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Abstract

We define the cohomological Burnside ring B™(G, M) of a finite group G with
coefficients in a ZG-module M as the Grothendieck ring of the isomorphism classes
of pairs [X,u] where X is a G-set and w is a cohomology class in a cohomology
group H% (G, M). The cohomology groups H% (G, M) are defined in such a way that
H%(G,M) = &;H*(H;, M) when X is the disjoint union of transitive G-sets G/H;. If
A is an abelian group with trivial action, then B*(G, A) is the same as the monomial
Burnside ring over A, and when M is taken as a G-monoid, then BY(G, M) is equal to
the crossed Burnside ring B(G, M). We discuss the generalizations of the ghost ring
and the mark homomorphism and prove the fundamental theorem for cohomological
Burnside rings. We also give an interpretation of B2(G, M) in terms of twisted group
rings when M = k* is the unit group of a commutative ring.
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1 Introduction

Let G be a finite group and X be a finite G-set. Given a ZG-module M, we define
H% (G, M), the cohomology of G associated to X with coefficients in M, as the cohomology
of a cochain complex, where the n-cochains are the maps f : G" x X — M and derivations
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are given by

(0)(g0s---+9n57) =g0 - f(g1,---, gn;T)
- f(gogl7 cee 7gn7x)

+ (_l)nf(gov - oy 9n—19n; .%')
+ (=1)"" £ (g0, - - - Gn—1: Gn).

The cohomology group H% (G, M) can be described in terms of the usual group cohomol-
ogy of subgroups of G. In particular, when X is the disjoint union of transitive G-sets
G/H; for i =1,... k, then we have

k
HY%(G, M) = H"(H;, M).
=1

Given a G-set map f : X — Y, we define f* : H}(G,M) — H%(G,M) and f, :
H%(G,M) — H{(G,M) on the chain level in such a way that the assignment X —
HY% (G, M) together with ( )* and ( ). defines a Mackey functor in the sense described
in [11]. In Section 3, we show that this Mackey functor is naturally equivalent to the
cohomology of groups Mackey functor H"(?, M).

The motivation for this definition comes from a classification problem for monomial
G-sets, where the cocycles defined above appear in a natural way. This example also
motivates the definition of cohomological Burnside rings. Recall that the Burnside ring
B(G) of a finite group G is defined as the Grothendieck ring of the isomorphism classes of
G-sets, with addition given by disjoint unions and multiplication by cartesian products.
We generalize this definition as follows:

A positioned G-set is a pair of the form (X, u), where X is a G-set and u is a class in
H%(G,M). Amap f:(X,u) — (Y,v) is called a positioned G-set map if f: X — Y isa
G-set map such that f*(v) = u. We say that two positioned G-sets (X,u) and (Y, v) are
isomorphic if there is a positioned G-set map f : (X,u) — (Y,v) such that f: X — Y is
an isomorphism as a G-set map. We denote the isomorphism class of a positioned G-set
(X, u) simply by [X,u]. The set of isomorphism classes of positioned G-sets is a semi-ring
with addition and multiplication defined by

(X,ul+ Y0 =[X1Y,ud v

(X, u]-[Y,v] =[X xY,u®0u].

where u @ v € HY (G, M) and u ® v € HY (G, M) are defined in the following way:
For u € H%(G,M) and v € Hy(G, M),

u®v = (ix)«(u) + (iv)«(v)

where ix : X - X IIY and iy : Y — X II'Y are the usual inclusion maps of X and Y,
and
u®v = (mx)*(u) + (7y)*(v)

where 7x : X XY — X and 7y : X X Y — Y are the projection maps.

The cohomological Burnside ring B" (G, M) of degree n of the group G with coefficients
in M is defined as the Grothendieck ring of this semi-ring. This is a generalization of
earlier constructions of generalized Burnside rings such as the crossed Burnside ring and



the monomial Burnside ring. Indeed, if we take n = 0 and if we extend our definition
of zero dimensional cohomological Burnside ring in a suitable way to include the case
where M is a G-monoid, then B°(G, M) becomes isomorphic to the crossed Burnside ring
B¢(G, M) described by Oda and Yoshida in [8], [9] (see also Bouc [4]). Also, in the case
n =1, if we take M as an abelian group A with trivial G-action, then the cohomological
Burnside ring B!(G, A) coincides with the monomial Burnside ring over A defined by
Dress [6] (see also Boltje [3] and Barker [1]).
This is all proved in Section 5. We also give a Z-basis for B"(G, M) and prove that

Bn(G7 M) = @ (ZH”(H, M))W(;(H)>
[H]eCl(G)

where CI(G) denotes the set of conjugacy classes of subgroups of G and Wg(H) =
Ng(H)/H is the Weyl group of H in G. Motivated by this description, we define the
ghost ring of the cohomological Burnside ring as

UG, M)~ @ (ZH"(H,M))"H)
[H]eCI(G)

and describe the mark homomorphism explicitly.

Section 7 is devoted to the proof of the fundamental theorem for cohomological Burn-
side rings. Here we use a different approach than the earlier results for monomial Burnside
rings and crossed Burnside rings. Instead of choosing a basis of the ghost ring as an abelian
group, we use the direct sum decomposition coming from the conjugacy classes of sub-
groups and express the mark homomorphism as a matrix of homomorphisms instead of a
matrix of scalars. In other words, we replace the classical table of marks for Burnside rings
with a table of marks where each mark is a homomorphism. We calculate the cokernel
of the mark homomorphism as the direct sum over conjugacy classes of subgroups where
each summand is the 0-th Tate cohomology of the Weyl group W (H) = Ng(H)/H with
coefficients in the ZW¢q(H)-module ZH"(H, M). We state the fundamental theorem for
cohomological Burnside rings in the following form.

Theorem 1.1 (Fundamental Theorem). Let G be a finite group, let M be a ZG-module,
and let n be a non-negative integer. Then the following sequence of abelian groups is exact

0— B"(G,M)-2> pMG, M) 25 Obs™G, M) — 0

with
Obs"(G,M)= P H(Wa(H),ZH"(H,M)),
[H]eCI(G)

where ¢ is the mark homomorphism, and the [K|-th component of 1 is defined by
Vi) (F) = Y n(K, Lresfc f(L)
K<L

modulo the image of the trace map T?{VG(K).

It is easy to calculate the Tate group HO(Wq(H), ZH™(H, M)) for each [H] € CI(G)
using an appropriate basis for ZH"(H, M). We obtain



Proposition 1.2. We have

Obs™(G,M))= @ Z/|Ng(H,u): H|Z
G/ H )

where the sum is taken over the isomorphism classes of positioned G-sets with transitive
G-sets.

Thus, our obstruction groups for n = 0 and n = 1 are the same as the ones given
earlier for crossed Burnside rings and monomial Burnside rings respectively. This is all
done in Section 7.

Finally, in Section 8 we give an interpretation of B%(G, M) in terms of twisted group
rings when M = k> is the unit group of a commutative ring.

2 The definition of H} (G, M)

Let G be a finite group, and let X be a finite G-set. For a given ZG-module M, we define
the cochain complex (C% (G, M), 6) as follows: The n-cochains are the functions

f:G"xX > M
and the coboundary & : C%(G, M) — C¥ (G, M) is defined by

(6f)(g0,s---,9n52) =g0 - f(91,.--,9n; )
— f(g091,-- -, 9n; @)

+(=1)"f(g0, - -+ gn-19n @)
+(=D"" (g0, -+, 913 gn).
It is easy to check that 62 = 0, so we define
Hi (G, M) = H*(C (G, M), ),

and call it the cohomology of G associated to X with coefficients in M. Note that the
cohomology of G associated to the trivial G-set G/G is just the usual cohomology of the
group G.

Given a 0-cochain f : X — M, we see that (6f)(g;z) = gf(z) — f(gx). So, f is a
0-cocycle if and only if f is a G-map. Thus, H¥(G, M) = Mapg(X, M). Note that a
1-cochain f: G x X — M is a cocycle (or a derivation) if and only if

f(gog1; ) = gof(g1;2) + f(g0; 917) (1)

for every go,g1 € G and = € X. We say that f : G x X — M is a trivial derivation (or a
inner derivation) if f = ¢ for some function ¢ : X — M.

The motivation for this definition comes from the classification problem for monomial
G-sets. A monomial G-set with coefficients in A is an A-free A x G-set I' with I'/A
isomorphic to a given G-set X. As a set, I" is isomorphic to A x X, where the action can
be described as

(a,9)(d’,z) = (a+d' + a(g, ), g7) (2)
with a : G x X — M being a derivation in the above sense. In fact, Equation 1 holds for
« if and only if Equation 2 defines an action. We study this problem in detail in Section
4.

In the rest of the section we will prove the following:



Theorem 2.1. Suppose that G is a finite group, X is a G-set, and M is a ZG-module.
Then, we have
HY (G, M) = H*(G,Map(X, M)),

where Map(X, M) is the abelian group of functions f : X — M considered as a (left)
Z.G-module with the action given by (gf)(x) = gf (g ).

We will prove Theorem 2.1 using the Hochschild cohomology of ZG. Given a (ZG, ZG)-
bimodule B, the Hochschild cohomology H H*(ZG, B) is defined as the cohomology of the
cochain complex

C"(ZG, B) = Homgz((ZG)*", B)
with coboundary

(0f)(ag,...,an) =ao- f(ai,...,an)

— f(aoal, Ce ,an)

+(=1)"f(ag,...,an—1an)
+ (—1)"+1f(a0, . ,an_l) c Ay .

Proposition 2.2. Suppose that G is a finite group, X is a G-set, and M is a ZG-module.
Then, we have
Hy (G, M) = HH*(ZG, Map(X, M)

where Map(X, M) is the abelian group of functions f : X — M considered as a (ZG,ZG)-
bimodule with the ZG-action given by

(91 f - g2)(x) = g91f(g2).
Proof. Consider the map
" C%(G, M) — C"(ZG,Map(X, M))

defined for all n > 0 by the formula ®" : f — f where

f(go,- -y gn-1)(x) = f(g0,- s 9n—1;7).

Note that

[f(90,- -+ 9n=1) - gn)(®) = F(g0, -, gn—1)(gn2)
f(gO) s 7gn—1;gnx)

So, we have §f = 6f, i.e., ® is a cochain map. Note that the obvious inverse is also a
cochain map, hence ® induces an isomorphism on cohomology. ]

We recall the following fact about Hochschild cohomology:

Lemma 2.3. Let B be a (ZG,ZG)-bimodule. Then the Hochschild cohomology HH*(ZG, B)
is isomorphic to the usual group cohomology H*(G, L(B)) where L(B) = B is the (left)
Z.G-module with the action given by g-b = gbg™'.

Proof. See Theorem 5.5 on page 292 in Mac Lane [7]. O

Theorem 2.1 follows now from Proposition 2.2 and Lemma 2.3.



Remark 2.4. Note that the isomorphism in Lemma 2.3 is induced by the chain isomor-
phism U™ : C"(ZG,B) — C™(G, L(B)) defined by f — f where

f(glv"‘agn) :f(gh?gn)gr:lgl_l

So, the isomorphism given in Theorem 2.1 is induced by the chain map
Uo: C%(G,M) — C"(G,Map(X, M))

defined by f — f where

(F)g1s- - 90) (@) = f(g1,- -, Gni g - 91 ).
One can also prove Theorem 2.1 using this chain map.

Note that as a ZG-module
Map(X, M) = Homz(ZX, M)

where ZX denotes the permutation module with basis given by X. When X is equal to
G/H = {gH | g € G}, then we have

Map(G/H, M) = Homy(Z|G/H], M)
as ZG-modules.

Lemma 2.5. Let G be a finite group, H < G a subgroup, and M a ZG-module. Then
there is an isomorphism of ZG-modules

o : Homyz(Z|G/H], M) — Homzy (ZG, M)

defined by o : f — f where f(g) = gf(g ' H).

Proof. 1t is easy to check that f — f is a ZG-module homomorphism and its inverse
can be defined by f — f where f(gH) = gf(g~'). Note that the (left) G-action on
Homzp (ZG, M) is given by [g- f](g') = f(g'9)- O

We conclude this section with the following corollary.

Corollary 2.6. Suppose that G is a finite group, H < G a subgroup, and M a ZG-module.
Then, we have
HE/H(G, M)~ H*(H,M).

Proof. By Theorem 2.1 and Lemma 2.5, we have
Hg/H(G, M) = H"(G,Map(G/H,M)) = H"(G,Homzy (ZG, M)).
Using the Eckmann-Shapiro isomorphism
H"(G,Homzy(ZG,M)) = H"(H, M)

we conclude that HY

55 (G, M) = H"(H, M), -



3 Functorial properties of H} (G, M)

In this section we will be listing the basic functorial properties of the cohomology of groups
associated to a G-set. We will see later that the assignment X — HY% (G, M) is just the
description of the cohomology of groups Mackey functor for G as a bifunctor from G-sets
to abelian groups. But note that all our constructions are done explicitly on the chain
level.

Throughout this section we assume that G is a fixed finite group and M is a fixed
ZG-module. We also fix a non-negative integer n, and consider the cohomology groups
HY% (G, M) of degree n for various G-sets.

Let X and Y be two G-sets and let f : X — Y be a G-set map. There are two ways to
obtain maps between C% (G, M) and C3(G, M) associated to f. Giveny: G" xY — M,
we define f*(y): G" x X — M by

T (g1 gn52) = (915 - - -5 gns f(2))

for ¢1,...,9, € G and x € X. Since f is a G-map, this defines a chain map f* :
Cy (G, M) — C% (G, M), hence it induces a group homomorphism

[T Hy (G, M) — Hy (G, M),
For the other direction, for a : G™ x X — M we define fi(a): G" xY — M by

fe@)(gi, s gniy) = D algr. . gni)

zef~y)

for g1,...,9n € G and y € Y. It is easy to check that this defines a chain map f, :
C%(G,M) — C3(G, M), hence a group homomorphism

fe: Hx (G, M) — Hy (G, M).
Lemma 3.1. For every pullback diagram of G-sets

X1 —fl——> X2
lfz lfs
Ja
X3 —— Xy

we have (f4)*(f3)« = (f2)«(f1)* as chain maps C%, (G, M) — C%, (G, M) and hence as
group homomorphisms Hy (G, M) — H¥ (G, M) for each n > 0.

Proof. Let a: G™ x X9 — M be a cocycle. For g1,...,g, € G and € X3, we have

(f1)"(fs)x (@) (g1, gni2) = > (g1, .-, 9n3 %)

2€X2, f3(z)=fa(x)

whereas
()« (F) (@G5 gns) = D algr,- 90 [1())-
yeXi, f2(y)==
The equality of these sums follows from the pullback condition. O

We also note that H% (G, M) decomposes as an abelian group if X decomposes as a
G-set. We state this fact as follows:



Lemma 3.2. For every pair of finite G-sets X and Y and inclusion maps X XY
and Y 25 X 11 Y, the chain map

D C;((G,M) @C{/(G,M) — CX]_[y(G,M)

defined by ®(u,v) = (ix)«(u)+ (iy)«(v) is a chain isomorphism and hence induces a group
isomorphism

for all m > 0. In particular, if X is the disjoint union of transitive G-sets G/H; for

1=1,...,k, then
k

HY%(G, M) = P H"(H;, M).
=1

Proof. 1t is easy to check that the chain map
defined by w — ((ix)*(w), (iy)*(w)) is the inverse of ®. O

The above two lemmas show that the assignment X — C% (G, M) together with ( )*
and (). defines a Mackey functor in the category of chain complexes in the sense described
in page 5 of Webb [11]. As a consequence of this, or directly from the Lemmas 3.1 and 3.2,
we see that the assignment X — H% (G, M) together with corresponding induced maps
( )* and ( )« defines a Mackey functor (of abelian groups) for each n. Let us denote this
Mackey functor by H3'(G, M). We will show later that the Mackey functor H3 (G, M) is
equivalent to the cohomology of groups Mackey functor H™(?, M) via the isomorphism

HE) (G, M) 2 H"(H, M)

given in Corollary 2.6.

For a Mackey functor defined as a functor from G-sets to abelian groups, there is a
standard way to obtain restriction, induction, and conjugation maps. If we apply these
definitions, we obtain the following maps:

Let K < H < G and g € G, consider the G-maps fy x : G/K — G/H defined by
tK — xH and fy,: G/H — G/9H defined by *H — xg~'9H. Then, the induced maps

(fH,K)*

vt B (GM) S (@),

. . )"

i s HE e (G M) S HE (G M),
(fH,g)*

CH,qg Hg'/H(G7M) - Hg/gH(G7 M)

are the restriction, induction, and conjugation maps for H3'(G, M). By the equivalence of
the different definitions for Mackey functors, we can also consider Hy' (G, M) as a Mackey
functor H — H7 / (G, M) with the above restriction, induction, and conjugation maps.

Theorem 3.3. The Mackey functor Hy' (G, M) is equivalent to the cohomology of groups
Mackey functor H™(?, M).

Proof. For every H < (G, we have an isomorphism
Hg/H(G, M)= H"(H,M)

by Corollary 2.6. We just need to show that this isomorphism commutes with restriction,
induction, and conjugation maps. This follows from the following lemma. O



Lemma 3.4. Let K < H <G, and g € G. Then, the induced maps
resfl « H"(H, M) = Hp, (G, M) =5 HE o (G, M) = H"(K, M),
trif : H™(K, M) = Hg, (G, M)lH_’iHG/H(G M) = H"(H, M),
cg  H"(H, M) = H{, (G, M) —>HG/9H(G, M) = H"(YH, M)
are the usual restriction, transfer, and conjugation maps in group cohomology.
Proof. First let us consider the restriction map. We have
(G, M) i, (G, M)

Hey He i

%J(Thm 2.1 %lThm 2.1

H™(G, Map(G/H,M)) —L—  H"(G,Map(G/K, M))

%J/U* EJ/U'*

H \*
H™(G, Homyzy (ZG, M) L0 (@G, Homyp (ZG, M))
%J/Eckfshap %lEckahap
H
H™(H, M) K H™(K, M)

where the vertical composition is the isomorphism given in Corollary 2.6, and (resf)* is

the homomorphism induced from
resK HomZH(ZG M) — HOIHZK(ZG M)

which is defined by mapping a ZH-homomorphism f : ZG — M to itself considered as
a ZK-homomorphism. The first diagram commutes for obvious reasons, and the third
diagram commutes by standard results in homological algebra. One can show that the
second diagram commutes by showing that the corresponding diagram for modules

Map(G/H, M) —L— Map(G/K, M)

gl” gl“

(r es%)

HOIHZH(ZG, M) — HOIHZK(ZG, M)

commutes. This can be done by a direct calculation as follows: Let ¢ : G/H — M be a
function. Then,

o)) () = 2 f () (e K) = wp(z™ H) = [(resi) o]()(2).

This completes the proof of Lemma 3.4 for the restriction map.

For transfer and conjugation, the arguments are similar. For each of these we will
replace the second commuting diagram with an appropriate one and show that they
commute on the module level. For the transfer map, we need to check the commutativity
of the following diagram

Map(G/K, M) —L— Map(G/H, M)

=|o =0

H
HOH]ZK(ZG M) —> HOIIlZH(ZG M)

9



where tri(y)(g) = D hKeH/K hi(h~tg) for every ZH-module 1 : ZG — M. For every
¢:G/K — M, we have

rifo(@@) = D> ho(e)(hlg)= > gplg'hK) = [0 f:(¢)](9),

hKeH/K hKeH/K

so the diagram commutes.
For conjugation, we have the following diagram

Map(G/H, M) —L Map(G/9H, M)

gl" gla

CH
HOIHZH (ZG, M) — HOHlZgH(ZG, M)
where c (1) (z) = gip (g~ ) for every ZH-module 1 : ZG — M. Take ¢ in Map(G/H, M).

We havz
e/ ol(#) (@) = go () (g~ 'a) = g9~ wp(z ™ gH) = wp(a~ ' gH)
and
[0(fr,9):)(0) (@) = &(fi,g)(0) (@™ H) = zp(z™"gH).
So, the diagram commutes. This completes the proof of Lemma 3.4. O

The cohomology of groups functor H™(?, M) for a group G is known to be a coho-
mological functor, i.e., it satisfies trilresffu = |H : K|u for every K < H < G and
w € H"(H,M). By the above equivalence, the functor H3 (G, M) is also cohomological.
One can also see this directly from the definitions of iz x and rg k.

In the next section, we will consider the classification problem for A-free A x G-
sets where A is an abelian group. The groups H% (G, A) will appear naturally in this
classification.

4 A-free A x (G-sets

Let G be a finite group and A be an abelian group. Throughout this section we assume
that G acts trivially on A, although most of the results in this section still hold for a
non-trivial ZG-module M when the group A x G is replaced by the semidirect product
M x, G. We do not state our results in this generality since the case of trivial G-action
is sufficient for all the applications we know.

Given an A x G-set I with a free A-action, let X =T'/A denote the quotient of T" by
the A-action. This gives a map « : I' — X with fibers isomorphic to A and base space X
which is a G-set. Note also that 7 is a G-map. Any map 7 : I' — X which is obtain in
this way is called a fibration with fibre group A.

Observe that there is always a bijection I' =2 A x X, but in general it is not an
isomorphism of A x G-sets, where A x X is considered as an A x G-set by the product
action

(a,9)(d,z) = (a+d, gz).
In other words, there is always a set theoretical splitting s : X — I', but s is not a map
of A x G-sets in general when X is considered as an A x G-set through the projection
AxG—G.

Our first result in this section classifies the fibrations 7 : I' — X over a fixed G-set X
up to isomorphism. We say the fibrations m; : I'y — X and m : I'y — X are isomorphic
if there is an A x G-map F : 'y — I's such that m; = moF.

10



Proposition 4.1. Suppose G is a finite group, X is a G-set, and A is an abelian group
with trivial G-action. There is a one-to-one correspondence between isomorphism classes
of fibrations I' — X with fibre group A and the cohomology classes in H}((G,A).

Proof. We will first show that given a fibration 7 : I' — X, there is a unique cohomology
class in HY (G, A) associated to it. Let s : X — I be a set theoretical section. We define
a:GExX — Aby
(0,9)s(x) = g, x)s(gx).
The identity
((0,91)(0,92)) - v = (0,91) - ((0,92) - 7)

gives the derivation condition

a(g192; %) = gra(ge; x) + a(g1; ga).

So, av: G x X — A is a 1-cocycle of the chain complex (C% (G, A),0) described earlier.
Let s; and so be two different splittings. Since ws; = wso, there exists a function

t: X — A, such that sa(z) = t(x) - si(x) for all z € X. Let a; and ay be derivations

associated to the sections s; and so respectively. Then, an easy calculation shows that

as(g; x) — au(g; x) = t(gz) — gt(x) = (5t)(g; ©).

So, the cohomology class [o] € Hy (G, A) does not depend on the choice of the section.
Conversely, given a cohomology class [a] € H% (G, A) represented by a derivation
a:Gx X — A, we define the A x G-set I' as the set A x X with the action given by

(avg) : (a/7m) = (a +d + a(g,x),g:r)

for a,a’ € A, g € G and v € X. It is easy to verify that this defines an action by using
the fact that « is a derivation. Note that if we choose another representative, o/ = §t + «,
then we obtain IV = A x X with the action given by

(a,9) - (d',2) = (a+a' + d/(g;2), g2) = (a+ a’ + alg; ) + gt(z) — t(g2), g).

Then, the map F : I' — I" defined by (a,z) — (a+t(z), ) is an isomorphism of fibrations.

We also need to show that two isomorphic fibrations give the same cohomology class.
For this, observe that we can fix splittings for both 71 : I'y — X and 7o : I's — X and
assume that I'; = A x X with action given by

(a,9) - (a,2) = (a + d’ + ai(g; ), g7)

for i =1,2. Let F: 'y — I's be a isomorphism of fibrations, then there exists a function
t: X — A such that F(a,z) = (a+ t(z),z) for all z € X. Note that F' is a A x G-set
map if and only if

ar(g; x) — ag(g; x) = t(z) — t(gx) = (6t)(g; z).

Thus, m; and 72 are assigned to the same cohomology class when they are isomorphic as
fibrations with fiber group A.

We have seen that there are well defined maps between isomorphism classes of fibra-
tions 7 : I' — X with fibre group A and cohomology classes in Hx (G, A). From the way
these maps were constructed it is easy to see that they are inverse to each other. ]
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Next, we will classify all A-free A x G-sets up to isomorphism. Let I' be an A-free
A x G-set, then taking the orbit space of the A-action as before, we obtain a G-set X and
a fibration 7 : I' — X with fibers isomorphic to A. By fixing a set theoretical splitting,
we can assume I' = A x G and the action is given by

(a,9) - (', x) = (a + d’ + a(g; ), gz)

for some derivation « : G x X — A. So, associated to an A-free A x G-set I', there is a
G-set X and a cohomology class u = [a] € Hx (G, A).

Proposition 4.2. Let I'1 and I'y be two A-free A x G-sets with corresponding G-sets X
and Xo and cohomology classes u1 € H)lﬁ(G, A) and ug € H}(Q(G,A). Then, I'y and T'y
are isomorphic as A x G-sets if and only if there is a G-set isomorphism f : X1 — Xo
such that f*(u2) = uy.

Proof. Let F' : T'1 — I'y be an A x G-set isomorphism. Passing to the orbit spaces, we
obtain a G-set isomorphism f : X; — X5 such that the diagram

F1l°—>r2

CE
f
Xl E— XQ

commutes. Choosing set theoretical splittings for both I'y and I's, we can assume that
I'; = A x G with the actions given by

(a,9) - (', x) = (a + d’ + ai(g; 2), g)

for some derivations a; : G x X; — A for ¢ = 1,2. Since F': I'y — 'y is an A-map, we can
write F(a,z) = (a + t(x), f(z)). Now, using the fact that F' is an A x G-map, we obtain

a1(g; ) — aa(g; f(x)) = t(z) — t(gz) = (6t)(g; )

for g € G and x € X. Thus f*(u2) = u; as desired.

Conversely, given a G-set isomorphism f : X; — Xy such that f*(us) = u1, we can
pick representative derivations o and ag such that f*(ag) = «ai, and assume that I'; is
an A x G-set with action determined by «; for i = 1,2. Then, the map F(a,z) = (a, f(x))
defines a A x G-set isomorphism. O

Let X be a G-set, and denote by Autg(X) the group of all G-set isomorphisms f :
X — X. For each f € Autg(X), we have an isomorphism f* : Hx (G, A) — H%(G, A).
So, Aute(X) acts on Hx (G, A) as group automorphisms. We have the following:

Corollary 4.3. Suppose that G is a finite group and A is an abelian group with trivial
G-action. Then, the isomorphism classes of A-free A x G-sets are in one-to-one cor-
respondence with the pairs ([X], [a]) where [X] runs through the isomorphism classes of
G-sets and [a] is a representative of a class in Hy (G, A) under the Autg(X)-action.

Proof. By Proposition 4.2, the isomorphism classes of A-free A x G-sets are in one-to-one
correspondence with the equivalence classes of pairs (X, u), where we say that (X, u) is
equivalent to (Y,v) if there is a G-set isomorphism f : X — Y such that f*(v) = w.
Note that the set of equivalence classes of pairs (X, u) is the same as the set given in the
corollary. O
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The category of A-free A x G-sets admits two operations, called direct sum and direct
product over A, which induce well defined addition and multiplication operations on
isomorphism classes of A-free A x G-sets. The Grothendieck ring of isomorphism classes
of A-free A x G-sets with these operations is called the monomial Burnside ring over A.
Below we briefly describe how direct sum and direct product over A are defined. For more
details on these operations and on the monomial Burnside ring, we refer the reader to
Dress [6], Boltje [3], and Barker [1].

We assume that all the A-free A x G-sets we consider have a fixed splitting, and hence
they are sets of the form A x X with A x G-action given by

(a,9) - (d',2) = (a + d’ + a(g; 2), gz)

for some derivation a : G x X — A. We denote such an A-free A x G-set briefly by
A, X. Addition and multiplication of two A-free A x G-sets A, X and AgY are defined
as follows:

A X ©y AgY =A,X1I AQY

and
A X @4 ABY = A, X x A/gY/ ~

where the equivalence relation ~ is defined by declaring

(ag,n) ~ (¢, an)

forall a € A, ( € A, X, and € AgY. The A x G-action in the first case is defined in
the obvious way, and in the second case by diagonal action. One can easily show that
these give well defined addition and multiplication on the isomorphism classes of A-free
A x G-sets.

To see the effect of these operations on the derivations, observe that

A X Dy AﬂY = A@(X II Y)

and
AQX XA AﬁY = A,Y(X X Y)

for some 0 : G x (XIIY) - Aand v: G x (X xY) — A. One can describe 6 and ~ in
terms of o and [ as follows:

L Jalgiz) if zeX
e(g’z)_{ﬂ(g;z) if zeY

and
v(g; (z,y)) = a(g; ) + B(g;y)-

In fact, one can verify that these define direct sum and tensor product on the one-
dimensional cohomology classes. We do not give details of this here, since this will be
done in the next section in greater generality.

Motivated by this example, in the next section we define cohomological Burnside rings
B"(G,M) for each n > 0. In the case n = 1 and M is an abelian group A with trivial
G-action, we obtain that B'(G, A) is equal to the monomial Burnside ring over A.
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5 The cohomological Burnside ring

Throughout this section G is a finite group, M is a ZG-module, and n is a non-negative
integer.

Definition 5.1. A pair of the form (X,u), where X is a G-set and u is a class in
HY%(G,M), is called a positioned G-set of degree n with coefficients in M, or shortly a
positioned G-set, when degree and coefficients are well understood. A map f : (X,u) —
(Y, v) is called a positioned G-set map if f: X —Y is a G-set map such that f*(v) = u.

We say that two positioned G-sets (X, u) and (Y, v) are isomorphic if there is a posi-
tioned G-set map f : (X,u) — (Y,v) such that f : X — Y is an isomorphism of G-sets.
We denote the isomorphism class of a positioned G-set (X, u) simply by [X, u].

The set of isomorphism classes of positioned G-sets is a semi-ring with addition and

multiplication defined as follows: Given two positioned G-sets (X, u) and (Y, v), we define
the cohomology class

udv e Hyy(G, M) by udv=_(ix)«(u)+ (iy)«(v)

where ix : X - XIIY and iy : Y — X I1'Y are the usual inclusion maps of X and Y.
Note that if u = [a] and v = [y], then u @ v = [] where

0.

a(gla"'vgn;z) if ze X
7gn;z): .
Y(g1, .- 903 2) i z €Y.

If fx : (X,u) = (X',u) and fy : (Y,v) — (Y, ) are two positioned G-set isomorphisms,
then
fxOfy: (XY, udv)— (XY v ®)

is a positioned G-set isomorphism. To see this consider the following diagram
X <X xny 2.y
fxl fXHle fyl
X Xy Yy
where both of the diagrams are pullback diagrams. By Lemma 3.1, we have
(fx T fy)"(u & v') = (fx T fy)"((ix ) (') + (iy7)s (')
(ix)« (fx)" () + (v ) (fy)" (V)
= (ix)«(u) + (iy)«(v)

=udo.

This shows that
[(X,ul+ Y0 =[X 1Y, ud v

gives a well defined addition on isomorphism classes.
To define the product of two positioned G-sets (X, u) and (Y, v), we first define the
cohomology class

u®v € HY .y (G,M) by u®v=(rx)"(u)+ (7my)*(v)
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where 7x : X XY — X and my : X X Y — Y are the projection maps. We can describe
u ® v on the chain level as follows: Let u = [a] and v = [7], then u ® v = [0] where

091590 (2,y)) = (g1, -1 gns ) + (915 -, Gn3 Y)-

If fx : (X,u) — (X',u) and fy : (Y,v) — (Y, ) are two positioned G-set isomorphisms,
then
fxXfy (X xY,u®v) — (X' xY' v 2

is a positioned G-set isomorphism. One can verify this by forming appropriate commuting
diagrams as in the case of addition. It follows that the formula

(X, u] - [Y,0] = [X X Y,u® ]
defines a multiplication on isomorphism classes of positioned G-sets.

Definition 5.2. The cohomological Burnside ring B"(G, M) of degree n of the group G
with coefficients in M is defined as the Grothendieck ring of the semi-ring of isomor-
phism classes of positioned G-sets (of degree n with coefficients in M ) where addition and
multiplication are defined by

(X, ul+[Y,v] = [XTIY,u® ]
[(X,u]-[Y,v] =[X xY,u®wv].

We have the following proposition, which is immediate from the discussion in Section
4:

Proposition 5.3. If A is an abelian group with trivial G-action, then BY(G, A) is the
same as the monomial Burnside ring over A.

Note that for n = 0, the definition given in Definition 5.2 can be extended to non-
abelian coefficients, even to a G-monoid. For this, first note that for a G-module M, the
group HY (G, M) is the kernel of the first differential 6 : C% (G, M) — C% (G, M). So, an
element in HY (G, M) is a map f : X — M such that

6(f)(9) = gf(x) — f(gz) = 0.

Thus, HY (G, M) can be identified with the group of G-maps from X to M.

Now, let M be a G-monoid, i.e., M is a semigroup with a unit element 1 € M such
that G-acts on M as monoid automorphisms. This means that there is a map Gx M — M
denoted by (g, m) — 9m which satisfies

Im =9(hm), 'm=m ; Y(mn) =9m-In, 91 =1

for m,n € M, g,h € G. We define H% (G, M) as the set of maps f : X — M such that
9f(x) = f(gx). Such a map is usually called a weight function and a G-set X together
with a weight function is called a crossed G-set (over M). The definition of isomorphisms
for positioned G-sets (X, f) coincides with the notion of isomorphisms for crossed G-sets
(see page 34 of [8]). Direct sums and tensor products of crossed G-sets are defined in the
same way as we defined them for positioned G-sets. The Grothendieck ring of crossed
G-sets is called the crossed Burnside ring and denoted by B¢(G, M). So, we can conclude
the following;:
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Proposition 5.4. If M is a G-monoid, then B°(G, M) is isomorphic to the crossed
Burnside ring B¢(G, M).

More details about crossed Burnside rings can be found in Bouc [4] and Yoshida-Oda
[8]. For the construction of the Mackey functor B¢(—, M) through the Dress construction
see Bouc [5] and Yoshida-Oda [9].

Later in Section 8, we will give an interpretation of B?(G, M) in terms of twisted
group rings when M = k* is the unit group of a commutative ring k.

In the rest of this section, we calculate the rank of B"(G, M) as a free abelian group.
We have the following.

Lemma 5.5. Let CI(G) denote the set of conjugacy classes of subgroups of G, and
let Autg(X) denote the group of G-set isomorphisms of X. For each H < G, let
U (G, M) denote a set of orbit representatives for the elements in Hg/H(G7 M) under

the Autg(G/H)-action. Then,
B=A{[G/H,u] | H € CU(G), ueUu(G, M)}
is a basis for B"(G, M).

Proof. Given a positioned G-set (X, u) such that X = X; IT X5, then there exist u; €
HY% (G, M) for i = 1,2 such that (X,u) = (X1,u1) + (X2,u2). In fact, for each i = 1,2,
we can take w; as (ix;)*(u). So, each element in B"(G, M) can be written as a linear
combination of [X,u]’s with X a transitive G-set. From standard G-set theory, every
transitive G-set is isomorphic to a left coset G-set G/H for some H < G. Moreover, two
such G-sets G/H and G/K are isomorphic if and only if H and K are conjugate in G.
So, every element z € B"(G, M) can be written as

xr = Z Z Ay ° [G/H’u]

[H]eCI(G) weUy(G,M)

where Uy (G, M) is the set of representatives of u € H, / (G, M) under the equivalence
relation defined by declaring u; ~ ug if and only if [G/H,u1] = [G/H, uz]. Note that u; ~
ug if and only if there is an G-set isomorphism f : G/H — G/H such that u; = f*(ug).
Hence Uy (G, M) is a set of orbit representatives for the elements in H, / (G, M) under
the Autg(G/H)-action. This shows that B"(G, M) is generated by elements in

B={[G/H,u] | H € ClUG), uelUy(G,M)}.

The linear independence of B is also clear since, first of all the [G/H] for H € CI(G)
form a basis of the ordinary Burnside ring and, for a fixed H, the elements (G/H,u) for
u € U (G, M) are non-isomorphic and irreducible (meaning that they cannot be written
as a sum of two non-zero elements). O

The proof of Lemma 5.5 suggests that

BYG,M) = P (ZHE (G, M) uo(c/m)
[H]eCl(@)

where (ZHg/H(G, M) Aute(/m) denotes the coinvariants of ZHg/H(G, M) as a ZAutg(G/H)-

module. A specific homomorphism V¥ inducing the above isomorphism can be given as
follows: Let [G/H,u] be a basis element in B"(G,M). Then, we define U(|G/H,u))
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as a Cl(G)-tuple whose [H|-th coordinate is the image of u € ZHE/H(G, M) under the
coinvariants epimorphism

ZHG (G, M) — (ZHg )y (G, M) At (G )

and whose other coordinates are zero. To distinguish linear combinations from the ad-
dition of cohomology classes, we write H / (G, M) multiplicatively in the group ring
ZHg/H(G, M). Note that with this convention, then we have

W([G/HHG/H,Q“ @UQ])[H} = U1 + U2

and
\I/([G/H, U1 + UQ]) (H] = ULU.

where u; + us denotes the addition in the group ring and ujuo denotes multiplication in
the group ring, i.e., the group operation in the group Hg,/H(G, M).

Recall that, as a group, Autg(G/H) is isomorphic to Ng(H)/H where the isomor-
phism is given by the map Ng(H)/H — Autg(G/H) defined by n — f,,, where f,(zH) =
xn~'H. We denote Ng(H)/H by Wg(H) and call it the Weyl group of H < G. We can
consider H;, (G, M) as a Wg(H)-set via this isomorphism.

Note that H"(H, M) is a Wg(H )-set where the action of Wg(H) is induced by the
conjugation homomorphism cf :H"(H,M)— H"(H, M). We have the following:

Lemma 5.6. The isomorphism Hg/H(G,M) ~ H™(H, M) given in Corollary 2.6 is an
isomorphism of Wg(H)-sets.

Proof. Recall that cf! : Hg/H(G, M) — Hg/gH(G, M) is defined as (fm,g)« where fg g4 :

G/H — G/9H is given by fr 4 (xH) = zg ' (YH). So, the action of W (H) on Hg/H(G,M)

induced by the isomorphism Ng(H)/H — Autg(G/H) is the same as the W (H)-action

on Hg/H(G,M) via the conjugation homomorphism cp 4 Hg,/H(G, M) — Hg/H(G, M).
Since the isomorphism in Corollary 2.6 commutes with the conjugation homomorphisms,
it also commutes with the W (H)-action. O

We conclude the following:

Proposition 5.7. We have

BMG,M)= @ (ZH"(H,M))wyam
[H]eCl(G)

where the Wq(H)-action on H"(H, M) is the usual one, induced by conjugation.

6 The mark homomorphism

In this section, we will define the ghost ring and describe the mark homomorphism for
cohomological Burnside rings.

Definition 6.1. The ghost ring of the cohomological Burnside ring is defined as

UG, M)= P (ZH"(H,M))"VeH)
[H]eClU(G)

where Wa(H) acts on H"(H, M) by conjugation.
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Note that an alternative description for 8"(G, M) can be given by using super class
functions. Recall that a super class function for G is a function from the set of subgroups
of G to the integers Z which is constant on the conjugacy classes of subgroups. We
generalize this definition as follows.

Definition 6.2. We call a function

f{H|H<G}— @ ZH"(H, M)
H<G

a cohomological super class function if it satisfies the following two conditions:
(i) The K-th coordinate of f(H) is zero if K # H, and
(i) f(OH) = cf(f(H)) forall H <G, and g € G.

To describe the mark homomorphism for cohomological Burnside rings, we first define
a family of ring homomorphisms

sg: B"(G,M)— ZH"(H,M)

for every H < G.
Let (X,u) be a positioned G-set, where u € H%(G,M). Let o : G" x X — M be a
cocycle representing u. For each z € X, the map o : H" — M defined by

az(hi, ..., hy) = a(hy,... hy; )
is a cocycle, giving a cohomology class [y € H"(H, M).
Lemma 6.3. [ay] does not depend on the choice of a as a representing cocycle for w.

Proof. Suppose [a] = [8] = u € HY(G, M). Then, 8 = o + 6\ for some map A : G~ 1 x
X — M. For any € X" we have 8, = az + (60)z = oz + 8(\z), where A\, : H" 1 — M
is defined by Ay (h1,...,hn—1) = A(h1, ..., hn_1;2). Hence [a,] = [Bs]. O

The above lemma shows that we can denote [a,] simply by u, since it only depends
on u. We define sy ([X,u]) € ZH™(H, M) as the linear combination

a((Xou) = ) us
zeXH
Lemma 6.4. The map sy is a ring homomorphism.
Proof. Let [X,u],[Y,v] € B"(G, M). By definition,
su(Xou] - [Vo)) =su((X xY,u@u) = > (u®v)my),
(zy)e(XxY)H

and

sp([X,u)) - sp([Y,v]) = Z Uy Z vy | = Z Uz @ Vy.

rzeXH yey (zy)e(XxY)H

Let u = [a] and v = [7], then

(@®Y) @y (b1, hn) = alhy, .. by w) + (R, b y) = (e @ 9y) (b - ha).

Hence u; ® vy = (u ® v)( concluding the proof. O

z,y)
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We also have the following:
Lemma 6.5. For every H < G and g € G, and for [X,u] € B"(G, M), we have
son(1X,u]) = ¢ (su (X, u])).

Proof. Recall that there is a bijection between X and X given by # — gz. So,

sap([X,ul) = Z Uy = Z Uga-

yeXIH xeXH
It is easy to see that ug, € H"(H, M) is the same as ¢} (ug).
Now, we are ready to define the mark homomorphism.

Definition 6.6. The mark homomorphism

p: B"(G, M) — "(G, M)

is defined as the group homomorphism which takes [ X, u| to a cohomological class function

f[X,u] where
f[X,u](H) = su([X,u]) € ZH"(H, M).

Note that the mark homomorphism is a ring homomorphism, since sy is a ring ho-

momorphism for all H < G.

7 The fundamental theorem for B"(G, M)

The main purpose of this section is to prove the fundamental theorem for the cohomolog-
ical Burnside rings. By the fundamental theorem we mean a theorem which explains the
kernel and cokernel of the mark homomorphism of the cohomological Burnside ring. We

first show that the mark homomorphism is injective.
Lemma 7.1. The mark homomorphism

p: B"(G,M) — "(G,M)
18 an injective ring homomorphism.

Proof. Note that

se(G/H )= Y ugn = > resy’ cilu

gHe(G/H)X gHeG/H, K<9H

is zero if K is not conjugate to a subgroup of H. We can write the mark homomorphism

¢ as a family of homomorphisms {¢x | [K],[H] € CI(G) } where

e (ZH™(H, M))wony — (ZH™(K, M))Ve@)

is the restriction to corresponding summands. Ordering the conjugacy classes of subgroups
in a way that the order respects inclusions, i.e., if K is conjugate to a subgroup of H,
then [K] < [H], it is easy to see from the above calculation that ¢x x = 0 if [H] < [K].
Hence ¢ is (upper) triangular if expressed as a matrix of homomorphisms. To show that
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it is injective it is enough to prove that it is injective on the diagonal, i.e., we need to
show
e : (ZH (H, M))wery — (ZH"(H, M))"VeD

is injective for all [H] € CI(G). For some u € H"(H, M), we have

euntn) = su(G/Hal) = 32 el =1}
gHEeNG(H)/H

where W (H) = Ng(H)/H as before, and TT?/G(H) is the usual trace map in represen-
tation theory, defined by Tr{" (z) = > wew wo. By standard homological algebra argu-
ments, the kernel of the trace map is equal to the (—1)-th Tate cohomology of ZH"(H, M)
as a Wg(H )-module. Hence the kernel of ¢y g is equal to HY(Wg(H),ZH™(H, M)) for
all [H] € CI(G). Note that as a ZW¢(H)-module, ZH"(H, M) is a permutation module

isomorphic to
@ Z TVVG HU)
ueH"(H,M)/Wq(H)

where u runs through a set of orbit representatives of the Wg(H )-action on the set
H"(G, H) and Wg(H,u) denotes the stabilizer of v in W (H). So, we have

H'(Wg(H),ZH"(H,M)) @H ), Z T8 Hu))

NEBH (Weg(H,u),Z) = 0.

The last equality follows from the fact that the trace map on the trivial module Z is equal
to the map defined by multiplication by the order of the group, and over Z this is an
injective map. This completes the proof of injectivity of the mark homomorphism. O

In the case of Burnside rings, the mark homomorphism has the same cokernel as the
diagonal homomorphism @[H]e(]l(@) wm - In that case the cokernel is a direct sum of

the form
P z/WeH)zZ
[H]eCU(G)

which is equal to the 0-th Tate cohomology group H Y(Wg(H),Z). This group is usually
denoted by Obs(G) since it is the group of obstructions for an element in the ghost ring
to come from an element in the Burnside ring. Analogous to the usual Burnside ring case,
we define the following :

Definition 7.2. The Obstruction group for the cohomological Burnside ring of degree n
1s defined as the group

Obs"(G,M)= @ H(Wq(H),ZH"(H,M)).
[H]eCI(G)

Now, we will define a map
Y (G, M) — Obs" (G, M)

which will appear in the fundamental theorem. First we define a function n : 5"(G, M) —
B"(G, M) such that for all K < G

n(f)(K) = > u(K,Lyresg f(L)

K<L
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where p(K, L) denotes the Mobius function on the poset of subgroups of G. Note that
n(f) defines a cohomological super class function. To see this, observe that condition (7)
in Definition 6.2 holds trivially, and condition (ii) follows from the following calculation.

n(f)OK) = Y plOK, Lyresjcf(L) = Y p(K, L9)resiy f(L)

IK<L K<L9
= > nlK, Jyresyie f(0T) = D pl(K, Tresagecy £(J)
K<J K<J
= e (32wl Tyrest f()) = eff (1(F)(K)).
K<J

Note that
UG, M) = > (ZH"(H, M)W,
[H]eCU(G)
Hence we can define a surjective map 7 : 8"(G, M) — Obs" (G, M) as the projection onto
the cokernel of the trace map on the each [H]-component. We define

¥ : (G, M) — Obs™(G, M)
as the composition 7 o 7. We have the following:

Theorem 7.3 (Fundamental Theorem). Let G be a finite group, let M be a ZG-module,
and let n be a non-negative integer. Then the following sequence of abelian groups is exact
0— B"(G,M)-%> G, M) 25 Obs™G, M) — 0,

where ¢ is the mark homomorphism, and the [K]-th component of 1 is defined by
Yi(f) =Y n(K, Lresi f(L)

K<L

modulo the image of the trace map T?{VG(K).

Proof. We have already shown that ¢ is injective. Since 7 can be represented as an upper
triangular matrix of homomorphisms with diagonal entries equal to the identity homo-
morphism, clearly ¢ is surjective. So, the theorem follows from the following statement:
The composition o ¢ : B"(G,M) — "(G,M) is a diagonal matrix with the diagonal
entry at [H] equal to the trace map TT¥VG(H)

(ne)((G/H, ul)(K) = Y u(K, L)resis1([G/H,u])

. To prove this statement we calculate:

K<L

Sy Y e
K<L gHeG/H, L<9IH

= > resiff(w) D K, L)
gHEG/H K<L<9H

= Z resi(Hcf(u)égH,K.

gHeG/H

So, the sum is zero unless H and K are conjugate to each other. In the case that H
and K are conjugate to each other, we can assume that H = K in the above formula by
replacing K with a conjugate if necessary. Putting K = H in the last formula, we get

Z resiIHcf(u)égH,H = Z Cf(u) = TT{/VG(H) (u)
gHeG/H gHENG(H)/H
This completes the proof of the fundamental Theorem. O
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Now, we calculate the obstruction group. Since ZH"(H, M) is a permutation module
isomorphic to
Wa(H)
@ Z TWG(H9U)7
u€H™(H,M)/Wq(H)

we have

Obs™(G, M) = H(Wa(H), ZH"(H,M)) = (P H(We(H), Z T%EZ,)U))
=~ (P H (Wa(H,u), Z) = @ Z/|We(H,u)|Z

where the second isomorphism is the Eckmann-Shapiro isomorphism. Note that Wg(H, u) =
Ng(H,u)/H, so we conclude the following result.

Proposition 7.4. We have

Obs™(G,M))= @ Z/IN¢(H,u): H|Z
G/ H )

where the sum is taken over the isomorphism classes of positioned G-sets with transitive
G-sets.

Using this, one can easily see that the obstruction groups Obs"™ (G, M) for n = 0 and
n = 1 give the obstruction groups for the crossed Burnside ring B¢(G, M) (see Corollary
5.3 in [8]), and the monomial Burnside ring (see Corollary 2.8 in [3]).

In [3], Boltje proves several fundamental theorems for the mark homomorphism ¢ :
A (H) — AT(H) from lower plus constructions to upper plus constructions (see [3] for
the definition of lower and upper plus constructions). The obstruction group calculation
we gave above shows that our fundamental theorem and the one given in [3] are related
to each other. This relation is a consequence of the following observation.

Proposition 7.5. Let A(H) denote the restriction functor H — ZH"(H,M). Then,
B"(G,M) = A, (G) and f"(G, M) = AT (G) as abelian groups.

Proof. The lower plus construction A4 (G) is defined as
(@ ZH™(H, M))
H<G ¢

where the G-action is by conjugation. So, it is easy to see that as abelian groups A (G)
and
B"G,M)= @5 ZH"(H M)wsum
[H)€CIU(G)

are isomorphic. Similarly, the upper plus construction A (G) is defined as
G
(@ ZH"(H, M))
H<G

where the G action is by conjugation. So, it is easy to see that as an abelian group A™(G)
is isomorphic to (G, M). O

One can also show that there is even an isomorphism of Mackey functors once the
Mackey functor structure for B"(G, M) and "(G, M) are defined in an appropriate way.
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Remark 7.6. Under the identification given in Proposition 7.5, the map v in Theorem
7.8 is precisely the map 7 used in Proposition 2.4 of [3]. This means that Lemma 7.1 and
Theorem 7.3 can also be deduced from the interpretation of B"(G, M) given in Proposition
7.5 and the results in Section 1.4 and Proposition 2.4 of [3].

8 Twisted group algebras

Let G be a finite group, let X be a finite G-set, and let £ be any commutative ring. In
this final section, we give an interpretation of B%(G, k).

Let R be a commutative ring with a G-action, then it is well known that each coho-
mology class [a] € H?(G, R*) corresponds to an equivalence class of twisted group rings
R,G, where R,G has as R-basis the elements g, for g € G, and multiplication is given by

191 - 7292 = (g1, 92)r1(P r2)g192

for r1,79 € R and g1,90 € G. Here two twisted group algebras are called equivalent, if
they are isomorphic as G-graded R-algebras.
Now let [a] € H% (G, k*) for a finite G-set X. Via the isomorphism

H%(G,k*) = H*(G,Map(X, k"))

we can view « as a map G x G — Map(X, k*), where Map(X, k™) is viewed as a ZG-
module with ¢ € G acting on a € Map(X,k*) by (Ya)(z) = a(g~'z), for x € X. We
can define multiplication in Map(X, k) pointwise, that is (ab)(x) = a(x)b(z) for a,b €
Map(X, k) and x € X. Then, for R = Map(X, k), the twisted group algebra R,G is
defined. To simplify notation, we will write k,G for this algebra, the dependence on X
being implicit in . Then
koG = @Map(X, k)g.
geG

We will write just g for the element g € k,G. The multiplication in k.G is given by

aigi - azg2 = (g1, g2)a1("a2)(g192)

for a1,a2 € Map(X, k) and ¢1,92 € G. Then k,G is a k-algebra with identity 1 - 1¢,
where 1j is the constant map with value 1 € k. It is clear that k,G is associative, by the
aforementioned general theory of twisted group rings.

An explicit k-basis for k,G is given by the set { (z,9) | z € X, g € G }, where (z,g)
represents a,g with a, € Map(X, k) defined by a,(y) = d,,, for y € X. Multiplication
of two basis elements is then given by (z,g¢) - (y,h) = 0, unless = gy, and in this case
(9y,9) - (y,h) = a(g, h; gy)(gy, gh), now viewing « again as a map G x G x X — k*. In
terms of the basis, the identity element in k.G is given by >~ v (z,1q).

Now assume that X = G/H for a subgroup H of G. By Corollary 2.6, we have an
isomorphism

HE y (G RY) — HY(H EX), a—a,

so one can expect a relationship between k.G and the twisted group algebra ks H.

Proposition 8.1. The k-algebras koG and kgH are Morita equivalent.
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Proof. Let A be a k-algebra, and let e € A be an idempotent. By Theorem 9.9 in [10], the
algebras A and eAe are Morita equivalent, if and only if the two-sided ideal AeA equals
A. In our situation, observe that k4 H is isomorphic to the subalgebra B of A = k,G
with basis those pairs (z,g) with g € H and x = H being the trivial coset. The identity
in this subalgebra is the idempotent e = (H, 1), so that B = eAe. By the above, we only
need to show that A = AeA. So let (zH, g) denote an arbitrary basis element of A, with
g,z € G. One calculates easily that

(zH,g) = a(x, 1; J:H)_la(x, x_lg; $H)_1(zH, x)(H,1)(H, x_lg),
so that (xH, g) € AeA. O

We can now view B?(G, k*) as the Grothendieck group of a category Tw(G), defined
as follows. The objects are koG for cocyles a: GX G x X — k* and G-sets X. Morphisms
[+ koG — kgG are induced by G-set maps fy : ¥ — X satisfying (fo)*[a] = [5]. Any
such G-set map gives rise to a ring homomorphism

fi1: Map(X, k) — Map(Y, k), a— ao fy,
which in turn induces a G-graded k-algebra homomorphism
f koG — kgG, ag — fi(a)g.

Then koG and kgG are isomorphic in Tw(G) if and only if [X, [o]] = [V, []] in B%(G, k*).
Direct sums in Tw(G) are defined as

koG Do k‘gG = k‘a@ﬁG.

Note that k.G @7y kgG is isomorphic to the direct sum of k,G and kgG as algebras
(with componentwise addition and multiplication) and also that the Morita equivalence
in Proposition 8.1 respects direct sums.

The multiplication in B?(G, k*) corresponds to a product in Tw(G), defined by

koG Q70 k@G = k?a@gG,

but this algebra is not isomorphic to the k-tensor product of the two algebras. In fact,
koG @1y kG is isomorphic to a diagonal subalgebra of k.G ®, kG, that is

koG @10 kgG = > agg @ byg € koG @ kG | ag € Map(X, k), by € Map(Y, k)
geG

as G-graded algebras, the latter being equipped with componentwise addition and multi-
plication.
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