset functor M has a unique simple deflation
subfunctor isomorphic to the simple deflation functor Sy v. See Propositions 3.12 and 7.6 of [16]. See
also Section 10 for more details. Therefore, the following is an easy consequence of 5.7.
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Corollary 5.8. (See [5, Proposition 5.5.1].) Let K be of characteristic p > 0 and let any group in X be a p’-
group. Consider the Burnside functor Bk as a biset functor on X over K. If a simple functor Sy v appears as a
composition factor of Bg with multiplicity n, thenn < 1 and V =K, the trivial K Out(H)-module.

More is known in the case of the previous result (see [5, Proposition 5.5.1]). Indeed, it is shown in
[2] by using the properties of the primitive idempotents of Burnside algebras that composition factors
of the Burnside functor, considered as a biset functor on all finite groups over a field of character-
istic 0, are precisely the simple functors Sy x where H ranges over some groups called b-groups.
Moreover, all subfunctors of the Burnside functor, considered as a biset functor on all finite p-groups
over a field of characteristic q # p, are found in [3] explicitly.

We next investigate semisimplicity of the Burnside functor.

Corollary 5.9. Let K be of characteristic p > 0.

(1) Consider the Burnside functor Bk as a Mackey functor on X over K. If Bk is semisimple, then any group
in X is a p’-group.

(2) Consider the Burnside functor Bg as a deflation functor on X over K. Suppose that Bx is semisimple.
If p = 0 then any group in X is trivial. Moreover, if p > 0 then p divides |G| — 1 forany G € X.

(3) Consider the Burnside functor Bk as an inflation functor on X over K. If Bk is semisimple, then any group
in X is trivial.

(4) Consider the Burnside functor Bk as a biset functor on X over K. If Bk is semisimple, then any group G in
X is a cyclic group such that ¢(|G|) is not divisible by p where ¢ denotes the Euler totient function.

Proof. We put M = Bk. Suppose that M is semisimple.

(1) It follows from 4.6 that | = Ker’1"’0 is @ maximal subfunctor of M and that 1 is a minimal group
of M/]. For any G € X we obtain from 5.4 that |G| is not divisible by p.

(2) As in the first part we see from 4.6 that M has a maximal subfunctor J and that 1 is a minimal
group M/]. For any G € X, if we apply the condition (iii) of 5.5 to the section G/G of G then we

obtain that I]TI =1 in K. Therefore, the result follows.

(3) For any nontrivial group H, the Brauer quotient M(H) is zero. So, 4.6 implies that M is iso-
morphic to S k. In particular, T =0 where T = Ker’l‘/f0 (see 3.3). Take any G € X with G # 1.
If p does not divide |G| then

1
=—[G/1]-[G/G
X |G|[/] [G/G]

is nonzero element of M(G), and using 4.12 we see that

xeT(G) = {xe M(G): Res{ x=0}.

If p divides |G| then x =[G/1] is nonzero element of M(G) in T(G).

(4) As in the previous part we see that M = S x. We will compare the dimensions of the K-spaces
M(G) and S k(G) for any G € X, and we use [14] to deduce the result. Take any G € X’. Let A be
the square matrix whose rows and columns are indexed by the conjugacy classes (H) of subgroups
H of G, and let the entry of A in the (H)th row and in the (K)th column be the number of double
cosets HgK of H and K in G. It follows from [2] that the dimension of S k(G) is equal to the rank
of the matrix A over K. It is proved in [14] that the rank of A over any field of characteristic O is
equal to the number of conjugacy classes cyclic subgroups G, and for a cyclic group G of order n
it is proved in [14] that the determinant of A is equal to the product [],¢(d) where d ranges over
divisors of n. The result follows. O
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Converses of each parts, except the second, of the previous result are all true. Indeed, the converse
of the first part is 5.6, and it is clear from its justification that the converse of the fourth part is true.
For the converse of the second part we may state the following.

If K is of characteristic p > 0 and if any group in X is an elementary abelian g-group for some
prime number g such that p divides g — 1, then the Burnside functor Bk, considered as a deflation
functor on X over K, is semisimple. Indeed, in this case it follows from 5.7 that the composition
factors of Bg are precisely the simple deflation functors Sy k, with multiplicities equal to one. So it
is enough to show that Sy k appears in the head of Bk for any H € X. This may proved easily by
using 5.5.

As a biset or an inflation functor the Burnside functor defined on any family over any field is
indecomposable (because the Brauer quotients of it at nontrivial groups are all equal to 0 so that it
has a unique maximal subfunctor, or because we know from [2] that it is the projective cover of the
simple functor S k). Considering it as a deflation or a Mackey functor we have the following result.

Remark 5.10. Consider the Burnside functor Bk as a deflation or a Mackey functor on X over K. If K
is of characteristic p > 0 and if any group in X is a p-group, then Bk is indecomposable.

Proof. Letting M = By, suppose that M = M & M> for some subfunctors M; and M, of M. We know
from 5.1 that each M;(H) is an ideal of the algebra M(H). As the dimension of M(1) is 1, we may
assume that M1(1) = M(1) and M»(1) =0. Let H be a minimal group of M. We see that [H/1] is in
M1(H). As My (H) is nonzero, both of the ideals M{(H) and M,(H) of M(H) are proper. Therefore,
the sum of the ideals M{(H) and M;(H) cannot be equal to M(H), because we know from [10] that
M(H) is a local algebra and so it has a unique maximal ideal. O

6. Simple subfunctors and restriction kernels

Throughout this section also, by a functor we mean any of biset functor, inflation functor, (global)
Mackey functor, or deflation functor, defined on X’ over K.

We first recall the notion of the restriction kernel of a functor, see [15]. Let M be a functor and H
be a group in X, by the restriction kernel of M at H we mean the K-module

M(H) = ﬂ Ker(f : M(H) — M(K))
f.K

where K rages over all groups in X having no sections isomorphic to H and f ranges in Hom(H, K).
It is clear that M(H) is a KOut(H)-submodule of M(H). Moreover, there is a KOut(H)-module iso-
morphism M(H) & (M*(H))* induced by taking K-duals, see [15]. Therefore, any result concerning
Brauer quotients has a dual concerning restriction kernels. Our first aim is to collect these dual re-
sults in this section. We skip the proofs of similar results.

Remark 6.1. Let M be a functor and H be a group in X. Then, the ideal Iy of End(H) described in 2.5
annihilates M(H) so that M(H) is also an End(H)-submodule of M(H) whose K Out(H)-submodules
and End(H)-submodules are the same.

The above result shows that the notation lm%’_y makes sense also for KOut(H)-submodules V of

M(H), where Im%W subfunctors of a functor M are defined in Section 3 for End(X)-submodules W
of M(X).

Theorem 6.2. Let M be a functor and H be a group in X. Then, the maps | — J(H) and lm’)’,’ v <V define
a bijective correspondence between the smallest elements | of the set of all subfunctors I of M satisfying
the property that H is a minimal group of I, and the simple K Out(H)-submodules V of M(H). Moreover,
M(H) = 0if and only if M has no subfunctor having H as a minimal group.
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The subfunctors | mentioned in the above result may not be simple subfunctors of M.

Corollary 6.3. Let M be a functor and H be a group in X. Then, the maps | — J(H) and lmﬂ’v <« V define
a bijective correspondence between the simple subfunctors | of M satisfying the property that H is a minimal
group of |, and the simple K Out(H)-submodules V of M(H) satisfying for the property that

Imjf , NKer}f y =0.

Corollary 6.4. Let M be a functor and H be a group in X. For any simple K Out(H)-module V, let n be the
multiplicity of V in the K Out(H)-module Soc(M(H)) and let m be the multiplicity of the simple functor Sy v
in Soc(M). Then, m < n. In particular, ifm#0andn=1thenm=1.

Proposition 6.5. Let M be a functor and H be a group in X. Suppose that M(H) # 0 and that M(K) = 0 for
any group K in X having a proper section isomorphic to H. Then:

(1) The maps | — J(H) and lmﬂv < V define a bijective correspondence between the simple subfunctors
J of M satisfying the property that H is a minimal group of J, and the simple K Out(H)-submodules V
of M(H).

(2) For any simple KOut(H)-module V, the multiplicity of V in Soc(M(H)) is equal to the multiplicity of
SH,v in Soc(M).

Proposition 6.6. Let M be a semisimple functor and H be a group in X. Then:

(1) The maps | — J(H) and lmﬂv <« V define a bijective correspondence between the simple subfunctors
J of M satisfying the property that H is a minimal group of J, and the simple K Out(H)-submodules V
of M(H).

(2) M(H) is a semisimple K Out(H)-module.

(3) For any simple K Out(H)-module V, the multiplicity of V in M(H) is equal to the multiplicity of Sy v
in M.

For an arbitrary functor M, which is not necessarily semisimple, let

0=VocCcViC---CVy=M(H)

be a composition series of the KOut(H)-module M(H). Letting M; = lm%vi for each i, we obtain a
series '

0=MoCM; C--- CMy=Imy )

of the functor M. We see for each i that Imy v,/m;_;)H) Subfunctor of the quotient M;/M;_q is
M;/M;_1, and then we deduce by using 3.2 that M;/M;_1 has a unique maximal subfunctor, namely
its Kery o subfunctor whose quotient is isomorphic to Sy, v,/v,_,. We then conclude that the multiplic-
ity of Sy v;/v,_, in M;/M;_q is 1 because (M;/M;_1)(H) = V;/V;_1. Thus, we justified the following.

Proposition 6.7. Let M be a functor, H be a group in X, and V be a simple K Out(H)-module. Then, the
multiplicity of V in M(H) is equal to the multiplicity of Sp,v in Im’F‘f’.M(H). In particular, the multiplicity of V
in M(H) is less than or equal to the multiplicity of Sy.v in M.

Remark 6.8. Let M be a functor, H and K be groups in X, and let V be a KOut(H)-submodule
of M(H).
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(1) If M is a biset or a deflation functor, then

M(H) = ( N KerResf!) m( N KerDefZ/N).

P<H N<H: N#1

(2) If M is a Mackey or an inflation functor, then

M(H) = () KerRes} .
P<H

(3) If M is a biset or an inflation functor, then

Im} , (k)= Ind§ Inf} 5 1s0p/° (/v
AB,f

where A ranges over all subgroups of K, and B rages over all normal subgroups of A such that
the quotient group A/B is isomorphic to H, and f ranges over all isomorphisms from H to A/B.
(4) If M is a Mackey or a deflation functor, then

Im}f y (K) =) " Indj Isofy (/)V
Af

where A ranges over all subgroups of K isomorphic to H, and f ranges over all isomorphisms
from H to A.

7. Socles of Burnside functors

In this section we try to describe simple subfunctors of the Burnside functor. For this end we
need to describe simple submodules of restriction kernels. Finding restriction kernels of the Burnside
functor is more difficult than finding its Brauer quotients. We find them below in a special case.
We begin with the simple subfunctors parameterized by trivial modules.

Proposition 7.1. Let K be of characteristic p > 0 and let any group in X be a p-group. Consider the Burnside
functor Bk as a Mackey functor on X over K. If Bk has a simple subfunctor isomorphic to Sy k for some H
in X, then there is no group in X which is a split extension of a nontrivial group by H.

Proof. Let S be a simple subfunctor of M isomorphic to Sy x where M = Bx. It follows from 6.3 that
S= Im’ﬂqv for some simple KOut(H)-submodule V of M(H) isomorphic to the trivial module, and
that SN J =0 where J = Ker%o. Assuming the existence of a K € X’ having subgroups 1# N <K > H
with NN H =1, we will show that S(K) N J(K) # 0, which completes the proof.

Let x = lndPK, v where v is a nonzero element of V. Note that x € S(K) by 6.8. We will show that
x € J(K) by justifying

[(HxK)/L]x=0

for any L < H x K with kq(L) =ky(L) =1.
If |q(L)| < |H| then, as in the proof of 5.4, we see that the product

[(H x K)/L]Indfy
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is in the ideal Iy of End(H) described in 2.5, and so we obtain from 6.1 that

[(Hx K)/L]x € Iyv € IyM(H) =0.

If |g(L)| = |H|, then 2.1 and 2.2 imply that

[(H x K)/L] = Iso}{ (f) Res

where A =py(L) and f: A — H is an isomorphism, and that

[(H x K)/L]x=1s0f (f)Resf Indff v="") " Isoff (f)Ind~¢ 150872 H (i) ResHg v
AgHCK

where i, is the conjugation by g. If A and H are not K-conjugate, then AN H < H for any g € K
(because A = H) and so

H —
Resygqny v=0.

Hence we conclude that [(H x K)/L]x =0 unless A =g H. Now, let A= H“ for some a € K. By using
2.1 and 2.2 and using the fact that Res)’? v =0 for any X < H, we see that

[(H x K)/L]x=[(H x K)/ " L]x =Isof (fi;-1) ResfiIndffv=" > Isofj(fig1ig)v.
gHCSNk (H)
implying that [(H x K)/L]x =0 because K Out(H) acts on V trivially.

Having showed that x € S(K)N J(K), we finish by justifying that x # 0. Indeed, by using 2.1 and 2.2
we easily see that

Isoi y Defi¢ y x = Isoy y Defi y Indjj v =v #0,
and so x#0. O
One half of the following result already appeared in Lemme 2 of [6]. More explicitly, it is shown

in [6] that if K is of characteristic p > 0 and G is a nontrivial p-group, then Resg y=0forany P <G
with |G| > p?, and Defg/Ny =0 for any N < G with N # 1 where

y=IG/11- ) [G/VIeBk(G).

V<G: [V|=p

We below show in addition that any element x of Bx(G) mapped to zero under such maps Resg and
Defg/N must be a K-multiple of y.

Lemma 7.2. Let K be of characteristic p > 0 and let any group in X be a p-group. Consider the Burnside
functor Bk as a biset or a deflation functor on X" over K. Then,

Bx (G) =K([G/1] -y [G/V]>

VG: |V|=p

forany G € X with |G| # p, and Bk (G) = 0 for any G € X with |G| = p.
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Proof. Let G € X and x € M(G) where M = Bgk. From Lemma 7.11 of [17] we know that

() KerRes < €P KIG/ V1.

P<G V<G

So 6.8 implies that

x=Y AvIG/V]

V<G

for some constants Ay, and that

0=Def¢ yx= Y Av[(G/N)/(NV/N)]

V<G

for any N < G with N # 1. In particular, the coefficient of [(G/N)/(N/N)] in Defg/Nx is 0, implying
that

o:va

V<G: VKN

for any N < G with N # 1.
For any N < G with |[N| = p, we see from

0= Z Av =M1+ AN
V<G VEN

that Ay = —Aq.
We will show by induction on the order of N that Ay =0 for any N < G with |[N| > p?: Indeed, if
N < G with [N| = p? then

0= > v=>x—I|Ah +An
V<G: VLN

where A={V < G: V <N, |V|=p}. We now observe that |A| =1 (mod p), which implies that
An = 0. Indeed, as N is normal in G, the group G acts on the set B={V < N: |V| = p} by conjugation
and its set of fixed elements BC is equal to .A. It is well known (see, for instance, Theorem 4.8 of [13],
stating that the number of subgroups of a p-group X having order equal to any fixed given number
less than or equal to |X| is congruent to 1 modulo p) that |B] =1 (mod p). As G is a p-group,
|B| =|B¢| (mod p) and so |A|=1 (mod p), as desired.

We now assume that Ax =0 for all K < G with p? < |K| < p™. Then, we have for any N < G with
IN| = p™*! that

o=y AV:A1—|C|A1+<ZAV>+AN

V<G: VKN VeD

where C=(V <{G: VN, |[V|=p}and D={V <G: V<N, p?<|V|<p"). As in the preceding
paragraph we may see that |[C| =1 (mod p), and it follows from the induction hypothesis that Ay =0
for any V € D. Hence Ay =0.
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As a result, we have just showed that if x in M(G) then x =1y for some A in K where

y=IG/11- ) [G/VI.

V<G: |V|=p

Conversely, if G € X with |G| =p then y =[G/1] — [G/G] and so Resf ¥ = A[1/1], implying that
M(G) = 0. Moreover, y =[1/1] for G =1 and so M(1) = M(1) =Ky. Let now G € X with |G| > p2.
Then it follows from the result of [6] explained at the beginning of the present result that Res% y=0
for any P < G and Defg/Ny:O forany NG with N#1. O

Remark 7.3. Let K be of characteristic p > 0 and X be any family of finite p-groups. Consider the
Burnside functor Bk as a deflation functor on X over K. Then:

(1) Bk has a simple subfunctor isomorphic to Sq k.

(2) Suppose that Bk has a simple subfunctor isomorphic to Sy v for some H € X with H # 1. Then:
(i) V=K and |H| # p.
(ii) For any K € X with H < K and |K : H| = p, the element x’,f, of Bx(K) is 0 where

Xh= > mdﬁ([A/u— > [A/V]>=0.

A<K: A=H V<A: |V|=p

Proof. (1) Let S be the subfunctor of M generated by M(1) = M(1) = K[1/1] =K where M = Bk.
That is S = Im’l‘{’M(l). We see that S(G) =K[G/1] for any G € X. One may easily check that SNK =0
where K = Ker%. Then 6.3 implies that S = Sq k.

(2) First part follows from 7.2 and 6.3. Same results imply also that any simple subfunctor of M
isomorphic to Sy,yv must be equal to I = lm%,KyH and it must satisfy the property I N J =0 where

yu=[H/1] - Z [H/V],  ]=Ker},.
VH: |V|=p

By using 7.2 and its proof we easily see that x’,f, € I(K) N J(K) so that it must be zero. O

The coefficient of [K/1] in the element xff, of Bg(K) defined in 7.3 is |{A < K: A = H}|, which
is 1 in K if X contains (for instance) only elementary abelian p-groups. Thus, if we consider Bk as a
deflation functor on the family of all elementary abelian p-groups over K then it has a unique simple
subfunctor isomorphic to S; k. In the general case, one may see that [{A < K: A= H}| is equal to
|Inj(K, H)|/| Aut(H)| where Inj(K, H) is the set of all injective group homomorphisms from K to H.

We use another result of [6] to see that the Burnside functor, considered as a biset functor on all
finite p-groups over a field of characteristic p > 0, has no simple subfunctor.

Proposition 7.4. Let K be of characteristic p > 0 and X be the family of all finite p-groups of order less than
or equal to p™ where m is a natural number with m > 2. Consider the Burnside functor Bx as a biset functor
on X over K. Then,

Soc(Bx) = P Su.x
H

where H ranges over a complete set of isomorphism classes of all groups of order p™ in X.
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Proof. We know from 6.3 and 7.2 that simple subfunctors of M are precisely the subfunctors Sx, with
X € X and |X| # p, satisfying the property Sx N Kx =0, where

M=Bg, Sx=Imy ;. Kx=Kery,.

We will show that Sx N Kx # 0 unless |X| = p™: Indeed, let p < |X| < p™ and choose a Y € X’ with
X <Y and |Y:X|=p. Let

yx=[X/11- Y [X/V]

VX: [VI=p

We know from 7.2 that M(X) = Kyx. In [6], a subfunctor Fx of M is defined and shown that Fx has
a unique maximal subfunctor Jx (see Proposition 1 of [6]). We notice easily that these subfunctors
Fx and Jx are indeed related to Im and Ker subfunctors studied here as follows:

Fx =Sk, Jx=SxNKx

(so that, for instance, the result of [6] mentioned above is an immediate consequence of 3.1). The
result of [6] we want to use here is its Lemme 4 stating that

Fx<Y>=Jx(Y)ea< > Klnfimyym)

NY: Y/N=X

Suppose for a moment that Sx(Y) N Kx(Y) =0 so that Jx(Y)=0. This would imply

Sx(Y)y= Y KInfy,yyyn,
NLY: Y/N=X

which is certainly not true, because (for instance) Ind§'< yx belongs to the left-hand side but not to
the right-hand side. Consequently, we conclude that if Sy is a simple subfunctor of M then |X|=1
or |[X|=p™.

We now exclude the case |X| = 1. Indeed, S1 cannot be simple, because S; =M and yy € K{(H)
for any |H| € X with [H| > p>.

Finally, it follows from 6.5 and 7.2 that for any X € X with [X| = p™ the functors Sx are simple,
and moreover Sy = Sx x whose multiplicity in Soc(M) is equal to 1. O

Let K, X, and Bk be as in 7.4. In the case m =1, not covered in 7.4, we may see that By is
isomorphic to S1 k.

The socle of the Burnside functor, considered as a Mackey functor for a fixed p-group over an
algebraically closed field of characteristic p > 0, is studied in Nicollerat [11,12], and the socle and
the restriction kernels are determined when the fixed group is taken from some classes of abelian

p-groups.
8. Radical series as Mackey functors
In this section we consider the Burnside functor as a Mackey or a deflation functor on a family

of finite p-groups over a field of characteristic p > 0. Our aim is to study the radical series of the
Burnside functor. We begin with the following consequence of 3.4, see also Remark 3.11 of [16].
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Remark 8.1. Let ) be a subfamily of X closed under taking subgroups, taking isomorphisms, and
taking quotients. Let Sy v be the simple functor (i.e., any of biset, inflation, Mackey, or deflation)
defined on X. Then, its restriction to ) is the simple functor Sy v defined on ) if H € ), and 0
otherwise.

Proposition 8.2. Let K be of characteristic p > 0 and X be the family of all finite p-groups of order less than
or equal to p™ where m is a natural number. Consider the Burnside functor Bx as a Mackey or a deflation
functor on X over K. Let J, = Jac" (Bg) for any natural number n. If a simple functor Sy, v appears in the
quotient [/ Jn+1, then |H| > p™ ", and in the case |H| = p™ " the K Out(H)-module V must be trivial.

Proof. It follows from the results 4.5, 5.2 and 5.3 that
Jo/ I =P Sux
H

where H ranges over a complete set of isomorphism classes of all groups of order p™ in X. Thus the
result is true for n = 0. We prove the result by induction on n. For any functor M defined on any
family Z we use the notation MZ to stress that we are considering M as a functor on Z.

Assume now that the result is true for any natural number less than n. Let Sy y be a simple
functor appearing in Jn/Jn+1. We want to show that |H| > p™ . Indeed, let ) be the family of all
finite p-groups of order less than or equal to p™ ™. From the induction hypothesis, |K| > p™~®—1
for any simple functor Sk w appearing as a composition factor of Jo/Jn. So, restricting the functors

X X X X
BK =]0 2]n an-H

to the family ), we see that

By =Jo = J¥ 2 %

It follows from 8.1 that ],%}/]TXH X (Ju/Jns1)Y is either zero or semisimple, implying that

BY = J¥ 2 Jiuy 2Jac(BY).

n+1

If H¢ Y then |H| > p™". In the case H € ), we see from 8.1 that the simple functor S%V appears
in B%/]aC(Bfé), and it follows from 5.3 that |H| = p™ " and that V is the trivial module. O

We try to improve 8.2 in the case of Mackey functors. We first need some preliminary results. The
following result will be used to show that the converse of 8.2 is true for simple functors Sy g with
[H|=p™".

Lemma 8.3. Let K be of characteristic p > 0 and let any group in X be a p-group. Consider the Burnside
functor Bk as a Mackey functor on X over K. Then,

b (M) S Kery] ) (G)

for any groups H and G in X, where M = By.
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Proof. If G has no subgroup isomorphic to H, then 4.12 implies that

J(G) =M(G) 2 bc(M)

where | = I(erAH/”bH(M). Now, let A be a subgroup of G isomorphic to H. For any group X, it follows
from 5.2 that the transitive basis elements [X/U] of M(X) with U < X form a basis for bx(M). For
any V < G, the coefficient of [H/H] in

x=1Isof{ Res§[G/V]= > Isof[A/ANE V]
AgVCG

is equal to the number of the elements of the set
{AgV CG: AN8V =A}={gV CG: A8V,

which is G/V 4, the set of the A-fixed points of G/V, on which A acts by left multiplication. As V < G
and as A and G be p-groups, |G/VA|=|G/V|=0 (mod p). Thus, the coefficient of [H/H] in x is 0
for any V < G, so that x € by (G). This shows that [G/V] € J(G) for any V < G (see 4.12), finishing
the proof. O

Lemma 8.4. Let K, X', m, and |, be as in 8.2. Consider the Burnside functor M = Bk as a Mackey functor
on X over K. Then, for any G € X and any n with n < m we have:

(1) Ja(G)=M(G) if |G| < p™™.
) Jn(G) Sbc(M) if |G| > p™ ™.
(3) Jn(G) =bg(M) if |G| =p™ " andn > 1.
(4) Jn(G) =bg(M) if |G| = p™ "2 andn > 2.

Proof. (1) Let ) be the family of all p-groups of order less than or equal to p™ ™. From 8.2 we know
that any composition factor Sk w of M/ ], satisfies K ¢ }. Thus, 8.1 implies that the restriction of
M/ ]y to Y is 0, showing that M(G) = J,(G) for any G € ).

(2) and (3) It follows from 4.5, 5.2 and 5.3 that

M
Ji= m KerH’bH(M).
HeX: |H|=p™

Using 4.12 we see that J1(G) = bg(M) for any G with |G| = p™. Thus the result is true for n = 1.
Assume now that the result is true for any n less than k. Take any G with |G| > p™ k. We want

to show that Ji(G) € bc(Ji). Indeed, for any A € X with |A| > p™*=1 the induction hypothesis
implies that

ba(M) 2 Ji—1(A) 2 Ji(A).

So the result is true for k and for groups of order greater than m — (k — 1).
We assume now that |G| = p™**1, By the first part of this result we see that

Jie1(G) =M(G) and  bg(Jrk—1) =bc(M).

We will describe the maximal subfunctors of Jx_;, a minimal group of whose simple quotient has
order |G|. For this end, for any H € X with |H| = |G| we let
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Jk—1 Jk—1
RH:KEfH,b,,(M) and SH:ImH‘,M(H),

and we want to find those groups H satisfying the condition Sy + Ry = Jx_1 (because if an H

satisfies this condition then it follows from 4.3 that Jy is a maximal subfunctor of Ji_1). For any
X € X having no subgroup isomorphic to H we know from 4.12 that

Ru(X) = Jk-1(X).

Moreover, if Y is any group isomorphic to H we know by the definition of Im subfunctor that

SH(Y) = Jk=1(Y).

Lastly, for any group Z € X having a proper subgroup isomorphic to H, as |Z| > |H| = p™*+1, the
induction hypothesis gives that

Jk=1(Z) S bz (M).

Applying 8.3 we then see that

Jk=1(2) Sbz(M) SKer}{ ;) (2)

and so that

Jk—1(2) SKeryf p ) (2) N Jk—1(Z) = Ru(2).

As a result, we have just shown that

SH+ Ry = Jk-1.

Then, from 4.3 and 5.2, the maximal subfunctors of J,_; we want to describe are precisely the sub-
functors Ry for any H € X with [H| = p™**+1. Now ], the radical of J;_q, is the intersection

(N w)n(ow)

where the maximal subfunctors R in the second intersection all satisfy the property that the order of
a minimal group of the simple quotient Ji_1/R is greater than |G| (see 8.2). Therefore,

R(G) = Jk-1(G).

Furthermore, we see by using 4.12 that

Ru(G)=bc(M) ifG=H and Ry(G)= Jx_1(G) ifG2H.

Consequently, Jx(G) =bg(M).

(4) Let n > 2 and |G| = p™ 2. Using the first and the third part of this result we see that the
Brauer quotient of J;_1 at G is 0. Then, 4.3 implies that J,_1 has no simple quotient whose minimal
group is isomorphic to G. Let Sk y be a simple functor appearing in Jy—1/J,. We will show that
Sk.u(G) =0, implying that
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Jn(G) = Jn-1(G),

which is equal from the third part of this result to bg(M). Indeed, |K| > p™"*! from 8.2. If |[K| =
p™~"+1 then arguing as in the proof of the third part of this result we see that Sk y is isomorphic to
Jn—1/] where

_ Jn—1
J=Ker pe (gury

and that J(G) = J,_1(G) (and also that U = K). Thus Sk y(G) =0 in the case |K| = p"~™*+1. Con-
sequently, if Sk y(G) # 0 then |K| > p" ™2 so that G = K (because |G| = p"™*+2 and because
Sk.u(G) # 0 implies that K is isomorphic to a subgroup of G), which is not the case. Hence,
Sk,u(G)=0. O

Reading the proof of 8.4 carefully one may easily deduce the next result.

Theorem 8.5. Let K, X, m, and |, be as in 8.2. Consider the Burnside functor Bk as a Mackey functor on X
over K. For any n with n < m we have:

(1) If Su,v appears in Ju/Jns1 then |H| > p™ ™ and |H| # p™"+,

(2) If|[H|=p™ " and Sy.v appearsin J,/Jn+1 then V =K.

(3) For any H € X with |H| = p™™", the multiplicity of Sy x in Jn/Jn+1 is 1. In particular, Sk, whose
multiplicity in Bk is 1, appears in J;m/Jm+1-

We notice the similarity between the above result and Theorem 7.3 of [17] where the radical series
of the Burnside functor considered as a (ordinary) Mackey functor for a fixed group is studied.

We find below first few radical layers of Bx which can be justified arguing as in the proof of 8.4.
The multiplicities of simple functors appearing in the higher radical layers become more complicated.
The first part is valid also for Bk considered as a deflation functor. The notation H €j;, X in the
following result means that H ranges over a complete set of isomorphism classes of all groups in X.

Proposition 8.6. Let K, X', m, n, J,, and By be as in 8.5. Suppose that m > 2. For any H € X’ we denote by
My the KOut(H)-module

$ K[H/V].
V<uH: [H:V|=p
M Jo/Jh = B sk /L= . SHK-
Hejso X2 |[H|=p™ HejsoX: |H|=pm-1

2 2/ 3= ( P sH,K) ® <H€is P (G‘??»H,VSH,V)>

Heiso Xt |H|=p™—2 o Xt [H|=p™

where V ranges over a complete set of isomorphism classes of simple K Out(H)-modules and Ay y is the
multiplicity of V in My /Jac(Mpy).

As a final result in this section we find the radical series of the Burnside functor defined on cyclic
p-groups. To justify it, one may use the bijective correspondence described in 4.3 and 4.5. Details are
left to the reader. For any natural number n we denote by C, the cyclic group of order n, and for any
rational number s we denote by [s| the largest integer less than or equal to s.



146 E. Yaraneri / Journal of Algebra 335 (2011) 113-162

Remark 8.7. Let K be of characteristic p > 0 and X" be the family of all cyclic p-groups of order less
than or equal to p™ where m is a natural number with m > 2. For any natural number n we put
n =Jac" (Bg).

(1) Consider the Burnside functor Bx as a deflation or a Mackey functor on X’ over K. Then, for any
natural number n with n <m we have

[n/2]
In/Ini1 = @ Scpin

k=0

(2) Consider the Burnside functor Bg as a deflation functor on X over K. Then, for any natural
number r with 1<r<m-2,

L(m—=n)/2]

Jm+r/]m+r+1 = @ SCPH_Zk,]K = Jmfzfr/Jmflfr
k=1

Moreover, the Loewy length of By is 2m — 1.
(3) Consider the Burnside functor Bx as a Mackey functor on X over K. Then, for any natural number
rwith 1<r<m,

[(m—r)/2]

Jm+r/]m+r+] = @ SCP,+2k,K = fmfr/JmfrH-
k=0

Moreover, the Loewy length of By is 2m + 1.

The difference between the starting numbers of indices k in the last two parts of 8.7 is caused
mainly by the difference between dimensions of the simple Mackey and the simple deflation functors
parameterized by the trivial group. There are no differences between dimensions of the simple Mackey
and the simple deflation functors (over characteristic p > 0) parameterized by the nontrivial cyclic p-
groups and trivial modules, explaining the similarity between the series as Mackey and as deflation
functors. It may be easily justified that as an inflation functor on cyclic p-groups the radical series of
Bk must be the following.

Remark 8.8. Let K be of characteristic p > 0 and X be the family of all cyclic p-groups. For any
natural number n we put J, =Jac"(Bg). Consider the Burnside functor Bx as an inflation functor
on X over K. Then,

Bx/J1=S1x and  Jn/Jny1 =nScn K
for any natural number n with n > 1.
By using 8.1 we may obtain the following as an easy consequence of 8.7 and 8.8.

Corollary 8.9. Let K be a field of characteristic p > 0 and X be any family. Let G be a cyclic p-group of order
p™ in X where m is a natural number, and V be a simple K Out(G)-module. Then:

(1) Consider the Burnside functor Bk as a Mackey functor on X over K. If S¢.v appears in Bk then V =K
and its multiplicity is equal to m + 1.

(2) Consider the Burnside functor Bk as a deflation or an inflation functor on X over K. If S v appears in Bk
then V =K, and its multiplicity is equal to m for m # 0, and is equal to 1 for m = 0.
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9. Radical and socle series as biset functors

In this section we first want to find the radical series of the Burnside functor Bk considered
as a biset functor on the family of all finite abelian p-groups over a field of characteristic p > 0.
Throughout this section, by a functor we mean a biset functor.

To find the radical series we repeatedly use the bijective correspondence given in 4.3, according
to which maximal subfunctors of a functor M are of the form I(er%v. For a subfunctor M of By,

it follows from 4.12 that the evaluation I(er%v(K) at a group K is the intersection of preimages of

the maps of the form Isoﬁ B Defﬁ/B Resﬁ. The images of the transitive basis elements [K/U] of Bk (K)
under the maps of the aé

ove form are complicated. We use another basis for Bg(K) with whose
elements the evaluations Ker}{ ,, (K) are easy to find.

For a p-group G and its normal subgroup N we define the element f,f,; € Bk (G) as follows:

% =1G/N) - 3 [G/V].

V<G: NKV,|V/N|=p

It is obvious that f,f,; = lnfg/N f,\(,;//,[\,\l and for |G| # p we note that f1G is the basis element of the
restriction kernel of Bk at G (see 7.2).

Lemma 9.1. Let K be of characteristic p > 0 and G be an abelian p-group. For any subgroup V of G we have

G/vi= > f§.

N<G: N>V
In particular, the elements f ﬁ with N < G form a K-basis of the algebra Bk (G).

Proof. An elementary way of proving this result is to use a simple induction argument on the index
of a subgroup V in G. Here we give another proof by the referee who suggested to define f,f,; as

fN=)_ Hac(N,VIG/V]

NEVLG

where (¢ is the Mobius function of the poset of normal subgroups of G. In the case G is abelian,
this is the ordinary Mobius function u of the poset of subgroups of G. If V is a p-group, then

W(N,V)=0if V/N is not elementary abelian, and u(N, V)= (—1)kp(§) if V is elementary abelian of
rank k. Hence, (N, V) is equal to 0 modulo p, unless N =V, and then u(N,V) =1, or |V : N| = p,
and then @(N, V) = —1. Therefore, if K is of characteristic p > 0 and G is an abelian p-group, this
definition of fﬁ coincides with the definition of fﬁ given before 9.1. Moreover, with this definition
of f,f,; , the result follows from the Mdbius inversion theorem. O

Lemma 9.2. Let K be of characteristic p > 0 and G be an abelian p-group. Then:

(1) Forany N < H < G we have

Ind$, f = > fe.

K<G: K>N,KNH=N

) lnfg/M f,f,;//l\ly = f§ forany M < N <G.
3 lsog/(qﬁ)fﬁ = fgf(’N) forany N < G and any isomorphism ¢ : G — G'.
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(4) Let M and N be subgroups of G. Then, Defg/M fﬁ = f,g//% if M <N, and Defg/M fN =0ifM £N.
(5) For any subgroups H and N of G,

flslﬂN’ lfG:HNv
ResG f¢ =] —fH ifG#£HNand|G:N|=p
0, ifG#£HNand |G : N| > p?

Proof. (1) Using the definition of fﬁ and 9.1 we obtain that

Ind; fy =[G/N]— > [G/V]

V<H: N<V,|V/N|=p

-y 5 > (¥ w

K<G: K=N V<H: NXV,|V/N|=p “Y<G: Y2V
G G

= > K- ) MR

K<G: K>=N Y<G: Y>N

where Ay is equal to the number of elements of the set

{V/N<H/N: |V/N|=p, V<Y}={V/N<(YNH)/N: |[V/N|=p},

which is empty if Y N H =N, so that Ay =0 in this case. We finish by noting that if Y " H # N then
Ay =1 (mod p).

(2) and (3) Obvious.

(4) Writing fﬁ = lnfg/N f,f,;//,’\\,’ and using the results 2.1 and 2.2, we see that

G G/N
DEfg/M fn= Defg/M Infg/N fN//N

(G/M)/(NM/M)
= Iy v oy IS0 Ny ) DEEC e cannmy SN

where 7 is the natural isomorphism. It follows from Lemme 2 of [6] (see the explanation given
before 7.2) that

Defi iy jaan/my FN/N =0
if MN/N # 1, equivalently if M £ N. In the case M < N, the above equality of Defg/M fﬁ becomes

G (G/M)/(N/M) . +(G/N)/(N/N) _ +G/M
Def iy S5 =18 jun vy 1S0(CIn Ny TS vy = -

(5) As in the previous part, writing fﬁ = Infg/N fﬁ//,’\,v and using the results 2.1 and 2.2, we see
that

G (G c G/N H H/HNN G/N G/N
Resy; fy =Resy mfg/N v =Infy ey Isoyy v (D) Resjyn Fyn

where 7 is the natural isomorphism. For |G/N| > p?> and HN/N # G/N, it follows from Lemme 2
of [6] that
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G/N ;G/N
Res/\/n fyn =0

and so Res; f$ =0. Using the definitions, the remaining cases in which |G/N| < p? or HN/N =G/N
can be analyzed easily to finish the proof. O

We now ready to find the radical series of Bx. However, to facilitate reading of its proof we first
state the following.

Lemma 9.3. Let K be of characteristic p > 0 and X be any family of finite abelian p-groups. Consider the
Burnside functor Bk as a biset functor on X" over K. For any natural numbern > 1 and any G € X we define

I(G) = P KfS.

N<G: [G:N|>p+1
Then, for each natural number n > 1 we have:
(1) Iy is a subfunctor of Bg. _
(2) Let G € X. Then, I;(G) # O ifand only if |G| = p"*!. Moreover, if |G| = p"*1 then I,(G) = I,(G) = K f{

is the trivial K Out(G)-module.
(3) In41 is the radical of I, and

In/Ing1 = @ SH,K
H

where H ranges over a complete set of isomorphism classes of all groups of order p™+! in X.

Proof. (1) It is enough to show that I, is invariant under the five types of basic bisets Ind, Inf, Iso,
Def, and Res. It is immediate from 9.2 that I, is invariant under the maps Inf, Iso, and Def. Let H < G
be groups in X.

Take an arbitrary basis element f,\’} of In(H), where M is a subgroup of H satisfying |H : M| >
p"*t1. Applying 9.2 we write

Ind§; fi1

as a sum of basis elements f,? of Bk (G) satisfying M < K < G and K N H = M. For such a K we see
that

P < |H:M|=|H:KNH|=|HK: K| <|G:K]|,
and so f¢ € I,(G). Thus,
Ind; In(H) € In(G).

Let f,f,; be an arbitrary basis element of I,(G), where N < G and |G : N| > p™! > p? (as n > 1).
It follows from 9.2 that if

Resf; f #0

then
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Res%, ff = fHl.y and G=HN,
implying that
P <|G:N|=|HN:N|=|H:HNN].
Thus, Res; f € In(H), so that
Res$ In(G) C In(H).

(2) We first show that bg(I) = I,(G) for any G in X with |G| > p™*2. Indeed, for such a group G,
it follows from 4.12 that any basis element fﬁ of I,(G) with N #1 is in bg(I), because

f§=mfg)y fyly and fy/N € In(G/N).

For the basis element flc of I,(G), we choose a subgroup H of G with |G : H| = p, and then we see
by using 9.2 that

indj fff= Y fA=f+ > fe-

K<G: KNH=1 K<G: K#1,KNH=1

As |H| > p™*1, the element f1H is in I,(H), and hence lndg le € b (In). Furthermore, for K < G with
K#1and KNH=1, we see that

IG:K|>|KH:K|=|H:HNK|=|H|>p",

which gives that f,? € I,(G). For a basis element f,? of In(G) with K # 1, we already observed that
f,((; € bg(I). Thus, f1G € bg (I,). Consequently, we have shown that

1,(G) =bg(I;) orequivalently I,(G)=0

for any G € X with |G| > p"*+2.
Conversely, it is clear from the definition of I, that the minimal groups of I, are precisely the
groups G in X with |G| = p™t!. This shows that bg(I;) =0, and so that

In(G) = 1,(G) = Kf{,

which is the trivial KOut(G)-module, for any G with |G| = p"*1.

(3) Having found the Brauer quotients of I, in the previous part, we apply 4.5 to conclude that the
maximal subfunctors of I, are precisely the subfunctors l(er;_’}yo where H ranges over all groups in X
of order p™!. The radical J of I, is the intersection of all these subfunctors l(erf_’,1 o- Forany G e X
we obtain by using 4.12 that

JG = [\ Kerf:y(G)=()Ker(Def} 5 Res§ : [n(G) — In(A/B))
HeX: |H|=p"+! A.B

where A ranges over all subgroups of G and B ranges over all subgroups of A with |A/B| = p"t1.
We first show that any basis element fﬁ of I,(G) with |G : N| > p"*? is in J(G). Take any sub-
groups B < A of G with |A/B| = p™*!. We note that |G : N| > p?. If
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A G ¢G
Defy pRes, fy #0

then we use 9.2 to obtain that G = AN and B < AN N, which is impossible according to the observa-
tion

P2 <|G:N|=|AN:N|=|A:ANN|<|A:B|=p".

Consequently, an element

X = Z )\Nfﬁ

N<G: |G:N|=pr+!

of I;(G) is in J(G) if and only if

y= > INFY

N<G: |G:N|=p"+1

is in J(G). Take a subgroup M of G with |G/M|=p"*1.If y € J(G) then Defg/My =0. Using 9.2 we
then obtain

G/M
0=Defg/My=)»MfM§M,

so Ay =0. Thus, if y € J(G) then y =0. As a result, | = I;41.
Finally, to find the simple functors appearing in the semisimple functor I,/I,11, we note from 4.5
that In/KerI,_;_0 is isomorphic to Sy x for each maximal subfunctor, because I,(H) is the trivial

K Out(H)-module. Moreover, as I,(X) # 0 if and only if |X| = p"*!, it follows from 4.5 that the mul-
tiplicity of Sy x in In/Iny1 is 1 for any H € X with |H| = p™*t1. This completes the proof. O

Theorem 9.4. Let K be of characteristic p > 0 and let X be any family of finite abelian p-groups. Consider
the Burnside functor By as a biset functor on X over K. For any natural number k > 1 we put Jj, = Jac*(Bk).

Then:

(1) Forany G € X and any natural number k > 1,

o= @ Ky

N<G: |G:N|>pkt!

(2) Bx/J1 =Sk, and

Je/ Tk =@ Su x,
H

for any natural number k > 1, where H ranges over a complete set of isomorphism classes of all groups of
order p**+1in X.

Proof. The results 5.2, 4.3 and 4.5 imply that M has a unique maximal subfunctor, which is Ker’l"_”o,

and that M/I(er’l",’0 = S;x where M = Bg. Thus, it is enough to show that the radical J; = Ker}/
of M is equal to the subfunctor I1 of M defined in 9.3. '
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For any G € X, it follows from 4.12 that

J1(G) = ﬂ Ker(Def} 4 Res§; : M(G) — M(A/A)).
A<G

Let f be a basis element of M(G) with |G : N| > p%. Then, f§$ € J1(G), because if
Deff 5 Res fy #0

for some A < G then 9.2 implies that G = AN and A < AN N (forcing that N = G). So, an element

x= Z Ny

N<G

of M(K) is in J1(G) if and only if

y=xefé+ > awfy§
N<G: |G:N|=p

isin J1(G).

Suppose now that y € J1(G). We will show that y = 0, which proves that J; = I7, and completes
the proof: Indeed, we get from 9.2 that

G/G
0=Deff,;cy =Acfc)c

and so Ag = 0. Let M be any subgroup of G with |G : M| =p. As y € J1(G) we see from 9.2 that

M/M
0= Def%/M Resﬂ y= —AMfM//M,

implying that Ay = 0. Therefore, y =0, as desired. O
Applying 8.1 we obtain the following immediate consequence of 9.4.

Corollary 9.5. Let K be of characteristic p > 0. Consider the Burnside functor Bg as a biset functor on any
family X over K. Let G be an abelian p-group in X and V be a simple K Out(G)-module. Then:

(1) If Sg.v appearsin Bg, then |G| # p and V =K.
(2) If |G| # p then the multiplicity of S¢ k in Bk is 1.

We finally proceed to obtain the socle series.
Lemma 9.6. Let K be of characteristic p > 0 and let X be the family of all abelian p-groups of order less than

or equal to p™ where m is a natural number with m > 2. Consider the Burnside functor M = Bx as a biset
functor on X over K. For any natural number n withn < m — 1 and any G € X we define

LG = P K.

‘G:N‘2pm—n+l

Then, for each n we have:
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(1) Ly is a subfunctor of Bg.

2)0=LpcLiC---CLy-1 CBk.

(3) Let G be any group in X. Then, L,(G) =0 ifand only if |G| < p™ ™.

(4) (M/Ly)(G) =0 forany G € X with |G| > p™—"+1,

(5) (M/Lp)(G) = Kflc forany G € X with |G| = p™ " and any n withn <m — 2.
(6) Forany n withn < m — 2, the socle of M /Ly, is Ly+1/Ln and

Ln+1/Ln = @SH,K
H

where H ranges over a complete set of isomorphism classes of all groups of order p™ " in X.
Proof. (1) We here justify that
Res% Ln(G) € Ly(H)
for any groups H < G in X. The invariance of L, under the other four basic bisets Ind, Inf, Iso, and

Def can be justified similarly. Let fﬁ be an arbitrary basis element of L,(G), so that |G : N| > p™—"+1,
If

Resf; f #0,
it follows from 9.2 that
G=HN or |G:N|=p.

The case |G : N| = p can be eliminated by using the condition n <m — 1. In the case G = HN we see
that

[H:HNN|=|G:N|,
from which we deduce by using 9.2 that

Resf; f = fifow € Ln(H).

(2) and (3) Obvious from the definition of L.
(4) Let |G| > p™ "1, Take an arbitrary element x of (M/L;)(G). We may write x as

x= > (N +La(©)

N<G: |G:N|<pm—T
for some constants Ay € K. If x € (M/L,)(G), then it follows from 6.8 that
Def¢ y y € Ln(G/K)

for any K < G with K # 1 where

y= Z NSNS

N<G: |G:N|<pmn
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because x =y + L, (G). Thus, for any such K,

G/K G/K
Def¢  y = > Ny € Ln(G/K) = P Kk
N<G: |G:N|<p™" KN |G/K:U /K| pm—n+1

implying that

Z An =0.

N<G: |G:N|<p™ T, KN

Ranging K over all subgroups of G of indexes 1, p, p%, ..., p™ " respectively we see that each coeffi-
cient Ay in y and so y is 0. We also note that K #£ 1 if K < G with |G: K| < p™ " (as |G| > p™"*1)
so that we may range K as above. Hence, x = L,(G) (as y = 0) so that the restriction kernel of M/L,
at G is 0.

(5) Let Y be the family of all abelian p-groups of order less than or equal to p™". Then, from the
third part of this result we see by restricting to the family )’ that

(M/Lyp)Y =BY.

Noting that if |G| = p™ " then G € Y and |G| > p?, the result follows from 7.2.

(6) Let Y be as in the previous part. Note that m —n > 2. Let M/L, have a simple subfunctor
isomorphic to Sy v for some H € X and module V. It follows from 6.3 and from the fourth part of
this result that H € ). Restricting to the family )V we see by using 8.1 that (M/L,)Y has a simple
subfunctor isomorphic to S%V. As

(M/Lyp)Y =BY,

the result 7.4 implies that |H| = p™ .
Now, it follows from 6.5 that the simple subfunctors of M/L, are precisely the subfunctors Ty
with H € X and |H| = p™ " where Ty is the subfunctor of M/L, generated by the restriction kernel

(M/L)(H) =K f{!
(because this restriction kernel is the trivial KOut(H)-module). A further consequence of 6.5 is that
Ty is isomorphic to Sy x and its multiplicity in the socle of M/Ly is 1.

We finish the proof by justifying that the sum of the simple subfunctors Ty is equal to Lyy1/Ly.
Indeed, we see from the definition of Im subfunctors that the sum of such subfunctors Ty is equal to

(Ln + > ImZ”Kﬁ,>/Ln.

HeX: |H|=pm—"

Let G be a group in X. Take an element f,f,; in Ly+1(G) but not in L,(G). Then |G : N|=p™™". As
G G/N
fN= [ntg/N L

the element fﬁ is in the subfunctor of M generated by M(G/N) = KfG/N This shows that

N/N*

M
Lpt1 S Ly + Z lmH,Kf{" .
HeX: [H|=pm—n

The converse inclusion can be seen easily by using 9.2. O
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Theorem 9.7. Let K be of characteristic p > 0 and let X’ be the family of all abelian p-groups of order less than
or equal to p™ where m is a natural number with m > 2. Consider the Burnside functor Bg as a biset functor
on X over K. For any natural number n we put S, = Soc" (Bk). Then:

(1) The Loewy length of Bk is m, and for any n withn <m — 1 and any G € X,

G = P K.

|G:N|>pm’”+1

(2) Bk/Sm—1 = S1k, and foranyn withn <m — 2,
Snt1/Sn=EP Su.v
H

where H ranges over a complete set of isomorphism classes of all groups of order p™ " in X.

Proof. By the virtue of 9.6 we only need to show that M/Sn_1 = S1 x where M = Bgk. This can be
shown (for instance) by justifying the conditions: M/S;;—1 is generated by its evaluation at 1, and
Kery o subfunctor of M/Sp,—1 is 0, and that (M/Sp—1)(1) is trivial module. Using 9.2 and definitions
one may easily justify these conditions. O

If we consider the Burnside functor Bk as a biset functor on a family X" of abelian p-groups over
a field of characteristic p > 0, then the results 9.4 and 9.7 show that the radical and the socle series
of Bk coincide with each other, except that the socle series is defined only if one places a bound on
the orders of the p-groups in X.

10. Restriction to nonfull subcategories

Let M be a functor (i.e., any of biset, inflation, deflation, or Mackey) defined on X, and let ) be a
subfamily of X’ closed under taking subgroups, quotients, and isomorphisms. We may consider M as
a functor defined on ), for which we use the notation ¢§ M. As the morphism sets of the categories

which are domains of the functors M and Lgf M are the same, Lgf M is the restriction of M to a full
subcategory. Restricting a functor to a full subcategory is not interesting, because there is a complete
analogy between restricting a functor to a full subcategory and restricting a module V of an algebra
A to the module eV of the algebra eAe where e is an idempotent of A. See Remark 8.1, and see [15,
Section 3].

We here study restriction of a functor to a nonfull subcategory. For example, we try to describe
the structure of a given deflation functor as a Mackey functor.

To facilitate the reading we usually use the letters b,i,9, and m for things that are related re-
spectively to biset, inflation, deflation, and Mackey functors. For example, §, denotes the category
of biset functors, Sb,v denotes the simple inflation functor parameterized by the pair (H, V), and
Lﬂl denotes the restriction functor from F, to §m, that is, for any deflation functor M we denote
by |3, M the functor M considered as a Mackey functor. For another example, if M is a biset functor

we use Im’,‘_,”“,iw(H) to denote the Imy, m(H) subfunctor of the inflation functor H’ M and we use Kerz”‘g‘

to denote the Kery o subfunctor of the Mackey functor J/El M.
The following is extracted from [16].

Lemma 10.1. Let X be any family and K be any field.

(1) For any simple biset functor S,‘Z,,V on X over K, the functor ii" SZ,V has a unique maximal inflation
subfunctor, and its head is isomorphic to S}, .
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(2) For any simple biset functor S,b“, on X over K, the functor Ua’ S,‘ZI!V has a unique simple deflation sub-
functor, and its socle is isomorphic to SZ v

(3) For any simple deflation functor SDH!V on X over K, the functor |3, SZ,V has a unique maximal Mackey
subfunctor, and its head is isomorphic to S} ,,.

(4) For any simple inflation functor S}-I,V on X over K, the functor “.n S}_,,V has a unique simple Mackey
subfunctor, and its socle is isomorphic to S |,.

Proof. We here give brief justifications. For details see Propositions 3.8, 3.12, and 7.6 of [16]. Let
S1= SZ,V, Sy=Syy,and S3 = SZ v+ As H is a minimal group of each S;, by using the factorization
of a transitive biset given in 2.2 one may see that

S1,i S S3, S
Imy's gy =51, Kery!7 =0, Imp", =S3, and Ker}?g" =0.

S]l

We may deduce the result by using 3.2. For instance, it follows from 3.2 that Ker}}y is the unique

maximal inflation subfunctor of S _¢{’ S1. O

It is known that the category §., of the Mackey functors over any field of characteristic O is
semisimple, see [15]. Therefore, for any finite group H and any simple K Out(H)-module V, it follows
from 10.1 that over any field of characteristic 0 we have

~ cm
‘Lm HV—SHV and ‘LmSHV— H,V>

see [16, Theorem 3.10]. See also [15, Section 9] for a related result.
Since in a semisimple category every object is projective and injective, over a field of arbitrary
characteristic we have the following slightly stronger result.

Proposition 10.2. Let X’ be any family and K be any field.

(1) For any simple deflation functor 5,°_,YV on X over K, if |2, S%,v is not isomorphic to St} |, then Sij |, is
not projective. ' o

(2) For any simple inflation functor Sy, \, on X over K, if |\, S},  is not isomorphic to Sij |, then SE"V is
not injective.

Proof. Only the first part is proved here. The second part may be proved similarly. Suppose that
SH v 1s projective. We will show that s H v = S§ v Indeed, letting M =2 S?,YV we see from 10.1
that M has a unique maximal subfunctor | and that M/ ] is isomorphic to 5?1‘,v~ Then, there is an
epimorphism

M—->M/]= S',‘},V
of Mackey functors, which must split by the projectivity. Therefore, M has a simple subfunctor S
isomorphic to S}} ,. As ] is the unique maximal subfunctor of M, if S # M then S C J. But, this is
impossible because J(H)=0.Hence S=M. O
The following is an immediate consequence of 10.2, see also Proposition 4.5 of [16].

Corollary 10.3. Let K be of characteristic 0 and X’ be any family.

(1) Let M be an inflation functor on X over K. Then, for any simple inflation functor SH v the multiplicity of
S}_qu in M is equal to the multiplicity of the simple Mackey functor SH,V in i:n
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(2) Let M be a deflation functor on X over K. Then, for any simple deflation functor S,D_,,V, the multiplicity of
SZ,V in M is equal to the multiplicity of the simple Mackey functor Sﬁ,v in |2 M.

We have also the following result related to 10.2.

Proposition 10.4. Let K be of characteristic p > 0, and let X be any family of p’-groups such that there are
finitely many groups, up to isomorphism, in X'. For any H € X we have the following isomorphism of functors
on X over K:

i ci ~cm_ ~ |0 ¢0
‘Lm HK = H,K:¢mSH,K'

Proof. We will show that J,in S}_, g = S§ - the second isomorphism may be shown similarly. Consider
a composition series

Bk=MoDM;{D---DM,=0

of the Burnside functor Bk as an inflation functor on X over K. (A composition series exists by
the condition on &'.) We know from 5.6 that Bk is semisimple as a Mackey functor on X over K.
In particular, each simple inflation functor M;/M;;1 must be semisimple as Mackey functors. Then,
it follows from part (4) of 10.1 that if M;/M;;1 = SiHi,vi then

¢i i ~cm
m “H;,V; — “H,V;*

Therefore, the series

Bk =MoDODM;D---DMp=0

is also a composition series of Bx as a Mackey functor. Finally, we use again the result 5.6 to deduce
that there must be an i for which M;/M;j,1 = S}, ., finishing the proof. O

For restriction of biset functors to inflation functors, using part (1) of 10.1 we may imitate the
proof of 10.2 to obtain the result: if ¢ S¥ |, is not isomorphic to S}, |, then S} | is not projec-
tive. Therefore, it may be useful to determine projective simple inflation functors. Indeed, if a simple
functor Sy v is projective then 2.3 implies that Sy v = Ly,v and that the module V is projective
as End(H)-module and hence as KOut(H)-module (because the ideal Iy of End(H) described in 2.5
annihilates V). However, the following result suggests that most of simple inflation functors are not
projective.

In the following result we denote by eg the primitive idempotent of the Burnside algebra Bk (G)
indexed by the conjugacy class of the subgroup H of G. See Section 8 of [3] for more details about
primitive idempotents of Bk (G).

Proposition 10.5. Let K be of characteristic p > 0 and q be a prime number with q # p. Consider the Burnside
functor By as an inflation functor on X over K. For any natural number k we put Ji = Jac*(Bx) and S =

Soc(Bk).

(1) If X is the family of all finite q-groups, then

k= P Ke§ and Ji/Jir1 =P Sux
H

H<G: |H|>¢

where H ranges over a complete set of isomorphism classes of all groups of order g* in X.
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(2) If X is the family of all q-groups of order less than or equal to q™ where m is a natural number, then the
Loewy length of Bk is m + 1, and for any k with 0 <k <m + 1 we have

G ~
Sk=Jm+1-k = @ Key, and SkJrl/Sk:@sH’K
H<G: [H[2qm+1-k H

where H ranges over a complete set of isomorphism classes of all groups of order g™ ¥ in X.

Proof. We will prove the first part, second part can be proved similarly. For any k and any G in X
we define

G)= P Kef.

H<G: [HI>q

Using the images of primitive idempotents eg of Bk (G) under the maps Ind, Inf, Iso, and Res (see
Lemma (8.1) in [3]) one may see that each I, is a subfunctor of Bkx. Next, we may observe that
the Brauer quotient of I, at a group G is zero unless |G| = g*. It follows from 4.5 that maximal
subfunctors of I, are precisely the functors Rgx = Kerﬁ‘,0 where K is any group of order ¢¥, and it
follows that I;/Rk is isomorphic to Sk x and that the multiplicity of Sk x in the head of I is 1. It
then follows from 4.12 that the evaluation J(G) of the radical J of I at any G € X’ satisfies

JG&= (] Re= () {x€(G): Resfx=0}.

K<G: [K|=g¥ K<G: [K|=g*
We may see by using Lemma (8.1) of [3] that J = I;,1. As Ip = Bk the result follows. O

Let S be a simple functor which is projective. For any functor M, as the spaces Homg (S, M) and
Homg (S, Soc(M)) are isomorphic it follows that S does not appear in M/Soc(M). Now, in the case
of 10.5 we know that each simple inflation functor S}{’K with |H| < ¢™ appears in Bg/Soc(Bk) so
that they are not projective.

We finally study restrictions of the functors Lx v defined in Section 2. It is shown in Proposi-
tion 3.12 of [16] that if H is an abelian group and V is a simple KOut(H)-module then the biset
functor L,",_V has a unique maximal inflation subfunctor. We now observe that there is a similar re-

sult about the deflation functor LZ v» and obtain some consequences.

Lemma 10.6. Let K be of characteristic p > 0, and X be any family, and H € X be an abelian p’-group, and
V be a simple KOut(H)-module. Then, on X over K, the functor |3, LZ!V has a unique maximal Mackey
subfunctor, and its head is isomorphic to S}y ;.

Proof. Letting L = LZ v» we first show that L is generated as a Mackey functor by its value L(H) at H,
that is L = Imf_ﬁ‘(H): Indeed, by its definition it is clear that L is generated as a deflation functor by

its value L(H) at H, that is L = Imf_,‘aL(H). Thus, for any G € X we see that L(G) is equal to the sum
of the spaces of the form

[(G x H)/M] ®gnd, 1) V = Ind§ 10§, Defp o Resy ®end, 1)V

where M ranges over subgroups of G x H with k{(M) =1, and where R = p;(M), P = p2(M), and
ko(M)= Q. As P/Q is a section of the abelian group H, it follows from the duality of abelian groups
that there is a subgroup K of H such that K is isomorphic to P/Q. Taking an isomorphism f : R — K,
as H is an abelian p’-group we see by using 2.1 that
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1

R(p—1 H o g H yonK
mlsoK(f ) Resy Indy Isog (f)

is the identity of the morphism set End;, (R). Therefore,

Ind§ Isof o Def} o Res} ®gnd, 1)V

is equal to

1 _
lndﬁ(mlsoﬁ(f ") Res Indf 1sof (f))lsop/Q Deff, o Res} ®end, 1)V »

which is equal to

1 _
I Indg Isof¢ (f ") Resy ®gnd, 1) Ind Isof (f)1s0f ;o Defp, o Resy V.

As the ideal Ig of Endy (H) described in 2.5 annihilates V, we see that if

[(G x H)/M] ®End, 1) V #0

then |P/Q| = |g(M)| = H, implying that ky(M) = 1. This shows that L is generated as a Mackey
functor by its value L(H) at H, that is L = Imi,’“Z(H), as desired.

Now, it follows from 3.2 that I = KerH"(; is the unique maximal Mackey subfunctor of L. We finish

the proof by observing that the Mackey functor L/I is isomorphic to S}t v Indeed, if L(G) # 0, we
observed in the above paragraph that there is a subgroup M of G x H w1th ki1(M) =1 such that
|g(M)| = |H|, implying that H is isomorphic to a section of G. As (L/I)(H) =V, it follows that H is a
minimal group of the simple Mackey functor L/I and that L/I is isomorphic to SE,V' a

In the proof of 10.6 it is shown that if LZ,V(G) #0 then H is isomorphic to a section of G. Under
the assumptions of 10.6 we may also justify in a similar way that if the value L'}{’V(G) of the inflation
functor L}q,v is nonzero at a group G then H is isomorphic to a section of G. See also Lemma (9.1)
of [3] for the related result about the biset functor L,‘I,’V.

Proposition 10.7. Let K be of characteristic 0, and X be any family, and H € X’ be an abelian group, and V
be a simple K Out(H)-module. Then, on X over KK, we have that LH v = SD

Proof. As K is of characteristic 0, the category of Mackey functors is semisimple, see [15]. Thus, 10.6
and part (3) of 10.1 imply respectively that

~ cm 0 ~ cm
erLHv— Hy and |5 SHv— HV>

so that |% L H v =N Sg v~ Then, the result follows because SH v is a (the unique simple) quotient
of the deflation functor LH.V, see Section 2. O

Corollary 10.8. Let K be of characteristic 0, and X be any family, and H € X be an abelian group, and V be a
simple K Out(H)-module. For any deflation functor M on X over K, the multiplicity of SZ’V in the socle of M
is equal to the multiplicity of V in the KOut(H)-module M (H).



160 E. Yaraneri / Journal of Algebra 335 (2011) 113-162

Proof. Let m be the multiplicity of SZ,V in Soc(M), and let n be the multiplicity of V in M(H) (which
is a semisimple K Out(H)-module because K is of characteristic 0), and let r be the multiplicity of V
in the KOut(H)-module My(H) defined as

Mo(H) = {x € M(H): I}x=0}

where Ig is the ideal of Endy (H) described in 2.5.

As Ig annihilates V, the image of any End, (H)-module homomorphism V — M(H) is in My(H),
so that the K-spaces Homgpg, 1)(V, M(H)) and Homg outcH)(V, Mo(H)) are isomorphic. Then, us-
ing 10.7 and the adjointness of the pair (Ly,—,ey) given in 2.3 we obtain the isomorphisms of the
following K-spaces:

Homg, (S}, Soc(M)) = Homg, (S . M)
= Homg, (L?-I,V’ M)
= HomMgnd, 1y (V. M(H))

= Homg out(H) (V, MO(H))-

This shows that m =r, because it follows from 3.8 that the endomorphism algebra of the deflation
functor S ?_LV is isomorphic to the endomorphism algebra of the KOut(H)-module V.

On the other hand, it is clear from part (1) of 6.8 that M(H) € Mo(H). So, n <.

Finally, the equality m =n follows by the virtue of 6.4 stating that m<n. O

Applying the notion of the dual of a functor (see [2] for details), one may obtain the following
result that is the dual of 10.8.

Corollary 10.9. Let K be of characteristic 0, and X' be any family, and H € X be an abelian group, and V be a
simple K Out(H)-module. For any inflation functor M on X over K, the multiplicity of S}, ,, in the head of M

is equal to the multiplicity of V in the K Out(H)-module M (H).

Corollary 10.10. Let K be of characteristic 0, and X be any family, and H € X be an abelian group, and V be
a simple K Out(H)-module.

(1) For any deflation functor M on X over K, the multiplicity ofsﬁ,yv in M/ Soc(M) is equal to the multiplicity
of V in the KOut(H)-module

(13 M)(H)/M(H)

where (9 M)(H) is the restriction kernel of the Mackey functor |3 M at H and M (H) is the restriction

kernel of the deflation functor M at H. 4
(2) For any inflation functor M on X over K, the multiplicity of S}, \, in Jac(M) is equal to the multiplicity of
V in the K Out(H)-module

bu(M)/by (L%, M)

which is the kernel of the canonical epimorphism from the Brauer quotient (I, M)(H) of the Mackey
functor |}, M at H to the Brauer quotient M (H) of the inflation functor at H.
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Proof. We only prove the first part, the second part may be proved similarly. Let S = S,?,’V, and n be
the multiplicity of S in M, and m be the multiplicity of S in Soc(M). Then, n — m is the multiplicity
of S in M/Soc(M).

It follows from 10.3 that n is equal to the multiplicity of the simple Mackey functor Sy ,, in M,
which is equal by the virtue of 6.6 to the multiplicity of the simple KOut(H)-module V in the
restriction kernel (]2, M)(H) of the Mackey functor |3 M at H (because K is of characteristic 0 and
any Mackey functor over K is semisimple).

On the other hand, we know from 10.8 that m is equal to the multiplicity of the simple K Out(H)-
module V in the restriction kernel M(H) of the deflation functor M at H.

Since M(H) is a subset of ({3 M)(H) (see 6.8), the result follows. O

As a last result we obtain the following semisimplicity criterion for an inflation or a deflation
functor defined on abelian groups over a field of characteristic 0.

Corollary 10.11. Let K be of characteristic 0 and X be any family of abelian groups.

(1) Adeflation functor M on X over K is semisimple if and only if

( () Ker(Resf : M(H) — M(P))) c ( (|  Ker(Deffj y : M(H) — M(H/N)))

P<H N<H: N#1

forany H e X.
(2) Aninflation functor M on X over K is semisimple if and only if

( > lan/NM(H/N)> C < > Indf M(P)>

N<H: N#1 P<H
forany H € X.

Proof. Here we prove the second part, the first part may be proved similarly. Let M be an inflation
functor. Then, M is semisimple if and only if Jac(M) = 0, which is equivalent by part (2) of 10.10 to
the condition

bu(M)/bu (15 M) =0.

The result follows from 4.12, stating that

bu(M)=> " Indf M(P)+ > Infjj,y M(H/N),
P<H N<H: N#£1

bu(Jiy M)= > Indf M(P). O
P<H
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