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1. Introduction

Tom Leinster [23] defined the Euler characteristic of a finite category € as follows:

o A weighting for € is a function k§, : Ob(C) — Qsuch that )", |C(a, b) |I<lé = 1 for all objects a of C.
o A coweighting for € is a function k¢ : Ob(€) — Q such that > kf |C(a, b)| = 1 for all objects b of C.
o If € admits both a weighting and a coweighting, the rational number

doke=x©@ =3k
b a
is the Euler characteristic of C.

The purpose of this paper is to determine weightings, coweightings, and Euler characteristics of p-subgroup categories
associated to finite groups. For a fixed finite group G and a fixed prime number p, we consider

4c: the poset of all p-subgroups of G ordered by inclusion

Tc: the transporter category of all p-subgroups of G

£L¢:the linking category of all p-subgroups G [6]

F¢: the Frobenius category of all p-subgroups of G [28,7]

@g:the orbit category of all p-subgroups of G

F¢: the exterior quotient of the Frobenius category ¥ [28, 1.3, 4.8].

If € is any of these categories, then

C* denotes the full subcategory of C generated by all nonidentity p-subgroups
€ denotes the full subcategory of C* generated by all elementary abelian p-subgroups
C*¢ denotes the full subcategory of C* generated by all p-selfcentralizing p-subgroups (Definition 8.1).
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For instance $¢ is the Brown poset of all nonidentity p-subgroups and ¥/
subgroups of G.

All of these finite categories have weightings and coweightings and therefore Euler characteristics (Corollary 2.15).

In our first theorem we determine coweightings for the six nonidentity p-subgroup categories. The coweightings are
expressed in terms Md&bius functions. Recall that the Mdbius function of finite groups is recursively defined by u(1) = 1
and ), _.c #(K) = 0 when G > 1 [34]. The Mdbius function vanishes on all p-groups but the elementary abelian ones
[18]. We write |G (a)| for the size of the endomorphism monoid of the object a in the finite category C.

the Frobenius category of all nonidentity p-

Theorem 1.1. The six nonidentity p-subgroup categories 8, 77, L&, F, 5?6*, and O¢ have the following coweightings and Euler
characteristics:

(1) The poset 8% has coweighting and Euler characteristic
8% *
ke =—n).  x(8)=) —n(K).
K>1

The sum runs over all nonidentity p-subgroups K of G.
(2) Let €C be any of the categories the categories T, £ or F. The category C* has coweighting and Euler characteristic

e* 1 —u(K) —u(K)
ke = — .oxen =) .
G : Ne(K)[ 1€ ()] c= e ()
The sum runs over all conjugacy classes [K] of nonidentity p-subgroups K of G.
(3) #Z has the same coweighting as 7, and x (F) = x ().
(4) The orbit category Of has coweighting and Euler characteristic

1
106(O)]

ot —u(K) =LK K s cyclic p—1
kg = +{ pier L xO) =xTH+— )
|G| 0 K is noncyclic P oic
The sum runs over all conjugacy classes [C] of nonidentity cyclic p-subgroups C of G.

Let C* be any of the five categories C* = $¢, 7', L, FZ, or ?G*. Then

kg* # 0 <= K is elementary abelian

for any nonidentity p-subgroup K of G. Thus the support of the coweighting for C* is the set nonidentity elementary abelian
p-subgroups of G.
If C is a finite category with Euler characteristic, write

x(@) =x(@) -1 (1.2)

for the reduced Euler characteristic of C.

In the next theorem we determine weightings for p-subgroup categories. This approach reveals that it is possible to
compute global Euler characteristics of p-subgroup categories from data that are p-local in the group theoretic sense
[14, Definition 5.2]. Any weighting, kg, for a p-subgroup category C restricts to a weighting on the full subcategory €*

of nonidentity p-subgroups, and x (€) — x (C*) = kle (Remark 2.6).
Theorem 1.3. The five p-subgroup categories 8., 7, O, ¥, and ?gc have the following weightings and Euler characteristics:
(1) The poset 8 has weighting and Euler characteristic
K= =X5,m)s  1=x(0) =Y —XS5 )
H

In the formula for the Euler characteristic, the sum runs over all p-subgroups H of G.
(2) The transporter category 7. has weighting and Euler characteristic

H —2(52';6(,,)) 1 - _%(526(1.1))
kT = s = X(Jc) = —
Gl Gl Z[,ﬂ |7 (H)]

In the formula for the Euler characteristic, the sum runs over all conjugacy classes [H] of p-subgroups H of G.
(3) The Frobenius category # has weighting and Euler characteristic

_X(gé ) _i(/sé () H)
(I L L N DD D L iy

F )
XECNG(H)(H) |G| [H] XECNG(H)(H) |NG(H)|

In the formula for the Euler characteristic, the first sum runs over all conjugacy classes [H] of p-subgroups H of G.
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(4) The orbit category O has weighting and Euler characteristic

q XS5 (H) 1+(p-DYICl 3 —X (85, (H))

’

pIG| (H1el7,]

In the formula for the Euler characteristic, the sum to the left runs over all cyclic p-subgroups C of G and the sum to the
right over all conjugacy classes [H] of p-subgroups H of G.
(5) The category ¥ has weighting and Euler characteristic

—Y (8% —Y (8%
k’i _ 1 X(gféc(H)) X(fsc) _ Z X(gféc(H))
PG N | FEH)| ¢ L |FEH)

In the formula for the Euler characteristic, the sum runs over the set of conjugacy classes [H] of p-selfcentralizing p-subgroups
H of G.

In the context Theorem 1.3 we would like to comment on the p-subgroup poset conjecture
8 E* &= 0,G=1

made by Quillen in 1978 [29, Conjecture 2.9]: The nonidentity p-subgroup poset for a finite group is noncontractible if and
only if the group’s p-core is trivial. Quillen proved the implication ‘=" [29, Proposition 2.4] and also the implication ‘<=’
under the additional assumption that G be solvable [29, Corollary 12.2]. Aschbacher and Smith established ‘="' for a larger
class of groups including all p-solvable or simple finite groups [2, Theorems 0.5 and 0.7].

It is tempting to state a stronger form

X85 #1 & 0,G=1 (14)

of the Quillen conjecture. The implication ‘=" is true by Quillen, but the validity of implication ‘<" remains open. It is
known to hold for all p-solvable groups with abelian Sylow p-subgroups [20, Theorem A].

A p-subgroup H of G is p-radical if 0,0.(H) = 1 and #-radical if 0, ¥¢(H) = 1 (Definition 3.18). If we imagine that the
strong form of the Quillen conjecture (1.4) is true, then

Hisp-radical € = 4., T, O,

Kl £0 ) ) G
c# {H is Fc-radical € = &€

for any p-subgroup H of G. (We stress that the implication ‘=" is valid but ‘<="is only conjectural.) This would mean that
the support of the weightings for 4., 7, O is the set of p-radical p-subgroups and that the support for the weighting on
ﬁgc is the set of #-radical p-subgroups.

In any case, Theorems 1.1 and 1.3 show that the p-subgroup categories retain information, perceived by the weighting
or the coweighting, about group theoretic characteristics (elementary abelian, p-radical, #-radical) of their objects.

In Theorem 6.1 we prove that —% (4) and — () are multiplicative functions of finite groups in the sense that

n n
~XGfp, o) = H —XG6). X(Fp )= ]'! ~X(F4)

when Gy, .. ., G, are finite groups. The reduced Euler characteristic —¥ ($%) of the nonidentity p-subgroup poset vanishes
on any finite group with a nontrivial normal p-subgroup [29, Proposition 2.4]. The reduced Euler characteristic —x (¥.*) of
the nonidentity p-Frobenius category vanishes on any finite group with a nontrivial central p-subgroup (Proposition 5.1).

We finish this paper with two sections on Mobius algebras. The classical Burnside algebra of a finite group is the M&bius
algebra for the (set of isomorphism classes in the) orbit category of the group. Not only the orbit category, but also the other
subgroup categories have associated Mdbius algebras. We shall work out the product in these Mobius algebras and show
some integrality results.

For the sake of quick reference we list here the notation that we are using throughout this paper:

p is a fixed prime number

np is the p-part of the integer n, the highest power of p dividing n, and ny = n/n, is the p’-part of n

G is a finite group

H < K means that H is a subgroup of K

@ (G), the Frattini subgroup of G, is the intersection of all maximal subgroups of G [14, p. 18]

0,G, the p-core of G, is the greatest normal p-subgroup of G [14, p. 19]

OPG is the smallest normal p-power index subgroup of G [14, p. 19]

C is a finite category, C(a, b) is the set of morphisms from object a to object b, and C(a) = €C(a, a) is the monoid of
endomorphisms of a
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e Ob(Q) is the set of objects of €
e [C] is the set of isomorphism classes of objects of G, and [a] € [€] the isomorphism class of a € Ob(C).

Finally, we would like to thank the anonymous referees for many useful comments.

1.1. Subgroup categories

This subsection contains precise definitions of the p-subgroup categories occurring in this paper. Fix a finite group G and
a prime number p. 4 is the poset of all p-subgroups of G ordered by inclusion. In other words, 4 is the category whose
objects are all p-subgroups of G with one morphism H — K whenever H < K and no morphisms otherwise. The objects of
the finite categories 7, £, ¥, ¢, and ¢ are all p-subgroups of G. For any two p-subgroups, H and K, of G, the morphism
sets are

Je(H,K) = Ne(H,K)  L(H,K) = 0°Cc(H)\Ng(H, K)

Fo(H,K) = Cc(H)\Ng(H,K)  O¢(H,K) = Ng(H, K)/K

Fo(H, K) = Co(H)\Nc(H, K)/K.
Here N¢(H,K) = {g € G | H®# < K} denotes the transporter set. Composition in any of these categories is induced from
group multiplication in G. The morphisms in F¢(H, K) are restrictions to H of inner automorphisms of G, morphisms in

Oc(H, K) are right G-maps H\G — K\G, and morphisms in ;(H, K) are K-conjugacy classes of restrictions to H of inner
automorphisms of G. The endomorphism groups in these categories of the p-subgroup H of Gare 83 (H) = 1, 7.(H) = N¢(H),
L (H) = 0°Cc(H)\N¢(H), F:(H) = C;(H)\N¢(H), O(H) = Ng(H)/H, and fG(H) = Cc(H)\Ng(H)/H. The five categories
Tc, Lg, Fc, Og, and 5?5 are related by a commutative diagram

~

Lc Fc F

JG
O¢
of functors.

2. Euler characteristics

In this section we review the relevant parts of Tom Leinster’s concept of Euler characteristic of a finite category € [23]
supplemented by a few of our own observations.

2.1. The Euler characteristic of a square matrix

Let S be a finite set and ¢ : S x S — Q a rational function on S x S. Equivalently, ¢ = (g“ (a, b))
with rows and columns indexed by the finite set S and with rational entries ¢ (a, b) € Q,a, b € S.

a.bes 1S a square matrix

Definition 2.1 ([23, Definition 1.10]). A weighting for ¢ is a column vector (k*) and a coweighting for ¢ is a row vector (k,)
solving the linear equations

(¢(a, b)) k:b =l (- k - )@@b)=(1 - 1).

If ¢ admits both a weighting k* and a coweighting k,, the sum of the values of the weighting

DK=Y (Z kel (a, b)) K = "k (Z Z(a, b)k”) = ke (2.2)

beS bes aes aes bes aes

equals the sum of the values of the coweighting.

Definition 2.3 ([/23, Definition 2.2]). The square matrix ¢ has Euler characteristic if it admits both a weighting and a
coweighting. Its Euler characteristic is then the sum

DK =x@ =) k
beS aesS

of all the values of any weighting k® or any coweighting k,.
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As usual, we let § stand for Kronecker’s §-function

1 a=b>b

0 a%b’ a,b € Ob(C).

8(a,b) = {

Suppose that the square matrix ¢ is invertible. Let © = (,u(a, b))a bes denote the inverse of ¢. The Mébius inversion
formula '

Va.ceS: ) cabulb.c)=d(a.c) =) u@hbib.c (24)
b b
simply expresses that ¢ and p are inverse matrices. In this case, the vectors
1
(k) = (u(a, b))a,bes e (Zu(a, b)> (ke) = (1 ... 1)(nG, b))a,bes = (Z uia, b)>
1 bes aes

are, respectively, the unique weighting and unique coweighting for ¢. The weighting is represented by row sums and the
coweighting by column sums. The Euler characteristic of ¢ is the sum

X(@©) =) u(ab)

a,bes

of all the entries in the inverse matrix.
2.2. The Euler characteristic of a finite category

Define the ¢-matrix for the finite category € to be the square matrix
£(© = (Ie@ b)), peone)

tabulating the number of morphisms between pairs of objects of €. We say that the category € admits a weighting, admits a
coweighting, or has Euler characteristic if its £ -matrix does. This means that a weighting for € is a function k%, : Ob(C) — Q,
and a coweighting is a function k¢ : Ob(€) — Q such that

VaeOb@): Y |e@blky =1 VbeOb(@): Y kile b)=1. (2.5)
beOb(e) aeob(e)
The Euler characteristic of € is the Euler characteristic of its ¢ -matrix
x@= Y k=Y k=xEe)
beOb(C) aeob(e)

provided that € admits both a weighting and a coweighting. We say that € has Mébius inversion if its { -matrix is invertible.
The Mébius function for € is then defined as the inverse (@) = ¢ (€)' of the £-matrix. In this case,

ke= Y @b, ki= Y u@@e), x@= Y ueMab)
beOb(€) ac0b(e) a,be0b(€)

are, respectively, the unique weighting, the unique coweighting, and the Euler characteristic of C.
Remark 2.6. Let C be a (finite) category and 4 and g two full subcategories. If

a€0b(4), €C(ab)# ¥ = beOb(y), C(a,b) #0, beOb(3) = aec O0b(g)
holds for all a, b € Ob(C), then { is a left ideal and ¢ a right ideal, of C. Clearly,

Jisaleftideal <= € — [ is arightideal
where C — { is the full subcategory of C generated by all objects of € not objects of {.

e Weightings for € restrict to weightings on left ideals of €
e Coweightings for C restrict to coweightings on right ideals of C.
e Mobius functions for € restrict to Mobius functions on left or right ideals of C.

These items are easy consequences of the defining relations for weightings, coweightings and Mobius functions (2.5) (2.4).
For the third item one uses that w(a, b) # 0 = |¢(a, b)| # 0[23, Theorem 4.1].

If @ is a p-subgroup category, then € and C* are left ideals, and € aright ideal, of €. (Definitions of these subcategories
can be found in the Introduction.)
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Example 2.7 ([23, Examples 1.1.c]). Suppose that € has Euler characteristic. If € has a terminal element 1, then k% = §(e, 1)
is a weighting with value 1 concentrated at the terminal element because

> ¢(@bsb. 1) =¢(a, 1) =1
b

for all a € Ob(C). The Euler characteristicof Cis x (€) = > _,8(a, 1) =48(1,1) = 1.
Dually, if € has an initial element 0, then k¢ = §(0, e) is a coweighting concentrated, with value 1, at the initial element.
Again, the Euler characteristic x (C) = 1.

Lemma 2.8 ([23, Proposition 2.4]). Let C and D be finite categories.

(1) € has Euler characteristic if and only if its opposite category C°P has, and then x (C) = x (C°P).
(2) If both € and D have Euler characteristics and there is an adjunction C—= D, then x (C) = x (D).
(3) If € and D are equivalent then € has Euler characteristic if and only if £ has Euler characteristic, and then x (C) = x (D).

Lemma 2.9. Let C be a full subcategory of D and suppose that both categories have Euler characteristics.

(1) If Ob(C) contains the support of some weighting k%, on D, then the restriction k%,|0b(C) is a weighting for C and x(C) =
x (D).

(2) If Ob(@) contains the support of some coweighting k2 on D, then the restriction K> |Ob(@) is a coweighting for C and
x(€) = x(D).

Proof. We shall only prove item (1) as (2) can be handled similarly. The assumption is that Vb € Ob(D): kg) #0=be¢
Ob(Q@). For any a € Ob(C)

1= ) c@bky= Y ¢abk,.

beOb(D) beOb(e)
This shows that the restriction of k%, to Ob(€) is indeed a weighting for € (2.5). The Euler characteristic of € is x (C) =
2_beob(e) Ky = 2 _beob(D) ki = x(D). O

2.3. The Euler characteristic of a finite poset

Any finite poset, 8, has Mobius inversion and Euler characteristic [34]. The M6bius function u for § is the map v : Ob(&$) x
Ob(8) — Z defined by

e u(a,b) =0whena £ b

o u(a,a)=1
° Z u(b,c) =46(a,c) = Z wu(a, b) whena < c.
bela,c] bela,c]

The equations of the third item are the Mobius inversion formulas (2.4) for posets. The value of the Mdébius function
wu(a, b) = ¥ ((a, b)), a < b, depends only on the open interval (a, b) from a to b and not on the whole poset [34, Proposition
3.8.6], [23, Corollary 1.5].

Example 2.10. Suppose that the poset 8 contains a least element, 0. Then the reduced Euler characteristic (1.2) X ($) = 0
by Example 2.7. Let $* be the subposet of all elements # 0. For any element b different from the least element,

> w(a by =—p©,b)+ Y p(a b) =—u(0,b)+8(0,b) =—u,b). (2.11)
ae(0,b] a€(0,b]

The functions

Ki=> u@b), Kk = > p@b)=—pu0,b)
b

ae(0,b]

are, respectively, a weighting for 4 and a coweighting for $*. The weighting for 4§ restricts to a weighting for the left ideal
4* (Remark 2.6). The Euler characteristic and the opposite of the reduced Euler characteristic of §* are

XY= —u@.b),  —FE%)=1-x@) =3 u@.b). (2.12)

bes* bes
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2.4. The Euler characteristic of [C]

As mentioned in the Introduction, [C] denotes the set of isomorphism classes of C-objects. Let [ (C)]: [C] x [C] — Q
be the function induced by the ¢-function ¢ (€): Ob(€) x Ob(€) — Q for C.
We say that [€] admits a weighting, a coweighting, or has Euler characteristic if its ¢-matrix [¢ (€)] does. This means

that a weighting for [€] is a rational function k[‘e] : [€] — Q and a coweighting is a rational function k[.e] : [€] = Qsuch
that
Vial € [€]: ) [¢(@)](lal, [bDkig) = Vbl € [C]: Y ki lZ(@)](al, [b]) = 1. (2.13)

[ble[e] [ale[e]

The Euler characteristic of [C] is

> My =xaen= 3 kg

[ble[e] [ale[e]

provided that [€] admits both a weighting and a coweighting.
We say that [€] has Mobius inversion if its ¢-matrix [¢ (€)] is invertible and then

e = > [ddal ). kyp = Y [uldal.(b).  x{eh= Y [ul(al.[b])

[ble[e] [ale[C] [al.[ble[C]

is the unique weighting, the unique coweighting, and the Euler characteristic of [C], where ([/L]([a], [b]))[ﬂ] (lele] denotes
the inverse matrix of [{ (C)].

Clearly, if ¢ has a weighting, k%, and a coweighting, k., then [C] has weighting k[@] = Zcé[b] kg, and coweighting
k%fl] = Zce[a] kC ,and x () = x ([€]). The next proposition is about the converse.

Proposition 2.14. Suppose that [C] has a weighting, ki, and a coweighting, kEe]. Then the functions
Ko =161k ke = llall kg
are a weighting and a coweighting for C, and x ([C]) = x(C).

Proof. We shall use Eq. (2.13). Let a be any object of €. Since the function kg, is constant on isomorphism classes of objects
we find that

Y ¢(a,bkg = Z[;J([a] [bDKg =) [¢]((al, [b)Ke|[b]l = Y [¢1(lal, [bDkig) =
b [b] [b]

A symmetric argument shows that kS isa coweighting for €. Thus € has Euler characteristic x (C) = ), k’é = Z[b] [[b]ke
b

= Z[b] k{e]] = x((eDh. O

Corollary 2.15. Let C be any of the six p-subgroup categories 8., T, £, ¢, O, fG. Then

o [C] has Mébius inversion
e C admits a weighting, a coweighting, and C has Euler characteristic.

The same conclusions hold for any full subcategory of C.

Proof. The corollary obviously holds for the poset . (where [$.] = 4,).

Let now C be any of the other five subgroup categories 7, £, ¢, O, 57-:6. The set of isomorphism classes of object of
C is the set of p-subgroups of G [21, p. 426] (Lemma 2.16). Suppose that G contains two conjugate but distinct subgroups.
Then the ¢-matrix for € has two identical rows. Thus € does not have Mébius inversion in general.

However, equip the set of p-subgroups of G with a linear order extending the partial order given [H] < [K] <=
C([H], [K]) # @.Then [H] > [K] = ¢ ([H], [K]) = @.The ¢-matrix [¢ (€)] for [€] with this linear order is upper triangular
with diagonal entries |€ (H)| > 1. Thus [¢] has M&bius inversion. By Proposition 2.14, the category € has a weighting and
a coweighting.

This argument applies equally well to any full subcategory of €. O

Lemma 2.16. Let H and K be two p-subgroups of G. Then H and K are isomorphic in fc if and only if they are isomorphic in ¥.

Proof. Suppose that H and K are isomorphic in J';G. Then there exist x € Ng(H, K),y € N¢(K, H) so that conjugation by xy
is an inner automorphism of H and conjugation by yx is an inner automorphism of K. By replacing y by another element of
yH, if necessary, we obtain that yx € Cc(H). Then yx = xy* € Cs(H)* = Cg(K). This means that xy represents the identity of
Fc(H) and yx represents the identity of #,(K). O
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2.5. The Euler characteristic of a homotopy orbit category

Let 4 be a finite category with a G-action. (This means that there is a functor from G to the category of finite categories
taking the single object of G to 4.) The homotopy orbit category, 8¢, is the Grothendieck construction on the G-action on §:
The category with the same set of objects as 4 and with morphism sets

Snc(a.b) = [ [S(ag.b).  a.beOb(H), (2.17)

geG

of size | 8pc(a, b)| = dec |S(ag, b)| = dec |S(a, bg~1)|. The composition in 8,cisdefined as (g, ) - (h, ¥) = (gh, ph-yr)
forg,h € Gand ¢ € $(ag, b), ¥ € 8(bh, c) for objects a, b, c of §.

Theorem 2.18. Let F be a finite category with the same objects as §. Suppose that d,, t*: Ob(8) — Z, are positive integral

functions such that dq| F (a, b)|t? = |8c(a, b)| for alla, b € Ob(S).

(1) Ifm*: Ob($) — Qisarational functionso that ), |$(a, b)|m® = d, foralla € Ob(8) and d, is G-invariant, then |G|~ 't*m*®
is a weighting for ¥ .

(2) Ifm,: Ob($) — Qisarational functionso that Y, m,|8(a, b)| = t? forallb € Ob(4) and t* is G-invariant, then |G|~ 'm.d,
is a coweighting for ¥ .

(3) Suppose that 8 has Mébius inversion and  is the Mébius function. If d, is G-invariant then k% = |G|~ > optiu(a, bydyisa
weighting for ¥, and if t* is G-invariant then k, = |G| ™! > t*u(a, byd, a coweighting for F.

Proof. (1) The proofs of (1) and (2) are dual to each other.

(2) For every b € Ob(4),

Y mdalF (@, b)) = Y malSic(@ HIE) =D > ml 8@, bgTH() T =Y e (1)) =]

geG a geG

as t* is G-invariant so that ' = ¢’ forallg € G.

(3)Ifm* = Y, n(a, b)dy then Y, |8(a, b)|m® = d, by the Mdbius inversion formula (2.4). By (1), k” is a weighting for # if
d, is G-invariant. Dually, If my = ), t*u(a, b) then ), m4|8(a, b)| = t? by the Mébius inversion formula (2.4). By (2), k; is
a coweighting for  if t* is G-invariant. O

3. The Mobius function of a finite group

In this section we introduce the Mdébius function of a finite group and show how it can be used to express weightings
and coweightings of p-subgroup categories.
Definition 3.1. Let G be any finite group.

o 3¢ is the poset of all subgroups of G. B
e it: Ob(8c) x Ob(8c) — Qis the Mobius function for 4.

We noted in Section 2.3 that the value of ¢ on a pair (H, K) of subgroups of G, only depends on H and K and not on G.
This is the reason for writing just u, rather than pg, for the Mébius function of $¢. In particular, for any subgroup K < G,
1 (1, K) only depends on K, not on the whole group G, and it is customary to write w(K) for u(1, K) [19].

The Mébius function y for the full subgroup poset & restricts to Mdbius functions for the right ideal 8. of 8¢ and for the
left ideal 87 of 8. (Remark 2.6). The next lemma gives . on pairs of p-subgroups.

Lemma 3.2 ([18], [19, Corollary 3.5]). Let H and K be p-subgroups of G. Then

In particular, u(K) = (1, K) = 0 unless K is elementary abelian where
piO) = (=1"p®@,  p" =K.
Proof. If w(H, K) # 0 then H < K with H\K elementary abelian and u(H, K) = w(H\K) [21, Proposition 2.4], [22, Lemme

4.1]. Burnside’s basis theorem [30, 5.3.2], [15, Lemma 3.15], ®(K) = [K, K]KP, shows that H < K with H\K elementary
abelianifand only if ®(K) < H. O

Theorem 3.3. Let C be one of the five categories 8., T, £, F¢, or O.. Weightings kg, for C, coweightings kS for €*, and Euler
characteristics for C* are as in Table 1.
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Table 1
Weightings, coweightings, and Euler characteristics for categories of nonidentity p-subgroups.
e K K’ x(€")
55 ZK /,L(H, K) 7/*‘(1() ZK;I 7/4(K)
To 167 X n(H K) 1617 1) ik 7]
Lo G g n(H K)OPC()] —IGI7 ()0 Ca() ] D pepan r2gioy
Fo 167 T nH RIGE) —I6 w@OIGEIOL T 7400
Oc  IGITMHI X w(H, K) IGI7' Xy IHIwH, K IGI7 3oy sy HI(H, K)

Proof. 8. is a poset with Mébius function u as in Definition 3.1. By Example 2.10,

K= > uH 1., k=Y wH K =—uK)

1<H=K 1sH=<K

are, respectively, a weighting for 4. and a coweighting for $¢.
Next note that the homotopy orbit category for the conjugation action of G on the poset 4 is the transporter category
T¢ = (8¢)ne- Since also

|T6(H, K)| = [0°Co(H)||L(H, K)| = [Cc(H)||Fo(H, K)| = |0(H, K)|IK]| (34)
we are in a position to apply Theorem 2.18. For example, in case of £, Theorem 2.18.(3) shows that
_ F* — _
KE=1GI7" Y uH, K)IGE), ke =671 > u(H, K)|Ce(K)| = —|GI " w(K)|Ca(K))|
H=K 1SH<K

are, respectively, a weighting for #. and a coweighting for #7. Note that the coweighting is constant over the conjugacy
class [K] of K of size |[K]| = |G: Ng(K)|. The function

[F%] 7 —u(K)
k = |G: Nc(H)|k, =
K1 | G( )| K I‘?'G*(KN

(3.5)

is thus a coweighting for the set [#] of isomorphism classes of objects (Section 2.4). The Euler characteristic of 77,

—u(K)
x(F) = p
¢ % |7 ()]

is the sum of the values for the coweighting for [#]. O

The quotient category fg is missing from Table 1 because Theorem 2.18 does not directly apply. We shall later see that
fc* and # have identical coweightings and Euler characteristics (Theorem 7.7).

Lemma 2.9 implies that x (C*) = x(C*) for € = 4,7, L, F because the coweightings for these categories are
concentrated on the elementary abelian p-subgroups of G (Lemma 3.2). Quillen shows in [29, Proposition 2.1] the much
stronger result that the posets $¢ and $&* (the ‘Quillen poset’) are homotopy equivalent.

Example 3.6. Let D,,, be the dihedral group of order 2pn, n > 1, A, the alternating group of index p > 2, and SL,(F;) the
special linear group where q is a power of p and n > 2. Then

XG0 =1, X&) =0-2, XG5 =D"?.
See [29, Example 2.7] for the Euler characteristic of S/j‘p. Let V,,(q) be an n-dimensional vector space over F, and L, (q) the
poset of Fg-subspaces of V;,(q). The poset /ngn Fp) of nonidentity elementary abelian p-subgroups is homotopy equivalent to
the open interval (0, V,(q)) [29, Theorem 3.1], the building for SL, (F;) [1, Example 6.5]. Therefore

X8 £) = X0, Va(@)) = 1,90, V(@) = (—1)"q?

by the computation of the Mo6bius function 1, in L,(q) [34, Example 3.10.2] [22, Proposition 3.6]. In this example we
may replace SL, (F;) by any of the groups GL, (F,), PSL, (F;), or PGL, (F,) since they all have identical p-subgroup posets. The
computer-generated Table 3 displays Euler characteristics of poset categories at p = 2 of small alternating groups.

Example 3.7. If P is a nonidentity p-group we immediately have that

xBH=1, x@=IPI",  x(LH=IPI"Y, xF)=1, xOH=1, x(F)=1 (38)
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because P is terminal in 85 and O}, 75* = £}, and x (7,5) = |P|"'x(8%) = |P|~ 1 by Theorem 2.18, Proposition 5.1 applies to

5, and Theorem 7.7 to }‘P*. More generally, if G has a normal p-complement, then x (¥7) = 1because £ = ¥ according
to the Frobenius normal p-complement theorem [ 16, Proposition 16.10][30, 10.3.2].

Example 3.9. The Euler characteristics for the subgroup categories generated by all p-subgroups of G (including the identity
subgroup) are

xB) =1,  x@T)=1G"  x(Le) =1G: 0°GI™",  x(Fo) =1,

1 p—1 1 ~
x(O¢) = + — —_— x(Fe) = 1.
pIG| p ; |0:(O)]

Observe that 4, #¢, and fg have initial objects and that 7; deformation retracts onto 7;(1) = G and £; deformation

retracts onto £¢(1) = OPG\G. (See the proof of Proposition 5.1 for the definition of deformation retracts.) In the formula for
x (0g), [C] runs through the set of conjugacy classes of cyclic p-subgroups C of G, see Corollary 4.2.(3).

3.1. Alternative weightings and coweightings

In this subsection we shall determine the Mébius functions for [7], [£], [¢], and [O] (Corollary 2.15).
Let H, K < G. The rational number

1
H,K) = —— H,B 3.10
[KI(H, K) |NG(H)|BEZ[K]M< ) (3.10)

only depends on the conjugacy classes of H and K, and

H,K) = H, K&
W10 = o B;ﬁ‘ OB = T 2. K
= Hé, A K
R 2 INc<1<>IAeZ[H]”( "

In particular, [u](K) = |NG(I<)|_1/L(I<), where [ ](K) is short for [](1, K). As in Equation (2.11),

wu(K)
[w]([H], [K] w(H, = —[u](K])
[1;;,] [N <1<>| ; ~ INe(K)]
for any subgroup K of G.

Proposition 3.11. The above function [u]([H], [K]), derived from Equation (3.10), is the Mdébius function for [7;]

Proof. We claim that ([i]([H], [K]))[H]![K]E[%] is the inverse of the matrix (|Ng(H, K)')[H],[K]E[TG]‘ If H and L are (p-
)subgroups of G then

ING(H)| ) [1]([H], [KD)ING(K, )| = ZM(H K)ING(K, L)| = ZM(H K) > 8(K2, L)

[K] geG

= ZZM(H K)8.(K, I5 ) = D 8H, 15 N = > S(HE, ).

geG geG geG

This last sum is 0 if H and L are not conjugate, and it is |[Ng(H)| if they are conjugate. O

Theorem 3.12. Mébius functions and weightings for [C], and coweightings and Euler characteristics for [C*] are as in Table 2
when C is one of the p-subgroup categories 8, T, L., F¢, O.

Proof. The relations (3.4) between sizes of homomorphism sets allow us to determine the Mdébius functions for ¢ =
L, Fe, Oc. The row sums for these [ ]-matrices are the weightings shown in the third column of Table 2. The [ ]-matrices
restrict to Mobius functions on the left ideal [G*] (Remark 2.6). The column sums of these restricted matrices are the
coweightings in the fourth column. This explains all entries of Table 2 but the ones of the first row.

1 The Mébius function [p] for the homotopy quotient [7.] = [($;)nc] is not the same as the Mébius function A¢ [19, Section 7] [27] for the quotient
4./G, the poset of p-subgroup classes ordered by subconjugation.
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Table 2

Mobius functions, weightings, coweightings, and Euler characteristics for categories of p-subgroups.
e [r(@]I(H] K] k) kg, x(€)
S wH.K) ING(H) Ik, K ING (O 16l (72
T [I(H]. [K]) > [ (H. [KT) () Yy — (KD
Lo [WIAHL KDIOPCK)] X0 [ul(H), [KDIOPC) ] Ky 10PCe (k)] Y —[IAKDI0°Co ()|
Fo  WAHLKDIGUEO!  YyqlulHL KDIGE)] ks 16 Y —[IAKD ()|
Oc  IHI[RI(H], [K]) IHI Y [ (L1, [KT) Sy HILIAHY (KD 30 IHI2)(THD. [KT)

We now focus on the first row. Note that [$.] = 4§ as there are no nonidentity isomorphisms in 4. The weighting for
8. and the coweighting for 8 are

K= uH,K) =YY" u(H,B) = [Nc(H)| Y [1I(H], [K]) = INc(H) Ik}

1<K [K] BelK] [K]
Ko =D uHK) = Y 3 A K) = IN(K)| D w(HI, KD = ~INoUOIRIAKT) = Kig " ING(K)1.
1<H [1]#[H] A€[H] [1]#[H]

The Euler characteristic of 8f is
8% £% %k .
XGBH =Y ke = Y 1G:Ne()lkg =1GI Y kig' = IGIx(T2).
1#K (1)K [1J#K]
This explains the first row of Table 2. O

The Mobius functions of the second column of Table 2 restrict to Mobius functions on the (left or right) ideals €*, €%,
and C* of €. The weightings of the third column of Table 2 restrict to weightings on the left ideals ¢* and ¢* (Remark 2.6).

Remark 3.13. Let H, K < G. Define the u-transporter from H to K to be the set
NY(H,K)={g e G| ®(K) <H® <K}, H,KeOb(s)

of group elements g that conjugate H into K such that u(H8, K) £ 0.

The mapg — K& 'isa bijection between Ng (H,K)/Ng(K) and theset {L € [K] | H < L, u(H, L) # 0} of subgroups L of
G conjugate to K and containing H with @ (H, L) # 0. Therefore

INE(H, K)|
INg(H)|INg(K)|”

can be computed from these transporter sets.

[kI(H]. [K]) = (—1)"p®@ H,K € 0b(%), |K| = p"|H|

Next we note that the values of the weightings for the p-subgroup categories 4§, 7, O, and #; can be computed locally.
Proposition 3.14. The functions
_X(géc(H)) Ho_ _X(/S();G(H))
[ |G HI

are weightings for 8., 7, and O, respectively. The function

k? = _i(géc(y))» kgli =

—X (5&6 (H) (x)/H)

|
d Iq

XECN (1) (H)
is a weighting for ¥.

Proof. Let H be a p-subgroup of G. Consider the projection Ng(H) — Ng(H)/H = O.(H) of the p-local subgroup Ng(H)
onto its quotient N¢(H) /H. Following the bar convention [14, pp. 18, 139], we write N¢(H) for Ng(H)/H and K for the image
in Ng(H) of any subgroup K of Ng(H).

We see from Table 1 that the weighting for the poset 8 is

W=D uH 6= 3 pH0= 3 n®) = =% (85 )

Ke[H,Ng(H)] K=<0.(H)
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as w(H, K) = 0 unless H is normalized by K (Lemma 3.2). (Indeed, the subposets (H, G] and (H, Ng(H)] of 8 are homotopy
equivalent [29, Proposition 6.1].) The formulas for the weightings for 7. and @ now follow from Table 1.

In the formula from Table 1 for the weighting k’} for £, we may replace C;(K) by Cy ) (K) because (H, K) = 0 unless
H < K < Ng(H) (Lemma 3.2) and then C¢(K) < Cc(H) < Ng(H). Thus we see from Table 1 that

GIKE = Y wH.ICGE) = Y )| Cygan K-

H=K=<Ng(H) K<Ng(H)
The order of the group Cy, ) (K) is

|Cnen ) = [{x € No(H) | x € Ce(K)} = [{x € Cnoay(H) | X € Co(K)}

= {x € CyganyH) | K < Cyean @M = Y Bz (K. Cuean @)
XECNg(H) (H)

where we use the poset EW of all subgroups of Ng(H) (Definition 3.1). We conclude that

GIKE = > Y w@Brm K Gem®@) = Y Y w@®

X€Cng(H) (H) K<Ng (H) XECNG (H) M) K<Cg (1) ®)
— _ v *
- Z X(/SCNC(H)(X))

XECNG(H) (H)

using Eq. (2.12) to get the last identity. O

Using the expressions from Proposition 3.14, we find the following weightings kFé]] =|G: NC(H)|kg for [C] any of [T],
[Oc], and [F]:

~ ek (g%
(i _ —X8o.an) i X Bogm) = 3 KBy 0m) (3.15)
T1= T 0= oy Ke1 = ST :
7o (H)] 0o (H) i NG

k gk

Thus the Euler characteristics of 4%, 7, and Of are

(5*) Z N(g* ) (‘T*) Z —)7(5?55(14)) ((9*) Z —7(5ZG<H)) (3.16)
X = —X , X = P X = o .
©“ 4 6t A A L o)
The Euler characteristic of £
_%(JEN o/H) 1 1
*) ~
XFO=3 > e S ke =14 D XBiw) = Gl 2 1) (3.17)
XeG xeG

[H] x€Cng (1) (H)

is the average of the Euler characteristics for nonidentity p-subgroup posets of the element-centralizers in G.

Definition 3.18. The p-subgroup H of G is

e p-radical if 0,0, (H) = 1[4, Proposition 4]

o F.-radical if Opfc(H) = 17, Definition A.9]

Corollary 3.19. The weightings for 4., 7, and O are supported on the p-radical subgroups of G.

Proof. If H is not p-radical then the weightings for 4., 7, and O from Proposition 3.14 vanish on H because 7((525 ) =0
by Quillen [29, Proposition 2.4]. O
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For € = 4, T¢, O, let C™ denote the full subcategory of C* generated by all nonidentity p-radical p-subgroups. The
category C™ has Euler characteristic (Corollary 2.15), and

X (C™) = x(€")

by Corollary 3.19 and Lemma 2.9.(1). Bouc [5, Corollaire] shows the stronger result that 4{* (the ‘Bouc poset’) and 4 are
homotopy equivalent posets. Thévenaz and Webb [35, Theorem 2.3] describe 4 when G is simple group of Lie type in
defining characteristic p.

Remark 3.20. We suspect that the support for the weightings for 4., 7, and (.. is the set of p-radical p-subgroups of G. This
would be the case if the strong Quillen conjecture (1.4) turned out to be true.

The weighting for # is supported on the set of p-subgroups H < G for which H = 0,Cy ) (x) for some x in C(H).
There are examples (the symmetric group Xg at p = 2) where the support of the weighting k;g is strictly contained in this

set of p-subgroups. The Frobenius category # is not able to detect p-radical p-subgroups of G: the dihedral groups Dg and
D,4 = C3 x Dg of order 8 and 24 have equivalent Frobenius categories at p = 2 but distinct sets of 2-radical subgroups.

There is no simple general relation between the two concepts of radical subgroups from Definition 3.18 [7, Appendix A].
If P is an abelian nonidentity p-group, then all subgroups of P are #,-radical but only P itself is p-radical. However, if H is a
p-selfcentralizing p-subgroup of G (Definition 8.1) then OPCg(H) is a p’-group (Lemma 8.2.(1)) and the short exact sequence

1— 0PCe(H) — OF (H) — ?’GC(H) -1
can be used to verify the implication
H is p-selfcentralizing and #.-radical = H is p-selfcentralizing and p-radical.
The converse implication does not hold in general: let p = 2. The normal cyclic subgroup H = 0,G of order 4 in the dihedral

group G = Dy, of order 24 is a p-selfcentralizing subgroup that is p-radical (O (H) = X3) but not F-radical (fcc (H) = G).

4. Orbit categories

We shall now derive a more concise expression than the ones given in Table 1 or Table 2 for the Euler characteristic of
O and O¢.
Theorem 4.1. The Euler characteristics of the orbit categories 9. and O are
pP+@—1D)Y . IC| pxBH+D—1)Y 4 IC|

pIG| pIG|

where C runs through the set of nonidentity cyclic p-subgroups of G.
Proof. Observe that |O.(H, K)||K| = |T;(H, K)| for all p-subgroups H, K < G. Therefore

x(Og) = . x0) =

Z IH|i(H,K), K € 0b(0,),

K
|G| H>1

is a coweighting for 9. according to Theorem 2.18.(3). The value of this coweighting is

G K=1
0 p=1 K| ;
k, = ] K > 1, K cyclic
0 K > 1, K noncyclic

by Corollary 4.5 below. The sum of these values is the Euler characteristic of O.
The coweighting for ¢ is

nK) o
Ko [H|w(H, K) = + ke, K €O0b(Of)
K |G| l; |G| K G
according to Table 1. The formula
X p® o —x(8H 1 =X
X0 —x(0g) =) ——+k = — =
¢ ¢ Gl Gl Ic] Gl

K>1
relates the Euler characteristics of Of and O.. O
Corollary 4.2. Let G be any finite group and p any prime number.
(1) |G|p/k[0] is an integer for every p-subgroup H < G
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(2) IGly x (O¢) and |Gy x (OF) are integers
(3) The Euler characteristic of O is

—X (85, (H))

where C runs through the set of cyclic p-subgroups of G and [H] through the set of conjugacy classes of p-radical p-subgroups
of G.

Proof. (1) The weighting for [0 ] is given in Equation (3.15). We see that

1 -1 C
+ )Zc| |_X(OG):Z

Gl k] = Gly  —XBo,m)
PO o )y 106 ),
is an integer by Brown'’s theorem [8, Corollary 2] [29, Corollary 4.2] [36, Corollary 3.3] [19, Corollary 3.9].
(2) The rational number |G|y x (O.) is an integer because it is the sum of the integers |G|, kgﬂ where [H] runs through the
set of conjugacy classes of p-subgroups of G. The difference
X80 =X (80
Gl |Glp
is also an integer by Brown'’s theorem again.

(3) The expression to the left is the Euler characteristic of 9. computed from a coweighting for @ and the expression to the
right is the Euler characteristic of 9. computed from a coweighting of [0;]. O

|Gly (X (Og) — x(0) = |Gy

Corollary 4.3. Let G be any finite group and p any prime number. Then

(1-p) Y ICl=1modp|G,
1=C<G

where the sum ranges over the set of all cyclic p-subgroups C of G.
Proof. From Corollary 4.2.(3) we have that

I+(-1 Z ICl = pIGIx (Og) = pIGIp|Gly x (O¢)
1=<C<G

and |G|y x (O,) is an integer by Corollary 4.2.(2). O
The congruence relation of Corollary 4.3 reduces to the familiar relation
(1=p)(A+p+---+p" = 1mod p"!

when G is cyclic of order p".
We shall now prove the combinatorial identities used in Theorem 4.1. The Gaussian p-binomial coefficient

(pn _ pjfl) 1_[ (pn+1fj _ 1)

d
([n]> _ = _ =
[d] d ) d
1_[ (pd _ p;—l) |

j=1 J

d

(-1

1
counts the number of d-dimensional subspaces of the n-dimensional F,-vector space FZ [34, 1.3.18].

Lemma 4.4. Foranyn > 1,
n
Z(—l)“<[n]>p(g)p”’d = {p —ton=l
prd [d] 0 n>1.
Proof. Note first the formulas [34, p. 26]
-1 -1 2
([n]> _ ([n ]) +pn7d<[n ])’ <[n]) - ([n])’ ([ ]) 14,
[d] [d] [d—1] [0] [n] (1]
for the Gaussian p-binomial coefficients.
For n = 1and n = 2, the sums we are evaluating are the polynomials

[1] (1] 21\ , ([2]> ([2]) 5
- =p—1, - =p>—Q =0.
(m])p ([1]> p <[O])p [ p+ 2] p=p " —(Q+pp+p
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For n > 2 the sum has the value

Z( ! <[d]>p D= ui(_l)d(g})p(g)p"d+(—1)"p<3)
=p" +Z( Dd(( [d] ]> pH(EZ::}))P(g)P"’“Jr(—l)"p(E)
<p +Z( 1) ( )P(z)p ) (Z( 1) <[d ])p(z)pzm D4 (1 p(z))
- ;(—1)d<[”[;]]])p(g)pnd + ;(—1)‘1 GZ ~ H)p(g)pz("d).
The first term is
:X:;(—l)d([n[ )p(z)pn ‘ pZ( 1)( a )p(z)pn,l,d

and the second term is

X":(‘”dGZ: H)p(g)pZ(nfd) Z( ])d< > (d+1) 2n-d-1) _ Z( ])d< >p(2)pd 2n—d—1)
=1
Z( -l)d< >p(2)p2n -2 _ gt X_:(_])d ([n - 1]>p(g)pn—1—d.
4=0 [d]

We have now proved the recursive relation

n n—1
Z(—l)d<[n]>p(g)p"‘d =p(1—p"?) Z(—l)d<[n . 1]>p(g)p"“‘d
o [d] pd [d]
for n > 2. Since the sum equals 0 forn = 2,itequals O foralln > 2. O

Corollary 4.5. For any K € Ob(4${)

— 1 Kiscyclic
> HIuH. K = { S

it K is not cyclic.

ICD(K)I

Proof. Suppose that the Frattini quotient K /@ (K) is elementary abelian of order p" for some n > 0. Recall thatn = 1, ie
K/®(K) is cyclic, if and only if K is cyclic [13, Chp 5, Corollary 1.2]. The sum of this corollary,

S H/D ) K /H) = Z(—l)”([”]>p<"2">pd - Z(—1>d<[”])p(5>p”,
H d=0 [d] d=0 [d]
@ (K)<H<K

is evaluated in Lemma 4.4. It is nontrivial only if n = 1 where it has valuep — 1. O

It is also possible to derive Corollary 4.5 from relations in the Burnside ring of K [21, Proposition 2.8].

5. The range of x(F()

We shall first identify a class of finite groups G with x (¥7) = 1and x (L) = |G: oPG|~ 1.
Proposition 5.1. If G contains a nontrivial central p-subgroup, then x (C*) = x(C) for € = F, L.

Proof. LetZ be a nonidentity central p-subgroup of Gand Z™ the full subcategory of #Z* generated by p-subgroups containing
Z.The category Z* has Euler characteristic by Corollary 2.15. Z* is a deformation retract of £ in the sense that there are
functors and natural transformations

R
Z+%Tg, 1z+ == LR, ‘1376‘ —— RL,
L
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where R is the inclusion functor. Its left adjoint is the functor L that takes Q < G to LQ = QZ and the ¥-morphism
Cg: P— Qtocg: LP — LQ (where ¢, : x —> x8 = g~!xg is conjugation by g € G).If P and Q are nonidentity p-subgroups
of Gwith Q > Z then

Z*(LP, Q) = F(PZ, Q) = Ce(PZ)\Ng(PZ, Q) = Cc(P)\NG(P, Q) = F£ (P, Q) = F (P, RQ)
showing that L and R are adjoint functors with L — R. By Lemma 2.8, the two categories Zt and #Z have the same Euler

characteristics. But x (Z*) = 1as Z* has initial object Z (Example 2.7). Thus x (&) = x(Z") = 1 Example 3.9 X (Fo).
Similarly, let now Z* be the full subcategory of £} generated by p-subgroups containing Z. Again, Z* has Euler
characteristic. The two categories Z* and £{ have identical Euler characteristics because there is an adjunction between
them. By definition of .£%(Z, G) we have that |Z*(Z, Q)| = |G : OPG] for any object Q of Z*. Thus Z* has a coweighting
2" = |G : OPG|7'5(Z, ») concentrated at the object Z (as in Example 2.7). Thus x (££) = x(Z*) = |G : O°G|™" Example 3.9
x(Le). O
The converse of Proposition 5.1 is not true as x (¥) = 1and Z(G) = 1for G = X3 and p = 2. We do not know how to

characterize the finite groups G with x (¥7) = 1.
Note also that 0,(X4) > 1, so that 53}4 is contractible and x (/3}}4) = 1,but x(F3,) # latp =2.

It is immediate that the Euler characteristic x (¥) = IGI7TY k,f* = —|G|™! > x (K)|Ce(K)| is a rational number
and that |G| x (¥£¢) is an integer. We now improve this observation using the coweighting kET ! (3.5) for the set [#] of
isomorphism classes of objects of .

Corollary 5.2. |G|y x (F¢) is an integer; in fact, |G|p/k%*] is an integer for any nonidentity p-subgroup conjugacy class [K],
K <G.

Proof. Recall from Lemma 3.2 that ;«(K) = 0 unless the nonidentity p-subgroup K < G is elementary abelian. Suppose that
K < Gis elementary abelian of order |[K| = p". Then

K uE) ) Gl
IGly K1 = IGly — = * ’ *
|$G(K)| |?G (K)|p |?G (K)|p/

is an integer because | £ (K)|, divides [ Aut(K)|, = p®) = u(K) as | (K)| divides | Aut(K)|, and | FZ (K)|, divides |G|,
as |7 (K)| = [Ne(K): Co(K)| divides |G| O

Corollary 5.3. Suppose that G has a normal Sylow p-subgroup, P, (so that G = P x G/P) and let k’}*, H e Ob(4{), be the
weighting for ¥ from Table 1.

(1) IGIKiE. = |{x € G | Go(x) = H]}|

(2) kL. > 0with k"L > 0ifand only if H = Cp(x) for somex € G

) IGIx(F) = lix € G| Gr(x) > 1}].

Proof. For any nonidentity p-subgroup K and any element x € G, since K < P,
Xxe€(C(K) < K<Cs(x) < K<PNCs(x) =Cp(x)
so that
Ik = Y u(H.IOICGE)] =) Y u(H. KIS K. Co) = ) 8(H. ()
K

xeG K xeG
by the Mobius inversion formula (2.4). This proves (1) which immediately implies (2) and (3). O
Corollary 5.4. Suppose that G has an abelian Sylow p-subgroup, P. Then
_ Ho € %(P) [ Celp) > 1
|Fc(P)]

X (FE)

Proof. When P is abelian, ¥ (P) has order prime to p and
Fe = Fngpy = Frurp)

where the first identity is Burnside’s Fusion Theorem [ 15, Lemma 16.9] which says that Ng(P) controls p-fusion in G. For the
second equality, observe that all morphisms in the Frobenius category of N;(P) extend to automorphisms of P. Now apply
Corollary 5.3.(3)to P x F¢(P). O

Example 5.5. Let p = 2 and G = P x C3 where the cyclic group C; cyclically permutes the three factors of P = C23. Then
X (¥&) = 1by Proposition 5.1; indeed, sz(c) =2/3, k’; = 1/3,and k’; = 0 for all other nonidentity 2-subgroups H < G by
Corollary 5.3.
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g?lll)elre?haracteristics of nonidentity 2-subgroup posets and categories of alternating groups computed by Magma [3].
n 4 5 6 7 8 9 10 11 12 13 14
X(J;\‘n) 1 5 —15 —175 65 5121 15105 55935 —288255 1626625 23664641
x(izn) 1/12 —1/24 1081/2016 971/6720 90035/145152 406699/1451520
X (F) 1/3 1/3 41/63 18/35 389/567 233/405
x@p) [ 13113 ] 13 | 2/9 | 13/63 | 44/315 | 178/945 | 46/315 | 397/2835 | 160/1701 2101/42525

Example 5.6. Let D,,, be the dihedral group of order 2pn, n > 1, A, the alternating group of index p > 2, and SL, (F;) the
special linear group where q is a power of p. Then

* 1 % 2 *
X(yszn) = 5 X pr) = r, X($SL2(Fq)) = 1

2,p—1) -1
where (m, n) stands for the greatest common divisor of the natural numbers m and n.

Example 5.7. The computer-generated Table 3 displays Euler characteristics of Frobenius categories at p = 2 of small
alternating groups. (The Frobenius categories for Ay, and Az, at p = 2 are equivalent.) We do not know if the sequence
X (Fy) converges. See [31] for information about the Euler characteristic x (1, X') of the intervals (1, ) in §5,.

Example 5.8. The group H = (C3 x (C3) x C3, where C, swaps the two copies of Cs, has an irreducible 4-dimensional
representation over F,. Let G = C;‘ x H be the associated semi-direct product. Then |G| = 288 and x (¥}) = 10/9atp = 2.

We have not been able to settle these two questions:

o Is x (F¢) always positive when p divides the order of G?

e Can x (¥/) get arbitrarily large?

In Corollaries 5.3 and 5.4, and in all the concrete examples that we have checked, x (#¢) is positive when p divides the order
of G. For some time we suspected that also x () < 1 for all G but Example 5.8 shows that x (¥7) can be greater than 1.

6. Product formulas

We present product formulas for the Euler characteristics of the subgroup poset 531 Gy and the Frobenius category 3«'51 %Gy
for the product of two finite groups G; and G,. According to Table 1,

~ o ~ 1

XD = D w0, -XE) == Y IGO0
KeOb(8¢) |Gl KeOb(¢)

with summation over all p-subgroups K of G. We shall use these expressions to derive formulas for the Euler characteristic

of the subgroup poset and Frobenius category of a direct product of groups.

Theorem 6.1. Let G, ..., G, be finite groups. Then

n n
X6 ) =1-%66). %@ o) =[1-%).
i=1 i=1

Proof. By induction over n it is enough to prove the two formulas for a product of two groups, G; and G,. The first formula
then asserts that

Y. wH= Y pH) - Y k). (62)

HEOb(‘KGlxcz) H]EOb(5Gl) HzEOb(JCZ)
Letmi: G1 X G, = Gy and my: Gy X Gy — G, be the projections. The product poset 4, x 8¢, [34, Chp 3.2] is a deformation
retract of 4, «¢, in the sense that there are poset morphisms and natural transformations

L
—_— J—
86,xGy <T’3cl x 8¢, , Lsg, xs6, = LR, Lsg, e, = RL,

where LH = (T[](H),ﬂz(H)),H < Gl X Gz,R(H],Hz) = H] X Hz,Hl < Gl,Hz < Gz.We have

H <R(Hi,H;) <= LH < (Hy,Hy)
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so that L and R are adjoint functors. For any two p-subgroups, H; < G; and H, < G,

D H) = sy s, (1, 1), (Hy, Hy) = pu(Hy)ju(Hy)
H<GyxGy
LH=(H.H3)

where the sum is taken over all p-subgroups H < G; x G, with wr1(H) = H; and 7, (H) = H,. The first equality is a special
case of [23, Proposition 4.4] and the second equality is a special case of the formula for the Mébius function s, x5, of the

product poset 4, x 4, [34, Proposition 3.8.2]. Eq. (6.2) now easily follows.
For a product, G; x G, of two groups, the second formula asserts that

Y uM)Coxe, M= > uH)IC,H)| - Y pu(H)ICe, (Hy)].
HEOb(5cl XGZ) Hq 60[’)(351 ) Hzeob(ﬁcz)
But again this follows from Eq. (6.2) because C¢, x¢, (H) = Cg, (H1) xCg, (H;) whenH < Gy xGandHy = mr1(H),H, = m,(H)
are the projections of H. O
The first part of Theorem 6.1 also follows Quillen’s work. According to [ 29, Proposition 2.6], 52‘1 %Gy is homotopy equivalent
to the join 4] x 4¢) and therefore

1= x(8¢ue,) = 1= x (8¢ *85) = (1= x(8¢D) (1 = x(58))

as1— x(X*Y) = (1-x00)(1— x(Y)) for any two finite abstract simplicial complexes, X and Y.

Example 6.3. The permutation group X,, = A, x G, is the semi-direct product of the alternating group A, with a group
of order two. Assume that p = 2. When n = 6, —}(5;}6) = 16 and —7(522) = 0. Whenn = 4, —7(?}4) = 1/3 and
—X(F&) =0.

These two examples show that neither the first nor the second part of Theorem 6.1 generalize to semi-direct products.

7. Abstract Frobenius categories

We shall first formulate an alternative expression for the coweighting of a Frobenius category for a finite group G. We
shall next see that this new expression easily extends to all abstract Frobenius categories.
For any two p-subgroups, H and K, of G, let

8(IHLK) = > 18:(A.K)| = [{A € [H] | A < K}| (7.1)
A€[H]
denote the number of subgroups of K that are G-conjugate to H. Quite similarly, for arbitrary subgroups, H and K, of G, let

B6([H1,K) = Y [8c(A, K)| = [{A € [H] | A <K} (7.2)
A€[H]

denote the number of subgroups of K that are G-conjugate to H. (Recall from Definition 3.1 that 4§ is the poset of all
subgroups of G.) In particular, 8¢([H], G) = |[H]| = |G: Ng(H)| is the number of conjugates of H in G.

Let P be a subgroup of G of index prime to p, for instance, a Sylow p-subgroup of G. Write P N £ for the full subcategory
of 7 generated by all nonidentity p-subgroups of P. Then P N 2 and #/ are equivalent so they have identical Euler
characteristics (Lemma 2.8).

Corollary 7.3. The function
PNFE w(K)
ke © =—g
|F¢ (K, P
is a coweighting for P N 7 and the Euler characteristic of P N F[ is

NN KK
X(Pﬂfc)—; |7’5‘(K,P)|_X(%)

K € Ob(P N ),

with summation over the nonidentity elementary abelian p-subgroups K of P.

Proof. The set of isomorphism classes of objects [P N ] = [#] has Mébius inversion and unique coweighting k{f:]c] =
—p(K)/|F&(K)| (3.5). The isomorphism class of any p-subgroup K < P contains Sc([K1, P) objectsin P N F&. According to
Proposition 2.14

(meg‘:#(['fg]: —u(K) __—HE
“ Sk P) M T Se(K1. P FE )] |FE K, P

is a coweighting for the category P N #/. Here, we used that Sc(K1, P)|FEK)| = |FZK,P)|. O
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Let P be a finite p-group and F an abstract Frobenius category over P [28, Chp 2] [7]. The objects of F are all subgroups
H, K of P. Write [H] for the isomorphism class in & of the object H, and

Sp(HLK) = ) ISp(A. K|

A€[H]

for the number of objects of [H] contained in K. Thus |[H]| = 4,([H], P). The Divisibility Axiom [28, 2.3.1] for the Frobenius
category F implies that

|7 (H, K)| = |7 (H)|$p([H], K). (7.4)

Define #* to be the full subcategory of & generated by all nonidentity subgroups of P. It is clear that [#*] has Mobius
inversion and that [F*] and #* have Euler characteristics (Proposition 2.14).

Theorem 7.5. The functions

* —u(K * —u(K
v = *M() , (b'f:]]: l:()7 <Kk <P,
|F*(K, P)| |F* ()]
are coweightings for £* and [ F *], respectively. The Euler characteristic of F* is
—u(K)
X (F*) = — .
|F*(K)|

[Kle[F*]

All values of the coweighting for [ *] and the Euler characteristic of ¥* are p-local integers.

Proof. We verify that kf* is a coweighting for #* (2.5). For any nonidentity subgroup K < P,

—u(H $,([H], K
> Iy, 1)) = > 2L Y —(H)8(H],K) =

Gy |17 F(H, P)] S $(HLP) it
Table 1 %\ (38)

Y —uESHK) = Y —uH) = () =1

1SH<P 1SH<K

Because the coweighting k,f is constant over the isomorphism class of K,

—u(K) _ T
[F*K)|8p([K], P)  [F*(K)

F
Ko =" ki =8,(K1.P)k; = 8,(IK].P)
Be[K]

is a coweighting for [#*]. The formula for the Euler characteristic of F* or [#*] follows (Proposition 2.14).
Recall from Lemma 3.2 that the Mobius function vanishes on all p-groups but the elementary abelian ones. Since | ¥ *(K) |,

divides | Aut(K)|, = n(K) when K is elementary abelian (see proof of Corollary 5.2), all values of the coweighting k{,f]*] lie
in the ring Zp of p-local integers. (Following standard notation we write Z,) for the localization of the integer ring Z at the
prime ideal (p) generated by p.) O

The exterior quotient F of the Frobenius category ¥ has the same objects as ¥, all subgroups H, K of P. The morphlsm
set ?(H, K) = F(H, K)/K is the set of K-conjugacy classes of #-morphisms. Composition of morphisms in & induces
morphism composmon in .

Define /S,, to be the category with the same objects as &, all subgroups H, K of P. The morphism sets are

Cc(H) H<K

5. K) = :QJ HZK

Group multiplication in P induces composition of morphisms in Z,, For any objects H and K in £, let

$HLK) = ) 15A.K)]

A€[H]

be the sum of the orders of the centralizers Cx (A) over all subgroups A of P that are isomorphic to H and contained in K.
Then we have

|F (H, K)||K| = |F (H)|3,([H], K) (7.6)

from the The Divisibility Axiom [28, 2.3.1] for ¥ combined with Burnside’s counting lemma (Lemma 7.9).
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Recall that £* denotes the full subcategory of F generated by all nonidentity subgroups of P; [5? *] has Mobius inversion
and [#*] and F* have Euler characteristics (Corollary 2.15).

Theorem 7.7. The coweighting K for F* from Theorem 7.5 is also a coweighting for F*. The category ¥ * has the same Euler
characteristic as its exterior quotient ¥ *.

Proof. We verify that k.f* from Theorem 7.5 is a coweighting for F* (2.5). For any nonidentity subgroup K < P,
5(HL.K) 1

—uH)  ~ ~
— | FH ) = — Y —u(H) =— —u(H) 8, ([H], K) =
lg,,zs,, |F*(H, P)| K| 4, 8(IH1,P) K| [H]EX[;*]
1 ~ 1 Table 1 (38)
— ) —uH)EH,K) = — )G H)| = x(F) = 1.
K] 1SH<P K| 1SH<K

Since #* and F* have identical coweightings, they also have identical Euler characteristics. O

Remark 7.8. Our original proof of Theorem 7.7, only valid for Frobenius categories of finite groups, was extended to abstract
Frobenius categories in Eske Sparsg’s Master’s thesis [33, Theorem 21]. The thesis also contains the computation

. 209
X(Ts[,l(q)) = %
of the Euler characteristic of the Frobenius category for the Solomon 2-local finite group Sol(q) [24,25] defined for any odd
prime power g.
The two categories £/ and ffg, even their left ideals 3 and fgﬂ do not in general have identical weightings.

Lemma 7.9 (Burnside’s Counting Lemma [26]). If X is a finite right G-set then

Y IXE| = IX/GlIGl =) [*Gl

geG xeX

where X8 = {x € X | xg = x} is the fixed set for g € Gand*G = {g € G | xg = x} is the isotropy subgroup for x € X.
8. Self-centralizing subgroups

This section deals with the subcategories C*¢ of the p-subgroup categories generated C by the p-selfcentralizing
subgroups. We mention here some facts to justify our interest in these subcategories of p-selfcentralizing subgroups:

e The category L7 is a complete algebraic invariant of the p-completed classifying space of G [6, Theorem A]
o The Frobenius category ¥/ is completely determined by 3¢ [28, Chp 4-5]

e All morphisms in the category ffgc are epimorphisms [28, Corollary 4.9]

e All morphisms in the category #:° have unique maximal extensions [28].

Now follow the definition and a few standard properties of p-selfcentralizing p-subgroups.

Definition 8.1 (/28, 4.8.1], [7, Definition A.3]). The p-subgroup H of G is p-selfcentralizing if the center of H is a Sylow p-

subgroup of C¢(H).

Lemma 8.2 ([28, Chp 4], [7, Appendix A]). Let H be a p-subgroup of G and let P be a Sylow p-subgroup of G.

(1) H is p-selfcentralizing if and only if Co(H) = Z(H) x OPCg(H) and OPCg(H) is a p’-group.

(2) H is p-selfcentralizing if and only if Cp(H8) < HS for every g € Ng(H, P).

(3) If H is p-selfcentralizing and H¢ < K for some g € G and some p-subgroup K of G, then K is p-selfcentralizing, Z(H8) =
Cx(H®), and Z(H®) > Z(K).

(4) IfQ < Pand Cp(Q) is a Sylow p-subgroup of C¢(Q), then QCp(Q) is p-selfcentralizing.

We shall determine weightings for the left ideals C* of ¢ = T, L, F¢, O, ?G generated by the p-self-centralizing
p-subgroups of G. The first four cases are very easy. The weightings for [77¢], [£L¥], [F£], [OF] are simply the restrictions
of the weightings from Table 1 for [7], [.,ﬁd, [#:], [O,] (Remark 2.6).

We now determine the weighting for [#3]. If H is p-selfcentralizing and H < K, then Cx(H) = Z(H) (Lemma 8.2.(3)).
Identity (7.6) for sizes of morphism sets in exterior quotients simplifies to

|Co(H) | | FEE(HL KK | = |TE(H, K)
which immediately gives us the Mébius function
[W(FEOIH], KD = [HIRI[HT KDICe(K) |y (8.3)

for [j";c“] expressed by means of the Mébius function [1] for [T,] (Proposition 3.11).



M.W. Jacobsen, .M. Maller / Journal of Pure and Applied Algebra 216 (2012) 2665-2696 2685

I\Eglgh‘:ings, coweightings and Euler characteristics for categories of p-selfcentralizing p-subgroups.
e ke ik x(©
T YuglrIH]L KD Z[ ([I([H], [KT) > g [RIAH], KD
LE DglrIUHL KDICE) |y E ? JICG(K)Ip 2t [RIAHL KDIC () |y
FE DuglrlHL KDIC () % K 1Ce(K)] DK [M]([H] [K )G (K]
OF  IHlkyx, p 1|H|[M]([H],[K]) Sty HILLIAHL. K1)
FE IHIk Kt 1)Ly S [HITLIAHL, TKDICG (O |y

Theorem 8.4. Weightings k*, coweightings k,, and Euler characteristics for the finite categories 73, L, 3¢, OF, and }’:gc of
p-selfcentralizing p-subgroups of G are as in Table 4.

The sums that express the weightings of Table 4 run over all [K] > [H] for a fixed p-selfcentralizing p-subgroup H. The
sums that express the coweighting run over all p-selfcegtralizing [H] <¢ [K] for a fixed p-selfcentralizing p-subgroup K.

We next note that the weightings for £ and #2° can be computed p-locally in analogy with the situation of
Proposition 3.14.

Proposition 8.5. The values of the weightings for [LZ] and [.f 21 at the conjugacy class of the p-selfcentralizing p-subgroup
H < Gare

o Xw) Ly Xew)
WS LEE T T FEH)
All values of the weighting for [F 2°1 and the Euler characteristic x (? %) are p-local integers.

[Hl  _ |H|][H]

Proof. We only need to prove the second of the above two formulas because | L (H)| = |H| |f§‘(H )| and k[ Foe = L£5]
G G

(Table 4). For any nonidentity p-subgroup H < G, there is a commutative diagram

Z(H) H H/Z(H)
Co(H) ——— T¢°(H) —— FE°(H)

L

Co(H)/Z(H) — OF (H) — FE(H)

with exact rows and columns. Let K be a p-subgroup such that H < K < Ng(H). Then C;(K) < Cg(H) < Ng(H) so that
Co(K) = Cy oy (K). In case H is a p-selfcentralizing subgroup of G, the chain of inclusions, obtained using Lemma 8.2.(3),

Z(K) <ZH)NCe(K) <HNCe(K) < KNCe(K) =Z(K)
is, in fact, a chain of identities so that Z(K) = Z(H) N Cc(K) = H N C¢(K) = Cy(K). The projection 75°(H) = Ng(H) —
OF(H) = N¢(H)/H takes C¢(K) to C¢(K) with kernel Cy (K), the Sylow p-subgroup of C¢(K). Thus Co(K) = Ce(K)/Cu(K)

and |Ce(K)| = |Ca(K) .
According to Tables 1, 4, and Eq. (3.10)

= ICa(K)
|FEH Ik = Y n@O|OFH) - N@G<H><1<>|IC§(T|‘{, X Skxep) = D RIOIFE(H) : Nizeqny ()
K] P (K]

where the first sum runs over the set of conjugacy classes of (elementary abelian) p- subgroups K of O (H) and the second
sum over the set of conjugacy classes of (elementary abelian) p-subgroups K of 7 2°(H). By Lemma 8.9 the projection
OF(H) — F2°(H) has kernel of order prime to p, and therefore induces a bijection between these two sets. It suffices
to prove that
0S| G|y |FEH)]
|N(9(S;C(H)(K)| ICe(H) |y INse) (K|
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Table 5
Euler characteristics at p = 2 of p-selfcentralizing p-subgroup posets and categories of alternating groups
computed by Magma [3].

n 45 6 7 8-9 10 11 12-13
x©%) | 1/3 1/3 2/9 13/63 19/105 106,945 388/2835
x(@) || 1712 | —1/24 | —5/72 | 13/4032 | 29/4480 | 653/120960 | 1133/1451520
x(£) | 1/12 —1/24 13/4032 29/4480 1133/1451520
x(FS | 1/3 1/3 13/63 19/105 388/2835
X(FS | 1/3 1/3 13/63 19/105 388/2835

or, equivalently, that [Nes ) K)| = Nz ) (K)||Cs(K)| for all p-subgroups K of O (H). The surjection O3(H) — FS°(H)
restricts to a surjection [ 15, Lemma 4.2.(ii)] N@éc (H) K) — Nfgc(H) (K) and we claim that the kernel is C¢(K). Using Lemma 8.8
below we see that the kernel is
Co(H) N Nngqinym (K) = Co(H) N Ny (K) = Ce(HYH N Ny (K)
so we need to prove that Co(H)H N Ny, ) (K) = Cc(K)H where the group on the left hand side is N¢, ) (K)H (Dedekind’s
modular law). Thus the claim follows from the basic identity Ne ) (K) = Cg(K)Z(H) [7, Proposition A.8], [28, Corollary 4.7].
S

As the numbers |§GSC (H) Iy k'[;ysc] are integers by Brown'’s theorem [8, Corollary 2], all values of the weighting for [J’;GC] are
G

p-local integers. O

Parallel to the situation of Corollary 3.19 we can now narrow down the support for the weightings for £ and fcsc.
Corollary 8.6. The weightings for £ and 7?6“ are supported on the p-selfcentralizing #-radical p-subgroups of G.

According to Proposition 8.5 and Corollary 8.6 the Euler characteristics of £ and fgc are

_%(5;‘%55(}1)) ~ _%(5;?%([_1))
XL =) ——ime X(F) =) —= (8.7)
¢ % |LEH)] ¢ %]: |FS(H)

with summations running over the set of conjugacy classes of p-selfcentralizing #-radical p-subgroups of G.
The following elementary two lemmas were used in the proof of Proposition 8.5.

Lemma 8.8. Let N < G and consider the projection G — G/N of G onto its factor group by N. Write X for the image of a subgroup
X < Gin the factor group G/N. Then K; N K, = Ky N K if at least one of Ky, K, < G contains N.

Lemma 8.9. If the normal subgroup N < G has order prime to p, then the projection G — G/N induces a bijection [T;] — [‘TG/N]
between the sets of conjugacy classes of p-subgroups of G and G/N.

Proof. Let 7: G — G/N be the projection. If K < G is a p-group, also 7 (K) is a p-group and K = 7 (K). Thus K — 7 (K)
induces a map [7.] — [TG/N] from the set of conjugacy classes of p-subgroups of G to the set of conjugacy classes of p-
subgroups of G/N. We first show that this map is injective: Suppose that K; < G, K, < G and that 7 (K;) and 7 (K;) are
conjugate in G/N. Then K1N and K;N are conjugate in G. Thus K1N = (K;N)® = Kng for some g € G. Then the Sylow p-
subgroups K; and Kf of K1N are conjugate in K;N. Thus K; and K, are conjugate subgroups of G. Next, we show surjectivity:
If H is a p-subgroup in G/N, let K be a Sylow p-subgroup of 7 ~'H, its preimage in G. Then 7z (K) = H by order considerations
for |H| = |7 ~'H|, = |K| = |7 (K)|. This shows that the induced map [T6] = [T¢g/n] is bijective. O

Remark 8.10. We suspect that the support for the weightings for [C] = [L¥], [fgc] is the set of p-selfcentralizing #-
radical p-subgroups of G. This would be the case if the strong Quillen conjecture (1.4) turned out to be true.

Remark 8.11. Based on explicit computations we suspect that x (£3°) = X(}’:GSC). We saw in Theorem 7.7 that £ and
F¢ have identical coweightings and Euler characteristics. However, it is not generally true that £ and ¢ have identical

coweightings or weightings. Nevertheless, it happens that x (¥5) = x(fgc) atp = 2if |G| < 500 or if G is one of the
alternating groups A,, 4 < n < 13 of Table 5.

Example 8.12. If P is a nonidentity p-group then
X =1 x(@)=I1PI"",  x«&LH=IPI"", xFH)=1, x©@H) =1, x(F)=1

because 85, O3, and F5¢ have P as terminal object and £5 = 75 is the Grothendieck construction for the P-action on
4;°. Corollary 5.3.(2) shows that the weighting for #;° is supported on the subgroups of the form Cp(x), x € P, so that
X (Fp%) = x(F5) = 1as these subgroups are p-selfcentralizing by Lemma 8.2.(4).
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By Example 5.5 it is not true for general groups G that the weighting for 7 is supported on the p-selfcentralizing
subgroups. Also, Tables 3 and 5 contain several examples of alternating groups where the nonidentity and the centric
Frobenius categories have different Euler characteristics.

9. Mébius algebras of finite categories

In this section we introduce Mobius algebras of square matrices and finite categories.

9.1. The Mdébius algebra of a square matrix

Let S be a finite set, R an integral domain with field of fractions k, and ¢ = (; (a, b))ﬂ pes @ SQuare matrix indexed by S

with entries in R. Assume that the determinant of ¢ is nonzero. The matrix ¢ can also be perceived as a function¢: S xS — R

with values in R. For instance, if §: S x S — Ris Kronecker’s §-function, then § = ((a, b))_,_ is the identity matrix.

Let RS denote the free right R-module with basis S. The map ¢ : S x S — R extends to a R-bilinear form ¢ : R® x RS — R
and to a R-linear homomorphism M(¢): RS — R®, the table of marks for ¢, given by

¢ (Z ar, stb> =Y ¢@brsy,  ME)(b) =) ar(ab), abes (9.1)
a b a,b

aes

M(¢) is an injective homomorphism between free R-modules as ¢ has nonzero determinant.

Similarly, let k°* denote the right k-vector space with basis S. Viewing ¢ as a square matrix with entries in k, the map
{:S xS — kextends to a k-bilinear form k¥ x k¥ — k and to a k-linear homomorphism M(¢): k° — k° given by the same
expressions as in (9.1). This M (&) over k is an isomorphism of k-vector spaces.

Equip R® = [],.s Rand k* = [, k with the product algebra structures. The product in R® and k° is given by

deb a a=>b
[ =
0 a#b

aes

foralla, b € S. The unit element in R® and k° is the sum 1 = ), _; a of the basis elements.

Definition 9.2. The Mébius k-algebra of ¢, M(¢; k), is the k-algebra with underlying k-vectorspace k° and with the
commutative product - defined by

VX, y €10 M) (X - y) = M(E)(x) e M(E)(¥).

The algebra (k°, o) is the Mébius algebra M (8; k) of the §-function. The product in the Mébius k-algebra M (¢ ; k) makes
the table of marks k-vector space isomorphism M(¢): M(¢; k) — M(S; k) an isomorphism of k-algebras. Equivalently, the
product in M(¢; k) satisfies ¢ (a, x - y) = ¢(a, x)¢(a,y) forallx,y € M(¢; k) and alla € S.

Let u = (u(a, b))a’bES be the inverse (over k) of ¢. Then ki = Y, cu(e,b): S — kis the weighting, ki =

D acs 4(a, )1 S — k the coweighting for ¢ (Section 2.1), and M(u): M(8; k) — M(¢; k) is an isomorphism of Mébius

algebras.
The sum
1=>b

bes
is a decomposition of the unit of the Mdébius k-algebra M (§; k) into a sum of orthogonal idempotents, and
1=M@ (1) =) Mwb=> e
beS besS
is a decomposition of the unit of the Mobius k-algebra M (¢; k) into a sum of the orthogonal idempotents
ey =M(ub=Y au(ab), bes (9.3)
aes
of M(¢; k). Thus the unit of M(¢; k),
=Y =Y Y wn =Y oY n@n = Ya 04
bes beS aeS acS  beS aes

is the weighted sum of basis elements. We collect these observations in the following proposition. (Remember that
8: k° x k* — k(also) is the bilinear form 8§(}_ s ara, Y pes bSp) = D 4cs TaSa-)



2688 M.W. Jacobsen, .M. Moller / Journal of Pure and Applied Algebra 216 (2012) 2665-2696

Proposition 9.5. The Mébius function, weighting, coweighting, and Euler characteristic of ¢ are

n(a,b) =8 e), k=35(1), K=Y dae) x@=)Y Sae)=) 5anl).

aes a,beS aesS

The Moébius inversion formula
x=MEME©x =M@ (Y beb.x) =D et b.) =Y a u(@bi®.x) (96)
besS besS aes besS

holds for any x € M(¢; k).
Let x and y be elements of the Mobius k-algebra M(¢; k). The product of x and y in M(¢; k) is

xy= (Y ecb0) (Y ett.y) =D erb0cb.y = ady u@bhb.0cb.y) (9.7)
bes bes bes aeS  beS
as the elements e, b € S, are orthogonal idempotents in M (¢, k).
Definition 9.8. Suppose that the sub-R-module R® of the Mébius k-algebra M(¢; k) is stable under multiplication and

contains the unit element. The Mébius R-algebra of £, M({; R), is the R-algebra R® with product and unit inherited from
M(¢; k).

The Mobius R-algebra of ¢ is defined if and only if the conditions of Definition 9.8 are satisfied.

Corollary 9.9. The Mobius R-algebra for ¢ is defined if and only if

(1 Zbes u(a, b)¢(b,c)¢(b,d) € Rforalla,c,d € S, and
(2) kg € Rforalla € S.

Proof. Let c and d be elements of the basis S. According to the product formula (9.7)

c-deM(;R) < Vaes: Zu(a,b)g(b,c)g(b,d) eR.
beS

Thus the first condition is equivalent to the condition that c - d lies in M(¢; R) for any two c, d € S. The second condition is
equivalent to the condition that the unit element of M(¢; k) (9.4) liesin M(¢; R). O

Remark 9.10. The sum of the coefficients in the product x - y (9.7) is

Y s x-y) =YY u@bb,0rb,y) =y Yy u@brb,0rb,y) =Y kb b,y).

aes aeS bes beS aeS bes

In particular, if ¢ has a constant row, ie if there area € Sandr € Rsothat ¢ (a, b) = r forall b € S, then the k,i =r"18(a, b)
(Example 2.7), and the sum of coefficients equals r for all x, y € S.

Suppose that ¢, = (£1(a, b)), and & = (¢2(a, b)), ,s are two square matrices indexed by S with entries in R and

with nonzero determinants. The k-algebras M (¢y; k) and M ({5; k) are of course isomorphic as abstract k-algebras. By the
very construction, there is a commutative diagram

M(zy: k) <P(€1,C2):1‘1(/42)M(€1) M(Zy: k) (9.11)

M(¢y) M(&2)
M(; k)

of k-algebra isomorphisms. However, if M(¢1; R) and M(&,; R) are defined, it is not always the case that the k-algebra
isomorphism ¢ (¢, &) = M ()M (&q) restricts to an R-algebra isomorphism between M (¢y; R) and M(&3; R).

Corollary 9.12. Suppose that M(¢1; R) and M(&,; R) are defined. If all entries of the matrix M (u;)M (&) lie in R and the
determinant in R*, then M(¢y; R) and M (&,; R) are isomorphic R-algebras.

As a special, and obvious case, we note that if ¢ is invertible over R then the Mdbius R-algebra for ¢ is defined, and M(¢; R)
and M (§; R) are isomorphic R-algebras.
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9.2. The Moébius algebra of a finite category € and of [C]

Let € be a finite category and [C] its finite set of isomorphism classes of objects as in Section 2.4.
Definition 9.13 ([17, Definition 4.1, Theorem 4.5], [32, Theorem 1]).

o If € has Mobius inversion then its rational Mobius algebra M(C; Q) is the rational Moébius algebra of ¢ (C).
o If [C] has M&bius inversion then its rational Mébius algebra M ([C]; Q) is the rational Mébius algebra of [¢ (C)].

Assume that [€] has Mébius inversion. The product in M([€]; Q) is Q-bilinear. The product of two basis elements

VK, K € [C]: Ky - Ko = Z H Z w(H, K (K, K)Z (K, Ky) (9.14)
He[€] Ke[e]

is given by Eq. (9.7). Since [1](H, K) # 0 = [¢](H, K) # 0 [23, Theorem 4.1], the inner sum runs over all K € [€] that
admit morphisms

K

/
\

K>

H—>K

inC.
Proposition 9.15. Let { be a left ideal and § a right ideal in C (Remark 2.6).

(1) The projection map M([C]; Q) — M([L]; Q) is a homomorphism of Q-algebras.
(2) M([4]; Q) is an ideal in the Mobius algebra M([C]; Q).
G)M[LL; Q =M([e, @/M(e]—[1]; Q.

Proof. Since [€] has Mobius inversion, also [{] and [¢] have Mobius inversion and their Mobius functions are restrictions
of the Mébius function for [€] (Remark 2.6).

(1) It follows from (9.14) that the projection map preserves products. Since the weighting for [€] restricts to a weighting for
[4], the projection also preserves units (9.4).

(2) Suppose that Ky € [€]and K; € [¢]. IfH € [€] occurs in the product K; - K; (9.14) with a nonzero rational coefficient,
then [¢](H, K3) # 0. As ¢ is arightideal in G, H is in [¢]. This means that K; - K; lies in the vector space M ([4]; Q) spanned
by [Z].

(3) The kernel of the projection of algebras M([C]; Q) — M([4]; Q) is the ideal M([C] — [1]; Q). O

10. Mobius algebras of p-subgroup categories

In this section we discuss Mdbius algebras of the p-subgroup categories C = 4., 7, £, F¢, O, ?G. We also consider
sub- and supercategories of C.

Definition 10.1. Let C be one of the four p-subgroup categories 8., 7., . or @. Then C denotes the corresponding
category whose objects are all subgroups of G and whose morphism sets are defined by the same coset formulas as in €
(see Section 1.1).

In all cases [@] has Mdébius inversion (Corollary 2.15). Thus we may consider the Mébius algebras M([C]; Q). From
Proposition 9.15 we have that

e M([C]; Q) isanideal in M([C]; Q) for € = 4., T¢, F¢, Op.
o M([C*]; Q =M([C]; Q/M([1]; Q)
o M([C*]; Q = M([C*]; Q/M([C*] — [€*]); Q).

Example 10.2. Mobius algebras of finite categories include as a special case the classical Burnside algebra of G. If X is
a left G-set and H a subgroup of G, the mark of [H] in X is the number ]HX‘ of H-fixed points in X. Left G-sets are
determined up to isomorphism by the marks they put on the conjugacy classes of subgroups of G [9, Chapter XII, Section 180]
[11, Lemma 1]. If also K is a subgroup of G then the mark of H in the transitive left G-set G/K is

m(K, H) = |"(G/K)| = [{gK € G/K | H® < K}| = INg(H,K)/K| = |Oc(H, K)|.

Thus Burnside’s table of marks matrix for G, (m(K, H))y y, is the transpose of the ¢-matrix for [@¢]. Obviously the mark of

H in the product G-set G/K; x G/K, is the product |O¢(H, K1)||O¢(H, K3)| of the marks of H in G/K; and G/K;. This shows
that the rational Burnside algebra of G is the rational Mébius algebra M([O¢]; Q) of the orbit category of G.
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Table 6

Mobius functions and idempotents in rational Mébius algebras M([€C]; Q).
e [r@](H]. K] [(@))([H]. [K]) el
S uHK) (H, K) Y icnex Hi(H, K)
Te  [ul(H] KD e Lnewr AH-B) ey X an (H(H. K)
Lo DAMHLIKDIOCGEK) SR S wHB) iy X [HIn(H. K
Fe o [ul(H] [KDICK)] e Lperk LH.B) ey X [HILH. K)
Oc  |HIKI(H], [K]) oo Lsepa PHB) iy s [HIHI(H, KO

~ |Cc(K)],y [Cc )]y
Fe HIRAHLIKDICGK) sy Laew #H.B) g Lk HIHIR(H, K)

Example 10.3 (Burnside’s Example). Let G = A4 be the alternating group on four elements. We shall consider the orbit
categories [O¢], [0c], [OE], [OF] of all subgroups, all 2-subgroup, all nonidentity 2-subgroups, and all 2-selfcentralizing
2-subgroups of G.

The subgroup conjugacy classes of G are Hy, Hp, H3, Hy, Hs of orders 1, 2, 3, 4, 12 where H; = 1 and Hs = G. Of the
2-subgroups, Hy, Ha, Hy, only Hy is 2-self-centralizing. The table of marks [¢ (@)], that can be found in [9, Section 185],
produces the multiplication table for the Mdbius algebra M([O]; Q) of all subgroups of G and its ideal M([0.]; Q) =
(Hi1, Ha, Hy).

M([0:; Q | H; H, Hs Hy, Hs
H; 12H; 6H, 4H, 3H; H, M([0::Q | H; H, Hy
H, . 2H; + 2H, 2H, 3H, H, H, 12H;, 6H; 3H;
Hs . . H{+Hsz; H; Hs; H, . 2H{ +2H, 3H,
Hq : : : 3H, Ha Hy : : 3H,
Hs . . . . Hs

The Mébius algebras M([O£]; Q = (Hi, Ha, Hs)/(H1) and M([O¥]; Q = (Hy, Hy, Hy)/(H1, Hy) are quotients of the ideal
(H1, Ha, Hy). Their multiplication tables are

M([0f;Q | H, Hy
H, 2H, 3H,
Hy . 3H,

M([0g1: Q) | Ha
Hi | 3Ha

The unit of M([0;]; Q) is Hs = G while %H4 is the unit of M([O.]; Q, M([0£]; Q), and M([OF]; Q). We read off that
x(O00) =1, x(0c) = x(0F) = x(0F) = % from the expressions for the units (9.4).

We first calculate the Mobius function for [€] and the idempotents ejx; € M([C]; Q), [K] € [€C], in case € is a p-subgroup
category.
Proposition 10.4. The Mébius function [] forl@] and the idempotents e; (9.3) of the Mébius algebra M([C]; Q) are as in
Table 6 for the categories € = 8., £, F¢, O, FE.

Proof. The second column of Table 6 displays the Mobius functions already determined in Table 2 and Eq. (8.3). The third
column displays rewritings, more suitable for our purpose here, using Eq. (3.10). The fourth column shows the idempotents
(9.3)in M([€]; Q). The idempotents are calculated in a similar fashion, for example, for [7] we find that

75 _ S HIAHL (K]) = —— H AK) = | Hlu(H. K
e %{ 1LRI(H], [K]) |NG(1<)|§[ ]AGXU;JM(, ) N ;[ 1 (H, K)
1
= — H H, K
RG] ij[ 1n(H, K)

using (the equation just below) Eq. (3.10). O

Note that we have recovered, in a uniform way, the formulas [12, Proposition] [36] for the idempotents in M([O.]; Q
and (the nonexotic version of) the formula [10, Theorem 3.3] for the idempotents in M([#:°]; Q).

)

We shall now determine the products in the six Mébius algebras of Table 6 using the product formula of Eq. (9.7).
The product in the Mébius algebra M (4$; Q) of p-subgroups K; and K, of G is

KK = Z H Z w(H, K)8.(K, Ky) 8K, Ky) = Z H Z w(H, K)8-(K, Ky N Ky)
H K H K

=) HS(H,KiNKy) =Ki N K,.
H
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The product of Ky and K; in the Mébius algebra M([7;.]; Q) is
Ki-Kp= Y H > [ul(H, K (T)IK. KDL (T)IK, Ka)

HE[TG] Ke[TG]

H
D D HHOTK, K)TE(K, )

Hel7,] ING(H)| KeOb(7,)

c LY G NtH Y wH KT K. KT K. o)
| |H€['/‘J KeOb(7;)

STHL Y Y uH KSR K 8K, KS?)

|G| HeOb(7;) KeOb(7;) (g1,82)€GXG

1
=g 2 H D) uH KKK KN K
HeOb(T;)  (g1.82)€GXG K€Ob(Ty;)

_ 1 STOHL YD SH.KFNKS?)

| | HeOb(TG) (81,82)€GXG

1 1
= K& MK = — K ml(“”z'g1 K& N Ky).
> IKPNKTI= 2 Y (K 1= K N K]

|G (81,82)€GXG get

|G| (81,82)€GXG

The product of K; and K; in the M6bius algebra M([#.]; Q) is
KiKy= Y H Y [(FIH. KL (F)IK. KDL (FHIK, K)

He[fG] Kel[F, ]
Table 6
=03 H Y IGUONH, K)| Fo (K, K| Fo (K, Ko)

HelF,]  Kel#]

ZSTH Y IGU)IRIH. K)IFUO 186K, K Fo ()] 86(K]. Ka)
HelF] Kel#F]

= Y H Y 1F)I8(K], K1) S (K], K2) IN(K)[4](H, K)

HelF, ] Ke[?c]
where all terms in the inner sum are integers. Alternatively,
Ki-Kp= ) H Y [W(EFH KL (FOIK, KL (FIK, K2)
He[F;]l  Ke[#;]

Table 6 H
=0 a2 GOl H, LK, Kl F(K, o))
ING( )|K€0b($‘c)

He[F;]

T OHLY IGUOIH. K F K KDIIF(K, K)]

HeOb(F,)  KeOb(F,)

H. K
Z IS TC(G(K)iJG(K,Kfl)z;G(K,1<§2)

HeOb(fG) (€1.82)€GXG KeOb(F,)

%z[mz

HeOb(F;) (gl,gz)EGXGKe[HJ(? nKZgz]

|G|

n(H, K)
(3ol

Similarly, the product in M([£L]; Q) is
Ki-Ky= Y H Y |£K)|85(IK], Ki)S(IK], Ka)ING(K)[4](H, K)

He[lc] I(e[.,CG]
w(H, K)
IGI Z H] Z |OPCo(K)|

HEOb(Ly)  (81:82)€6%G kepp, k81 nKkS2]

2691
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Table 7
Coefficient rings in Mdbius algebras.

e s T Lo 7, 0, 0O F£

R Z z{1/I6]]  Z[1/IGN  Z[1/IGl]  Zy) Zy) Zg

The product of K; and K; in the classical Burnside algebra M([O.]; Q) is
Ki-Ky= Y H Y [1(O)IH, K)IZ(O)IK, KL (01K, Ky)

He[OG] I<e[(9G]

H
PR Y o D mHK)IOGK K)IIO(K. K|
He[(DG]| o )|Keob((96)
1
= — Y HIG:NeIH| D wH, KI0K, KDIOK, K]
| |He[<9] KeOb(0,)

IH| .
) > » H, K)8(K, K¥) 8- (K, K
|c| T H(HHO3U KT 36(K. 1D

HeOb(0;) KeOb(0,) (81,82)€GXG

1 |H| 81 £2
=ﬁ > [H]II<1III<2| > D wH K) 8K, KT S(K, K5?)

HEOb((D ) (gl,gz)EGxGKEOb(@G)
H 1 Kg1 N ng
> H] Y osHKA K = — Y K# Ak KNG
IGI HEOB(O,) KKzl 2o |Gl ¢, Seexc IKq||Kz]
K& NK:
=Y KN Ky okl _ > KN K.
geG K |Kz| geK1\G/Ky

The final equality uses the identity |K1g1<2||l<lg N K;| = |K1]|Ky| for g € G. Similarly, the product in M([fgc]; Q) of p-
selfcentralizing p-subgroups K; and Kj is

Ky - Ky = > (K% N K]
g€K10PC;(K1)\G/K20PC(Ky)

where the conjugacy class [Klg N K;] = 0in case Klg N K; is not p-selfcentralizing.

Proposition 10.5. Multiplication in the rational Mébius algebra M ([C]; Q) restricts to a bilinear map
M([C]: Z) x M([C]:Z) — M([C]:Z), C = &, L. F¢., Og, OF, FE.

Proof. This follows from the explicit expressions for the product that we just worked out. O
We already know that

e The weighting for 4. is a Z-valued function.
e The weightings for [7;], [£L], and [#] are Z[1/]G|]-valued functions.
e The weightings for [O], [0F] and [f 2¢1 are Z)-valued functions.

The weighting for [8.] = 4 is aZ-valued function (Proposition 3.14). The weightings for [ 7], [£L],and [ #.] are Z[1/|G]]-
valued as their upper triangular ¢-matrices are invertible over this ring; see the proof of Corollary 2.15. The weightings for
[O.] (Corollary 4.2.(1)), its left ideal [0F°] (Remark 2.6), and [57(;“] (Proposition 8.5) are Z p-valued.

Corollary 10.6 (Mdbius R-Algebras of p-Subgroups). If (G, R) is as in Table 7 then the Mdbius R-algebra for [C] is defined.
M([C]; R) is a commutative R-algebra with unit.

Proof. This follows directly from Proposition 9.9 using Proposition 10.5 and the above information about values of
weightings. O

In case [C] has a final element, i.e. an element b such that [¢](a, b) = 1for all a € [€], then the unit actually lies in the
lattice M([C]; Z). For example, the classical Mébius ring for the orbit category of all subgroups of G, M([O¢]; Z), is a ring
with unit 1 = [G] given by (the conjugacy class of) G
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Let € be any of the four p-subgroup categories 7, £, ¥, O.. There are isomorphisms of Z[1/|G|]-algebras

[£(©)]: M((€]: Z[1/IG])) = M(8: Z[1/IG])

represented by upper triangular matrices with entries in N. The ¢-matrix for € is invertible over Z[1/|G]|]. Therefore the
Mobius algebra for [€] is defined over Z[1/|G|] and it is isomorphic to M(§; Z[1/|G|]). (The same argument immediately
shows that the Mobius algebra over R for the poset of conjugacy classes of subgroups of G is isomorphic to the Burnside ring
M([O_]; R) over R when the order of G is invertible in R [32, Theorem 2].)

By a nonnegative integral matrix we understand a matrix with entries in the semiring N = {0, 1, 2, ...} of natural
numbers.

Proposition 10.7. There are isomorphisms of Z[1/|G|]-algebras
o ([Tl [£cD): M(T): Z1/IGID i MLl Z[1/IG11)
o(T5). 17D : MATG): ZI1/IGI) = M([F]: Z[1/IG]D)
o(LT5). [06]) : M(LT1: Z[1/1GI) = M([0]: Z[1/IGI])

represented by upper triangular nonnegative integral matrices.

Proof. Let { = (¢;) be an invertible upper triangular rational matrix with inverse p. Write ¢; = ¢; for the diagonal entries

of ¢. Also, let A = A(c;) be a diagonal matrix with the rational numbers ¢; in the diagonal. Then wA¢ is an upper triangular

matrix with diagonal entries ¢; and off-diagonal entries

Gigiy Giyig ** * Cig_yi
Gig&iy =+ Gy

with summation over all k-simplices i = iy < i; < --- < i, = jfrom i toj. In particular we see that uA¢ has nonnegative
integer entries when ¢; is a factor in ¢; for all j > i and A is any diagonal matrix with decreasing entries in N. This applies to

¢ =15(T)]
e Because A(|0OPCe(H)[¢ (L)1 = [¢(T¢)], where H runs through the p-subgroups of G, the Q-algebra isomorphism (9.11)
M([7:]; Q 5 M([L.]; Q) is given by the integral matrix
(TG, [£L6]) = (LI (T = [(T)IA(OPCe(H)DIE (T6)]

with entries in N.
e Because A(|Cc(H)DI[¢(F:)] = [¢(T:)], where H runs through the p-subgroups of G, the Q-algebra isomorphism (9.11)

M([7:]; Q =4 M([#]; Q is given by the integral matrix
O([T6], [FeD = I(FDIE (To)] = [(THIAUC(H)DIE (T5)]

with entries in N.
e Because [£(O)]A(IK]) = [£(T;)], where K runs through the p-subgroups of G, the Q-algebra isomorphism (9.11)

M([7:]; Q i M([0O.]; Q) is given by the diagonal matrix
o([T61, [06]) = (kO] (T6)] = A(H])

with entries in N.

j—i
(nA)y =Y (=D
k=1

(Cik,1 - Cik)a i <j,

This finishes the proof. O
Because [;(fgc)]A(lKl) = [¢(LE)], the Q-algebra isomorphism (9.11) M([75]; Q) 3 M([fgc]; Q) is given by the
upper triangular integral matrix
PUFONTED = [FENIE (T = ANHDIRLDNE (TEN] = ANHD@(TE, £E) = 0

where @([72°], [£LE]) is the submatrix of ¢([7¢], [£,]) of Proposition 10.7 determined by the p-selfcentralizing p-
subgroups.

Lemma 10.8. Let H and M be p-selfcentralizing p-subgroups of G with H < M. Then

Z HH, KICEK) ]y =[x € G{p'} | H = Cu®)}]
Ke[H,M]

where G{p'} denotes the set of elements of G of order prime to p.
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Proof. We have
Y wHIPGE) =Y pH K=Y Y uH K=y SH, uX)

Ke[H,M] (K.x) xeG{p'} Ke[H,Cy (x)] xeG{p'}
where (K, x) runs through the set

{(K,x) | K € [H,M], x € OPCc(K)} = {(K,x) | x € O°Cc(H), K € [H, Cyu(x)]}

= {(K, | x e G{p'}, K € [H, Cu®)]}
We use properties of p-selfcentralizing p-subgroups from Lemma 8.2 for these rewritings. O
The next result is a reformulation of [ 10, Theorem 3.11].

Theorem 10.9. There is an isomorphism of algebras

eUOF], [FED : MAOE]; Zgp) = MUFE]; Zp)
given by an upper triangular nonnegative integral matrix.
Proof. The Mobius Z)-algebras are defined for [0O¥] and [fcsc] according to Corollary 10.6. Because |OF(H, K)| =

|Co(H) |y |J';GSc (H, K)| for all p-selfcentralizing p-subgroups H, K, of G we get
PO, [FED = [WFOC (O] = [(ODTA(CK) )L (OD)].
We must show that the ([H], [L])-entry, for all [H], [L] € [OF], of this matriX,

> [(ODIH, K)|C(K) |y [ (O, L), (10.10)

[K1e[OF]

is a nonnegative integer and that the determinant is a unit in Z,) (Corollary 9.12). The determinant is [ ] |Cc(K)|y which
certainly is a unit in Z,). Using the expression for [ (O¢ )] from Table 6, the sum (10.10) becomes

D IO IH, K)|C(K) |y [£ (ODIK, L) =

K]

DN wH, MG () |y |0F (M, L))

[K] Me[K]

ZM(H K)1Ca () |0F (K. 1)

I@SC(H)I

RGN (H)|
m Z n(H, K)|Co(K) |y [Ne (K, L)
K
1
= losmIL J(H, K)|Co () 8E (K, 1Y)
E (H)||L|;; (Ol 4
OF(L
||<9 ((H))|| D0 H )G (Kl 88 (K, M)

Me[L] K
lOg (D)]

- ﬁ D0 uHK)ICK) |y
10 (D =t kv

According to Lemma 10.8, this last expression equals

19 L)1 a.x) € 111 % Glp') | H = o)l = ———[{(g.) € G x Glp'} | H = Cs ()
O HEI PHA= SN = esa) P} IH=Cg
1 o
= i joxan (&0 € Cx G| H = Cie ()}
1
= T Tosc o ! g _
- IL| |05 (H)| {(g,x) € GxG{p'} | H® = C.(x)}]

= L HI7T{(K, %) € [H] x G{p'} | K = CL(®)}.

The group L acts by conjugation on the set {(K, x) € [H] x G{p’} | K = C.(x)}. Observe that the stabilizer L x, of (K, x) is a
subgroup of K: if the element y of L satisfies K¥ = K and ¥ = xtheny € C;(x) = K. The cardinality of the L-orbit containing
(K, x),
IL| ) K| , K|
=|L: K| =|L:H]|
ILik x| ILii x| ILii x|

is a nonnegative integral multiple of |L : H| and we can now conclude that (10.10) is a nonnegative integer. O
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It is now natural to define the rational (centric) Burnside ring of an abstract Frobenius category ¥ to be the Mdbius
algebra M ([F5]; Q) [10, Definition 2.11].

Example 10.11 (G = A7, p = 2). The alternating group G = A; of order 2520 = 23335'7! contains five nonidentity 2-
subgroup conjugacy classes Hi-Hs of orders 2, 4, 4, 4, 8 and lengths (normalizer indices) 105, 35, 105, 315, 315. The four
classes H,, Hs, Hy, Hs are p-selfcentralizing and A(|Cc(H)|») = (3, 1, 1, 1). Here are the multiplication tables for the rational
Mobius algebras

o M([0F]; Q withunit 1 = —gHz — %H3 + Hs and Euler characteristic x = %
o M([#£]; Q with unit 1 = —5H, — -5Hs + Hs + ;Hs and Euler characteristic x = §

o M([F£]; Q) with unit 1 = —3H; — 1H; + Hs and Euler characteristic x = 3

M(0F;Q | H, Hs Hy Hs

H, 8H, 0 0 9H,

H; . 6H3 0 3H3

Hy . . 2H, Hy

Hs . .. 4Hy+Hs +Hs
M([FE1;Q | H H3  Hy Hs

H, 6H, 0 0 6H,

Hs . 6H3 0 6H3

H, .. 2H, 2H,

Hs .« . 2H,+2Hs; — 2H, + 4Hs
M([JEGSC]; Q ‘ H, H3 Hy Hs

H, 6H, O 0 3H,

Hs . 6H3 0 3H3

Hy . . 2H, Hy

Hs .« . Hy+Hs+Hs

The upper triangular nonnegative integral matrix

3 0 0 1

sy rasey |01 00
eUOS1IFED =0 0 1 o
0 0 0 1

is the Z;)-algebra isomorphism M([OF]; Z2)) = M([fgc]; Z)) given in Theorem 10.
Let 85 /G denote the poset of conjugacy classes of p-selfcentralizing p-subgroups of G ordered by subconjugation.
Corollary 10.12. Let H and K be objects of 85 /G with H < K. Then

o Z(—l)kH [Ng(Hiy, Hip)| - - - INc(H;,_, Hi )1
K| 4= INc(Hig)| - - - INg(Hy,_, )|

lg—

(1CHy_ )y — ICc(Hi)p)

is a nonnegative integer. The summation runs over all k > 1 and all k-simplices in 8;°/G

H=H, <---<H;_, <H, =K

ik—1
fromH to K.

Proof. The upper triangular matrix ¢([0F], [fcsc]) = n([OFDA(C(H)|y)¢ ([0F]) has nonnegative integral entries by
Theorem 10. According to the proof of Proposition 10.7, the off-diagonal entries are

— |O%(Hiy, Hiy)| - - - 10 (Hi_,, Hi)|
|0 (Hig)| - - - |OF (Hy,_,)|

(ICc(Hie_ )y — 1Cc(Hi)lp)

o

=
Il

1
_[Hig| & ING(Hyy. Hi))l -+ ING(Hy, . Hy)|
|H, ING(Hig)| - - INg(Hi_, )]

| (ICcHy_ DNy — ICGH ), 1<,
=1

where the summation runs over all k-simplices in 85 /G, H; = H;, < --- < H;, = H;, fromH;toH;. O
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