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ABSTRACT

This paper introduces two new Burnside rings for a finite group G, called the slice
Burnside ring and the section Burnside ring. They are built as Grothendieck rings of
the category of morphisms of G-sets and of Galois morphisms of G-sets, respectively.
The well-known results on the usual Burnside ring, concerning ghost maps, primitive
idempotents, and description of the prime spectrum, are extended to these rings. It
is also shown that these two rings have a natural Green biset functor structure. The
functorial structure of unit groups of these rings is also discussed.

1. Introduction

This paper introduces two variations on Burnside rings of finite groups, called the slice Burnside
ring and the section Burnside ring. Both are built as Grothendieck rings of some category
of morphisms of finite G-sets, instead of the category of finite G-sets used to build the usual
Burnside ring. The difference between these two new Burnside rings is that the slice Burnside
ring is built from arbitrary morphisms of finite G-sets, whereas the section Burnside ring uses
only Galois morphisms of finite G-sets.

It turns out that most of the well-known properties of the Burnside ring extend to the slice
Burnside ring and to the section Burnside ring: both are commutative rings, which are free of
finite rank as Z-modules. There is an analogue of Burnside’s theorem: both of these rings embed
in a product of copies of the integers via a ghost map, and this map has a finite cokernel. After
tensoring with @Q, both rings become split semisimple Q-algebras, and explicit formulas for their
primitive idempotents can be stated. The prime spectrum of both rings can also be described,
and Dress’s characterization of solvable groups in terms of the connectedness of the spectrum
of the Burnside ring can be generalized as well. Finally, both constructions have a natural biset
functor structure, for which they become Green biset functors.

A major exception in this list of generalizable properties concerns unit groups: it can be
shown that, unlike the case of the usual Burnside ring, the correspondence sending a finite group
to the unit group of either the slice or the section Burnside ring cannot be endowed with a biset
functor structure. This is due to the lack of a suitable tensor induction for these rings.

This paper is divided into two parts and an appendix. The first part, consisting of §§ 28,
is devoted to the slice Burnside functor. Section 2 recalls the basic definitions and properties
on the category of morphisms of G-sets. Section 3 introduces the slice Burnside functor and
its Green biset functor structure. Section 4 is devoted to the definition of and main result on
the ghost map. In §5 the explicit formulas for the primitive idempotents of the slice Burnside
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algebra over QQ are stated. Section 6 gives a characterization of the image of the ghost map. Then
§ 7 considers the prime spectrum of the slice Burnside ring. Finally, in §8, it is shown that tom
Dieck’s theorem, building on Dress’s characterization of solvable groups, can be extended to the
slice Burnside ring: namely, the Feit-Thompson theorem is equivalent to the fact that the only
units in the slice Burnside ring of a group of odd order are +1. But unlike the case of the usual
Burnside ring, the unit group of the slice Burnside ring cannot be endowed with a biset functor
structure.

The second part of the paper is devoted to the section Burnside ring, and it is organized
similarly. Section 9 introduces Galois morphisms and states their general properties. In particular,
a left adjoint functor to the forgetful functor from Galois morphisms to arbitrary morphisms of
G-sets is described, which attaches to any morphism of G-sets a canonical Galois morphism.
Section 10 considers the section Burnside functor, with its Green biset functor structure.
Section 11 deals with the ghost map for the section Burnside ring. Section 12 states the formulas
for the primitive idempotents of the section Burnside Q-algebra, and § 13 gives a characterization
of the ghost map. Section 14 considers the prime spectrum of the section Burnside ring. In § 15,
the results on unit groups from § 8 are extended to the unit group of the section Burnside ring.
In particular, it is shown that this unit group cannot be endowed with a biset functor structure.

The appendix deals with the functorial structure of the unit group of the slice Burnside ring
and the section Burnside ring: it is possible to define biset functor operations for these unit
groups, but only for left inert bisets. This gives two interesting examples of somehow natural
biset functors without induction. The last result of the appendix is the explicit computation of
this unit group in the case of an abelian group.

Part I. The slice Burnside ring
2. Morphisms of G-sets

DEFINITION 2.1. Let G be a group. If f: X —Y and f': X’ — Y’ are morphisms of G-sets, a
morphism from f to f’ is a pair of morphisms of G-sets a: X — X’ and 3:Y — Y’ such that
the diagram

x—L-y

|1, b

X' L> Y’
is commutative.

Morphisms of morphisms of G-sets can be composed in the obvious way. This composition
endows the class of morphisms of G-sets with a category structure, denoted by G-Mor.

ProposiTION 2.2. The disjoint union of G-sets induces a coproduct

x Ly x vy xux Y vy oy
in the category G-Mor.

Similarly, the direct product of G-sets, with diagonal G-action, induces a product
x v x Ly xxxt Ly xy)

in the category G-Mor.
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Proof. For any morphism of G-sets, the bijections
Hom-get (X L X/, A) = Home-get (X, A) X HOInG_Set(X/, A)
induce obvious bijections between

fuf’
R

Homg-mor (X U X) (YuY”'), A= B)

and
Homg-mor(X = Y, A %= B) x Homgomor (X' L Y', A 25 B).
These bijections are obviously functorial in G-Mor.

Similarly, the bijections
HOIHG_Set(A, X X X/) = HomG_set(A, X) X HOInG_set(A, X’)

induce obvious bijections between

Homemor (A -5 B, (X x X') L7 (v x v7))

and
Homg-mor(A —2= B, X < V) x Homgmor(A 2= B, X' L v").
These bijections are obviously functorial in G-Mor. O

3. The slice Burnside functor

DEFINITION AND NOTATION 3.1. Let G be a group. A slice of G is a pair (T, S) of subgroups
of G with T'> S. A section of G is a slice (T, S) with S < T

Let II(G) denote the set of slices of G, and ¥(G) denote the set of sections of G.
When (T, S) € II(G), denote by G/S — G/T the projection morphism.
DEFINITION 3.2. Let G be a finite group. The slice Burnside group Z(G) of G is the quotient of

the free abelian group on the set of isomorphism classes [X 4, Y] of morphisms of finite G-sets,
by the subgroup generated by elements of the form

fiufz f1 f2
—

(X1 U Xo) Y] = [X1 — f(X1)] = [X2 = f(X2)],

whenever X < Y isa morphism of finite G-sets with a decomposition X = X LI X5 as a disjoint
union of G-sets, where fi; = f|x, and fo = fx,.

When f:X — Y is a morphism of finite G-sets, let 7(f) denote the image in =(G) of the
isomorphism class of f. If S < T are subgroups of G, set (T, S)q =7(G/S — G/T).

LEMMA 3.3. (i) 7(0 — 0) =0.
(ii) Let X L.V bea morphism of finite G-sets. Then
X Loy =a(x L f(x)).
(iii) Let X Ty and X' LY be morphisms of finite G-sets. Then

rxux) LY vuy)) =rx vy ax’ Ly,
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Proof. For assertion (i), set e = 7(() — (). Since the morphism () LI () — () is isomorphic to § — 0,
it follows that e + e = ¢, hence e = 0.

For assertion (ii), writing X = X U () gives
m(X 5 Y) =w(X < f(X)) 470 = ) = (X = [(X)).

For assertion (iii),

X Ly uy)) +rx' L vy uyy)
(X Lo £(X)) + n(x' L (X))
— (X L y) +ax Ly,

A((Xux) 2 vuy?y)

where the first equality follows from the defining relations of Z(G), and the other ones from
assertion (ii). O

LEMMA 3.4. Let f: X —Y be a morphism of finite G-sets. Then in the group Z(G),
f
z€[G\X]

Proof. Indeed X =| | cic x) G/Ge, and the image f(G - x) of the G-orbit of z is equal to the
G-orbit of f(x). Moreover, the morphisms fig.,:G - — G- f(r) and G/G, — G/Gy(,) are

isomorphic. The lemma is thus proved. O

COROLLARY 3.5. The group =(G) is generated by the elements (T, S)q, where (T, S) runs
through a set [II(G)] of representatives of conjugacy classes of slices of G.

Proof. Indeed, the morphisms G/9S — G /9T and G/S — G/T are isomorphic, for any g € G,
and any slice (7, S) of G. O

Remark 3.6. It will be shown in Theorem 4.6 that this generating set is actually a basis of Z(G).

PROPOSITION 3.7. The product of morphisms induces a commutative unital ring structure on
Z(G). The identity element for multiplication is the image of the class [ — o], where e denotes
a G-set of cardinality 1.

Proof. If we can show that the product of morphisms induces a well-defined bilinear product

—_—

2(G) x E(G) — Z(G), it will be clear that this product is associative, commutative, and admits
[¢ — o] as an identity element. Hence the only point to check is that the product preserves the

defining relations of Z(G). This is clear, since if g : Z — T is a morphism of finite G-sets, and if

XiUuXs il N Y is a morphism, setting X = X; U X5, the domain of the morphism

hezxx -ZUERpy

has a disjoint union decomposition Z x X = (Z x X;1) U (Z x X2), and moreover, the restriction
of g x ftoZ x Xy is g x fi. Thus

w(h) = 7((Z x X1) L0 (9(2) x f1(X0) +7((Z x Xa) L (g(2) % fo(X0))
— (2 x X1) LI (T x f1(X0) + 7((Z x Xa) 2L (T x fo(X))),

where the last equality follows from Lemma 3.3. a
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PROPOSITION 3.8. Let (T, S) and (Y, X) be slices of G. Then in Z(G),

(T, 9)a(Y, X)a= Y, (TN%,SN9X)q.

ge[S\G/X]
Proof. Indeed
(G)S) x (G/X) = |_| G/(SNYX)
9€[S\G/X]

via the map (from right to left) sending u(S N9X) to (uS, ugX), for u € G. The image of (S, gX)
by the map (G/S) x (G/X)— (G/T) x (G/Y) is the pair (T, gY), whose stabilizer in G is
T N9Y. The result now follows from Lemma 3.4. O

THEOREM 3.9. (i) Let G and H be finite groups, and let U be a finite (H, G)-biset. The functor

(X Lov) e (U xe X 2290 U xa v)
from G-Mor to H-Mor induces a group homomorphism
=(U) : 2(G) — E(H).
(ii) The correspondence G — Z(G) is a Green biset functor.

Proof. For assertion (i), the only thing to check is that the defining relations of Z(G) are mapped
to relations in Z(H). But if

X UX, 2Py
is a morphism of finite G-sets, then
U xa (X1 U XQ) = (U XaG Xl) U (U Xa XQ).
Moreover, the image of the map U x¢ f1 is equal to U x¢g f1(X1). It follows that the relation

[X]_ |_|X2 flqu

Y] = (X1 [i(X0)] = [Xe =5 fo(Xe)]
in Z(G) is mapped to the relation

UY] - UX; -2 U ) UX)] - [UX 22 U ) (U X)),

where U X is abbreviated to U.

[UX1 UUXs M)

It is now clear that the correspondence sending a finite group G to Z(G) and a finite (H, G)-
biset U to Z(U) endows = with a biset functor structure (see [Boul0]).

Moreover, if G, G’ are finite groups, if f:X — Y is a morphism of finite G-sets and
f': X’ — Y’ is a morphism of finite G’-sets, then

fxf:XxX -YxY
is a morphism of G x G’-sets. This induces a product
E(G) x 2(G") - E(G x G"),

which is associative in the obvious sense. Moreover, the morphism e — e of 1-sets is obviously
an identity element for this product, up to identification G x 1 = G.

Finally, if G, G', H, H' are finite groups, if U is a finite (H, G)-biset, if U’ is a finite (H', G')-
biset, it is clear that the morphisms

(U xU") xgxer (f x f')
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and
(U xg [)x (U xa )

are isomorphic morphisms of (H x H')-sets. Thus Z is a Green biset functor (see [Boul0, §8.5]). O
PROPOSITION 3.10. Let G and H be finite groups, and U be a finite (H, G)-biset. If (T, S) €
II(G), then

UXG <T, S)G: Z <UT, uS>H
we[H\U/S)
(where “X ={h € H |3z € X, hu =ux}, for X < G).

Proof. Indeed U x ¢ (G/S) =2 U/S, and the stabilizer in H of uS is equal to “S. The result follows
from Lemma 3.4. O

The following proposition clarifies the links existing between the usual Burnside functor and
the slice Burnside functor.

ProPOSITION 3.11. (i) Let G be a finite group. The correspondence sending the morphism

X L. ¥ of finite G-sets to the G-set X induces a unital ring homomorphism s¢ from Z(G) to
the Burnside ring B(G).

(ii) The correspondence sending the finite G-set X to the identity morphism of X induces a

—_

unital ring homomorphism ig : B(G) — Z(G), such that sg o ig = Idp(q)-
(iii) As G varies, the morphisms sg and i define morphisms of Green biset functors s : = — B
and i : B — =, such that s oi=1dp. In particular, ¢ is injective and s is surjective.

Proof. This is straightforward from the definitions. O

4. Slices and ghost map

Notation 4.1. Let S < T be subgroups of G. If X Ty is a morphism of finite G-sets, set
dr.5(X L Y) = [Homgmor(G/S — G/T, X -1 v)).
Notation 4.2. Define a relation < on the set II(G) by
(T,9) =2 (Y,X)= (T<Y and S < X).
The relation < is an order relation on II(G).
LEMMA 4.3. With this notation,
ors(X 2=Y) =)
In particular, for any A < B <G,
¢1,5(G/A—G/B) ={ge G/A|(T9,59) = (B, A)}|.

Proof. The morphisms of G-sets from G/ S to X are in one-to-one correspondence with the set X
of fixed points of S on X: the morphism associated to z € X is defined by ¢S — gz. Similarly,
the homomorphisms of G-sets from G /T to Y are in one-to-one correspondence with Y7 Hence
the set

Home-wior (G/S — G/T, X -1 Y)
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is in one-to-one correspondence with the set of pairs (z,y) € X° x YT such that f(z) =y,
i.e. with the elements x of f=1(YT)5. O

COROLLARY 4.4. Let (T, S) € II(G) and p be a prime number. If P is a p-subgroup of Ng(T, S),
then

¢1.5 = ¢pr.ps (mod p).
Proof. Indeed for any morphism of finite G-sets X £, Y, the set f~1(YT)S is invariant by
N¢g(T, S), thus, as P is a p-group,
D=1 ) (mod p),

and moreover, f—l(YT)PS —_ f—l(YPT)PS' O

ProOPOSITION 4.5. Let S<T be subgroups of G. Then the map ¢rs induces a ring
homomorphism =(G) — Z, still denoted by ¢r 5.

Proof. Since the product of morphisms
X Ly x Loy e (xox x) L2 (v < YY)
is a product in the category G-Mor, it follows that

<t
R

or.s((X x X') (Y xY")=drs(X N Y)or (X' AN Y.

Also ¢7 g(e — @) = 1. The only thing to check is that ¢ g induces a well-defined map =(G) — Z,
i.e. that the defining relations of Z(G) are mapped to 0 by ¢7 . First, by Lemma 4.3, for any
morphism of G-sets f: X — Y,
ors(X Lo ¥) = oms(x Lo £(X)).
Now
brs (X1 U Xo) S22 Y) = (AU fo) (YT
= [Xin (AU f) YT+ X0 (AU fo) (YT
=+ T
= drs(X1 oY) + érs(Xa 25 Y)
= dr.s(X0 L F(3X0)) + drs(e L F(X2)).

This completes the proof. O

THEOREM 4.6. The group Z(G) is a free abelian group, with basis the set of elements (T, S)q,
where (T, S) runs through a set [II(G)] of representatives of conjugacy classes of slices of G.
Moreover, the map

o= J] o¢rs:2@)— ][] =z

(T.8)ell(G)] (T.9)ell(G)]
called the ghost map for Z(G), is an injective ring homomorphism, with finite cokernel as
morphism of abelian groups.
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Proof. By Lemma 3.5, the elements (T, S)¢q, for (T, S) € [II(G)], generate =(G). Suppose that
there is a non-zero linear combination in the kernel of ®,

A= D (T S,
(T,85)e[Il(G)]

with integer coefficients Ay g € Z, for (T, S) € [II(G)]. Extend X to a function II(G) — Z, constant
on conjugacy classes. Let (Y, X) be an element of II(G), maximal for the relation =<, such that
Avy,x # 0. Then since by Lemma 4.3,

oy x(G/S—G/T)=|{ge G/S|(Y?, X9) (T, 9)}I,
it follows that

dvx(N) = DY Arsovx(G/S—G/T)

(T,9)eI(G)]
=Avxovx(G/X —G/Y)
= Ay x|Ne(X,Y)/X|=0.

Hence Ay, x =0, and this contradiction shows that ® is injective. In particular, the elements
(T, S)q, for (T, 5) € [II(G)], form a Z-basis of Z(G). Thus ® is an injective morphism between
free abelian groups with the same finite rank, hence it has finite cokernel. O

COROLLARY 4.7. Set Q=(G) = Q ®z E(G) and QP = Q ®z ®. Then

QP:QE(@)— [ @

(T,9)e[l(G)]
is an isomorphism of Q-algebras.
5. Slices and idempotents
By Corollary 4.7, the commutative Q-algebra QZ=(G) is split semisimple. Its primitive

idempotents are indexed by slices of G, up to conjugation: they are the inverse images under Q&
of the primitive idempotents of the algebra H(T7 $)e[I(G)] Q.

Notation 5.1. If (T, S) € II(G), denote by 5%5 the unique element of Q ®7 =(G) such that

0 otherwise.

VY, X) €T(G), Qorx(ef) - |
The set of elements 5%5, for (T, S) € [II(G)], is the set of primitive idempotents of Q=Z(G).
THEOREM 5.2. Let (T, S) € II(G). Then

S Un((V, U), (T, )V, U)e,

5%5 = |
(VU)X(T.S)

1
NG(Ta S)|

where pyy is the Mébius function of the poset (II(G), <).
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Proof!. Denote by II(G) the set of orbits of G for its conjugacy action on II(G). Thus II(G)
is in one-to-one correspondence with [II(G)], and the map Q® can also be viewed a Q-algebra
isomorphism from QZ(G) to Q). The Q-vector space QZ(G) has a basis consisting of the
elements (V, U)g, for (V,U) € [II(G)]. Let Q%) denote the Q-vector space with basis II(G),
and let p: Q&) — QZ(G) denote the Q-linear map sending (V, U) € II(G) to (V, U)¢.

Let ﬁ% g denote the vector of the canonical basis of Qﬁ(G) indexed by the G-orbit of
(T, S) € II(G), and let ¢ : Q@) — Qﬁ(G) denote the Q-linear map sending (7', S) € II(G) to ﬂIG“,S'

With this notation Lemma 4.3 shows that, for any (V, U) € II(G),

Cop(V,U)= > érs((V,U)a)5fs

(T,5)€e[II(G)]
1
- > gilecci@s) v
(T,8)€e[II(G)]
No(T, S
dop(V.U)= 3 WHQGGI(Tg,Sg)j(V,U)}\ﬂ?,s
(T,S)ell(G)
-y e
(T,9)ell(G) ‘GHU| 7
geG

(19,89)2(V,U)
But |Ng(T9,59)| = |Ng(T, S)| and ﬁ%,sg = ﬂ%s, for any g € G. Thus

vopvoy= Y el 5 WOl

(T,8)€II(G) U] (T,S)ET(G) U]
(T,9)=(V,U) (T,8)=(V,U)
This shows that if ® is the Q-endomorphism of QU(©) defined by
= [Na(T, S)|
oV, U) = > o (DS
(T,5)ell(Q)
(T,8)=(V.U)

then op=gqo ®. The matrix of the map P is equal to the product E - J - D, where D is a diago-
nal matrix with diagonal coefficients (| Ng(T', S)|)(r,s)em(q), £ is a diagonal matrix with diagonal
coefficients (1/|U|)v,vyemn(a), and J is the incidence matrix of the order relation < on II(G). It

follows that ® is invertible, with inverse equal to D! - J~1. E~1. Now the entries of the matrix
J~1 are precisely the values of the Mobius function gy of the poset (II(G), <). It follows that
g =01(BLs)

=3 tog((T,8)=pod (T, S))

1
— - T
(VU)EIl(G)
(V.U)X(T,S)
which completes the proof. O

! As suggested by the referee, a direct computation using the formula for ijﬂ, s in Theorem 5.2 shows that if (Y, X)

is a slice of G, then Q¢y,x (fgs) is equal to 0 if (Y, X) and (7, S) are not G-conjugate, and to 1 otherwise. This
gives a short proof of Theorem 5.2. The proof given here is longer, but it may have the advantage of explaining
the origin of the formula for 5%5, in particular why Mobius functions appear in this expression.
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PROPOSITION 5.3. Let (X, <) be a finite poset. Let II(X) denote the set of pairs (y,z) of
elements of X such that x < y. Define a partial order < on II(X) by

Wy, @), (1, 2) €T(X), (y,2) % (t2) S y<tanda <=

Then the Mdbius function py of the poset (II(X), <) can be computed as follows, for any
(y, ), (t, 2) € TI(X):

T,z 1) ifx<z<y<t
(). (0, 2)) = { el ) e < (5.4

where py is the Mdébius function of the poset (X, <).

Proof. Let m((y, ), (t,z)) denote the expression defined by the right-hand side of (5.4). If
(y, z) 2 (t, 2), i.e. if y <t and z < z, then

Z m((yv iL'), (% u)) = Z MX(xv U)NX(yv U)
(v,u)€ll(X) y<vgt

(y2)=(v,0) < (,2) sz

= 3 e wx(y, 0)

ysust
r<usz
usy

— <y§<t p(y, v)) <

The first factor Zy@@ pux(y,v) is equal to 0 if y # ¢, and to 1 if y =¢. In this case, the second

factor > scu<z pa(x, u) is equal to Y .., px(z, w). This is equal to zero if x # z, and to 1 if

Z px (<, U))-

rulz
ULy

T =z.
It follows that

> m((y, z), (v, u))
(v,u)€IL(X)
(y,2) =2 (v,u)2(t,2)

is equal to 0 if (y, ) # (¢, z) and to 1 otherwise. The proposition follows. O

Applying Proposition 5.3 to the poset of subgroups of G, ordered by inclusion of subgroups,
gives the following corollary.

COROLLARY 5.5. Let (V,U) and (T, S) be slices of G. Then

U S)u(V,T) ifULS<V LT
pn((V,U), (T, S)) = {g( v otherwise

where pu is the Mdébius function of the poset of subgroups of G. In particular, in Z(G),

1
G
S Ulu(U, S)u(V. TYV, U)e.
fT,S ‘NG(T, S)| Ugsgzngl ‘M( ):u’( )< >G

6. The image of the ghost map

The following characterization of the image of the ghost map is the analogue for the slice Burnside
ring of a theorem of Dress [Dre69] on the ordinary Burnside ring.
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THEOREM 6.1. Let G be a finite group, and let m= (mrs)r,s)emn(G) be a sequence of
integers indexed by II(G), constant on G-conjugacy classes of slices. Then the sequence [m] =

(m1.5)(1,5)e[1(c) of representatives lies in the image of the ghost map ® if and only if, for any
slice (T, S) of G,

> myryesy =0 (mod [Ng(T, S)/S)).
gENg(T,S)/S

Proof. Saying that [m] lies in the image of ® is equivalent to saying that the element
sm= Y. mnséfs
(T.9)el(G)]

of Q=(G) lies in Z(G), i.e. that it is a linear combination with integer coefficients of the elements
(V,U)g, for (V,U) € [II(G)]. Now by Theorem 5.2,

Z |Na(T, S)‘mT,Sst

Sm =
(T,S)€l1(G) G|
1
@ X mrs > Um(VU)(TS)HV D
(T,9)ell(G) (V,U)=X(T\,S)
1
e X (X () @ s)ns )W e
(V,U)€EII(G) (V,U)X(T\,S)
1
- Y el Z o). @ s)mes ) v
v)em@) e (VD)(T,S)

Hence sy, € Im @ if and only if the number

1
»5'V,U = WU)/U! (( Z MH((V7 U), (T> S))mT,S)

V,U)=(T,S)
is an integer, for any slice (V, U) of G.
With this notation, for any (Y, X) € II(G),

myx= Y,  BvulNa(V,U)/U|.
(VU)€I(G)
(Y, X)=2(V\U)

Hence, setting oy x = deNG(Y,X) /X MgY),(gX)>

oyx= Y. > Bvu|Na(V,U)/U|
QENG(YuX)/X (VuU)GH(G)
((9Y) (g X)) =2(V,U)

1
= > WBV,UING(V,U)/U\
gENG(Y,X)
(V,U)ell(G)
((gY),(gX))=(V,U)

1
= ) xiPvulNe(v.U)/U
(V.U)ell(G)
Y, X)=(V,U)
geUNNg(Y,X)

878

https://doi.org/10.1112/50010437X11007500 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X11007500

THE SLICE BURNSIDE RING AND THE SECTION BURNSIDE RING

[Na(Y, X)/X]|
= N, Na(Y, X
> No(Y XV, U)|BV,U| c(V.U)/U||U N Ne(Y, X)|
(VD)E[NG (Y, XO\I(G)]
(V.X)=2(V.D)
= |[Na(Y, X)/X| > Bvu
: Na(Y, X
(VU)ENG(V.X\I(G)] TlINe (¥, X, V. U)
(V.X)=(V.D)
= |Ng(Y, X)/X| > Bvu|Ng(V,U):U - No(Y, X, V,U)|.
(V.U)ENG(Y.X)\I(G)]
(Y.X)=(V.U)

Setting oy, x = oy, x/|Na(Y, X)/X|, it follows that

ayx = > BvulNa(V,U) :U-Na(Y, X, V, U)|.

(V,U)ENG (Y, X)\II(G)
(Y, X)=(V.U)

Since |[Nq(V,U) :U-Ng(Y, X, V,U)|=1if (Y, X) = (V, U), it follows that the transition matrix
from the scalars By ;7 to the scalars ay, x is triangular, with integer coefficients, equal to 1 on the
diagonal. Hence it is invertible over Z, and the numbers By, are all integers, for (V, U) € II(G),
if and only if the numbers ay x are all integers, for (Y, X) € II(G). This completes the proof. O

7. Prime spectrum
Notation 7.1. Let p denote either 0 or a prime number.

— If (T, S) € II(G), let I1 s, be the prime ideal of Z(G) defined as the kernel of the ring
homomorphism

oT,5

E(G) ——Z—7Z/pZ,
where the right-hand-side map is the projection.

— Let ©(G) denote the set of triples (7', S, p), where (T, S) € II(G) is such that |[Ng(T, S)/S| #
0 (mod p).

The group G acts on O(G), by 9(T, S, p) = (97,985, p), for g € G, and the ideal Ir g, only
depends on the G-orbit of (T, S, p). Conversely, we have the following proposition.

PROPOSITION 7.2. Let I be a prime ideal of E(G), and R=Z(G)/I. Denote by ¢:Z(G) — R
the projection map, and denote by p > 0 the characteristic of R. Then R = Z/pZ. Furthermore:

(i) if p=0, there exists a slice (T, S) of G such that ¢ = ¢7,g, and (T,S) is unique up to
G-conjugation, with this property;

(ii) if p> 0, there exists a slice (T, S) of G such that ¢ is the reduction modulo p of ¢ g and
Nq(T,S)/S is a p/-group, and (T, S) is unique up to G-conjugation, with these properties.

In particular, there exists a unique (T, S, p) € ©(G), up to conjugation, such that I = Iy g,.
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Proof. Let (T, S) be a slice of G, minimal for the relation <, such that (T, S)¢ ¢ I. Then by
Proposition 3.8, for any (Y, X) € II(G),

(T,8)a(Y, X)a= >, (TN, 9N9X)g
ge[S\G/X]

> (T, S)a (mod 1)
geG/X
S<IX
T<I9Y
= ors((Y, X)a)(T, S)c-

Since I is prime, it follows that (Y, X)q — ¢1,5((Y, X)c)1z(q) € I. In particular, R ==(G)/1 is
generated by the image of 1z(¢), hence R = Z./pZ, where p is the characteristic of R. Since R is
an integral domain, the number p is either 0 or a prime.

(i) fp=0, then R=7, and ¢ = ¢r 5. And if (1", S") € II(G) is such that ¢7 5 = ¢77 g/, then
both ¢7,s((T", S")¢) and ¢7+ s/ ((T, S)G) are non-zero. Then there exist elements g, ¢’ € G such
that (79, 89) < (1", 8') and (1", §'9') < (T, S), so (T, S) and (1", ") are conjugate in G.

(ii) If p>0, then R=7Z/pZ, and ¢ is equal to the reduction of ¢ g modulo p. Since
o((T, S)a) =|Na(T, S)/S] is non-zero in R, it follows that Ng(T, S)/S is a p'-group. If (77, S")
is another slice of G such that ¢ is the reduction modulo p of ¢y g/, and Ng(T",S")/S" is a
p’-group, then

|Na(T, S)/S| = érs(T, S)c) = é1,5({T, S)g) (mod p).

This is non-zero. Similarly, |[N¢ (T, S)/S| = ¢1,s((T', 5")¢) (mod p) is non-zero. In particular,
¢ 5 ((T, S)a) and ¢r,s((T', S")c) are both non-zero, and it follows as above that (7, .S) and
(T',S") are conjugate in G. O

Notation 7.3. Let p be a prime number.
— Let II,(G) denote the subset of II(G) consisting of the slices (7', S) such that Ng(T, S)/S
is a p/-group.
— For any (7,5) € II(G), let (T, S); denote the unique element (V,U) of II,(G), up to
conjugation, such that Ir s, = Iv,y,p.
PROPOSITION 7.4. Let p be a prime number. If (T, S) is a slice of G, let (T, S); denote a slice
of the form (PT, PS) of G, where P is a Sylow p-subgroup of Ng(T', S).
Define inductively an increasing sequence (T, S,) in (II(G), X) by (1o, So) = (T,S5), and
(Th+1, Snt1) = (T, Sn);r, for n € N. Then (T, S)p is conjugate to the largest term (Tso, Seo) Of
the sequence (T}, Sy).

Proof. The proof of Proposition 7.2 shows that (T, S ); is a minimal element (V, U) of the poset
(II(G), =) such that

¢r.s(V,U) =g € G/U[(T7,57) = (V,U)}| #0 (mod p).

Thus one can assume that (7', .5) < (V,U). But ¢1 5 = ¢pr ps (mod p) by Corollary 4.4, for any
p-subgroup P of Ng(T, S), hence one can also assume that (7', S),;f < (V, U), and by induction,
that (Too, Seo) = (V. U). Moreover, ¢ s.. = ¢y (mod p). As Ng(Tso, Seo)/Sso is a p'-group,
it follows that (Too, So) = (V, U), as was to be shown. O
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Remark 7.5. Let (T,S) € II(G) and (V,U) € II,(G). It is easy to check, by induction on the
integer n such that (75, S,) = (Teo, Sxo), that (T, S); is equal to (V,U) if and only if T is a
subnormal subgroup of V', if S is a subnormal subgroup of U, if |U : S| is a power of p, and if
the set T'- U is equal to V.

PROPOSITION 7.6. Let (T, S, p), (I',S’,p') be elements of ©(G). Then It g,y C I7g, if and
only if:

— either p’ = p and the slices (T", S") and (T, S) are conjugate in G;

— or p’ =0 and p > 0, and the slices (1", S’); and (T, S) are conjugate in G.

Proof. Set I =1Irg, and I'=1Ip g . Then Z(G)/I' =Z/p'Z maps surjectively to Z(G)/I =
Z/pZ. Thus if p=p/, this projection map is an isomorphism, hence I = I’ and the slices (T, S)
and (77, S") are conjugate in G. And if p # p/, then p’ = 0 and p > 0. The morphism ¢ g is equal
to the reduction modulo p of the morphism ¢7 g. In other words, It g, = It 5, hence (T, S)
is conjugate to (71", S’);. O

COROLLARY 7.7. Let p be a prime number, and let Z, be the localization of Z at the set
Z — pZ. Let ©,(G) denote the subset of ©(G) consisting of triples (T, S, 0), for (T, S) € II(G),
and (T, S, p), for (T, S) € II,(G).
() The prime ideals of the ring Z,)=Z(G) are the ideals Z,)Ir,s,4, for (T, S, q) € ©,(G).
(i) If (T, S,q), (T", 5", q') € ©p(G), then L, I s g € LyylT,s5,4 if and only if:
— either ¢ = ¢/, and the slices (T, S) and (T', S") are conjugate in G;
— or ¢ =0, ¢=p, and the slices (1", S'), and (T, S) are conjugate in G.

(iii) The connected components of the spectrum of Z,Z(G) are indexed by the conjugacy
classes of I1,,(G). The component indexed by (T, S) € I1,(G) consists of a unique maximal
element Z ) Irs,, and of the ideals Zy) It s 0, where (T", S") € II(G) is such that (1", 5),
is conjugate to (T, S) in G.

Proof. The prime ideals of Z,)Z(G) are of the form Z,) I, where I is a prime ideal of Z(G)
such that I N (Z — pZ) = 0. Equivalently, I = It g or I = I g,. This proves assertion (i). Now
assertion (ii) follows from Proposition 7.6, and assertion (iii) follows from assertion (ii). 0

COROLLARY 7.8. (i) The primitive idempotents of the ring Z,Z(G) are indexed by the
conjugacy classes of II,(G). The primitive idempotent nﬁU indexed by (V,U) € 11,(G) is equal

to
G G
nwu = E fT,S-

(T,8)e[l(G)
(T,S)p:G(T,S)

(ii) Let 7 be a set of prime numbers, and Z(z) be the localization of Z relative to Z — UpeTr pZ..
Let F be a set of slices of G, invariant by G-conjugation, and [F| be a set of representatives of
G-conjugacy classes of F. Then the following conditions are equivalent:

(a) The idempotent
= Z s

(T,9)€lF]
of Q=(G) lies in Z(=(G).
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(b) Let (T, S) €Il(G), and let P be a p-subgroup of Ng(T,S), for some p € w. Then
(T, S) € F if and only if (PT, PS) € F.

Proof. Let F be a set of slices of G, invariant by G-conjugation, and [F] be a set of representatives
of G-conjugacy classes of F. The idempotent

g= > s
(T,S)e[F]

of QZ(G) lies in Z ) =(G), for some prime p, if and only if there exists an integer m, not divisible
by p, such that u =mé% € Z(G). Let (T, S) € II(G), and let P be a p-subgroup of Ng(T, S). The
integer ¢ g(u) is equal to m if (T, S) € F, and to 0 otherwise. Hence it is coprime to p if and
only if (T, S) € F. Since ¢7,5 and ¢pr ps are congruent modulo p, it follows that (7', S) € F if
and only if (PT, PS) € F.

Hence if (T, S) and (1", ') are slices of G such that (T, S), =¢ (1", S’);, then (7, S) € F if
and only if (77, 5") € F. Thus F is a disjoint union of sets of the form

Eyy ={(T.8) €1(G) | (T, 8), =c (V,U)},

for some slices (V, U) € II,(G). In other words, the idempotent fj(fj is a sum of some idempotents
s for (V.U) € I,(G).

But the primitive idempotents of the ring Z,)=(G) are in one-to-one correspondence with
the connected components of its spectrum, which precisely are indexed by the conjugacy classes
of IL,(G). It follows that fg = 77‘(%  is equal to the idempotent corresponding to the component

indexed by (V, U), for any (V, U) € II,(G). This proves assertion (i). This also proves assertion (ii)
in the case where 7 consists of a single prime number.

For the general case, observe that 52 lies in Z()ZE(G) if and only if it lies in Z,)=Z(G), for
any p €. O

THEOREM 7.9. Let GG be a finite group.

(i) Let ~ denote the finest equivalence relation on the set II(G) such that for any
(T,S), (17,5 e 11(G),

Ip, (T, S); =g (T, s'); = (T, 8) ~ (T", ).

Then the primitive idempotents of Z(G) are indexed by the equivalence classes of II(G) for the
relation ~. The idempotent §CG indexed by the component C is equal to

&= > s
(T,5)€lc]
where [C] is a set of representatives of G-conjugacy classes in C.

(ii) The prime spectrum of Z(G) is connected if and only if G is solvable.

Proof. Assertion (i) follows from Corollary 7.8, applied to the set 7 of all primes.

For assertion (ii), observe that the spectrum of =Z(G) is connected if and only if 1 is a
primitive idempotent of Z(G). This means that for any two slices (7T, S) and (77,5) of G,
there exists a sequence (77}, S;) of slices, for i € {0, ...,n}, and a sequence p; of prime numbers,
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for i € {0, ..., n — 1}, such that
(T, 8) = (To, So) * (T1, S1) % -+ - "R (Tt Sum) "~ (T, Sp) = (T, 8),
where the notation (Y, X)X (Y’ X’) means that (Y, X); =q¢ (Y, X’);.
But clearly, if (Y, X)X (Y7, X"), then the slices (OP(Y), O?(X)) and (OP(Y"), OP(X')) are
conjugate in G. Hence the slices (D*(Y'), D*°(X)) and (D>*(Y’), D>(X’)) are conjugate in G,
where D*°(H) denotes the last term in the derived series of the group H.

If the spectrum of G is connected, taking (T, S) = (G, G) and (77, 5") = (1, 1), it follows that
D>(G) =1, i.e. that G is solvable.

Conversely, if G is solvable, let (T, S) be a slice of G. Then S is solvable, and there exists
a prime p such that OP(S) < S. Let P be a Sylow p-subgroup of S. Then P < Ng(T,S) and
(T, S) = (PT, POP(S)). Thus (T, S) X (T,0P(S)). By induction, there is a sequence of prime
numbers p;, for i € {1, ..., k}, such that

(T, 8)= (T, So) (T, 51) % - "R (T, 51) % (T, 1),

where S; 1 = OPi(S;).

Now T is solvable, so there exists a prime ¢ such that O%(T') < T. If Q is a Sylow g-subgroup
of T, then Q < Ng(T,1), and (T,1) < (O%(T), 1). Hence there exists a sequence of primes 4,
for j € {0, ...,1}, such that

(T, 1) = (To, ) & (T, )&= (1, 1) L (1,1),

where Tj1 = O% (Tj). This shows that the spectrum of =Z(G) is connected. ]

8. Unit group

8.1 When G is a finite group, denote by Z(G)* the group of invertible elements of the ring

—_

Z(G). Tt follows from Theorem 4.6 that the restricted ghost map yields an injective group

homomorphism
CEG) - ] 7
(T,8)€eIl(G)
The following lemma is a straightforward consequence of the existence of this injective group
homomorphism.

LEMMA 8.2. Let G be a finite group, and let u € Z(G). The following conditions are equivalent.
(i) ue E(G)*.
(i) ¢rs(u) € {1}, for any (T, S) € II(G).
(iii) u?=1.
In particular, =(G)* is a finite elementary abelian 2-group.

The main motivation in considering the group Z(G)* lies in the following proposition, which
extends a theorem of tom Dieck [tomD79, Proposition 1.5.1] about the unit group of the usual
Burnside ring.

PROPOSITION 8.3. The Feit—Thompson theorem is equivalent to the statement that, if G has
odd order, then Z(G)* = {£1}.
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Proof. The first observation is that for any finite group G, by Lemma 8.2, the correspondences
ur— (1 —u)/2 and e— 1 — 2e are mutually inverse bijections between Z(G)* and the set of
idempotents e € Q=(G) such that 2e € Z(G).

Now Theorem 5.2 shows that |G|e € Z(G), for any idempotent e of Q=(G). Hence if G has
odd order, and if e is an idempotent of Z(G) such that 2e € Z(G), then (2, |G|)e =e € Z(G).
Thus if |G| is odd, the set Z(G)* is in one-to-one correspondence with the set of idempotents of
the ring Z(G). By a standard argument from commutative ring theory, this set is in one-to-one
correspondence with the set of connected components of the spectrum of Z(G). It follows that
if G has odd order, the spectrum of G is connected if and only if =(G)* = {£1}. By Theorem 7.9,
this is equivalent to saying that G is solvable. O

The following theorem is an analogue of Yoshida’s characterization [Yos90] of the unit group
of the usual Burnside ring.

THEOREM 8.4. Let G be a finite group, and let m = (m1.s)(1,s)er(c) be a sequence of integers
in {£1} indexed by II(G), constant on G-conjugacy classes of slices. Then the sequence
[m] = (mr,5)(71,9)em(q) of representatives lies in the image of the restricted ghost map ®* if
and only if, for any (T, S) € II(G), the map

g€ Ng(T, S)/S — m<gT>7<gS>/mT75 S {:I:l}

is a group homomorphism.

Proof. Let X LY bea morphism of finite G-sets. It follows from Lemma 4.3 that, for any
(T, S) € II(G), the monoid of endomorphisms of G/S — G/T in the category G-Mor is actually
a group, isomorphic to Ng(T, S)/S. This group acts on the set of morphisms from G/S — G/T

to X 4, Y, by pre-composition: if

G/S——=G/T
o,k
X Y

is a morphism in G-Mor, and if g € Ng(T, S), the morphism 9(a, 5) = (Yo, 93) is defined by
(Ya)(xS)=xgS and (98)(2T) = xzgT, for any g € T. The morphism («, ) is invariant under
g € Ng(T,5) if and only if a(gS) = a(S), i.e. if (a, §) factors as

G/S G/gT

L

G/(9S) —=G/{gT)

o, b
X d Y
It follows that the number of fixed points of g € Ng(T', S)/S on the set of homomorphisms from

G/S—G/TtoX 4, Y, i.e. the value at g5 of the corresponding permutation character 67 g of

Ng(T, S)/S, is equal to ¢ 1), (gs) (X £, Y’). This shows more generally that, for any u € Z(G),
the correspondence

GT,S S NG(T, S)/S — ¢<9T>’<gs>(u)
is a generalized character of the group Ng(T', S)/S.

884

https://doi.org/10.1112/50010437X11007500 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X11007500

THE SLICE BURNSIDE RING AND THE SECTION BURNSIDE RING

Now if w e =(G)*, this generalized character has all its values in {£1}. It follows that
(015, 01,5)G =1, hence 07 g is, up to sign, equal to an irreducible character of Ng(T\, S)/S of
degree one. Hence 01 g/67,s(1) is a group homomorphism from N¢(7, S)/S to {£1}. Thusif m €
Im(®*), then the map g € Ng(T', 5)/S — mgry (g5y/m1,5 € {£1} is a group homomorphism.

Conversely, if m= (mrs)r.5)cmn(g) is a G-invariant sequence with values in {£1}, such
that for any (7,S) €Il(G), the map g€ Ng(T,S)/S— mr) gs)/mrs € {£1} is a group
homomorphism 607 g, then

ST myry sy =mr.sING(T, S)/S|(0r.5, 1)c
gENG(T,S)/S

is an integer multiple of |Ng(T, S)/S|. By Theorem 6.1, it follows that [m] = ®(u), for some
u € Z(G). Then u € E(G)*, by Lemma 8.2, and this completes the proof. O

8.5 In the case of the usual Burnside ring B(G), the correspondence sending a finite group G
to the unit group B(G)* can be endowed with a biset functor structure, using tensor induction
(see, for example, [Bou07, Proposition 5.5]). One may ask whether a similar structure exists for
the group of units of the section Burnside ring.

PROPOSITION 8.6. The correspondence sending a finite group G to Z(G)* cannot be endowed
with a biset functor structure.

Proof. If such a structure exists, one may view it as a biset functor =% with values in Fa-vector
spaces. Obviously =% (1) = Fy. This shows that there are two subfunctors Fy C F} of Z* such
that Fy/F» is isomorphic to the simple functor Sy ,.

An easy computation (a special case of Theorem A.13 in the appendix) shows, moreover, that
EX(Cq) = (F3)3, where Cs is a group of order two. As Sy g, (C2) = (F2)? (see, for example, [Boul0,
Proposition 4.4.6]), this shows that either (F'/F)(Ca) = Fy and F5(C) = {0}, or F(Ca) = F1(Cs)
and F»(C9) = Fa. In the former case, there are subfunctors F3 and Fy of F' with F} C Fy C F5C F
and F3/Fy = Sc, r,. In the latter case, there are subfunctors Fy C F3 of F» such that F3/Fy =
Scy,F,- In any case

dimp, 2%((C2)?) > dimg, S1F,((C2)?) + dimg, Sc, r,((C2)?).

Now dimp, S1,((C2)?) =4 by [Boul0, Proposition 4.4.6 or Corollary 10.5.6], and one can
check that dimg, Sc, F,((C2)?) =5 by inspection, using [Boul0, Proposition 4.4.6]. Thus
dimp, 2% ((C2)?) > 9.
When G is a finite abelian group, the unit group Z(G)* can be determined explicitly (see
Theorem A.13). In particular,
E((C2)?)* = (F2)". (8.7)

X

This contradiction shows that the biset functor =% cannot exist. O

Remark 8.8. Boltje and Pfeiffer [BP07] have described an efficient algorithm to compute the
unit group of the ordinary Burnside ring. A straightforward adaptation of this algorithm to the
ring =(G) allows for a quick computation of the group Z(G)*, for not too large finite groups G,
using GAP4 [GAPO08]. These computations agree, in particular, with (8.7).
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Part II. The section Burnside ring
9. Galois morphisms of G-sets

DEFINITION 9.1. Let G be a group. A morphism f:X — Y of G-sets is a Galois morphism
if for any x, 2’ € X such that f(z)= f(2'), there exists ¢ € Autg(X) such that fop=f and

o(x) =1
Ezxample 9.2. Any injective morphism of G-sets is a Galois morphism, for trivial reasons.
PRrROPOSITION 9.3. Let f: X —Y be a morphism of G-sets. The following conditions are
equivalent.

(i) f is a Galois morphism.

(i) Vo, 2’ € X, f(z) = f(2') = G = G.
Proof. Suppose first that f is a Galois morphism. Then if f(z)= f(a’), there exists a G-
automorphism ¢ of X such that ¢(z) =2'. This implies that G, < G/, hence G, =G, by
symmetry. Thus condition (i) implies condition (ii).

Conversely, suppose that condition (ii) holds, and let x, 2’ € X with f(x) = f(a’). There are
two cases.

— Either 2 and 2/ are in the same G-orbit w. Let Z =X — w. Define ¢ : X — X by p(t) =t if
t € Z and p(uzx) = uz’ if u € G. This is a well-defined G-automorphism of X, since G = G,.
Clearly p(z) =2/, and f o p(t) = f(t) if t € Z. Moreover,

fop(ux) = f(ur') = uf(a’) =uf(z) = f(uz)
for any u € G. Hence f o= f.

— If z and 2’ are in different G-orbits w and W', respectively, let Z =X — (wUw’). Define
0: X =X by p(t)=tifte Z, and p(uz)=uz’ and p(uz’) = uz, for any u € G. This is a
well-defined G-automorphism of X, since G, = G. Clearly ¢(x) =2/, and f o p(t) = f(¢)
if t € Z. Moreover,

fop(uz) = f(ur') = uf(a’) =uf(z) = f(ux),
for any u € G. Also

fop(ua’) = f(ur) = uf(z) =uf(2') = f(ua’),
for any u € G. Hence fop=f.

It follows that f is a Galois morphism, and condition (ii) implies condition (i). O

COROLLARY 9.4. Let f: X — Y be a morphism of G-sets. Then f is a Galois morphism if and
only if, for any y € f(X), there exists a normal subgroup N, of G, such that G, = N, for any

ze fHy).

Proof. Suppose first that f is a Galois morphism. If € X, set y = f(x) and choose g € G,,. Then
flgz) =gy =y = f(x), thus Gy, =9G, = G, thus G, < G. Moreover, G, does not depend on
x € f~1(y), by Proposition 9.3.

Conversely, suppose that for any y € f(X), there exists N, < G, such that G, = N, for any
z € f~1(y). Then obviously G, = Gy = Ny if f(x) = f(2') =y, so f is a Galois morphism, by
Proposition 9.3. O
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Remark 9.5. In particular, when (7, S) is a slice of G, the projection morphism G/S — G/T is
a Galois morphism of G-sets if and only if S < T, i.e. if (T, S) is a section of G.

COROLLARY 9.6. Let f: X — Y be a Galois morphism of G-sets. If X1 is a G-subset of X, the
restricted morphism f|x, : X1 — f(X1) is a Galois morphism of G-sets.

Proof. This is a straightforward consequence of Proposition 9.3. a

LEMMA 9.7. Let f: X —Y be a morphism of G-sets, and j : Y — Z be an injective morphism
of G-sets. Then f is a Galois morphism if and only if j o f is a Galois morphism.

Proof. This is straightforward. O

LEMMA 9.8. Let
X ——=Y
b l
A4 T> T
be a cartesian square of G-sets. If ¢ is a Galois morphism, then b is a Galois morphism.

Proof. Suppose that z, 2’ € X are such that b(x) = b(z’). Then
ca(z) = db(z) = db(x") = ca(z’).

If ¢ is a Galois morphism, it follows that Gy ,) = Ga(pr)- Let g € Gy Then g € Gop) = Gy and
gE Gb($) = Gb(x/), thus

b(z") = gb(x') = b(gz’),
a(z') = ga(z') = a(ga’).

It follows that 2’ = ga’, so G, < Gy, and G = G by symmetry. Hence b is a Galois morphism,
by Proposition 9.3. O

Remark 9.9. In particular, any morphism isomorphic to a Galois morphism (i.e. when a and d
are isomorphisms) is a Galois morphism.

PRrROPOSITION 9.10. A morphism f:X — Y, UYs is a Galois morphism if and only if the
restricted morphisms f~(Y1) — Y; and f~'(Y3) — Ys are Galois morphisms.

Proof. Set X; = f~1(Y;), and denote by f; : X; — Y; the restriction of f, for i = 1, 2. Assume first
that f is a Galois morphism. If z, 2’ € X7 have the same image under f1, then they have the same
image under f, and G, = G,. So fi is a Galois morphism, and f> is also a Galois morphism, by
symmetry.

Conversely, suppose that f; and fo are Galois morphisms. If z,2’ € X are such that
f(z)=f(2') € Y1, then z, 2’ € X7 and f1(z) = fi(2/). Thus G, = G, as f1 is a Galois morphism.
If f(x) = f(2') € Yo, the argument is similar, with f; replaced by fs. In any case G, = G/, and
f is a Galois morphism, by Proposition 9.3. O

Let G and H be groups. A morphism f: U — U’ of (H, G)-bisets is called a Galois morphism
if it is a Galois morphism of (H x G°P)-sets. Then we have the following proposition.
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PROPOSITION 9.11. Let G, H and K be groups. If f : U — U’ is a Galois morphism of (H, G)-
bisets, and g : V' — V' is a Galois morphism of (K, H)-bisets, then g xg f:V xg U = V' xz U’
is a Galois morphism of (K, G)-bisets.

Proof. Let (v,,u) and (v',, ') be elements of V' x g U with the same image under g x g f. This
means that there exists h € H such that

g(v') = gw)h=g(vh) and f(u')=h""f(u)=f(h™"u).

As g is a Galois morphism, the stabilizers of v and vh in K x H°P are equal. Similarly, as f is
a Galois morphism, the stabilizers of «/ and A~ 'u in H x G°P are equal.

Now let (k, g) € K x G such that k(v u')g~! = (¢v/, /). It means that there exists a € H
such that kv'a™' = and aw/'g~' = «'. Hence

kvha ' =vh and ah tug t=h"tu.
It follows that
k(v,Hu)g_l = (kv, ug™") = (vhah™", ug™")
= (U,Hhahflugfl) = (U,Hhhflu) = (v,,u).
By symmetry, the stabilizers of (v,,u) and (v, ,u’) in K x GP are equal. Thus (g xg f) is a
Galois morphism of (K, G)-bisets. O
COROLLARY 9.12. Let G and H be finite groups, and U be an (H, G)-biset. If f : X —Y is a
Galois morphism of G-sets, then
Uxgf:UxgX—=UxgY and Uogf:UogX —-UogY

are Galois morphisms of H-sets.

Proof. The assertion on U X« f is the special case of Proposition 9.11, with the following changes
in the notation: the group G becomes the trivial group, the group H becomes G, the group K
becomes H, the biset U becomes X, the biset V' becomes U, and the map g becomes the identity
map of U.

Now recall from [Bou96] that U og X is the H-subset of U x X defined by
Uog X ={(u,,x) €U xg X |Vg € G,ug =u= gr =z},

and that the map U og f is the restriction of U X f to U og X. By Lemma 9.7 and Corollary 9.6,
the morphism U og f is also a Galois morphism of H-sets. O

COROLLARY 9.13. Let f: X — Y be a Galois morphism of G-sets. If H is a subgroup of GG, the
restriction Res$, f:Resy X — Res$ Y is a Galois morphism of H-sets.

Proof. In Corollary 9.12, set U = G, viewed as an (H, G)-biset for left and right multiplication. O
COROLLARY 9.14. Let G and H be groups. If f: X —Y is a Galois morphism of G sets and

g:Z — T is a Galois morphism of H-sets, then f X g: X Xx Z —Y x T is a Galois morphism of
(G x H)-sets.

Proof. Consider f as a morphism of (G, 1)-bisets, and g as a morphism of (1, H°P)-bisets. O
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Notation 9.15. Let G-Mor%®! denote the full subcategory of G-Mor consisting of Galois
morphisms of G-sets.

Notation 9.16. Let X A, Y be a morphism of G-sets. For x € X, set
Gl =(G:|Vz€ X, f(2) = f(x)).
Let ~ be the relation on X defined by
r~pal & 3geGh gr=2a.
LEMMA 9.17. With this notation:
(i) the relation ~y is an equivalence relation on X. Let X](c;‘(’Ll denote the set of equivalence
classes, and let yx y: X — X]g’al denote the projection map;
(ii) ifz,2’ € X and x ~5 2/, then gz ~¢ ga’ for any g € G. Hence there exists a unique structure
of G-set on X]gal such that vx s is a morphism of G-sets;
(iii) there is a unique map f& X?al — Y such that the diagram

is commutative.

Proof. For assertion (i), the relation ~ is clearly reflexive, since G < Gg . Now if z, 2’ € X and
r~ypal let ge GI such that gr = 2'. There exist r € N, elements 21, ..., 2z, in X and elements
g1, - - -, gr of G such that g;z; = z; and f(z;) = f(x), fori=1,...,r, and such that g=g; - - - g.
It follows that

f(‘r/) =g g f@) =g g flz)=91- - gr—1f(gr2r) =91 gr—1f(2)

=4g1- - g’r—lf(x)a

thus f(2') = f(z), by induction on r. It follows that Gf:, = G, hence that 2/ ~fx,sincex =g la’.

So the relation ~ is symmetric.

Finally, ~; is transitive: if z,2’,2"” € X, if x ~y 2’ and 2’ ~y 2", there exist g € GI and
g € Gi, such that gz = 2’ and ¢’2’ = 2. But the previous argument shows that G = Gﬁ, = Gi,,.
Hence ¢'g € GL and ~¢ ", since ¢'gx = 2”.

Assertion (i) follows from the straightforward fact that 9(GL) = Gf;m for any x € X and any
g € G. Assertion (iii) follows as well, since & ~¢ =’ implies that f(z) = f(z'). O

PROPOSITION 9.18. Let G be a finite group.

Gal
i) Let X 4, Y be a morphism of G-sets. Then the morphism X $&! g, Y is a Galois
f

morphism of G-sets.
(i) If

DI
~~

|
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is a morphism in the category G-Mor, and if A —— B is a Galois morphism of G-sets, then there
exists a unique morphism of G-sets a : ngal — A such that the diagram

is commutative.

Gal
(iii) The correspondence sending X v to XJg'al S ¥ is a functor from G-Mor to

G-Mor%® and this functor is left adjoint to the forgetful functor G-Mor®® — G-Mor.

Proof. When x € X, let T =yx s(x) € X](c;al denote its equivalence class for the relation ~;. Let
g€ G. Then gz =z if and only if gz~ x, i.e. if there exists h € GI such that gxr =hx, or
equivalently h~'g € G,.. Hence the stabilizer of Z in G is equal to Gﬁj -Gy = Gﬁ;, since G, < Gg.
So if 2,2 € X are such that fC2(z) = fGal(7), i.e. if f(z) = f(2'), then the stabilizers G of &
and Gi, of 2’ are equal, since Gl depends only on f(z). Assertion (i) follows, by Proposition 9.3.

Let x, 2’ € X such that x ~f /. Then there exist 7 € N, elements 21, . . ., 2, in X and elements
g1, - - -, gr of G such that g;z; = z; and f(z;) = f(x), fori=1,...,r, and such that g=g; - - - g,.
It follows that

Bf(zi) = aa(zi) = Bf () = aa(x),

for i=1,...,r. By Proposition 9.3, since A —> B is a Galois morphism, this implies that
Ga(z) = Ga(x)- Moreover, G, < Gy for any z € X. Thus g; € Go(;) = Goa) for i=1,...,7.
It follows that g = g1 - - - gr € Gy(y), hence a(2') = ga(x) = a(z). This shows the existence of a
map «: X}}al — A, Sendlng the equivalence class of z € X for ~¢ to o(z). Such a map is obviously
unique, and it is a morphism of G-sets. This proves assertion (ii).

For assertion (iii), suppose that

X4f>Y

1)

X' —Y

is a morphism from X Loy to X' L ¥ in the category G-Mor. Then one can compose this
morphism with the morphism

X/ 4> Y/
’YX/ N

Gal f/Gal

1Gal
This yields a morphism from X —LY to X’ ?f"ﬂ i, Y’, which is a Galois morphism by

assertion (i). By assertion (ii), this composition factors in a unique way through the morphism

Gal
X Jg}al A Y. In other words, there is a unique morphism of G-sets a : X]gal — X' }}al such that
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the diagram

is commutative. Clearly, the map («, 8) — (@, #) endows the correspondence

Gal
X Lovye (xf Ly

Gal

with a functor structure from G-Mor to G-Mor%®l. Moreover, for any Galois morphism A — B,

assertion (ii) yields a bijection

f a ~ Gal fGal a
Homg-mor (X — Y, A — B) 2 Homg_yy,cal (X7 —— Y, A — B),

and this bijection is clearly functorial with respect to X 4, Y and A %> B. Assertion (iii)
follows. O

Ezample 9.19. Let (T,S) be a slice of G, and f be the projection map from X =G/S to
Y =G/T. Then for x =S € X, the group GI is the group generated by the stabilizers Gyg, for
teT. As Gyg =18, it follows that Gﬁ; is equal to the normal closure ST of S in T'. In this case,
moreover, the G-set Xf’al is isomorphic to G/(S<T), and the map f&2! is the projection to G/T.

10. The section Burnside functor

PROPOSITION 10.1. If X - Y and X' =Y are Galois morphisms of G-sets, then the
morphisms X L X’ o, YUY and X x X' L I Y x Y’ are Galois morphisms of G-sets.

Proof. The case of disjoint union follows from Proposition 9.10 and Corollary 9.6. Moreover,
Proposition 9.14 shows that if f: X — Y and f’: X’ — Y’ are Galois morphisms of G-sets, then

fxfl:XxX -YxY

is a Galois morphism of (G x G)-sets. By Corollary 9.13, the restriction of this morphism to the
diagonal G < G x G is a Galois morphism of G-sets. O

DEFINITION 10.2. Let G be a finite group. The section Burnside group I'(G) of G is the subgroup
of the slice Burnside ring Z(G) generated by the classes of Galois morphisms of G-sets.

By Proposition 10.1, the group I'(G) is actually a subring of Z(G), called the section Burnside
ring of G.
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LEMMA 10.3. Let f: X —Y be a Galois morphism of finite G-sets. Then in the group I'(G),
f
wXLv)= 3 (Gruy Gala
z€|G\X]

= 3 1GNNS T WGy, Gy e

y€E[G\Y]

where x, is chosen in f~1(y), for each y € [G\ f(X)].
Proof. The first formula follows from Lemma 3.4. For the second, write
r(x Ly)= Y Y w(G/G.— GGy,
YE[G\Y] 2€[Gy\f~1(Y)]
and observe that G, = Gy if f(z) = f(2). O

COROLLARY 10.4. The elements (T,S)qg, where (T,S) runs through a set [X(G)] of
representatives of conjugacy classes of sections of G, form a basis of I'(G).

Proof. Indeed, these elements generate I'(G), by Proposition 10.3, and they are linearly
independent, by Theorem 4.6. O

Remark 10.5. This also shows that I'(G) is the quotient of the free abelian group on the set of

isomorphism classes [X 4, Y] of Galois morphisms of finite G-sets, by the subgroup generated
by elements of the form

(0 LX) 22 ¥ = (X0 T £(X0)] - [Xe L £(X0),
whenever X £, Y is a Galois morphism of finite G-sets with a decomposition X = X; U X2 as
a disjoint union of G-sets, where f1 = f|x, and f2 = fix,.
Remark 10.6. Since I'(G) is a subring of =(G), the product formula of Proposition 3.8,

(T, 9)a(Y, X)a= Y, (TN%,SN9X)g,
gE[S\G/X]

also expresses the product of two sections (7', S)g and (Y, X)q of G. Other ring structures with
the same additive group I'(G), but different multiplications, have been considered by Coskun
in [Cos09, Definition 2.2, Remark 2.3], as well as their functorial properties.

THEOREM 10.7. (i) Let G and H be finite groups, and let U be a finite (H, G)-biset. The functor
(X Lov) e (U xe X 22 U xa )
from G-Mor® to H-Mor® induces a group homomorphism
'U):T(G)—T'(H).
(ii) The correspondence G — I'(G) is a Green biset functor.

Proof. This follows from Theorem 3.9 and Corollary 9.12. O

Remark 10.8. It follows from Remark 9.2 that the image of the morphism ¢: B — = of
Proposition 3.11 is actually contained in I'. Thus ¢ is a morphism of Green biset functors from
Btol.
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11. Sections and ghost map

Notation 11.1. If (T, S) is a slice of G, denote by 7 g:I'(G) — Z the restriction of the ring
homomorphism ¢r g : 2(G) — Z.
LEMMA 11.2. Let (T, S), (T",S") € I(G). Then ¢r,s =+ g if and only if the sections (T, S=T)
and (T', 8’7" are conjugate in G (recall that S¥T denotes the normal closure of S in T'). In
particular, Y1 g = tp gar.
Proof. This follows from Proposition 9.18 and Remark 9.19, but the following is a short direct
proof. By Lemma 4.3, ¥1 g = ¢y g if and only if for any section (V,U) of G,

{ge G/UNT, S) 2 (V. U)} =g e G/U|(T",5) 2 (V,U)}].
Taking (V,U) = (T, S27) shows that there exists g€ G such that (77,5)9 < (T,S27).
This implies that (77, 8"27")9 < (T, S2T). Conversely, taking (V,U) = (", S'“T") shows that
(T', §'31")9" < (T, S=T), for some ¢ € G. It follows that (1”7, §'37")9 = (T, §3T). O

THEOREM 11.3. The map
v=J] ¢rs:T@- ][] =
(T,5)€e[E(G)] (T,5)€e[2(G)]

called the ghost map for I'(G), is an injective ring homomorphism, with finite cokernel as
morphism of abelian groups.

Proof. The proof is exactly the same as for Theorem 4.6. By Lemma 3.5, the elements (T, S)q,
for (T, S) € [3(G)], generate I'(G). Suppose that there is a non-zero linear combination in the
kernel of W,

A= Z )\T,S<Ta S>G7
(T,9)€e[E(G)]
with integer coefficients Ay g € Z, for (T, S) € [¥(G)]. Extend A to a function ¥(G) — Z, constant

on conjugacy classes. Let (Y, X) be an element of ¥(G), maximal for the relation =<, such that
Ay, x # 0. Then since, by Lemma 4.3,

Yy x(G/S— G/T)=|{geG/S| (Y9, X9) < (T, S)},
it follows that
byx(N) = > Anstyx(G/S—G/T)

(T,9)e[=(G)]
= Ay, x|Ne(X,Y)/X|=0.
Hence Ay, x =0, and this contradiction shows that ¥ is injective (and, in particular, we recover
the fact that the elements (T, S)q, for (T, S) € [E(G)], form a Z-basis of I'(G)). Thus V¥ is an

injective morphism between free abelian groups with the same finite rank, hence it has finite
cokernel. O

COROLLARY 11.4. Set QI'(G) =Q ®z I'(G) and Q¥ = Q ®z V. Then
Qu:Qr@@)— [ @

(T,9)€[2(G)]

is an isomorphism of Q-algebras.
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12. Sections and idempotents

Corollary 11.4 shows that QI'(G) is a split semisimple commutative algebra. Its primitive
idempotents are indexed by sections of G, up to conjugation: they are the inverse images under
QU of the primitive idempotents of the algebra H(T S)e[(G)] Q.

Notation 12.1. If (T, S) € X(G), denote by 7%5 the unique element of Q ®z I'(G) such that

1 if (Y, X)=¢(T,S
(¥, X) € 2(G), @wY’X(%Gj’S) - {0 otl(lerwige. ( :
The elements 7G , for (T, S) € ¥(G), are the primitive idempotents of QI'(G).
T,S

THEOREM 12.2. Let o denote the restriction of the relation < to X(G). Then, for (T, S) € X(G),

1
G
VI8 = E Ulps((V,U), (T, S)){V.U)a,

where py, is the M6bius function of the poset (£(G), 5).
Proof. The proof is the same as the proof of Theorem 5.2. O

PROPOSITION 12.3. Let (X, <) be a finite poset. Let ¢ : X — X be a map of posets such that
pop=y and v < ¢(x) for any x € X. Then the Mébius function py of the subposet Y = p(X)
of X is given by

Vy,z €Y, py(y,2)= Y px(y ), (12.4)

y<ueX
p(u)=2

where py is the M6bius function of (X, <).

Proof. For y, z € Y, denote by m(y, z) the right-hand side of equation (12.4). Then, for y,t € Y,

domly, )= > Y. paly,u)

z€Y z€) y<uekX
y<z<t y<z<t So(u):z
= Z hx (ya U),
(z,u)eP

where
P={(zu)|z€V,uc X y<u<p(u)=z<t}

Set Q={ueX|y<u<t} If (z,u) €P, then clearly ue Q. Conversely, if u€ Q, then
(p(u),u) € P: indeed p(u) €Y =¢(X) and, moreover, ¢(u) < p(t)=t, since t € p(X) and
pow=p. Now the maps (z,u) e Pr—uec Q and ue Q— (p(u),u) € P are mutual inverse

bijections. It follows that
domly,2)= Y px(y,u).

zeY ueX
y<sast y<ust

This is equal to 1 if y =, and to zero otherwise. The proposition follows. O
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COROLLARY 12.5. Let (V,U) and (T, S) be sections of G. Then

uz(a)«v,w,<T,s>>:u<v,T>( 3 u(U,X>). (12.6)
U<XKV
xX9T=3

In particular, in QI'(G),

1
G
- Ulu(U, X)u(V, TV, D).
rVT,S ’NG(T75)|U<]ZV:<T’ |lu’( )M( )( >G

U<X<V
X<T=g

Proof. For (12.6), apply Proposition 12.3 to the poset X = (II(G), <), and to the map ¢ : X — X
defined by

p((Y, X)) = (¥, X=7),
and then use (5.6). Then substitute the value of ux((V,U),(T,S)) in the formula of
Theorem 12.2. O

13. The image of the ghost map

The following is a characterization of the image of the ghost map for the section Burnside ring,
similar to Theorem 6.1.

THEOREM 13.1. Let G be a finite group. Let m = (m(T, S))(r,s)ex(c) be a sequence of integers
indexed by X(G), constant on G-conjugacy classes of sections. Then the sequence [m]=
(m(T, S))(r,s)e[=(c) of representatives lies in the image of the ghost map W if and only if,
for any section (T, S) of G,

> m((gT), (g8)*9T) =0 (mod |Ng(T, S)/S)).
gENG(T.S)/S

Proof. The proof is very similar to the proof of Theorem 6.1, with two differences. The first is that
the poset II(G) of slices of G has to be replaced by the poset ¥(G) of sections of G. The second is
that the slice ({(gT), (gS)) has to be changed to the corresponding section ({gT"), (gS)=97T) of G.
Apart from these two differences, the proof goes through without changes. O

14. Prime spectrum

Notation 14.1. Let p denote either 0 or a prime number.

— If (T, S) € ¥(G), denote by Jr g, the prime ideal I7 s, NT'(G) of I'(G). In other words,
Jr.5p is the kernel of the ring homomorphism

r(@) 5 2 - /2,
where the right-hand-side map is the projection.

— Let Q(G) denote the set of triples (7', S, p), where (T, S) € ¥(G) is such that |[Ng(T, S)/S| #
0 (mod p).

The group G acts on Q(G), by 9(T, S, p) = (9T, 95, p), for g € G, and the ideal Jr g, only
depends on the G-orbit of (T, S, p). Conversely, we have the following proposition.
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PROPOSITION 14.2. Let I be a prime ideal of I'(G), and R=1'(G)/I. Denote by ¢ :I'(G) — R

the projection map, and denote by p > 0 the characteristic of R. Then R = Z/pZ. Furthermore:

(i) if p=0, there exists a section (T, S) of G such that ¢ =17 g, and (T, S) is unique up to
G-conjugation, with this property;

(ii) if p > 0, there exists a section (T, S) of G such that 1 is the reduction modulo p of {1 g and

Nqg(T, S)/S is a p'-group, and (T, S) is unique up to G-conjugation, with these properties.

In particular, there exists a unique (T, S, p) € Q(G), up to conjugation, such that I = Jr g,,.

Proof. The proof is exactly the same as the proof of Proposition 7.2, with slices replaced by
sections. Let (T, S) be a section of G, minimal for the relation <, such that (7', S)¢ ¢ I. Then
by Proposition 3.8, for any (Y, X) € ¥£(G),

<T7 S>G<Y7X>G: Z <TﬂgY,SﬂgX>G
9€[S\G/X]

> (T,S)¢ (mod I)
geG/X
S<IX
T<I9Y
= Yrs((Y, X)e)(T, S)c-

Since I is prime, it follows that (Y, X)o — ¥7.s((Y, X)@)1r(g) € I. In particular, R =T(G)/I is
generated by the image of 1p(qy, hence R =7Z/pZ, where p is the characteristic of R. Since R
is an integral domain, the number p is either 0 or a prime.

(i) If p=0, then R=7Z, and ¢ =v¢rg. And if (T7,5") € 3(G) is such that V7 g =V g,
then both ¢ s((T", S")) and 77 o ((T, S)) are non-zero. Then there exist elements g, ¢’ € G
such that (79, 89) < (1", ") and (T'9',8"9") < (T, S), so (T, S) and (T’, S') are conjugate in G.

(ii) If p>0, then R=Z/pZ, and ¢ is equal to the reduction of 17 g modulo p. Since
(T, S)c) = |Na(T, S)/S| is non-zero in R, it follows that Ng(T, S)/S is a p-group. If (T7, S")
is another section of G such that ¢ is the reduction modulo p of ¥ g, and Ng(1”,S")/S" is a
p/-group, then

ING(T, S)/S| =v¢r,s(T, S)c) =¢r s (T, S)g) (mod p).

This is non-zero. Similarly, [Ng(T, S)/S| = ¢r,s((T",S")¢) (mod p) is non-zero. In particular,
Y 5 ((T, S)) and ¢r s((T', S')a) are both non-zero, and it follows as above that (7, .S) and
(T", S") are conjugate in G. O

Notation 14.3. Let p be a prime number.

— Let 3,(G) denote the set of sections (7, S) of G such that Ng(T,S)/S is a p'-group. In
other words, ¥,(G) = 3(G) N1I,(G).

— For any (T,5) € X(G), let (T, S); denote the unique element (V,U) of ¥,(G), up to
conjugation, such that Jr g, = Jy .

PROPOSITION 14.4. Let p be a prime number. If (T, S) is a section of G, let (T, S)pf’ denote a
section of the form (PT, (PS)<FT) of G, where P is a Sylow p-subgroup of Ng(T, S).

Define inductively an increasing sequence (1,S,) in (X(G), <) by (Tv, So) = (T, S), and
(To+1, Snt1) = (T, Sp)p, for n € N. Then (T, S); is conjugate to the largest term (T, Soo) of
the sequence (1), Sy).
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Proof. Again the proof is the same as the proof of Proposition 7.4. The section (7, S); is a
minimal element (V, U) of the poset (X(G), <) such that

Urs(V.U)=[{g e G/U|(T9,59) 2 (V,U)}|#£0 (mod p).
Thus one can assume that (7', 5) < (V,U). But ¢7,5 = ¢pp pg)<pr (mod p) by Corollary 4.4

and Lemma 11.2, for any p-subgroup P of Ng(T, S), hence one can also assume that (T, S )i =
(V,U), hence that (T, Sx) =< (V,U), by induction. Moreover, 97 s =vvy (mod p). As
Ng(Ts, Soo)/Sx 1s a p'-group, it follows that (T, Se) = (V, U), as was to be shown. O

PROPOSITION 14.5. Let (T, S, p), (T',S",p') be elements of Q(G). Then Jpr gy C Jr g, if and
only if:

— either p’ = p and the sections (1", S") and (T, S) are conjugate in G;

— orp' =0 and p > 0, and the sections (T”, S’); and (T, S) are conjugate in G.

Proof. (See Proposition 7.6.) Set J=Jrg, and J' = Jp g . Then I'(G)/J = Z/p'Z maps
surjectively to I'(G)/J 2 Z/pZ. Thus if p=p', this projection map is an isomorphism, hence
J =J' and the sections (T, S) and (7", S’) are conjugate in G. And if p # p/, then p’ =0 and
p > 0. The morphism ¢ g is equal to the reduction modulo p of the morphism 7+ g. In other
words, Jyv g, = Jr,5,, hence (T, S) is conjugate to (17, S’);. O

COROLLARY 14.6. Let p be a prime number, and let Z,) be the localization of Z at the set
Z — pZ. Let Q,(G) denote the subset of Q(G) consisting of triples (T, S, 0), for (T, S) € £(G),
and (T, S, p), for (T, S) € £,(G).
(i) The prime ideals of the ring ZI'(G) are the ideals Z ) J1,5,4, for (T, S, q) € Q,(G).
(ii) If (T, S, q), (T’, S/, q’) € @p(G), then Z(p)JT’,S’,q’ - Z(p)JT“g’q if and only if:
— either ¢ = ¢/, and the sections (T, S) and (1", S") are conjugate in G;
— or ¢’ =0, g=p, and the sections (T", S’); and (T, S) are conjugate in G.

(iii) The connected components of the spectrum of Z,I'(G) are indexed by the conjugacy
classes of ¥,(G). The component indexed by (T, S) € ¥,(G) consists of a unique maximal
element Z ) Jr s, and of the ideals Z ) Jr s, where (1", S") € ¥(G) is such that (1", S’);
is conjugate to (T, S) in G.

Proof. (See Corollary 7.7.) The prime ideals of ZI'(G) are of the form Z,I, where I is a
prime ideal of I'(G) such that I N (Z — pZ) = 0. Equivalently, I = Jr s or I = Jr g,. This proves
assertion (i). Now assertion (ii) follows from Proposition 14.5, and assertion (iii) follows from
assertion (ii). O

COROLLARY 14.7. (i) The primitive idempotents of the ring Z,I'(G) are indexed by the
conjugacy classes of ¥.,(G). The primitive idempotent E‘G/’U indexed by (V,U) € ¥,(G) is equal

to
G _ G
Eyu = E 71,8

(T,8)EE(G)]
(Tvs);:G (T7S)

(ii) Let m be a set of prime numbers, and Zy) be the localization of Z relative to Z — e . PZ.
Let F be a set of sections of G, invariant by G-conjugation, and [F] be a set of representatives
of G-conjugacy classes of F. Then the following conditions are equivalent:
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(a) the idempotent
g = Z ’YTS
(T,S)e[F
of QI'(G) lies in ZnI'(G);
(b) let (T, S) € ¥(G), and let P be a p-subgroup of Nq(T, S), for some p € . Then (T, S) € F
if and only if (PT, (PS)2FT) ¢ F.

Proof. The proof is almost identical to the proof of Corollary 7.8. Let F be a set of sections of G,
invariant by G-conjugation, and [F] be a set of representatives of G-conjugacy classes of F. The

idempotent
G
TF= Z VTS
(T,S)e[F]

of QI'(G) lies in Z,)I'(G), for some prime p, if and only if there exists an integer m, not divisible
by p, such that u=m~% € ['(G). Let (T, S) € £(G), and let P be a p-subgroup of N (T, S).
The integer ¥ s(u) is equal to m if (T, S) € F, and to 0 otherwise. Hence it is coprime to p
if and only if (T, 5) € F. Since ¢ s and Y py pgy<pr are congruent modulo p, it follows that
(T, S) € F if and only if (PT, (PS)¥FT) c F.

Hence if (T, S) and (7", S”) are sections of G such that (T, S); =¢ (T, S”);, then (T, 5) e F
if and only if (77, S’) € F. Thus F is a disjoint union of sets of the form

Byy ={(T.S) € X(G) | (T, 8),=c (V.U)},

for some sections (V,U) € ¥,(G). In other words, the idempotent %C_g is a sum of some
idempotents a‘G,7U, for (V,U) € £,(G).

But the primitive idempotents of the ring Z,I'(G) are in one-to-one correspondence with
the connected components of its spectrum, which precisely are indexed by the conjugacy classes
of 3,(G). It follows that ’yf = s‘G/U is equal to the idempotent corresponding to the component

indexed by (V, U), for any (V, U) € £,(G). This proves assertion (i). This also proves assertion (ii)
in the case where 7 consists of a single prime number.

For the general case, observe that 7% lies in Z»T(G) if and only if it lies in Z,)['(G), for
any pe . O

The following proposition is the analogue of Theorem 7.9 for the ring I'(G). Its statement is
slightly simpler.

THEOREM 14.8. Let G be a finite group.

(i) The primitive idempotents of I'(G) are indexed by the conjugacy classes of perfect
subgroups of G. The idempotent 'yg indexed by the perfect subgroup H is equal to

’Yg = Z 7%57

(T,9)€[=(G)]
D>®(T)=gH

where D*°(T') denotes the last term in the derived series of T
(ii) The prime spectrum of I'(G) is connected if and only if G is solvable.

Proof. As in the proof of Theorem 7.9, let ~ denote the finest equivalence relation on the set
Y(G) such that, for any (T, S), (T",5") € ¥(G),

I, (T, S), =c (T", 8", = (T, S) ~ (T, 5").
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If we can show that
(T, S)~ (T, 8") < D>®(T) =g D=(T"),
then assertion (i) follows from Corollary 14.7, applied to the set 7 of all primes.

It is clear that if there exists a p-subgroup P < Ng(T, S) such that (77,5’) is conjugate to
(PT, (PS)=PT), then T" is conjugate to PT, and D>(T") is conjugate to D>(T'). By transitivity,
for any (7., 5), (7", 5") € (Q), if (T, S) ~(T",5"), then D*(T) = D>(T").

To show the converse, is it enough to show that (7', S) ~ (D*°(T"), D*°(T)), for any (T, S) in
Y(G). Let p be any prime, and P be a Sylow p-subgroup of T'. Then (T, S);: (T, (PS)ﬁPT);7
hence (T, S) ~ (T, S"), where S’ = (PS)¥FT is a normal subgroup of T, containing S, and of
p/-index in T. Since p was arbitrary, it follows by induction that (T, S) ~ (T, T). Now for any
prime p, if P is a Sylow p-subgroup of T, then P < Ng(OP(T)) and T'= POP(T). It follows that
(T, T);: (OP(T), Op(T));. Again, since p is arbitrary, it follows that (T, T') ~ (D*>(T"), D*°(T)),
and this completes the proof of assertion (i).

Assertion (ii) follows easily since, by assertion (i), the spectrum of I'(G) is connected if and
only if the trivial group is the only perfect subgroup of G, i.e. if G is solvable. O

COROLLARY 14.9. The images of the primitive idempotents of B(G) by the morphism ig :
B(G) — I'(G) are the primitive idempotents of I'(G). In other words, if H is a perfect subgroup
of G, then

G __
TH = NG ()|

> KK, H)(K, K)c.
K<H

Proof. Indeed by a theorem of Dress [Dre69], the primitive idempotents of B(G) are indexed
by the conjugacy classes of perfect subgroups of G. As the morphism i : B(G) — I'(G) is an
injective unital ring homomorphism (see Remark 10.8 and Proposition 3.11), it follows that the
primitive idempotents of B(G) are mapped to primitive idempotents in I'(G), and that every
primitive idempotent of I'(G) is in the image of B(G). O

15. Unit group

All the results of §8 about the unit group of the slice Burnside ring have an analogue for the
group I'(G)* of the section Burnside ring of a finite group G.

First, the restricted ghost map yields an injective group homomorphism
LA N(S L |
(T,9)ex(Q)
The following lemma is a consequence of this result.
LEMMA 15.1. Let G be a finite group, and let u € T'(G). The following conditions are equivalent:
(i) vel(G)*.
(i) Y7 s(u) € {x1}, for any (T, S) € 3(G).
(iii) w? = 1.

In particular, I'(G)* is a finite elementary abelian 2-group.
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Second, the following proposition is an analogue of Proposition 8.3.

PROPOSITION 15.2. The Feit—-Thompson theorem is equivalent to the statement that, if G has
odd order, then I'(G)* = {£1}.

Proof. The proof is the same as that of Proposition 8.3: the argument uses only the formulas
for the primitive idempotents of QI'(G) (Corollary 12.5), and the characterization of solvable
groups by the connectedness of the prime spectrum of I'(G) (Proposition 14.8). O

Third, the following theorem is an analogue of Yoshida’s characterization [Yos90] of the unit
group of the usual Burnside ring.

THEOREM 15.3. Let G' be a finite group, and let m = (m(T, S))r,s)yex(a) be a sequence of
integers in {£1} indexed by ¥(G), constant on G-conjugacy classes of sections. Then the sequence
[m] = (m(T, S))(r,s)e[=(q) of representatives lies in the image of the restricted ghost map W* if
and only if, for any (T, S) € X(G), the map

9 € No(T, )/ = m({(gT), {gS)*")) /m(T, 5) € {1}
is a group homomorphism.

Proof. Again, the proof is the same as for Theorem 8.4: it only requires Theorem 13.1 and
Lemma 11.2. O

X

Finally, the correspondence G +— I'(G)* is not a biset functor.

PROPOSITION 15.4. The correspondence sending a finite group G to I'(G)* cannot be endowed
with a biset functor structure.

Proof. The proof of Proposition 8.6 goes through unchanged here: the argument uses
computations for the trivial group, the group Cy, and the group (Cs)?. All these groups are
abelian, hence sections and slices coincide. O
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Appendix

A.1 Let G and H be finite groups, and U be a finite (H, G)-biset. Let U°? denote the
opposite biset, i.e. the (G, H)-biset equal to U as a set, with actions reversed by taking inverses
(ie. g-u-hlin UP]=h"tug ![in U], for g€ G,u €U, and h € H).

When X is a finite G-set, the set Homgset(U°P, X) is a finite H-set: if ¢ : U? — X is a
morphism of G-sets, and if h € H, then the morphism hg: U — X is defined by (hy)(u) =
@(h~tu), for u € U. This correspondence

Ty : X — Homgeet (UP, X)

is actually a functor from the category G-set of finite G-sets to the category H-set. One can show
(see, for example, [Boul0, §11.2.13]) that this functor induces a map ty : B(G) — B(H) between
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the usual Burnside rings of G and H, called the generalized tensor induction with respect to U.
This induction is not additive, but multiplicative (i.e. tyy(ab) =ty (a)ty (b), for any a, b € B(G)).
It yields a biset functor structure on the unit group of the usual Burnside ring.

A natural question is whether this construction can be extended to the rings =(G) and I'(G):
indeed, if X L.visa morphism of finite G-sets, then the morphism 77 (X 1, Y),

HomG-set(UOpvf)

Homg-set (UOp, X) HomG—set(U0p7 Y);

is a morphism of finite H-sets. Does this correspondence induce a map Z(G) — Z(H) or a map
I'(G) = T'(H)? In other words:
(Q1) Are the defining relations of Z(G) preserved by Ty;7?

(Q2) Does Ty map a Galois morphism to a Galois morphism?

The answer to these two questions has to be no in general, for otherwise Ty would yield a
biset functor structure on the unit groups of the slice Burnside ring and the section Burnside ring,
contradicting Propositions 8.6 and 15.4. But the answer is yes with the additional assumption
that the biset U be left inert, according to the following definition.

DEFINITION A.2. An (H, G)-biset U is called left inert if Hu C uG, for any u € U, in other
words if H acts trivially on the set of orbits U/G.

Ezample A.3. — If U is transitive as a right G-set, then U is left inert, since |U/G|=1. In
particular, the identity (G, G)-biset G is left inert. Conversely, if U is left inert, then each right
orbit uG, for ue U, is an (H, G)-biset, so U is a disjoint union of (H, G)-bisets which are
transitive as right G-sets.

— The disjoint union of two left inert (H, G)-bisets is left inert. Any sub-biset of a left inert
biset is left inert.

— Left inert bisets can be composed: if G, H, and K are groups, if U is a left inert (H, G)-
biset, and if V' is a left inert (K, H)-biset, then V x g U is a left inert (K, G)-biset: indeed, for
ueU andveV,

K(v,,u) = (Kv, u) C (vH, u) = (v,,Hu) C (v, uG) = (v, u)G,

where (v, u) denotes the image of (v, u) in V xg U.

A.4 The following proposition deals with question (Q2) above, in the case of a left inert biset.

ProposITION A.5. Let X .Y bea Galois morphism of G-sets. If U is a left inert (H, G)-biset,
then the morphism Ty (X £, Y') is a Galois morphism of H-sets.

Proof. Let ¢, 1 € Ty (X ) = Homgset (U°P, X), having the same image in Ty/(Y'). This means that
fop=foi,ie. that f(p(u)) = f(¢(u)), for any u € U. Since f is a Galois morphism, it follows
that G, ) = Gy(u), for any u e U.
Suppose that h € H stabilizes . This means that ¢(h~'u) = o(u), for any u € U. But since
Hu C uG, there exists g € G (depending on u) such that hu = ug, i.e. R~ 'u =ug~!. Then
p(u) = p(h™ ) = p(ug™) = gp(u),
hence g € G (y). It follows that

Y(u) = goo(u) = Y(ug™) = (™ u) = (hp)(u).
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Hence h stabilizes ¢, and by symmetry ¢ and ¢ have the same stabilizer in H. This shows that
Ty (X 7, Y') is a Galois morphism of H-sets. O

Remark A.6. The following example shows that Lemma A.5 is no longer true without the
hypothesis that U is left inert. Suppose that G =1, and that H is non-trivial. Let U = H,
viewed as an (H, G)-biset. Then U is not left inert. Let X be a set of cardinality 2, let Y be a set
of cardinality 1, and let f: X — Y be the unique map. Then f is a Galois morphism of G-sets,
for trivial reasons.

In this case Homg(UP, X) is isomorphic to the set 27 of subsets of H, on which H acts
by left translation. The set Homg(U®P,Y) is a set o of cardinality 1, and the map Ty (f) is the
only possible map 27 — e. In particular, all the elements of 27 have the same image. But the
subset {1} of H has a trivial stabilizer, whereas the subset H of H has stabilizer equal to H.

Thus Ty (X A, Y') is not a Galois morphism of H-sets, by Proposition 9.3.

Remark A.7. The example given in Remark A.6 also shows that the answer to question (Q1) is
no, in general. Indeed, keeping the same notation, the image of the morphism X L vin 2(G)

~

is equal to the sum of two copies of the image of Y 1.y, In other words, in Z(G) 2 Z,
r(X Loyy=2=nx 1 x).
But Ty (X N Y) is isomorphic to 27 — e, hence

r(To(X Lov)= S (H Han (A8)

ACH
A mod H

by Lemma 3.4, where the summation runs over a set of representatives of subsets of H, up to
translation by H, and H4 denotes the stabilizer in H of such a subset A. In particular, H4 = H
if and only if A= H or A =0, hence if K is a subgroup of H, the only term of the form (K, K) g
in the right-hand side of equation (A8) is (H, H)p, with coefficient 2.

On the other hand, by Lemma 3.4 again,
d
W(XI—>X) = Z (Ha, Hp) g -

ACH
A mod H

As there are proper non-empty subsets A of H, there are some terms of the form (K, K)p
with non-zero coefficient in this summation, for some subgroups K < H. Hence (X 4, Y) #

(X 2 x ), thus Ty does not preserve the defining relations of Z(G).

A.9 The following proposition answers question (Q1) in the case of left inert bisets.

PROPOSITION A.10. (i) Let G and H be finite groups, and U be a finite left inert (H, G)-biset.
Then Ty induces a well-defined map ty : 2(G) — Z(H), such that ty(I'(G)) CT'(H). Moreover,
ty only depends on the isomorphism class of the biset U.

(ii) The map ty is multiplicative, i.e. ty(ab) =ty (a)ty(b), for any a,b € =(G). Moreover,
tv(1z(e)) = lg(m)- In particular, ty restricts to group homomorphisms Z(G)* — Z(H)* and
NG —=T(H)*.

(iii) If U and U’ are finite left inert (H, G)-bisets, then tyy = tyty:.
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(iv) If G, H, and K are finite groups, if U is a finite left inert (H, G)-biset and V is a finite
left inert (K, H)-biset, then ty oty =ty x ,U-
(v) If U is the identity (G, G)-biset, then ty; is the identity map.

Proof. Since U is left inert, Example A.3 shows that U splits as a disjoint union of (H, G)-bisets,

U= |_| uG.
uel[U/G]
It follows that the functor Ty = Homgeset (U, —) is isomorphic to the direct product of the functors
Tuc, for u € [U/G]. Hence, to prove assertion (i), it suffices to consider the case where U is
transitive as a right G-set.

In this case, the functor Ty actually induces a group homomorphism from Z(G) to Z(H): to
see this, it suffices to check that the defining relations of =Z(G) are mapped to relations in Z(H).
Fix v € U, and denote by G, its stabilizer in G. So U = uG = G/G,, as G-set, and for any G-set
X, there is a bijection

Hom gt (U°P, X) = X G,
This is actually an isomorphism of H-sets if the left action of H on X% is defined as follows:
for h € H, there is some g € G such that hu =ug, and the action of h on X% is defined by
hx =g 'z, for x € XCu.

Now let X —f—>Y be a morphism of finite G-sets such that X splits as a disjoint union
X = X1 U Xy of two G-sets. The image 7(X g, Y') of this morphism in Z(G) is equal to the
sum of the images of the morphisms

X L5 f(x1) and  Xo £ f(X),

where f; and fy are the restrictions of f to X; and Xs, respectively.
Gu
On the other hand, Ty (X A, Y’) is isomorphic to XlGu U XQG" I yGu in the category
H-Mor, where f&u is the restriction of f to X%«. The image 7(Ty (X 7, Y)) of this morphism
in Z(H) is equal to the sum of the images of the morphisms

a a
e 2
ST

X L f(XT) and X
By Lemma 3.3, since f(X7*) C f(X;)Cx,

G G
fl u u

FXT)) = m(X{ —— f(X1)%),

FX5™).

m(X{
which is equal to m(Ty (X, LN f(X1))). It follows that in Z(H),

T(Tr(X L5 7) = (T (X1 L5 £(X0) + 7(To (X L (X)),

hence Ty induces a group homomorphism ¢y : =(G) — Z(H). As the functor Ty maps the direct
product of G-sets to the direct product of H-sets, and the trivial G-set to the trivial H-set,
the morphism ¢y is actually a wnital ring homomorphism from Z(G) to Z(H) (recall that U is
assumed transitive as a right G-set here).

If U is an arbitrary finite left inert (H, G)-biset, then Ty induces the map

ty=[] tu:E(G)—E(H).
ue[U/G]

It follows from Proposition A.5 that ty(I'(G)) CT'(H).
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Now assertion (ii) follows, since ¢y is equal to a product of unital ring homomorphisms.
Assertions (iii), (iv), and (v) are straightforward consequences of the properties of the
functor Ty. O

Remark A.11. Tt follows that the correspondences G +— Z(G)* and G+ I'(G)* are biset
functors for which the biset operations are only defined for left inert bisets. Equivalently, these
correspondences are biset functors without induction: the usual basic operations for biset functors
are defined for these correspondences, namely restriction to a subgroup, deflation from G to
a factor group G/N (this is induced by taking fized points by N on G-sets), transport by
isomorphism, and inflation from a factor group. But there is no induction from a subgroup.

A .12 The last result of this appendix is the computation of the group Z(G)*. When G is abelian
we have the following theorem.

THEOREM A.13. Let G be a finite abelian group. Then =(G)*(=T1'(G)*) has an Fa-basis
consisting of the elements

—(G, G)g
<G7 G>G - <S, S>G . B
(G, G)g — (G, S)G} for |G : S| =2.

In particular,
E(G)X o~ (]FQ)QT—H’

where r is the number of subgroups of index 2 in G.

Proof. By Theorem 8.4, the group Z(G)* is isomorphic to the group of sequences (ur.,s)(r,s)em(c)
with values in {1}, such that, for any (7, S) € II(G), the map

gec G/S — u<gT>’<gS>/uT,s

is a group homomorphism. Switching to an additive notation, the group Z(G)* is isomorphic

to the Fo-vector spaces of sequences ()‘T,S)(T,S)eH(G)a with values in o, such that, for any
(T, 5) € II(G) and any (g, h) € G,

A(ghT),(ghs) T+ AigT)(g8) T Aur) (nsy + AT,s = 0.

If none of g, h, and gh are in S, this yields an expression

AT.5 = Nght),(ghS) T MgT)(gS) T MnT),(hS)

of A7 g as a linear combination of Ayv g, for S" > S. If |G : S| > 2, it is always possible to find
such elements g and h. It follows that the sequence (Ar,s)(r,s)em() is entirely determined by
the values Az g, for |G : S| <2, i.e. the values A\g ¢, As,s and Ag g, where S runs through the
set of subgroups of index 2 in G. If there are r such subgroups, this gives 2r + 1 such values, so
dimp, 2(G)* < 2r + 1.

To prove the converse, and actually the more precise statement in the theorem, it suffices
to show that the elements —1zq), uf = (G, G)g — (S, S)¢ and v§ = (G, G)g — (G, S)q, for

|G : S| =2, are linearly independent elements of the Fo-vector space Z(G)*.
First, as (G, G)g = 1z(q), and as (S, S)& = 2(5, S) if |G : S| = 2, by Proposition 3.8, it follows

that (u§)? = (v§)? =1, hence {u§,v§} C E(G)*.
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Observe now that for |G : S| =2, both elements u§ and v§ are obtained by inflation from
G/S to G of the corresponding elements uf/ ® and vf/ . The group C'=G/S has order two.
The additive group Z(C) has a Z-basis consisting of (C, C)¢, a = (C,1)¢c and b= (1,1)c. The
element (C, C)¢ is the identity element 1z of Z(C), and by Proposition 3.8, the products of
the other basis elements are given by a? = 2a, b*> = ab = ba = 2b. The group of units Z(C)* has
an [Fa-basis consisting of —1z(¢), = = 1z(¢) — @ and y = 15y — b. Moreover, the set {z, y} is an
Fa-basis of the kernel 0Z(G)* of the deflation map Defg/c PE(C) = E(1)* = {£1z1)} (recall
that deflation in this case consists in taking fixed points under C').

Now assume that in Z(G)*, there is a linear relation (with an additive notation) of the form

AM=1z@) + Y (asu§ + Bsv§) =0,
|G:S|=2

for some coefficients A, ag, Bg in Fa. Fix a subgroup X of index 2 in G, and apply Defg /x to
this relation. Observe that

Defg/X uf = Defg/X Infg/s uf/s = Infg?fgx Defgfgx uf/s
is equal to 0 if S'# X, and to uf/s

to vf/s if S = X. It follows that

if S = X. Similarly, Defg/X Ug is equal to 0 if S X, and

AM=1g@/x)) + axuf™ + gxo =0,

hence A = ax = Bx = 0. This completes the proof, since this holds for any X of index two in G. O

Remark A.14. Using the inclusion i : B(G) — E(G) of Proposition 3.11, one can identify B(G)
with a subring of Z(G). Then it is easy to see that B(G)* is the subgroup of Z(G)* generated
by the elements —(G, G)g and (G, G)g — (S, S)¢q, for |G : S| =2: this gives another proof of
Matsuda’s theorem [Mat82], saying that the unit group B(G)* of the usual Burnside ring of a
finite abelian group G is isomorphic to (F2)"*!, where r is the number of subgroups of index 2
in G.
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