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Abstract

This thesis contains two parts. The first part studies general properties of equivariant Euler char-
acteristics and several concrete calculations. I first review the basic notions of equivariant Euler
characteristics introduced by Atiyah and Segal] ] and some useful properties and explanations
of it. Then I calculate the equivariant Euler characteristics of Grothendieck constructions of G-
functors and apply it to study the differences between the equivariant Euler characteristic of the
centralizer ngr* (A\) and the subposet ng(:’(k)\). Moreover, I generalize the Tamanoi’s result regard-
ing the equivariant Euler characteristicof product of manifolds to poset cases. Lastly I determine
the equivariant Euler characteristics of all subgroup complexes of symmetric groups in many cases.

The second part is a joint work with Greg Arone. We study the equivariant homotopy equivalence
between a kind of space of trees and double suspension of the complex of not 2-connected graphs.
This project was motivated by an easy observation that the homology of these two spaces as X,,-
modules are same up to a sign representation. The way we prove it is by constructing a third space
via a special homotopy colimits as a bridge. We show that these two spaces are both X.,,-equivariant
homotopy equivalent to the third space.



Resumé

Denne afhandling har to dele. I den fgrste del handler om generelle egenskaber for sekvivariant
Euler karakteristik. Jeg gennemgar forst de grundlseggende begreber for sekvivariant FEuler karak-
teristik som introduceret af Atiyah og Segal| | og naevner og forklarer nogle nyttige egenskaber.
Dernaest beregner jeg sekvivariant Fuler karakteristik af Grothendieck konstruktioner af G-funktorer
og anvender det til at studere forskellen mellem sekvivariant Euler karakteristik af centralisatoren
Osgfr* (M) og underposet ng/\). Desuden generaliserer jeg Tamanois resultat om sekvivariant Eu-
ler karakteristik af produkter af mangfoldigheder til poset tilfzeldet. Til sidst bestemmer jeg den
ekvivariant Euler karakteristik af undergruppe komplekset for de symmetriske grupper i mange
tilfeelde.

Den anden del er et samarbejde med Greg Arone. Vi studerer skvivariant homotopi eekvi-
valens mellem en form for rum af treeer og den dobbelte suspension af komplekset af ikke-2-
sammenhangende grafer. Dette projekt er motiveret af den nemme observation at homologigrup-
perne for disse to rum er isomorfe X.,,-moduler op til fortegns repraesentationen. Vi konstruerer et
tredje rum, via en speciel homotopi colimes, der fungerer som bro. Og vi viser at disse to rum er
Yn-aekvivariant homotopi aekvivalente til det tredje rum.
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Chapter 1

General Introduction

This thesis contains two projects. The first project studies the equivariant Euler characteristics and
second project studies the homotopy equivalence between a kind of spaces of trees and complexes
of not 2-connected graphs.

The equivariant Euler characteristics were introduced by Atiyah and Segal| 1,

Definition 1.0.1. Given a finite group G and a finite space M with G-action, the r-th integral
equivariant Euler characteristics is defined:

1
Xr(MvG) = @ Z X(MX)
XeHom(Z",G)

In | , Theorem 1], they expressed the second equivariant Euler characteristics could be
represented as Euler characteristics in terms of the equivraint K-theory.

Theorem 1.0.2. Given a compact G-manifold M, its second order integral equivariant Fuler char-
acteristics could be expressed using equivariant K theory:

x2(M,G) = dimK&(M) ® C — dimK{(M) @ C

They also conjectured the possibility of using equivariant elliptic cohomology to interpret the
third order equivariant Euler characteristics, which was answered positively by Devoto[ ,
Theorem 1.12]

Theorem 1.0.3. If M is a compact G-manifold then
x3(M, Q) = rankp-[EIZ" @ F*| — rankg-[EU% @ F*]
Later this notion was generalized by Tamanoi| ] by replace Z"~! by any group K:

Definition 1.0.4. Given a finite group G and any group K, the generalized equivariant Euler
characteristics of a finite G-space M is

1
Xk (M, G) = @l > X
XeHom (Zx K,G)

when K = Z,,, the associated p-primary equivariant Euler characteristics enjoy good properties
such as its close relation with Morava K-theory| , Theorem B]



Theorem 1.0.5. The (r + 1)-th p-primary equivariant Euler characteristics of a compact G-
manifold M is equal to equivariant Morava K-theory of M at height r, in other words:

Xop1(M;G) = X (r) (M)

Tamanoi calculated the equivariant Euler characteristic of the product of G-manifold M in
terms of the equivariant Euler characteristic of M| , Theorem A]] , Theorem C].

Theorem 1.0.6. For any r > 1 and for any G-manifold M we have
ZXr(Mn§ G1Z0)q" = [H(l -~ qd>jd(zrfl)]*Xr(M,G)
n>0 d>1
where j4(Z" 1) is the number of index d subgroups in Z"1.
In this thesis we prove a similar result for bounded and half bounded G-posets:

Theorem 1.0.7. 1. If P is a bounded finite G-poset

S % (PG ) = [J]( - gty PO

n>0 d>1

2. If P is a half bounded finite G-poset

Z%(ﬁ; G13,)¢" = —| H(l _ qd)jd(ZT‘l)]%r(FG)

n>0 d>1
The key ingredient for proving this theorem is the following technical combinatiorial result:

Lemma 1.0.8. Let x : G — Z be a class function i.e. if c1,co are in a same conjugacy class of
G then x(c1) = x(c2). Then,

my(c
S #m@) I x07™ = (X x@) (w0 +161) - (3 x(e) +nle] — [G)

TZ[C] rmy(c)=n [c]€[G] ceG ceG ceG
Where |G| is the order of G #{m,(c)}qe(a),1<r<n Means the number of group elements in G 1 ¥y
with the same conjugacy class represented by the sequence {mr(c)}[c]e[gmggn and the summation
in the left hand side is actually taken over the conjugacy classes of G113y, i.e. the solution of the
equation Y rm,(c) = n corresponds to the set of conjugacy classes of G U%,,.

r[c]

The concrete calculations of equivariant Euler characteristics are intensely studied recently
by Jesper Mgller| il il il |. For example he determined the equivariant Euler
characteristic of partition complex II,, with respect to the symmetric group ¥, action on it] ,
Theorem 1.3].

Theorem 1.0.9. The r-th reduced equivariant Euler characteristicof the ¥,-poset I1,, is

cr(n)

%7’ (Hm En) =

where the multiplicative function c, is given by Dirichlet inverse
¢ = (tgxmyx k)t

of the iterated Dirichlet convolution of the function 1o and functions Ty. Here mp(n) = n¥ for any

n > 1 and 19 is the multiplicative function given by ta(n) = n if n is a power of 2 or v(n) = 0 for

other n.



In this thesis, I calculate the equivariant Euler characteristics of all subgroup complex S5, for
a series n:
Theorem 1.0.10. The (reduced) equivariant Euler characteristics of all symmetric groups(n > 3)
are: o
27“(3;)”7 En) = ﬁu(la zn)

Therefore in particular:

1. If n=p is an odd prime we have
%r(sgpv Zp) =21

2. If n = 2p where p is an odd prime then

—2r if n—1 is prime and p = 3( mod 4)
5{7‘(85717 En) = 2r-! if n =22
—or—1 otherwise

3. If n=2% for a a natural number then
Xr(8%,, Zn) = =271

Besides that in this thesis I also calculate the equivariant Euler characteristicof the Grothendieck
construction of a G-functor S : D — POSET:
Theorem 1.0.11.

1
w( [ 5.6)- G Y MO (X))
D XeHom(Z",G) deCp (X)
and apply it to study the difference of two posets in terms of its equivariant Euler characteristics.

Theorem 1.0.12. The difference between the equivariant Euler characteristics of the Cq(\)-posets
+- .
ngfr* (A\) and S?JG(A) is

% (Capr (N, CalN) = To(SEE s CalN) = TP (N, CalN) = ol | oy Sty G

A possible further research topic is trying to determine the equivariant Euler characteristics
of p-subgroup complexes of symmetric groups. Since in general for any element A two subposets
Cgpt+(A) and Sg,;r* (n) are not identical. The above theorem might be helpful to determine the

z n

equir{/ariant Euler characteristics of p-subgroup complexes of symmetric groups.

The second project studies the reason of the similarity of the homology of the space of trees
T,,—1 and the complex of not 2-connected graphs on n vertices A2 in topological level.

Proposition 1.0.13. [ , Theorem 3.1][ , Thereom 4.1]

1. The character of complex representation of ¥, on the homology Hy—4(Tp—1,C) is

€ (liep—1 Tg:q —liey)

3



2. The character of complex representation of ¥, on the homology Ha,_5(A2,C) is

lien—1 13" —liey

So the character of these two homology are same up to a character of sign representation of >,,.
We hope there is a homotopy equivalence between these two spaces to explain this phenomenon.
However, because of dimension reason there is no homotopy equivalence of them directly. So we
modify these two spaces Tj,_1 and |A2| to get a new space of trees @, _1 and double suspension
$S|A2] of |[A2|. And the main result of this project is the following theorem:

Theorem 1.0.14. The space of trees on n vertices: Qn—1 18 Yp-equivariant homotopy equivalent
to the double suspension of the complex of not 2-connected graphs on n vertices:X.S|A%|. Where %
means the reduced suspension and S means the unreduced suspension.

However, since it is not easy to construct a map between them and show it is an equivariant
homotopy equivalence, we construct a "black box” as a bridge to connect these two spaces. More
concretely, let Y be be the total cofiber of the functor F' : C,, - Top, i.e. Y = hocoﬁb(hoccolimF —

P,) where E; is the category of connected acyclic hypergraphs on n-vertices, then we can show that
this space Y is ¥,-equivariant homotopy equivalent to both @, ;1 and $.S|A2|.

Theorem 1.0.15. There is an induced map f1 : Y — Qn_1 which is a X, -equivariant homotopy
equivalence.

Theorem 1.0.16. There is an induced map fo : Y — BS|A2| which is a ¥, -equivariant homotopy
equivalence.



Chapter 2

On Equivariant Euler Characteristics

This chapter is a study on some general properties and concrete calculations of the equivariant

Euler characteristics introduced in | | by Atiyah and Segal. It is a very interesting numerical
topological invariant which has a close relation to orbifold theory| il ], represen-
tation theory| ], generalized cohomology theories| il | and so on. In this chapter

we first introduce the definition of the equivariant Euler characteristics in section 2.1 and explain its
different interpretations from combinatorics, geometry and topology in section 2.2. In section 2.3 we
study a relation of a special kind of equivariant Euler characteristics with the representation theory
of finite groups. In section 2.4 we calculate the equivariant Euler characteristics of the Grothendieck
construction and apply it to study the equivariant Euler characteristics of p-subgroup complexes.
In section 2.5 we generalize Tamanoi’s result | , Theorem A] regarding the equivariant Euler
characteristics of Cartesian products of manifolds to Cartesian products of posets. Finally in sec-
tion 2.6 we calculate the equivariant Euler characteristics of all subgroup complexes of symmetric
group X,.

2.1 Introduction

2.1.1 Euler Characteristics of Spaces

To make this chapter self-contained, in this section we introduce what the Euler characteristic of
a space X is. We first need to choose a good model for the spaces we are working on. There
are several options of models of spaces with different advantages like: simplicial complexes, A-sets
and simplicial sets. In this chapter we choose the A-sets as our model for spaces. Hence we don’t
distinguish spaces and A-sets.

Definition 2.1.1. Let A be the category with objects [n]4 :={0,1,...,n} and morphisms strictly
increasing maps. Then a A-set X is a presheaf of A on the category of sets. In other words, X is
a functor from the category A to the category SET. We can collect all A-sets as objects to form
a category A-SET with morphisms the natural transformations of functors.

Definition 2.1.2. Let G be a finite group. We denote by BG the category having as object
just a single point and morphisms the whole group G. The composition of morphisms is just the
multiplication of group elements. A G-A-set is a functor from BG to A-SET.

The advantage of choosing A-sets as our models for spaces is that they are invariant under
taking quotients with a G-A-set X. In the case of simplicial complexes taking quotients may break
the simplicial structures, so we need to pass to the subdivision or even the second subdivision to



make sure it will equip the orbit spaces with simplicial structures. Therefore, the model A-sets
successfully help us to avoid these subtleties. Furthermore we actually do not need degeneracy
maps, hence the model A-sets are good enough for our purpose.

We say a A-set X is finite if there exists a natural number N such that X, is an empty set for
all n > N, and each X, is a finite set. For simplicity, in this chapter we just consider the Euler
characteristics of finite A-sets.

Definition 2.1.3. Given a finite A-set X, its Fuler characteristic is defined as alternating sums of
cardinality that of the set X,, n € N.

X(X) =Y (=1)*Xq|

d=0

As in the case of simplicial sets we can also define the geometric realization of A-sets| ,
Chapter 1, Section 1.2].

Definition 2.1.4. Given a A-set X. Its geometric realization is defined as follows:

X] = (HXnXA”)/~

where the equivalence relation is generated by (d;x,t) ~ (z,03t). o; : A" 1 — A" is a face
map sending (t1,to,...,tn—1) to (t1,t2,...,ti—1,0,t;,tix1,...,tn—1) where 0 is inserted in the i-th
position and d* : X,, — X1 is induced by the natural inclusion d' : [n — 1)1 — [n]4 defined by:

dO0=1—--=n-1)=0—=1=-=i-1=i+1l—---—n)

Remark. A similar argument like showing that geometric realizations of simplicial sets are CW-
complexes| , Chapter I, Section 1.2] could also be used to show that the geometric realizations
of A-sets are CW-complexes.

A classical result of Euler characteristic of a space X is that it could be calculated via the
alternating sum of Betti numbers i.e. the rank of (co)homology groups of X| , Theorem 2.44].

Theorem 2.1.5. Given a finite A-set X we can use the alternating sum of the dimension of
cohomology groups of X to compute its Fuler characteristics. In other words,

X(X) = Rank H*(|X|, Z)
d=0

A direct corollary of this result is that the Euler characteristic is a homotopy invariance. More-
over the Euler characteristic enjoys the following two properties| , Page 481]

Proposition 2.1.6. 1. x(X xY) = x(X)x(Y)

2. Xx(XTTY) = x(X) +x(Y)

Remark. From this property we see that the Fuler characteristic is a special additive and mul-
tiplicative function in the category of topological spaces with respect to addition as the disjoint
union and multiplication as the Cartesian product. The reduced Euler Euler characteristic serves
the same role for the category of pointed topological spaces with addition as the wedge sum of
pointed spaces and multiplication as the smash products of pointed spaces.



Roughly speaking, the Euler characteristic is a homotopy invariant of spaces taking disjoint
unions of spaces to addition and Cartesian products of spaces to multiplication. It enjoys similar
properties of cardinality of finite sets. So we can also view the Euler characteristic as a way for
counting in the homotopy theory world. The following two results could be viewed as an analogy
between Euler characteristics and cardinality| , Theorem 3.22] , Page 127].

Theorem 2.1.7 (Burnside’s counting lemma). Given a finite G-set X the number of G-orbits of
X 1is
X/6) = g DI
geG
Theorem 2.1.8 (Lefschetz fixed point formula). Given a finite G-A-set X,
X(X/6) = 15 Z x(X7)
e ey

Remark. This theorem is still true when we replace the ordinary Euler characteristics by the reduced
one.

2.1.2 Mobius Inversions and Euler Characteristics

We have introduced what the Euler characteristic is for a A-set. However, in this thesis, many
mathematical objects are naturally described as posets.

Definition 2.1.9. Given a set P, we say a binary relation < is a partial order on P if it satisfies
the following three conditions:

1. Reflexivity: a < a for all a € P
2. Anti-symmetry: If a < b and b < a then a = b for a,b € P
3. Transitivity: If ¢ < b and b < ¢ then we have a < ¢

We call a set with a partial order a poset.

Definition 2.1.10. A poset map f between two posets P and @ is a function on sets which
preserves the order i.e. for any z <y in P we have f(z) < f(y) in Q. We can form a new category
POSET of objects of posets and morphism of poset maps between them.

It is convenient for us to define the Euler characteristics of posets directly. Given a poset S we
can naturally view it as a A-set A(S) in which A(S)4 is the set of chains with length d + 1. And
the face maps d;: A(S)q — A(S)4—1 are defined as follows:

difar <aa<---<ap)=a1<ar<---<ai_1<aiy1 < <ay

So the Euler characteristic of a poset S is defined to be the Euler characteristic of its A-set A(.S),
i.e.

X(5) == x(A(S))
And in this subsection we introduce a useful alternative description of Euler characteristics of posets
via the language of M&bius inversions| , Section 3.8].



Definition 2.1.11. Given a finite poset P, I(P) is the set of all functions f : P x P — C
satisfying f(z,y) = 0 if # £ y. There is a natural binary operation on this set I(P) defined as

f ' g(«T, y) = ngzgy f(xa Z)Q(Z, y)
Remark. I(P) is called incidence algebra equipped with this binary operation and the ¢ is the unit

of this algebra:
1 ifz=y
ozx,y) =
(@y) {O others
We define a natural function ( : P x P — C as :

1 ifx<y
T,Y) =
¢(@y) {0 others

This function is called the zeta function of P or incidence matrix of P.
Definition 2.1.12. The Mdbius inversion p of P is the inverse of the zeta function ¢ of P in I(P).
Remark. Mobius inversion g is equivalent as the inverse matrix of the incidence matrix of P.

Proposition 2.1.13. Given a finite poest P and its two functions f,qg : P — C the following two
equations are equivalent:

1og(x) = > f(y)

y<wz

2. f(z)= > 9(y)u(y, z)

y<z

Dually we have:

1og(x) = > f(y)

Y2z
2. f(@) =3 9(y)u(z,y)
Y2z
Proof. see | , Proposition 3.7.1]] , Proposition 3.7.2]. O

The Mobius function is well-behaved under the product of posets

Proposition 2.1.14. Given two finite posets P and @ we can naturally form its product poset
P x Q by setting its elements to be exactly the elements of the Cartesian product of sets P and Q
and (z,y) < («',y') if and only if x < 2’ in P and y < y' in Q. Suppose mup and pug are the

Mobius functions of these two posets respectively. Then by any pairs (z,y) < (2',y') in P x Q, the
Mébius function of P x QQ on it is given by

,UPXQ((:Ea Z/)> (l’l, y/)) = ,Up(.f, 'r/)MQ(yv y/)
Proof. See | , Proposition 3.8.2] O

The theory of Mé&bius inversion formula for a partially order set was first introduced inde-
pendently by Weisner| | and Hall] ]. Later Rota[ | showed it is extremely useful
in combinatorics and other areas of mathematics and that it unifies many different mathematical
phenomena. As a first example, let’s see how the inversion formula recovers the classical principle
in combinatorics: the Principle of Inclusion-Exclusion.



Example 2.1.15. | , Example 4.10] Given a positive integer n, let [n] be the set with natural
numbers from 1 to n. There is a natural poset of elements of subsets of [n] and orders of inclusion of
subsets which is called the Boolean poset of [n] and denoted by B,,. Let’s try to compute its M6bius
function u. First we observe that the poset B, is isomorphic to the product of n-th copies of the
poset B := {0 < 1} given by the isomorphism ¢ : B,, — {0 < 1} where ¢o(T) := (xr(1),...,x7(n))
for T" a subset of [n]. x7 is the characteristic function of T" over [n], i.e. x7(i) = 1if i € T otherwise
XT(i) =0.

The Mobius function pp of the single poset B is clearly pp(z,y) = (=1)Y"Ffor 0 <z <y < 1.
So given any two subsets S, T by applying Proposition 2.1.14 we have

w(S.T) = [ uslxs(), xr(i)
i=1
= (_1)|T|—\S\
According to Proposition 2.1.13, we have

FT) =" 9(8) <= g(T) =Y fUT.S) =Y (-1 TIf(s)

TCS TCS TCS

As an application of this formula, we can derive the principle of inclusion-exclusion. Given a finite
set A and a sequence of its subsets Aq,..., A, and for any subset T C [n] we define two functions
f(T) := |NierAi| and g(T') = |(NierAi) N (NjgrA;)|, where A; means the complement of A; in A.
Then we observe that

MicrAil = D [(NiesAi) N (NjgsA;)]

TCS
in other words: f(T) = >  ¢(S). Then by the Mdbius inversion formula we have
TCS
[(MierAi) N (Njerd;)l = 9(T)
= Y gs)
TCS
= > ()P e s Ay
TCS

In particular, if T" is the empty set we have
n
NigpAil = [A] = D A + -+ + (=1)"Niepy Ail
i

This is just the classical form of the principle of inclusion-exclusion.

Definition 2.1.16. Given a poset P, and its two elements = < y. Then we say the interval [z, y]
in P is the subposet of P with all objects z such that x < z < y.

The Mobius function of a finite poset has a very close relation with its Euler characteristic:

Proposition 2.1.17. Given a finite poset P, its Euler characteristiccould be calculated via the
Moébius function p, of P:
X(P)= Y pp(z,y)

z,yeP

9



Remark. We can also apply this formula as the definition of the ordinary Euler characteristics
for finite posets or even finite categories. However, the disadvantage of this definition is that the
Mobius function of a finite category may not exist. However, we will see in the next subsection
that the existence of the Mobius function is not essential for describing a invariant with the same
good properties as Euler characteristics.

Proof. By Definition 2.1.3 of Euler characteristics of a finite poset:

X(P) =Y (=1)*|Py|

k

To prove the statement, we first give a description of the number of k-simplicies in terms of the
Mobius function of P. In the incidence algebra of this finite poset P we observe that for any
two elements x < y in P the ¢ function of P on them is {(z,y) = 1. Moreover, by definition

C(z,y) = > ((z,y)C(y, 2) is the cardinality of the interval [z,y] in P. By induction on any
z<z<y
non-negative integer k we have

Ck(xvy) = Z 1
r=r0<z1 < <TR=Y

which is the number of k-chains from z to y. However, this is not the number of k-simplicies from
x to y. Let I be the unit of the incidence algebra defined by I(z,y) =1 if x =y and I(x,y) =0 if
x # y. Therefore

C—Dzy) =Y C-D2)C-Nzy= > 1

2<z<ly r<z<y

which is the number of 2-simplicies from z to y. Then by induction we know that for any non-
negative integer k the (¢ — I)¥(x,y) is the number of k-simplicies from x to y. Therefore,

1Pl =) (¢ - DF(a,y)
z,yeP
Hence we have

xX(P) = Z(— Y (=D (.y)

,yGP

= ZZ D*(x,y)

z,yeP k

= Z MP(xv y)
T,y

The last equation holds since (2, y) = (" Hz,y) = [+ —1) " Ha,y) = Zk:( DF(¢C—DF(z,y). O

Proposition 2.1.18. /. , Proposition 3.8.6] Mdébius functions are local, in other words, given
a poset P its Mobius function pp(z,y) for x <y € P is equal to the Mdbius function ji, ) (z,y)
on the interval [x,y] of P.

10



Proof. Without losing any generality, we can assume that z < y. Then

pr(zy) = Y (-1 ¥ (2, y)

k=0

= +§: )Mz, y)

= (-1)+ Z|k—simplicies in (z,y)|
k=2

= X(z,9)
Where by same argument we know g (%, y) = X(v,y) = pp(z,y) O

Remark. A direct consequence of this proposition is that for any two posets P and @ if there are
two intervals [z, y] and [a, b] of P, Q respectively which are isomorphic then pup(x,y) = pg(a,b).

At the end of this subsection, we apply the theory of Mobius functions of posets to recover the
classical Mobius inversion formula in number theory.

Example 2.1.19. | , Example 4.9] We first equip with a partial order the set of natural
numbers N by division. In other words, we say two natural numbers d,n with d < n if d divides
n. So what’s the Mobius function pup of N equipped with this partial order? Given any natural
number n = p{* - - - p;* then we observe that the interval [1,n] is isomorphic to the product of posets
{0<---<a1} x---x{0<--- <ag} given by the map p(d) = (b1,...,bg) for anyd:plfl---pzk
where b; < a; for 1 < i < k. Therefore

k
n) = [ [ w0, ai)
i=1

Where y; is the Mobius function on the poset {0 < --- < a;}, and by an easy calculation we obtain
1i(0,a;) = (—1)%. Therefore we have

1, ifn=1
pp(l,n) =< (=DF, ifay=---=a; =1
0, otherwise

So pup(1,n) is just the classical Mobius function p(n). Moreover, in the general case when d divides
n then the interval [d, n] is isomorphic to the interval [1, %], therefore up(d,n) = pup(1, %) = u(%).
In this situation the M&bius inversion formula in Proposition 2.1.13 becomes:

dln dn dln

This is the classical Mobius inversion formula in number theory.

2.1.3 Euler Characteristics of Categories

Tom Leinster| | generalizes the notion of Euler characteristics of spaces or posets to finite
categories such that we can compute for example the Euler characteristic of the classifying space
of a finite group G which is not well defined in the ordinary definition since it always have the
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homotopy type of infinite many cells. Recall that in the last subsection we defined what is a
Mobius inversion for a poset by computing the inverse matrix of the matrix formed by the zeta-
function of this poset. However, if this matrix is singular, then the inverse matrix doesn’t exist.
But we observe that we in fact just need a weaker notion than M&bius function to construct an
invariant with similar properties like the Euler characteristics. The most content of this subsection
is based on Tom Leinster’s paper| ].

Definition 2.1.20. Let C be a finite category. A function k°® : 0b(C) — Q such that
> Gela, bk =
b

for any element a € ob(C) is called a weighting on C. Where (¢ is the zeta function for this finite
category C defined by (¢(a,b) := |C(a,b)|. Dually, a co-weighting for C is a function ke : 0b(C) — Q

such that
> kalelab) =1

for any element b € ob(C).

Remark. 1. The weighting or co-weighting of a finite category may not exist, and if they exist
they might not be unique.

2. We call incidence matrix of a finite category C the matrix with entries C(a,b). If this matrix
is non-singular then it’s clear that the weighting and co-weighting exist and are unique since
they can be computed via the inverse matrix of the matrix (c(a,b))q peob(c)-

3. As an example, let C be a finite category with only two elements and two non-identity mor-

phisms like this:

A_—_B

Then the incidence matrix of this category is . It is clear that this matrix is a singular

1 1
11
matrix but the weighting and co-weighting both exist and are not unique.
Lemma 2.1.21. For a finite category C if its weighting k® and co-weighting ke both exist then
> K= 2 ke
beob(C) a€ob(C)

Proof. Since C has a co-weighting, by definition we know that for any element b in C, > k,C(a,b) =
a
1. Therefore,

Zkb ZZkCab Zk anb Zk
O

Definition 2.1.22. We say a finite category C has an Euler characteristic if it has both weighting
k® and co-weighting ke and in this case its Euler characteristics is calculated via

S Y

beodb(C) a€cob(C)

12



Remark. According to the remark of Definition 2.1.20 we know this definition coincides with the
definition by M&bius functions of finite categories when they exist.

Proposition 2.1.23. 1. If there is an adjunction between two finite categories C, D and the
FEuler characteristics of both exist, then x(C) = x(D).

2. If a finite category C has a initial object or a terminal object then its Euler characteristic
exists and x(C) = 1.

3. If two finite categories C and D are equivalent categories then x(C) = x(D).

Proof. See | , Example 2.3 d],] , Propsition 2.2] O

2.1.4 Ordinary Equivariant Euler Characteristics

In 1980’s Dixon, Harvey, Vafa and Witten | |1 |pointed out that a ”correct”
version of the Euler characteristic for an orbifold M with a finite group G-action should look like

1
orb < >
M — E M <91:92
(91,92)

for string theoretical reasons. Where (g1, g2)’ means a commuting pair of group elements in G.
Atiyah and Segal [ | generalize this idea to give a higher order version of this orbifold Euler
characteristics which they call the equivariant Euler characteristics.

Definition 2.1.24. Given a finite group G and a finite space M with G-action, the r-th integral
equivariant Euler characteristics is defined:

1
xr(M, G) = Il Yo X
XeHom(Z",G)

and the reduced r-th integral equivariant Euler characteristics is defined similarly:

~ 1 -
(M, G) = > XM
XeHom(Z",G)

here M*X means the fixed points of M under the action of images of X. This could be also denoted
as C(X): the centralizer of M under X.

Remark. e The second order equivariant Euler characteristics recovers the previous orbifold
Fuler characteristics.

e We can replace the notion of finite space by finite posets, compact manifold and so on.

e Actually equivariant Euler characteristic could be defined over finite G-categories with some
restrictions on categories for example El-categories i.e. each endomorphism in this category
is isomorphism since in this case the Euler characteristics of each centralizer subcategory
has Euler characteristics in terms of Tom Leinster as we introduced in Section 2.1.3 | ,
Section 3]. However, in this chapter we always dealt with equivariant Euler characteristics of
A-sets unless otherwise specific.

The recursion lemma below is a very useful technique to simplify many concrete calculations of
equivariant Euler characteristics.
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Lemma 2.1.25. / , Proposition 2-5]
1. The first integral equivariant Euler characteristics x1(M;G) is equal to x(M/Q).

2. Forr>1

Xr(M;G) = > X1 (M%Calg)) = 3 X(MX [Ca (X))
[9]€[G] XGeHom (Z7—1,G) /G

Where [G] is the set of conjugate elements in G.

Proof. 1. By definition we have

Wi(M,G) = @wag)
geG

= Xx(M/G)
The second equation holds by the Lefschetz fixed point formula i.e. Theorem 2.1.8

2. Any group homomorphism X : Z" — G associates to a unique pair of group homomorphisms
Z — G and Z"~! — @, and we can see that the fixed points M ¥ could be viewed as the fixed
points of M*X2 under X; or fixed points of M*1 under X». So the r-th equivariant Euler
characteristic is:

1
r(M = 1A E MX
XeHom(Z",G)

=D > Y

X1€Hom(Z,G) X2€Hom (Z7—1,Cq(X1))

— LY G e, Calxa)

‘G| Xi€Hom (Z,G)
1 X
= Y e (MY Ca(X))
X1€Hom (Z,G) |G+ Ca(X)
= > Xr—1 (MY, Ca(X1)) = ) xr-1(M?,Calg))
X1GeHom (Z,G) /G l9]€[G]

Dually we have:

1
Xr(M,G) = al > x(mY)
XeHom(Z",G)

- X > @)%

X2€Hom (27—1,G) X1€Hom (Z,C(X2))

- S MY, CalXy)) = S (M%)
XyGeHom (27 1,G) /G XoGeHom (Z7-1,G) /G
O
Remark. e The same recursion formula still holds if we replace ordinary Euler characteristics

by the reduced one.
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e x(M,G) depends only on the equivariant homotopy type of G-space M.
e X, (*,G) = |[Hom(Z", G)|/|G| where % is just a single point with trivial G-action.
i SZT(M7 G) = XT(Ma G) - X’I‘(*a G)

We need a technical group-theoretic lemma]| , Lemma 4.13] which will be used in the
proof of the next proposition of the equivariant Euler characteristics and the section about the
cohomology interpretation of equivariant Euler characteristics.

Lemma 2.1.26. Let G, H be two groups with the order of G finite, then
[Hom(Z x H,G))|/|G| = [Hom(H,G) /G|

Proof. There is a natural map 7 from Hom(Z x H, G) to Hom (H, G) by restriction. For any element
f € Hom(H, G) we claim that its fiber could be identified with the centralizer C(f) which means
the group elements in G fixing every element in image of f. In this case we have

Hom(Z x H,G)|= > |Ca(f)l
f€Hom (H,G)
Ca(f
f€Hom (H,G) ‘ |
= |G||Hom(Z x H,G)/G]|

The third equality holds since for any discrete G-set X we have a canonical decomposition of X as
a disjoint union of orbits, so when G-set X is Hom(H, G)) we have

Hom(H,G) ~ |_| G/Cq(f)
f€Hom(H,G)/G

Hence

ICa(f)l _ Gl [Ca(f)
2 |G| feHon%VG)/G [Ca(l 1G] (2.1.27)
= |Hom(Z x H,G)/G]|

feHom (H,G)

Finally we need to prove the claim. We construct amap ¢ : 7~ 1(f) — Cg(f) be sending any element
g to g(1,e). Since g € 7 1(f), for any h € H we have f(h) = g(0,h). Moreover by properties
of group homomorphisms we know g¢(1,¢e)g(0,h) = g(1,h) = ¢(0,h)g(1,e), hence the map ¢ is
well-defined. As for the injectivity, if g1 # g2 then of course p(g1) = g1(1,e) # g2(1,¢e) = ©(g2).
And as for the surjectivity, if a € Cy(f), we simply assign g(1,e) = a, and since ¢g(0,—) = f(-),
these two conditions will determine a group homomorphism g. O

Corollary 2.1.28. When H = Z"~! we have |Hom(Z",G)|/|G| = |[Hom(Z"~%,G)/G|. In particular
if H = 7 we have |Hom(Z? G)|/|G| = |Hom(Z,G)/G| = k(G). Where k(G) is the number of
conjugacy classes of the finite group G.

Proposition 2.1.29. Let M be a finite G-space with G a finite group then for any integer r > 2

xr(M;G)ZCl;|Z(—l)d(")IHOm(ZT,CG(U))I= Y (=)™ [Hom(Z", Ce(0))/Cal(o)|
oceM ocGeM/G
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Proof. We observe that for any homomorphism X € Hom(Z", G), a simplex o € MX if and only if
the homomorphism X € Hom(Z", Cg(0)). Then we have

w(MG) = = Y x(MY)

‘G’ XeHom(Z",G)

:@,zz

XeHom(Z",G) ceMX

=G XX 0 =g Y (1) Hom (' (o))

UEM XeHom(Z",Cq(0)) oceM

As for the second equality of this statement

1
‘G| > (=) Hom(Z", Ce(0))| = Gl Y (=) Hom(Z", Ca(0))||G : Ca(o)]
ceM ceEM/G

= Y ()" Hom(Z", Cu(a))|/|Ca(o)]
ceEM/G

= Y (—)Hom(z,Cu(0)/Calo)]
cGeM/G

where the last equality holds because of Lemma 2.1.26 0

Remark. When r = 2 we have:

e(M;G) = > (1) k(Cq(0))

cGeM/G

2.1.5 Generalized Equivariant Euler Characteristics

In the last subsection we gave the definition of integral equivariant Euler characteristics of a finite
G-space set and investigated several basic properties. In this subsection we generalize this notion
by replacing the group Z"~! associated to the r-th level integral equivariant Euler characteristic by
a more general group K. This generalization is due to Tamanoi| ].

Definition 2.1.30. Given a finite group G and any group K, the generalized equivariant Euler
characteristics of a finite G-space M is

KOG == S ()

|G‘ XeHom (Zx K,G)

The reduced version is defined similarly by replacing the ordinary Euler characteristics by reduced
Euler characteristics. In particular the r-th integral equivariant Euler characteristics is taking K
to be Z"1.

Remark. There are two important families of generalized Euler characteristics other than the in-
tegral ones. The first one is called the r-th p-primary equivariant Euler Euler characteristic by
letting K := Z;_l, in the next section we will interpret this specific case by the Morava K-Thories.
Another is called genus-g equivariant Euler Euler characteristic by taking K := I'j where I'y is
the fundamental group of genus-g orientable surface ¥.
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Proposition 2.1.31. [ , Proposition 2-1]

1. Like ordinary Euler characteristics, the generalized Eulercharacteristics are multiplicative in
the following sense:

XK (My x Ma; Gy x G2) = xx(M1;G1) - XK (M2, G2)

2. For any two group K, L we have

Xexp(M,G) = > xp(M? Ca(9))
¢GeHom (K,G)/G

Proof. 1. This statement holds simply because

1
Xk (M x Mz, G1,G2) = > > X((My x My)X1:X2))

|GGz X1€Hom (Zx K,G1) X2€Hom (Zx K,Gz2)

1 Xy 1 X
= @ Z x(M; 1)@ Z X(M57?)
1 X1€Hom (Zx K,G1) 2 Xo€Hom (Zx K,G2)

= xx(M1,G1) - xx (M2, G2)

2. We just need to modify the argument in the proof in Lemma 2.1.25 by replacing Z by K and
Z' ' by L.
O

2.2 Interpretations of Equivariant Euler Characteristics

2.2.1 Combinatorial Interpretation

According to Lemma 2.1.25 We know that for any finite G-poset P, x1(P;G) is equal to x(A(P)/
G), in other words the first equivariant Euler characteristic of a poset could be expressed as an
ordinary Euler characteristic of a space. In this subsection we generalize this observation that is,
for any integer r > 1 and a G-poset P we will construct a A-set A, (P, G) such that

XT—l(P; G) = X(AT(P7 G))/|G‘ XT(P5 G) = X(AT(P> G)/G)

This explanation was pointed out to me by my advisor Jesper Mgller.

We can view the A-set A(P) as a poset with same objects and one object is less than another
object if this object could be obtained by applying several face maps on another objects. Then
we consider a pre-sheaf of sets on A(P) i.e a functor C : A(P)? — SET. For every face map
d; : A(P), - A(P)p—1 we have a unique morphism from d;(o) to o for any o € A(P),, we still
denote d; the corresponding morphism from C(o) to C(d;(c)). We associate this functor a new
A-set A(P,C) where

A(P,C)y :=={(0,X)|o € A(P),, X € C(0)}

for any integer n > 0. As for the face maps d; : A(P,C),, — A(P,C),—1 we assign every element
(0,X) via d; to (d;(0),d;(X)). By functoriality these maps satisfy the simplicial identity, therefore
A(P,C) is a A-set. Moreover its ordinary Euler characteristic is

XAPO)= Y (~)"C()

oc€A(P)
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If P is a G-poset, we take the functor C' to be Hom(Z" 1, Cg(-)) : A(P) — SET by send-
ing a simplex o to a set Hom(Z""!,Cg(0)). And if ¢ C 7 then Cg(7) C Cg(o) so we have
Hom(Z" 1, Cq(7)) € Hom(Z™1, Cg(0))

Definition 2.2.1. For any integer r > 1, A.(P,C) := A(P,Hom(Z"~!,Cg(-))), which is a G
A-set by G-action by g(o, X) = (go,9Xg™1).

Lemma 2.2.2. The fiber over G of the canonical map
m:A(P,G)/G — A(P)/G
is Hom(Z"~1,Cq(0))/Cq(0).

Proof. We construct a map ¢ : Hom(Z"~!,Cg(0))/Cq(0) — 7~ 1(0G) by sending a coset X Cg(o)
to a coset (o, X)G. We claim it is a bijective map of sets. To show surjectivity, choose any repre-
sentative (7,Y") of a coset in the fiber 771 (0G), i.e. 7(7,Y) = 0G. By definition of 7 we know there
is a group element g such that go = 7. Hence Y € Hom(Z" !, Cg(go)) = Hom(Z" 1, gCq(o)g™1).
It is clear that there is a unique map X € Hom(Z" !, Cg(0)) such that gXg=! = Y. So in this
case the coset XCg(o) will be sent to the coset (7,Y)G. As for injectivity, assume we have two
cosets X1Cq(0) and XoCg(0) which have the same image (o, X )G, by the construction of ¢ we see
there is a group element g such that g(o, X1) = (0, X2), then we have g € C(0) and gX197! = Xo
which automatically mean that the two cosets X;Cq(0) and X2Cq(0) are the same. O

Corollary 2.2.3. For any integer r > 1 and a finite G-poset P we have x,—1(P; G) = x(A-(P,G))/
|G| and x;(P; G) = x(Ar(P, G)/G).

Proof. By Proposition 2.1.29 we know

x(Ar<P,G>>/rG|:|é, S (1) Hom (2, Co(0))|
c€A(P)
= rfl(P; G)
XAPG) /G = Y (—1) 1O Hom(Z L, Cg(0))/Calo)
oGEA(P)/G
= xr(P;G)

2.2.2 Geometric Interpretation

In the last subsection we expressed the r-th equivariant Euler characteristic of a G-poset in terms of
the usual Euler characteristic of a new poset A,.(P, G). In this subsection, we replace the poset P by
a G-manifold M, then there is a geometric flavor interpretation of equivariant Euler characteristic
due to Tamanoi] il | in terms of so called twisted mapping spaces. Here we briefly
introduce Tamanoi’s work on this interpretation. Let M be a G manifold, it is well-known that
if the action is properly discontinuous and free then the quotient space M/G admits a smooth
structure i.e. M/G is again a manifold. However, this is not true in the general case, and the study
of singularities of M /G is a important task in string topology. In this subsection we assume the
action is just properly discontinuous, in other words the quotient space M /G is an orbifold[Ras,
Proposition 1]. Let’s consider the free loop space L(M/G) = Map(St, M/G) of M/G. For each
loop 7 : S* — M/G there is at least a g-periodic listing of this loop. More precisely, there is a loop
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7 : R — M which will pass to 7 if we view S! = R/Z such that y(t+ 1) = g~ !7(t) for a fixed group
element g and every t € R. So let’s consider a space that consists of all the g-periodic loops which
is called g-twisted free loop space:

LyM = {y:R— My(t+1) =g 'y(t),t € R} (2.2.4)

Then there is a canonical surjective map

p: [ Ly(M) — L(M/G)
geG

Moreover, the space [[ ¢ Lg(M) carries a natural left G-action on itself defined by (g-v)(t): =

gv(t). And it is clear that the map p will factor through the map p : (nga L9M> /G — L(M/G).

Since for each group element h the action induces a homeomorphism L,M = Lpgp-1 M, we have
an identification of this quotient (ngc L9M> /G = [geq) (LgM/Cc(g)) where [G] denotes the
set of all conjugacy classes of G.

Proposition 2.2.5.
x( I (£eM/Cel9))) = x2(M, G)
lg]€[G]
Proof. The space [[ (LyM/Cg(g)) might be an infinite dimensional space. So we cannot calcu-

l9l€lG]
late the usual Euler characteristic of it by definition. However, we observe that it carries a natural

circle T-action. We know there is a one-one correspondence between the set of group elements of G
and the homomorphism ¢ : Z — G. So we can rewrite the space as H[¢}6Hom(Z,G)/G (LgM/Cq(9)).
Where the space LyM is defined as follows:

LgM = {v: R — M|y(t+m) = ¢(m) " y(t), me€ZtecR}

This space is also called ¢-twisted free loop space. In order to define the T-action we first need to
identify the circle T as R/ Ngetom(z,q) ker ¢. Then for any 2 € T and an element v we define

(z-7)(t) =~(t+2) (2.2.6)

This is well-defined since if z € Ngepom(z,¢) ker ¢ then y(t + z) = ¢(2) " 1y(t) = y(t) in other words
in this case z -y = «. It is well known that the Euler characteristic of a topological space with a
T-action is equal to the Euler characteristic of its fixed points on T if it exists. Hence we have:

O JI @eM/ceo))=x(( I  (ZeM/Cc(9)))")
[¢]eHom (Z,G)/G [#]eHom (Z,G)/G

_ 3 X(M?/Cq(0)) = x2(M, G)

[¢]€eHom (Z,G)/G

The second equality holds since (LyM/Cq(¢)) )T = M?/Cq(¢) and the last equality holds because
of the Lemma 2.1.25. O

If the action of Cg(g) on LyM is free for each g € G then p is a resolution of singularity of the free
loop space L(M/G). So we can view the map p as a mild resolution of L(M/G). And we can iterate
this procedure to get a resolution for L,M/Cq(g). Inspired by the argument in Proposition 2.2.5,
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in general, we can consider the following ¢-twisted free loop space where ¢: Z" — G is a group
homomorphism.

LgM: = {v:R" = My(t+m) = ¢ Ym)y(t), t€R",meZ}
Like in the 1-dimensional case we have the following canonical map:

p: T zeM—L(M/G)
¢: Hom (Z",G)

where L"(M/G) is the iterated free loop space of M/G. There is also a natural G-action on
11 6: Hom(zr,G) LM and the map p factor through the map

(0 JI LeM)/G— L'(M/G)
¢eHom (Z7,G)

Unlike the 1-dimensional case this map p is neither injective nor surjective in general. But we can
still view it as a mild resolution of the iterated free loop space L"(M/G). We denote L"(M,G) =

(serom@rc) LeM) = Uigerom @ ¢)/c(LeM/Ca(9))-

Proposition 2.2.7.
X(L"(M, G)) = xr+1(M, G)

Proof. The argument here is completely parallel to the argument in the proof of Proposition 2.2.5.
We identify R"/ Nyctom(zr,¢) ker ¢ = T": the r-dimensional torus. Then T" acts naturally on the

space [ [jgetom(zr,¢)/c(LeM/Ca(9)). Hence:

X( 11 (LoM/Ca(@)) =x(( ]] (LeM/Ca()))

[p]eHom (Z",G)/G [p]eHom (Z",G)/G

= Yo x(M?/Ca(9) = xi (M. G)

[¢]eHom (Z",G)/G
]

Remark. Here we only give the explanation for the integral equivariant Euler characteristic of G-
manifolds. A mild modification could be used to give a similar geometric explanation for generalized
equivariant Euler characteristic of G-manifold. Readers could refer to | , Section 2] ,
Section 2] for details.

2.2.3 Cohomology Interpretation

In this subsection we use generalized cohomology theories to give an explanation of equivariant Euler
characteristics in some special cases. More concretely, we know the ordinary Euler characteristic of
a finite space is defined in terms of the alternating sums of rank of ordinary singular cohomology
groups of this space in different dimensions. Hence, given a generalized cohomology theory we can
replace the singular cohomology in the previous definition by this generalized cohomology theory.
Then we say this is an Euler characteristic of this cohomology theory type. Our goal is to try and
give an expression of equivariant Euler characteristics of a finite G-space M in terms of the usual
Euler characteristics of a new cohomology theory type of its homotopy orbits My or as the usual
characteristics of a new equivariant cohomology theory type of this space M. In this subsection
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we always assume that for any cohomology theory E* and any poset M, E*(M) actually means
EB*(|M)).

M.Atiyah and G.Segal| , Theorem 1] give an interpretation of second order integral equiv-
ariant Euler characteristics by equivariant K-theory.

Theorem 2.2.8. Given a finite G space M, its second order integral equivariant Euler character-
istic could be expressed using equivariant K theory:

x2(M,G) = dimK&(M) @ C — dimK5(M) ® C

To prove this theorem we first need a technical lemma]| , Theorem 2][ , Theorem 6.4]
in equivariant K theory:

Lemma 2.2.9. Let M be a finite G-space, there is a natural isomorphism:
0:K4(M)oC— @ (K" (M%) oC)%
l9]€lG]
Proof of Theorem 2.2.8. According to the the Chern character isomorphism:
&y (K*(M?) @ C)°° ~ P H (M%) ~ B H*(M?/Cq(g);C)
lgl€lG] l9]€lG] l9l€lG]

The last equality holds because of | , Theorem I11.2.4] So the Euler characteristic with respect
to the equivariant K-theory is

dim KY(M) & C —dim KL (M) 9 C = 3 x(M/Calo) = 3 oy D (M)

C
WElG) e 1Ce9l oot
1 h
=> > x(Mh9)
g€G|G CG !CG(9)|h€CG(g)
gEGhECG(g

1

—G X M) = x0n6)

X €eHom (Z2,G)
O

Remark. Tt is natural to ask if there exists a cohomology theory to explain higher order integral
equivariant Euler characteristic. From the interpretation of the first and second order integral
equivariant cohomology theory i.e using singular cohomology to explain the 1-st integral equivariant
Euler characteristic and using K-theory to explain the 2-nd integral equivariant Euler characteristic
, it seems like these invariants relate to the Chromatic homotopy theory. More concretely, its seems
like an (r+1)-th integral equivariant Euler characteristic relates with the r-th level (integral) Morava
K Theory. According to this, can we explain the 3-rd integral equivariant Euler characteristic in
terms of the chromatic level 2 Morava K theory i.e the elliptic cohomology theory? This question
has been answered positively by Deveto] , Theorem 1.12]. In his paper he showed a key
result| , Theorem 6.3] which is very similar to Lemma 2.2.9 in terms of the decomposition of
the equivariant K-theory.

Ellg(M)®m. Fg = @ [EI* (M) @py- Fe] 76 (2.2.10)
X€eHom (Z2,G)
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Where Ellg is a model for equivariant elliptic cohomology, Ell* is the coefficient ring for elliptic
cohomology and F, is a special graded field| , Proposition 6.1]. Then a similar argument like
in the proof of Theorem 2.2.8 shows the 3-rd equivariant Euler characteristic could be expressed in
terms of the equivariant elliptic cohomology.

As for higher orders, it is still an open problem. For example, can we express the 4-th equivariant
Euler characteristic in terms of equivariant K-3 cohomology]| 1?7

Unlike the cohomology explanation of integral equivariant Euler characteristics, the p-primary
equivariant Euler characteristics has a complete cohomology interpretation by HKR| , Propo-
sition 4.11] and Tamanoi] , Theorem B| using the Morava K-Theory at the prime p. Recall
that given a prime p we have for any non-negative integer n an generalized cohomology theory K (n)
with coefficient ring K (n)* = Fp[v,, v, !] with |v,| = —2(p" — 1) a graded filed. Let G be a finite
group the equivariant Morava K-theory of G-topological space X is defined via Borel construction,
in other words:K (n)5(X) := K(n)*(Xng), where Xpg := X xg EG. Since the coefficient ring
K(n)* itself is a graded vector filed we can view K (X) as a graded-vector space over K (n)* and
count its dimension if it is finite. Therefore we can talk about the equivariant Morava K-theory
Euler characteristic x k. (n) (X) of a topological space with a finite group action.

Theorem 2.2.11. The (r + 1)-th p-primary equivariant Euler characteristics of a finite G-space
M is equal to equivariant Morava K-theory of M at height r, in other words:

X (M5 G) = Xpeg () (M)

In order to prove the Theorem 2.2.11 let’s first state a useful perspective to calculate the
equivariant Euler characteristic.

Proposition 2.2.12. [ , Section 5] Given any abelian group K, the K-generalized equivariant
FEuler characteristic could be expressed as:
1
w6 =5 3 A )pn(4) (2.2.13)
AeSabe

where Sgbe is the set of all abelian subgroups of G and vz« Kk (A) means the number of epimorphism
from the group Z x K to A.

Proof. By definition:
1
xk (M, G) = @ Z X(MX)
XeHom (Zx K,G)

Since the group K is an abelian group then for each homomorphism X its image is of course an
abelian subgroup of G, so we can sum over all group homomorphisms X by summing over all
abelian subgroups A of G multiplying the numbers of epimorphisms from Z x K to A with the
Euler characteristic of the fixed points M4, O

We construct a new function ppr(A) on all abelian subgroups A of G associated with a finite G
space M by induction as follows:

par(A) == Y pa(A B)x(MP) (2.2.14)
Beszbe
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According to Proposition 2.1.13 it is equivalent to

> (A, B)um(B) (2.2.15)

Besabe

And we can easily see that for any abelian group K we have:

Hom(Z x K,B)| = Y ¢zxx(A)éa(A, B) (2.2.16)
AeSzpe
pzxx(B) = ) [Hom(Z x K, A)|uc(A, B) (2.2.17)
AeSzpe

Where the second equation is the Mobius inverse of the first one.

Proposition 2.2.18. Given any abelian group K, the generalized equivariant Fuler characteristic
could be expressed using Mobius functions:

1
k(M:6) = 1 > [Hom(Z x K, A)|par(A)
AeSzpe
In particular we have
Loxo(M;G) =15 X A" nu(A)
AeSzpe
2 (MG = 2 1AlIALR L (A)

GS'

Proof. According to Proposition 2.2.12, we know:

K(M,G) == > x(M?)pzxx(B) (2.2.19)

Besgbe

1
|G|
By plugging in the equation 2.2.17 to the above equation we have

K(M7G): Z X(MB) Z ‘Hom(ZXK7A)’,U/G(A7B)

Besabe Aesabe

Z [Hom(Z x K, A)| Y x(MP)ua(A, B)
Aesabe B<G

S [Hom(Z x K, A)|uar(A)
Aeszpe

N
|Gl

_ 1
|Gl

The last equality holds because of the equation 2.2.14. Whenever we take K = Z"~! we have
|[Hom(Z", A)| = |A|" and whenever we take K = Z;, then [Hom(Z x Z, A)| = [A||A]},. O

In [ , Proposition 4.11], Hopkins-Kuhn-Ravenel calculated the Morava K-theory Euler
characteristic in terms of the function s (A):
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Lemma 2.2.20. Let X,Cf:p denote the Euler characteristics in terms of the Morava K-theory at prime
p and level r then:

1
er,p(M)Zﬁ > AN(G/ A (4)
AeSzpe

Moreover X%(G/A) = |A|;T>

Hence Theorem 2.2.11 is a direct corollary of this lemma.

Remark. In general a p-primary equivariant Euler characteristic is closely related to Morava K-
Theory in a very precise sense. As for a future potential project we can ask if we can find other
natural cohomology theories to explain some other generalized equivariant Euler characteristics.

2.3 Relations with Representation Theory

p-subgroup complexes Sf;r* were first introduced by Brown]| | and systematically studied by
Quillen[ |. Given a finite group G we can associate a poset Sng* of its non-trivial p-subgroups

with the partial order defined by inclusion of subgroups for every prime p that divides the order
of group G. Then the p-subgroup complex is the associated A-set of this poset. We adopt the
notation Sg+* for both the poset and its associated complex if there is no confusion. Moreover, this
complex carries a natural G-action given by conjugation action of G on its subgroups. Intuitively
a p-subgroup complex is a geometry in the sense that the stabilizer of a simplex is an analogue of
parabolic subgroups of G. If G is a finite group of Lie type, Quillen| , Theorem 3.1]showed
that these p-subgroup complexes coincide with their Tits buildings of a given prime p. It turns out
p-subgroup complexes could reflect many properties of modular representations of G. In this section
we shall apply the notion of equivariant Fuler characteristics of Sgr* to rephrase some conjectures
in representation theory. The main content of this section is based on the work of J.Thévenaz in

[ ] and of Jesper Mgller in| , Section 5].
In the beginning, let’s first mention some basic properties of p-subgroup complexes. In Brown’s
work| , Corollary 2], he studied the reduced Euler characteristics of of this complex:

Theorem 2.3.1. |G|)| )A{(ngr*) where |G|, means the p-part of the order of G.

Quillen| , Proposition 2.4] showed that if G has a non-trivial normal p-subgroup then
the p-subgroup complex S?;* is G-equivariant contractible and it implies that for any integer
r, Xr(SET*,G) = 0. Quillen conjectured that if S%™ is G-equivariant contractible then G has a
nontrivial p-subgroup. We can apply the notion of equivariant Euler characteristics to give a weaker
conjecture of Quillen’s:

Conjecture 2.3.2. If for any positive integer r we have XT(SgJF*; G) =0, then O,(G) is non trivial,
where O,(G) is the largest normal p-subgroups of G| , Section 6.3] , in other words, G has a
nontrivial normal p-subgroup.

When r = 1, Webb| , Theorem 4.1] proved that xi (Sgr*; G) is 0 whenever Sng* is non
empty. Moreover, Symonds| | proved a much stronger result that the quotient space A(Sgr*) /

G is contractible when it is not empty.

We are going to study the second integral Equivariant Euler characteristic of Sgr* and apply
the equivariant K Theory interpretation to relate it with Alperin’s conjecture| | and Knorr-
Robinson’s conjecture| il , Theorem 3.1].
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We first review some notations in representation theory of finite groups. Given a finite group
G and a prime number p, we denote by k(G) the number of conjugacy classes of G and also the
number of irreducible complex representations of GG, in other words, the number of irreducible CG-
modules. We denote by z,(G) the number of irreducible complex representations of the dimension
divisible by |G|,. An element g € G is called a p-element if its order is a power of p, it is called a
p'-element if its order is prime to p. A p’-conjugacy class C in G is a conjugacy class of G in which
every element inside C' is a p'-element and we denote k,(G) the number of p’-conjugacy classes
of G[K91, (11.5)]. Let F, be the algebraic closure of finite field F,. If we consider F,G-modules
instead of CG-modules, then we have another description of numbers ky (G) and z,(G). In this
situation k, (G) could mean the number of irreducible F,G-modules] , Chapter 1,Theorem 2]
and z, could mean the number of irreducible and projective F,G-modules| , Corollary IL7]][,
Proposition 18.28]. Hence we have the following inequalities for these three numbers:

k(G) 2 kp (G) 2 2p(G)

Conjecture 2.3.3. Given a finite group G and a prime number p :

S B(NG(P)/P) = ky(G) — 2(G) (2.3.4)
PGeSET /G

where Sg+* /G means the set of conjugacy classes of p-subgroups. It is believed that there is no
morphism connecting them to explain the equality of these two numbers. This conjecture is called
the Alperin’s weight conjecture and denoted by AWC,(G).

The Alperin weight conjecture has been verified for lots of cases. For example, when G is a
p'-group i.e. pt|G|. In this case ky(G) = k(G) and 2z,(G) = k(G), so the right hand side of the
equation 2.3.4 is just 0. On the left we have the empty sum which is of course 0. So AWC,(G)
is true in this case. If G is a trivial group, z,(G) = 1. So in this case the right hand side of the
equation 2.3.4 is 0 same as the left hand side, since the summation is over an empty set. When G is

a non-trivial finite group, then z,(G) = 0 according to | , Page 14]. So when G is a non-trivial
p-group we have k, (G) —2,(G) = 1. As for the left hand side of the equation 2.3.4, since G satisfies
the normalizer condition] , 5.1.3,5.2.4], the groups are Ng(P)/P are non-trivial p-groups for

all proper subgroup P of G. Thus the terms are all 0 except when P is just the group G itself and
in this case the term is 1.

Even the truth of AWC,(G) has not been verified, but people has reduced the verification to
check several conditions for all finite simple groups| Il il ].

Knorr and Robinson| il , Page 195] give an equivalent conjecture with Alperin’s
weight conjecture:

Conjecture 2.3.5. Given a finite group G and a prime number p we have the following equality:
Yo (FD)MR(Ca(o) = KG) = 2(G)
cGeA(SET) /G

However the equivalence between these two conjectures is not case by case. That is, if one
case is true for one conjecture it doesn’t follow immediately that this case is also true for another
conjecture and vice versa. The precise statement] , Theorem 3.1] of the equivalence between
Alperin’s weight conjecture and Knorr-Robinson’s conjecture is as follows:

Theorem 2.3.6. Let G be a finite group and S, be the poset of all p-subgroups of G, then the
following two statements are equivalent:
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1. The Alperin’s weight conjecture holds for G and Ng(P)/P for every P € Sg.
2. The Knorr-Robinson’s conjecture holds for G and Ng(P)/P for every P € S¢.

According to Proposition 2.1.29 we can use the second integral equivariant Euler characteristic
to reformulate the Knorr-Robinson’s conjecture:

Conjecture 2.3.7. The Knorr-Robinson’s conjecture is equivalent to
Xg(Sg+*; G) = k(G) — z(G)

Proof. Take the finite space M of the remark in Proposition 2.1.29 to be the poset S?;*. In other
words:
wSEE = Y, (“D"kCa(0)
ocGEA(SET) /G

O]

Remark. According to | , Proposition 2.1]] , Theorem 1], the p-subgroup complex Sgr* is

G-equivariant homotopy equivalent to the complex of elementary abelian p-subgroups Sg+eab+* or

ptrad+x*

radical p-subgroups |, in other words we can replace Sgr* in the equivariant Euler

characteristic by Sg+rad+*.

Similarly the Knoérr-Robinson’s conjecture has been proved to be true for lots of case. For
example when G is a p/-group i.e. p t |G|, there are no non-trivial p-subgroups of G. So
X2<Sg+*,G) = x2(0,G) = 0. And in this case 2,(G) = k(G) i.e the right hand side of the equa-
tion 2.3.4 is 0. Hence the Knorr-Robinson’s conjecture holds when G is a p’-group. Thévenaz gave

another example| , Example 1.4]: When O,(G) # 1, SZJF* is G-equivariant contractible. So
Xg(Sng*, G) = x2(%,G) = k(G). According to Ito’s theorem]| , Corollary 53.18] then O, (G) # 1

then 2z,(G) = 0. We should mention here that this case has not been showed to be true for Alperin
weight conjecture. So this is one example that the equivalence between the Alperin weight conjec-
ture and the Knoérr-Robinson’s conjecture is not case by case.

2.4 Grothendieck Construction and its Equivariant Euler Charac-
teristic

2.4.1 Equivariant Euler Characteristics of Discrete G-posets

In this subsection we determine the equivariant Euler characteristics of discrete G-posets. More
precisely, let G be a finite group and K be a subgroup of it. Then K\G is a right transitive G-set
and there is no non-trivial order relation between cosets. So it could be considered as a discrete
G-poset. Then by definition
WEGO = Y (O
XeHom(Z",K)

where Ci\(X) consists of the K-cosets fixed by the image of the homomorphism X.

Theorem 2.4.1. For any r > 1, x»(K\G,G) = |Hom(Z", K)|/|K| = x»(1, K) is the number of
conjugacy classes of commuting (r — 1)-tuples in K.
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Proof. The rth equivariant Euler characteristic is

C A

Aeszpe AGeszbe /G

where Sgbe is the poset of all abelian subgroups A of G, ¢,(A) means the number of epimorphism

from Z" to A and S(a;be /G is the conjugacy classes of abelian subgroups A of G and by definition
Crg(A) =K\{ge G| A< K}

is the fixed point set for the action of A on K\G. Write Sg(A%, K) = {49 | g € G, A9 < K} for
the set of G-conjugates of A contained in K. The surjection

{g€G|A< K} = Sc(A% K): g — A9

identifies two elements g1 and go of the domain if and only if g9, Le Ng(A). So we have the
identity
|K||Crg(A)| = |Na(A)||Sc(AY, K)|

and the disjoint union

U  Se(4% K)=sp

ACGesgbe/G
we find that
|K[|Ce\a(A)]
K (K\G.G) = mA)ﬁz Y er(A)Sa(A% K))
ACeSzPe/a “ ACeSzPe/a
= > ¢r(A) =|Hom(Z", K)|

AcsSzbe

Corollary 2.4.2. x,(K\G,G) = x»(1,K) — x»(1,G)

2.4.2 Equivariant Weightings and Grothendieck Construction

In Section 1.3 we introduced weightings and co-weightings for posets and how to use them to define
the Euler characteristic of a finite poset. In this subsection we generalize the (co)weightings of a
finite poset to the notion of equivariant weightings for G-posets and calculate the equivariant Euler
characteristics of the Grothendieck constructions.

Definition 2.4.3. The r-th equivariant weighting on the G-poset P is the function ky: P — Q
given by

kP = > K(Cp(X)), peP
XeHom (Z",Cq(p))

where £*(Cp(X)): Cp(X) — Q is the weighting for the subposet Cp(X).

Like the Euler characteristic case, the equivariant weightings could be used to express the
equivariant Euler characteristic.

Proposition 2.4.4. ﬁ Z}Dkf =xr(P,G)
pe
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Proof. The computation

D= > K(CrX)

peP pEP XeHom (Z",Cq(p))
= Z Z EP(Cp(X)) = Z xX(Cp(X)) = [G|xr(G, P)
XeHom(Z",G) peCp(X) XeHom(Z",G)
proves the lemma. O

We can apply this proposition to rewrite the proof of Theorem 2.4.1

Proof of Theorem 2.4.1. According to Proposition 2.4.4 we know

r(K\G, G) Z > 1

ngK\G X€eHom (27 ,K9)

L 16|
~[GTIK]
= [Hom(Z", K)|/|K| = x»(1, K)

| Hom (2", K

The first equality holds since the weighting k:Kg(C’K\G(X)) =1 for all Kg € Cg\(X).
O

Definition 2.4.5 (Grothendieck Construction). Given a finite category D and a functor S : D —
POSET, we associate a new poset fD S called the Grothendieck construction of & with

1. Objects: (d,x) where z € S(d)

2. Morphisms: a morphism ¢ : (di,x1) — (d2, x2) consists of a morphism f : dy — do in D and
a morphism ¢ : S(p)(z1) — 2.

The following result is about the weighting of Grothendieck construction [ , Lemma 1.14]

Lemma 2.4.6. Let D be a finite category with weighting k®. Suppose we have a functor § : D —
POSET such that its Grothendieck construction [, S is also finite. If the weighting for every
image S(d) exists and it is all written by k* then its Grothendieck construction carries a weighting

defined by k4 = kk* where d € D,z € S(d).
Proof. See | , Lemma 1.14] O

Corollary 2.4.7. Under the same condition as in Lemma 2.4.6 and if Fuler characteristic of the
Grothendieck construction exists, then:

/3 > k(D)

deD

where k°*(D) is the weighting for the category D.

Proof. According to Lemma 2.4.6 we know

/ s) k) = 37 k(D) Z K(S(d) = 7 kUD)x(S(d)

dED zeS(d) deD zeS(d deD

28



Definition 2.4.8. | , Definition 2.2] Let C be a small category with a G-action and D an
arbitrary category. We say a functor F' : C — D a G-functor if there is a natural transformation
¢, : F — Fog for each g € G satisfying ®g4,4, = ®4, 0 @4, for g1,92 € G.

Now given a G-functor S : D — POSET where D is a finite G-poset and each image of S is
also a finite poset. Its associated Grothendieck construction is a G-poset with the G-action given

by g(d, ) = (9d, 24(d)(x)).
So we can talk about the fixed points of the Grothendieck construction. We observe that for
any homomorphism X : Z" — G the centralizer:

Chyst®) = [ Cs(x)
D(X)

where Cs(X) : Cp(X) — POSET is the fixed functor. Therefore we have

(CpsC) =x(|  Cs()) = 3 KCoON(Csia(X))

Cp(x) deCp(X)
Where Cs(q)(X) = {a € S(d)|®4(d)(a) = a,Yg € Im(X)}. In case of a discrete poset D,
k4(Cp(X)) =1 for all d € Cp(X).

Theorem 2.4.9. Under the same conditions as above we have:

o S,G>=‘§; S % kdop X (Csay (X))

XeHom(Z",G) deCp (X

Proof. By assumptions we know fD S is a finite G-poset, so the equivariant Euler characteristic on
it exists.

(de)
/SG |Z Sk </CD(X)CS<X>>

(d,e) XeHom (Z",Cq/(d,e))

Ep> > KO (X))k (Cs(a) (X))

(d,e) XeHom (Z",Cq(d)NCq(e))

OIS > KO X))k (Cs(a) (X))

deD ecS(d) XeHom (Z",Cq(d)NCq(e))

@l DD > KUCDX))K (Csa)(X))

deD X eHom(Z7,C(d)) e€Cls gy (X)

‘Z S KO Y K (Csw(X)

deD XeHom (Z",Cq(d)) e€Cs(q)(X)

@l Z > E{(Cp(X))x(Cs(a)(X))

deD XeHom(Z",Cx(d))

— ’é‘ 3 > EY(Cp(X))x(Csy(X))

XeHom(Z",G) deCp(X)

The first equality holds since Proposition 2.4.4 and the second equality holds since Lemma 2.4.6. [
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2.4.3 p-subgroup posets and Grothendieck Constructions

In this subsection we present a connection between p-subgroup posets and a specific Grothendieck
construction in terms of their equivariant Fuler characteristics. We study the equivariant Euler
characteristics of p-subgroup complexes of symmetric groups. Let H < K < G and Sy the functor
on the G-set K\G that takes Kg to SZJZ*. We denote S?;be as the poset of all abelian subgroups of
G.

Lemma 2.4.10. Forr > 1, XT(fK\G Su,G) = xr(SH, K).

Proof. The r-th equivariant Euler characteristic of the G-poset [ K\G Sy is

W smoy= Y ZUL S o)

K\G AeSgbe/G‘ al )’KQECK\G(A)
1 ©r(A) 1
“w X e Y MCqp=gg Y el Y x(Cae(B)
Aesghe /G {9€GIA<K9} AesEe /G BESG (A% K)
1 %
:ﬁ Z (Pr(A)X(CSI?I“(A)):XT(S% , K)
AeSabe

O]

Another proof of Lemma 2.4.10. The equivariant FEuler characteristic of the Grothendieck con-
struction [ SET is

K\G
* 1 *
W Seem Y Y MO ()= O (SR
K\G ngK\G XeHom (27, K9) KgeK\G
R b 1+
K|xr(SY =x (St K
since the weighting ng(CK\G(X)) =1 for all Kg € Cg\q(X). O

Let G be a finite group, p a prime, and A an p-regular element of G(The order of A is not divisible
by p). In the rest of this section, we study the difference of equivariant Euler characteristics of
two posets C' p+*( ) and Sg (v In terms of a Grothendieck construction. It might be helpful for
calculations on p—subgroup complexes of symmetric groups.

We want to compare the equivariant Euler characteristics of ng+*()\) and nggg/\). We first

define the ‘opposite’ of Sp+>z)\) ={Pc¢ Sp+* | PA = P =Cp()\)}.
Definition 2.4.11.

DE (V) = {P € Cgpre(\) [ [PA] = P} = {P € G | PY = P = [P, A}}

It is clear that Dlg*()\) is a Cg(A)-poset: Let P € ngr*()\) and g € Cg(\). Then P9 € ngr*()\)
because (P9 = P9A = PM — (PM)9 = P9 and [P9, \] = [P9,\9] = [P, \|Y = P9.
We also need the Grothendieck construction Dp+f* )ng”(k/\ _y for the Ca(N)- functor Sgg?)\’_)

on the Cg(\)-poset Dng*()\) taking P € ch);r*()\) to the poset Sp+()\ P) of non-trivial p-subgroups
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of C¢(\,P) = Cg(\) N Cq(P). For P € DL™(\) and g € Cg()), this functor takes PY to

Spt — Pt _ gptx
CG()‘ng) - CG()‘gan) - CG()HP)Q

are pairs (P, E), P € D¢/ (), E € 8877, 1), and (P, E)9 = (P9, EY) for all g € Ca(\).

. The Grothendieck construction is a C(A)-poset whose objects

(
The following theorem follows esse%tialfy because any A-normalized p-subgroup P of G splits
uniquely as P = Cp(\) x [P, A] [ , Chp 5, Theorem 2.3].

Theorem 2.4.12. The difference between the equivariant Euler characteristics of the Cg(\)-posets

ng+* (A\) and SZ‘Z?A) is

)zr(cggf* ()‘)7 CG(/\)) - %r(sgzb), CG(/\)) = )zr (D%+*()‘)v CG()‘)) - ir(/ ng)((()\,_)y CG()‘))

A similar result holds for the difference between the equivariant Euler characteristics of the Cg(\)-

posets Csclab+p+*()\> and SS;?;\L)H* of elementary abelian p-subgroups.
G

Proof. Since the Cg(\)-poset ng+* (A) = 81 U8y is the union of the two upward closed Cg(\)-
ideals| , Section 3.3]

S1={PeCyuW I[P AL} S ={PeCqu(N)|Cp(\) #1}

we have %r(Cng* (N), Ca(N) — Xr(S2,Ca(N) = Xr(S1,Ci(N) — Xr(S1 N S2, C(A)) by the Mayer-

Vietoris relations. Moreover there are equivariant deformation retractions

« >

DEF(N) Sy SPHe Sy
¢ [P « P N Cp(\) « P
where we use that [P,A\,\] = [P,A] | , Chp 5, Theorem 3.6] for the identification of S;.

Moreover, there is a Cg(\)-poset morphism

P — [P

SINS, DLF(N)

for which the fiber over any D € Dgr*()\) are the groups V' x D where V' is any nontrivial p-subgroup
of C(N) N Cq(D). Thus the Cg(A)-poset S; NSz is the Grothendieck construction of the functor

Stiiny on DG (N). O

2.5 Macdonald Type Equations

2.5.1 Symmetric products

Symmetric products of a space M: SP(M) plays an important role in algebraic topology. Let’s
first review the definition of symmetric product of a space.

Definition 2.5.1. Given a topological space X we define the n-th symmetric product of this space
X as
SP,(X) =X x---x X/%,

where X, is the n-th symmetric groups acting on X *™ by switching of coordinates. If X is pointed
we say the infinite symmetric product of X is

SP(X) := colim, SP,(X)
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where the colimits are taken under the map SP,(X) to SP,11(X) by sending (x1,...,z,) to
(z1,...,Tn,e) where e is a chosen base point of X.

Remark. It turns out that the infinite symmetric product construction of pointed topological spaces
is a functor from the category of pointed topological spaces to the category of topological commu-
tative monoids and it is left adjoint to the forgetful functor.

A famous application of infinite symmetric product of spaces is Dold-Thom theorem which
expresses the singular homology by the homotopy groups| , Theorem 4K.6].

Theorem 2.5.2. If X is a based connected CW complex the functor n-th homotopy groups of its
infinite symmetric product SP(X) coincides with the functor of the n-th singular homology groups
of X.

In this section we will review the calculations of the ordinary Euler characteristics of the sym-
metric product of manifolds and we will generalize it to the equivariant Euler characteristics for
bounded and half bounded posets. Our main arguments here are based on Tamanoi’s treatments
for the case of manifolds. In the end, as an application we use this general result to calculate the
equivariant Euler characteristics of Coxeter complexes of type A and B.

Theorem 2.5.3 (Macdonald| |). The generating function of ordinary Euler characteristics
of symmetric products of a finite CW complex M is

S X(SPLMN" = i

n>0

We call a concise formula involving a generating series of the Euler characteristics looks like
this a Macdonald’s type equation.

Proof. See | , Theorem 1]. O

Now consider a manifold M with a G-action on it where G is a finite group, Tamanoi| ,
Theorem A] give a Macdonald’s type equation for the equivariant Euler characteristics of M™ with
G X,-action.

Theorem 2.5.4. For any r > 1 and for any G-manifold M we have

S (MG = [ (1 - gdye® D]

where j4(Z"=1) is the number of index d subgroups in Z"~1. The explicit formula is

ja(Z') = Z asa3---a_}

a1a2...a-—1=d

In this section we give a similar Macdonald’s type equation for bounded and half-bounded
posets with group actions. We first recall some well-known results about the conjugacy class and
centralizer of an element of a special wreath product. Then we will study the fixed points of
products of posets under the action by the wreath product. Next we will cook it up to prove our
Macdonald’s type equations for several cases mentioned before. And finally we will apply these
results to calculate the equivariant Euler characteristics of Coxeter complexes of type A and B.
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2.5.2 Centralizers of wreath products and fixed points

In this subsection we study the centralizer of wreath products and the associated actions on fixed
points. Most of this stuff is treated in| |. We first describe the conjugacy classes and cen-
tralizers in symmetric groups then we generalize them to the wreath products of symmetric groups
with a finite group G: G %,.

Definition 2.5.5. Given a permutation o € ¥,, we define m, to be the number of cycles with
length r of 0. And we call the sequence {m, }1<,<, the type of . We denote P(n) as the set of all
types associated to every element of ¥,,.

Proposition 2.5.6. [ , Theorem 3.5] Conjugacy classes in ¥, are completely classified by
P(n). More precisely, two elements in ¥, are conjugate to each other if and only if they have same

type.

Consider the d-cycle a(d) = (1,2,...,d) € X4, the centralizer of a(d) in X, is a cyclic generated
by a(d), that is
Cs,(a(d)) = (a(d)) = Cq

Moreover if an element o € 3,4, consists of e d-cycles, i.e. its conjugacy class could be represented
by the sequence {m,}1<,<m where mgy = e and others are all 0. Then the centralizer of o is

Czde (0) ~ Oy 13,

And In general let o € ¥,, with type {m, }1<y<n, then the centralizer of o is

Cy, (o) ~ H CriXm,

1<r<n

Definition 2.5.7. Given an element (g, o) in the wreath product G %, where g = (g1,...,9n)-
Let 0 = o1...0, be the decomposition of ¢ by disjoint cycles 0;,1 < i < k. For each cycle
0; = (a1,...,anm,) the associated group element g, - ga,9a, is called the cycle product of this
cycle. Let m,(c) be the number of r-cycles in o with cycle products in the conjugacy class [c] in G.
Then we say the sequence {m;(c)}q,where r runs from 1 to n and [c] runs all conjugacy classes of
G (we sometimes omit the subscript for simplicity when there is no confusion), the type of element
o. Let P(n,G) be the set of all type of elements in G %,.

Proposition 2.5.8. [ , Chapter I, Appendiz B] Conjugacy classes in G 1 %, are completely
classified by the set P(n,G). In other words, any two elements o, in GU¥, are conjugate to each
other if and only if they have same type.

Remark. It’s equivalent to say that the conjugacy classes of G ! X, is classified by sequences

{m.(¢) }gej@),1<r<n Such that > rmy(c) = n where [G] means the set of conjugacy classes
o [elGl1<r<n

of the finite group G.

Example 2.5.9. Let’s see several concrete examples of centralizers in wreath products:

1. Let 0 = (971>17"' 717(12d)) € GZZTL We have Ud = (gaga 7gaZd) € CG(g) < G <
G < G 1Y, then the centralizer of o is

Cas,(0) = (Calg),0)
of order |Cex, (0)| = d|Ca(9)|] , Appexdix B, (3.1)]
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2. Let 0 = (g,1,---1,---,¢,1,--- ,1;(1---d)---(dle = 1)+ 1---de)) € G X4, then the cen-
—_—— —_——

tralizer of o is
CGZEde (J) = <CG(9)7 .7)> l Ze
of order
Cansy (0)] = (d|Ca(9))°[%e] = [Calg)|“d%e!
where x = (g,1,--- ,1;(1---d))
In general, the centralizer in wreath product is| , Theorem 3.5]:
Proposition 2.5.10. Let (g,0) € G %, with type {m,(c)} then we have
Cas,((9:0) =~ [[ TI{(Ca(e) (are)) 1 Sm, (c)}
[cJe[G)r=>1

where (ar.)" = ¢ € Cg(c) and [arc,Ca(c)] = 1 i.e. ap. commutes with each group element in
Cea(c). In particular the order of this centralizer is

ICarm, (g:0) = [ T]CICa(e)))™ Om,(e)!

[c]elG]r=1
Proof. See | , Theorem 3.5] O

Definition 2.5.11. For a finite poset P we say this poset is bounded if there are both maximal
and minimal elements 0,1 in P and we denote P = P — {0,1}. Also we say it is half bounded if
there exists either a maximal or minimal element but not all of them simultaneously. Then in this
case P is the subposet of P obtained by P minus the minimal or maximal element.

Proposition 2.5.12. Let P be a G-poset either bounded or half bounded, (g,0) € G 13, with type
{mr(c)}, then

(Pr)la0) ~ H (Ple))X, mn(c)
[c]€[G]

where the product is taken over the conjugacy classes of G.

Proof. 1t is equivalent to prove

(Pn)(g,ff) ~ H (P(c>)27«mr(c)
[c]€[d]

which has been showed a similar formula in | , Proposition 3.2] for manifolds. That argument
works exactly same here for posets. O

Proposition 2.5.13. 1. If P, Ps, ..., P, are all bounded posets then

[P X - X Py = 8" 2% [Py| - % | Py

2. If P\, P, ..., P, are all half bounded posets and we assume they all have a mazximal element
then o o
|Pp X+ X Py| = |Py| %+ % | Py
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Proof. 1. See | , Proposition 2.8]

2. See [ , Proposition 1.9]
O
Corollary 2.5.14. 1. If Pi,..., P, are all bounded posets we have
— n —
X(Pyx X By) = [ X(P)
i=1
2. If Py, ..., P, are all half bounded posets and we assume they all have a maximal element then
n
NP x Py) = ()" [ X(P)
i=1
Proof. Apply the reduced Euler characteristic functor to both sides. O

Remark. So for bounded posets the reduced over characteristics functor is distributive over the
Cartesian products and for half bounded posets the minus Euler characteristic functor is distributive
over the Cartesian products.

2.5.3 Macdonald’s type equations

In this subsection we will determine the generating functions for equivariant Euler characteristic of
products of bounded and half bounded G-posets . We first need a technical combinatorial result
which could be viewed as a generalization of the explanation of Stirling number of first kind of
rising factorial.

Lemma 2.5.15. Let x : G —> Z be a class function i.e. if c1,co are in a same conjugacy class of
G then x(c1) = x(c2). Then,

S Hm@) I x@7™" = (X x@) (X x(0) +161) - (3 x(e) +nlG] - G])
> rmr(c)=n []€[G] ceG ceG ceG

7[c]
(2.5.16)
Where |G| is the order of G #{m(c)}ge(a),1<r<n Means the number of group elements in G 1 ¥y
with the same conjugacy class represented by the sequence {mr(c)}[c]e[gmggn and the summation
wn the left hand side is actually taken over the conjugacy classes of G Y, i.e. the solution of the

equation Y rm,(c) = n corresponds to the set of conjugacy classes of G U %,,.
r[c]

Proof. We prove it by induction on n. When n = 1, then left hand side and right hand side are

both equal to ) x(c). In other word the identity holds for n = 1. Now we assume this identity
ceG
works for n — 1, we are going to show that this identity also works for n. By inductive hypothesis

it suffices to show the left hand side of 2.5.16 equals to:

> t{mr(©)}gecazrzn—1 ] X(c);’"r(c) (Zx(c)mm—\ay) (2.5.17)

> rme(c)=n—1 [c]€[G] ceG

r,[c]

35



To show the equality we just need to show the equality of coefficients of each monomials of both
sides. Now we denote |G| = m and we denote the m-conjugacy classes of of G by 1,...,m
simply. Then given a sequence of non-negative integers ki, ..., k, the coefficient of monomial
(1) - x(m)*m (here if ¢1, ¢o is in the same conjugacy classes then we view x(c1) and x(c2) as a
same variable.) in the left hand side of 2.5.16 is

> #{me () Ye(a)a<ren (2.5.18)
> rmr(c)=n

[c]

>, my(c)=ke for all ¢

the coefficient of monomial x(1)*t --- y(m)*m in 2.5.17 is:

(n—1)m > H{me () }ge@acren | + D > tH{mr(¢) Heia)1<r<n—1

X[:] rmy(c)=n—1 1<i<m Z[:] rmy(c)=n

7 > mer(c)=ke > my,«(c):kc for c # i
S (i) =hi—1
T

(2.5.19)
Where the formula 2.5.18 just counts the number of group elements in G {3, with number of cycles
with cycle product in [c] equals k.. On the other hand, the set of group elements satisfy these
properties could be separated into two cases. The first case the number n forms a cycle itself, then
its cycle product has exactly m possibility, the number of group elements in this case corresponds
exactly the second term in the formula 2.5.19; the second case is that the number n doesn’t form
a cycle itself then we first form cycles from the remaining n — 1 elements then insert the number n
somehow to one of these cycles and the way of inserting is exactly (n—1)m. However since in the first
term of formula 2.5.19 the summation is over the cases of numbers of cycles with cycle product in
[c] is k. then if we insert a number n carrying a specific group element g it will change the conjugate
type of the cycle it inserts. But here I claim that the first term of formula 2.5.19 still counts the
number of group elements in G ! ¥, in which the number n doesn’t form an individual cycle and
the number of cycles with cycle products lies in [¢] is exactly k.. It suffices to construct a bijection
from the set A of the group elements in G, where the number n doesn’t form an individual cycle
and if we ignore the number n the number of cycles with cycle products in [c] is exactly k. to the
set B of the group elements in G ¥,, where the number n doesn’t form an individual cycle and the
number of cycles with cycle products in [c] is exactly k.. Suppose (c1,¢ca,...,¢) is an individual
cycle with cycle product in [¢]. Let g1, go, ..., g be the group elements associated to ¢y, ca, ...,
so we can assume that g;g;_1--- g1 = ¢ without losing any generality. So in this case if we insert
the number n with a group element ¢ in this cycle say (c1,ca,...,c,n). However after inserting
the cycle product of this new cycle is gc, then we can change the group element g; associated to the
number ¢; by ¢ 'g;. In this case the cycle product is g¢ ;911 91 = ¢191—1- - - g1 = c. In other
words we construct a map f from the set A to B, on the other hand if the cycle (c1,ca,...,¢,n)
contains the number n and we assume the associated group elements are g1, go, ..., g;, g such that
the cycle product gg; - - - g1 = ¢ .Then we can change the group element g; associated to the number
¢ by ggi then the cycle (c1,ca, ..., ¢, n) with new associated group elements such that if we ignore
the number n then the cycle product of the remaining cycle (c¢1,c¢2,...,¢) is gg; ... g1 = c¢. Hence
we construct a map ¢ from the set B to A. And we observe that the composition of these two
maps fog and go f are both equal to the identity map on B and A respectively. Therefore e first
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term of formula 2.5.19 counts the number of set B. So both two formulas count same number: the
number of group elements in G ¥,, with number of cycles with cycle product in [c] equals k.. In
other words, the coefficient of monomial x(1)** . x(m)* agrees on both sides. O

Corollary 2.5.20. 1. Let P be a finite bounded G-poset then

S X(PTLG8)" = (1 ¢y PO (2.5.21)

n>0
We assume here the n = 0 term is 1.

2. Let P be a finite half-bounded G-poset then

S PGS0 = —(1 - g1 (2.5.22)
n>0

We assume here the n = 0 term is —1.

Proof. 1. It suffices to prove the coefficient of ¢" on both side agree. The coefficient in the left
hand side is

. 1 IR
X1 (P, GlE,) = > X(P)e)
|GULE,|
(g,0)EGE,

If the conjugacy type of element (g, o) is represented by a sequence {m;(c)}(ge(q],1<r<n then
in this situation according to Proposition 2.5.12 and Corollary 2.5.14 we know

~(( (grf H X(( my(c)
[]€[G]

And the number of elements in G 13, with same conjugacy type {m.(c)}(ge(q],1<r<n 1

t{m(c)}ge(a),1<r<n- Therefore the coefficient of ¢" in left hand side is

|G212 | Z X(PE))Zrm O m, (e ) Hdelal,1<r<n (2.5.23)

n ST rmy(c)=n
rle]

On the other hand the coefficient of ¢ in right hand side is simply expressed by the binomial

coefficient
s _ 1y (e
(_1)n< xl(nP, G)) _ (_1)n< | |g€7§><< )>
(—r T XPD) ...~ X X —n+1)
geG geqG

n!
(X X(P9))...( ¥ X(P9) +n|G| - |G])
. geG geG
B |G|"n!

Then according to Lemma 2.5.15 we know the coefficient of ¢" on both sides coincide.
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2. The proof of the second statement is very similar like the argument for first statement. The
only difference is that the reduced Euler characteristic of product of half-bounded posets.
More concretely, when P is a half-bounded poset according to Corollary 2.5.14

(_1)(_1);mT(01)§Z(m);mr(61) N (_1);mr(0k)%(m);mr(0k)

where k denotes the number of conjugacy classes of G. So If we replace the reduced Euler
characteristic by its minus and multiply —1 of the left hand side of 2.5.23 then we get the
coeflicient of ¢" of left hand side of the equality of the second statement. So we just need to
modify the right hand side by replace the reduced Euler characteristic by its minus one and
multiply —1 then what we get is exactly the coeflicient of ¢" of right hand side of the equality

of second statement.
O

Lemma 2.5.24. [ , Lemma 4.1] Let G - {a) be a group generated by a finite group G and
an element a such that a commutes with every element in G and (a) NG = (a™) for some integer
m > 1. Suppose the element a acts trivially on a G-poset P either bounded or half-bounded. Then
we have

X-(P,G - (a)) =m" %, (P,G) (2.5.25)

Proof. We first observe that two elements ga’ and ha’ in G - (a) commutes if and only if g,h
commutes in G. Therefore we have

Y, (P —L ~ i{g1a,....gra’r)
TR R TR e

(g15--,9r),0<i;<m

where the summation runs over all tuple (g1,...,g,) of mutual commuting elements in G and I
from 1 to r. Since a acts trivially on the poset P, the fixed points F<gla”""’g’"azr> is just ?@1’"' ’gr>,
therefore
S (P.G _om’ ~ ﬁ<917--~79r> — Y (P.G
GP.C )= e 3 )=’ 1% (P,G)
(917---797‘)
O

Theorem 2.5.26. If P is a bounded finite G-poset
S % (PHG S = [J] @ - ¢tye@ o9
n>0 d>1

Proof. We prove it by induction on . When r = 1, this formula holds because of Corollary 2.5.20.
Then we assume this formula holds for r < k — 1. Now let’s try to prove this equality also holds
when r = k. According to Lemma 2.1.25, we know

Y u@LaZ) =Y Y %P Cax, ((9,0)d"
n>0 n20{(g,0)]€[GIZn]
According to Proposition 2.5.12 and Proposition 2.5.10 we have two isomorphisms:
Cax, (9,0 H H{ (Cale) - (are)) 1 Xm, (c)}
[cle[G) r>1

(P){9:9)) ~ H (P{e)) X, me(e)
[c]€[G]

38



And the group action of the centralizer on fixed points is compatible with the isomorphisms. If we
use the sequence {m;(c)}(ge[q],1<r<n tO Tepresent the conjugacy type [(g,0)] then we have

YoPGE)d =) " Y [T (PO, Cole) - (are) 1 i, )

n>0 n>0 Z rmy(c)=n[c],r
(2.5.27)
=] > (@)™ Oxka(PlD)™ (), Ca(e) - {are) 1 Sm, ()
[e],r mr(c)>0

By induction hypothesis we know for each conjugacy class [c] in G we have

—Xk—1(P{,Ca(c)(ar.c))

Z (qr)mr(c)%k_l(m, C () {are)Sm, (o) = H(1 B (qr)d)jd(zk—Q)

my(c)>0 d>1
Apply this equality to 2.5.27 we get

—Xk-1(P{),Ca(e)-(ar,e))

Z %k(ﬁ, G Zn)qn = H H(l . (qr)d)jd(zkfa

n>0 rlc] \d>1

11 [I - ghysis

[c] d>1,r,a1a2-ap_o=d

= H H (1- g )a2a§ ayyrh

[c] \eiaz--ag_or=dr

~Xk—1(P(@,Cg(c)(ar.))

_ik—l(P<C> 7CG(C))

— Y Xk-1(PE),Ca(e)

_ _dr aga?- aF3pk—2 [
= H (1 q) 370k _2

aiagap_or=dr

75(vk (ﬁrG)

- H(l — gh)Ja@h

d>1

Theorem 2.5.28. If P is a half bounded finite G-poset

S X (PG s, = —[ [ (1 = gty P

n>0 d>1

Proof. The proof of this theorem is very similar to the proof in Theorem 2.5.26. We still write
some key steps here. When r = 1, this equality holds because of Corollary 2.5.20. Then we assume
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this equality holds for r < k — 1, let’s try to show this equality still holds when r = k.

S @) =[] 3 (@)™ % (PO, Ca(e) - (ane) 1 S o)

n>0 [c];r mir(c)>0
Xk—1(P$,Cq(c)-(ar,c))
=-[T{ IT~ @)y
rid \d>1
Xk (P.G)
- _ H(l _ qd)jd(Zk_l)
a>1

2.5.4 Coxeter Complexes and its equivariant Euler characteristics

In this subsection we determine the equivariant Euler characteristic of Coxeter complexes of type
A and B. In the beginning let’s give here a crash introduction to Coxeter complexes. For more
details people could refer [ , Lecture 1][ , Chapter 11]] , Chapter 3].

Definition 2.5.29. Given V a finite dimensional Euclidean space over R. Let H be a finite
collection of hyper-planes {H;};c; with |I| < oo. We call it a hyper-plane arrangement of V.
Then for any hyperplane H; there is a linear functional f; € V* such that the kernal of this linear
functional is exactly H;. Then we call H; itself having sign 0, the region f; > 0 having sign + and
the region f; < 0 having sign — with respect to f; respectively. Therefore these linear functionals
divide V' into many regions with a sequence of signs and we call it cells. Let X () to be the set of
all cells except the minimal cell with the sign sequence (0,0, ...,0). We can equip face relation on
YH ie A< B e X(H) if and only if A C B. So X(#H) is a poset. Then the A-set of this poset is

called the associated complex of this hyper-plane arrangement.

Definition 2.5.30. Given a finite hyper-plane arrangement H on V we associate a group gener-
ated by reflections with respect to each hyper-plane in 7. This is called the Weyl-group of this
arrangement. Moreover, this Weyl-group has a natural action on the poset 3 (H).

Example 2.5.31. Let V' be R", the type A Coxeter arrangement H 4, is the collection of hyper-
planes:

H;j={z eR":2; = z;}
for 1 < i < j < n. This is the hyper-plane arrangement associated to the Coxeter group of
type A] , Example 1.3.3]: the symmetric group %,, which is also the Weyl-group of this
arrangement. And the A-set ¥4, of associated poset X(H 4, ) is called the Coxeter complex of type
A with the action by X,.

Example 2.5.32. Let V be R", the type B Coxeter arrangement Hp, is the collection of hyper-
planes:

H:j:{xER”:xi:xj}, H ={zreR":2;=—z;}, H,={zeR":2,=0}

for 1 < i < 57 < n. This is the hyper-plane arrangement associated to the Coxeter group of
type B| , Example 1.3.4] : the wreath product C3? %,,, which is also the Weyl group of this
arrangement. And the A-set Xp, of associated poset X(Hp,, ) is called the Coxeter complex of type
B with the action by Cy %,,.
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Theorem 2.5.33. 1. The generating function associated reduced equivariant Euler characteris-
tics of Coxeter complex of type A is:

S X (Ba, Ba)g" =[] (1 — gy (2.5.34)
n>0 a>1
This result also appears in [ , Section 1]

2. The generating function associated to reduced equivariant Fuler characteristics of Cozeter
compezx of type B is

> (BB, Cot g = — ([ - D ) L (2.5.35)

n>0 d>1

In other words, for any r > 1,n > 1 then x,(Xp,,C21%,) = 0. When we consider the
restriction action of £, on X, , the generating function in this case is

> Xe(Sp, Sa)" = =[] — ¢y (2.5.36)
n>0 a>1
Proof. According to | , Example 1.3.3] 34, is the subdivision of the boundary of the standard

simplex A"~!. Hence it is the order complex of Boolean lattice without two extreme elements
{0,1}: B’. We already knew in Example 2.1.15 that B,, ~ I" where I is the poset {0 < 1}. Hence
Xr(Za4,,3n) = Xr(I",%,). Apply Theorem 2.5.26 and X(I) = —1 we know

Z%T(ZAM En)qn _ H(l - qd>jd(ZT71)

n>0 d>1

As for the second statement, according to [ , Example 1.3.4] ¥p  is the subdivision of the
boundary of n-cube i.e the order complex of face poset of n-cube which is denoted by C,. We
observe that the poset C,, is isomorphic to A where A is a half bounded poset consisting 3 elements
{a < 1> b} with Cy-action on it by switching a and b] , Exercise 71]. Then by definition we
get Xr(A,Co) =1 — 271, Then according to Theorem 2.5.28

S X (E8,, Gt S)d" = 3 % (B, o 2)g" = — ([ (1 = gty )
n>0 n>0 d>1

If we only consider action by ¥, on Xp, i.e we replace Cy by the trivial group e then definition
Xr(A,e) = X(A) = 1. Hence:

> % (Sp, Sa)g" = =[] — ¢y

n>0 d>1

O]

2.6 Equivariant Euler Characteristics of All Subgroup Complexes
of Symmetric Groups

In this section we study the ordinary equivariant Fuler characteristics of the poset of all proper
non-trivial subgroups of symmetric groups and several variants of it. Actually this poset is not just
a poset, it enjoys a richer structure called the lattice structure.
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Definition 2.6.1. If L is a poset and S is a subset of L, then we say an element v € L is an upper
bound of S if s < u for any s € S. Moreover if there is an upper bound u of .S such that all other
upper bounds x of S with x > u, then we call u the join of S. Dually we can define lower bound
and meet of any subset S. Then a poset L is called a lattice if any two elements a,b in L have a
join and a meet. The join operation is denoted by \/ and the meet operation is denoted by A. A
lattice is called bounded if it has both maximal element 1 and minimal element 0.

Definition 2.6.2. Given a finite group G, all subgroups of G form a lattice denoted by Sg. Any
number of subgroups H; enjoys a meet A H; defined by their intersection (| H;, and a join \/ H;
defined by the subgroup generated by the union of all of them together. Moreover S, := Sg—{e, G}
denotes the subposet of all non trivial proper subgroups of G and its associated A-set will be called
the all subgroup complex of G.

Remark. The lattice S also carries a natural G-action by conjugation.

Like p-subgroup complexes, the all subgroup lattice reflects many important properties of G
itself by its topological or combinatorial properties. And in this section we focus on the calculation
of the (reduced)equivariant Euler characteristics of S5, ¢ the all subgroup lattice of symmetric group
Y., for some series of n. In order to do this calculation we first recall a useful tool for calculations
of equivariant Euler characteristics:

Proposition 2.6.3. Let G be a finite group and P is a finite G-poset then

PG = 7 X XCrA)e(A
Aeszbe

Where S?;be means the set of all abelian subgroups of G and p,(A) is the number of all epimorphism
from Z" to the abelian group A.

From this proposition we know that the key step is trying to compute the ordinary Euler
characteristics of some centralized sub-posets or furthermore trying to analyze the homotopy type
of these centralized sub-posets. Here comes a key observation of the centralized sub-posets of S5,
under the action of abelian subgroup A of G.

Lemma 2.6.4. If A is an abelian subgroup of symmetric group X, with order greater than 2, then
the centralized subposet Csy, (A) is Cyx, (A)-equivariant contractible.

In the rest of this section A is always an abelian subgroup of ¥, with order greater than 2.
We use three steps to prove this theorem. As for the first step, we consider the abelian group Cp,
which is the cyclic group generated by a m-cycle where 2 < m < n.

Let’s first recall a very useful lemma in equivariant poset homtopy theory [ , Proposi-
tion 1.1]

Lemma 2.6.5. Let P be a G-poset and f,g : P — P be two self G-maps of P such that f(x) > g(x)
for all x € P then f,g are G-homotopic.

Next let’s introduce a convenient conception.

Definition 2.6.6. An element C' € Cg; (A) which is a subgroup of A is a contractor for this
abelian subgroup A if CK # ¥, for all K € Cg;, (A)

Remark. In this case CK is equal to the subgroup generated by the union of K and C since C is
a subgroup of A which normalizes K by definition.
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Proposition 2.6.7. Given a centralizer subposet Cgy, (A), if we have a contractor then this cen-
tralizer subposet is Cx, (A)-equivariant contractible.

Proof. Let C be the contractor, since C' is a subgroup of A then for any element K in this centralizer
subposet we have C'P a group and by assumption we know CK # ¥,,. Hence CK lies in Cg;, (A).
Since the contractor is normalized by Cy,, (A), we have Cyx;, (A)-equivariant double cones as follows:

K<CK>C
According to Lemma 2.6.5 we know Cg;, (A) is Cy, (A)-equivariant contractible. O

Lemma 2.6.8. Let C), denote the cyclic group generated by an m-cycle in ¥, where m is an odd
number. Then Csy, (Cp,) is Cs, (Cm)-equivariant contractible.

Proof. Our basic strategy is to find a contractor. We claim that the cyclic group C,, itself is a
contractor. To show it we just need to show that for any K in the centralizer subposet we have
CnK #3%,.
Assume it is not true which means there is a group K in this centralizer subposet satisfies:
Cm K = %,,. Without losing any generality we can just assume that the m-cycle is A = (1,2, .., m).
If C,, K =X, there is a element k € K and an integer ¢ such that

k= (1,2)\

As )\ normalizes K, it follows that A%(1,2) and \(1,2)(1,2)\* = A% belong to K. Now since m is
odd we can write m = 2z — 1, in this case we have m | (2z — 1)i which means 2iz = ¢ mod m.
Then \* = (A\?)? € K, in other words the transposition (12) is also in K. Then even A = (m —
1,m)---(2,3)(1,2) is in K because K contains (1,2) and its Cy,-conjugates (2,3),...,(m —1,m).
But then C,,K = K contradicting C,, K = ¥,. Therefore C,, is a contractor, then apply the
Proposition 2.6.7 we finish the proof. O

Our previous argument can be generalized to a little bit general situation where the abelian
group A is a cyclic group C' with odd order m.

Corollary 2.6.9. Given a cyclic subgroup C' with odd order m, then Cgy, (C) is Cs,, (C)-equivariant
contractible.

Proof. This proof is almost same as what we did previously. Let o be a generator of this cyclic
group C. We can express o = o1 - - - 0j where o; for ¢ from 1 to j are disjoint cycles. Since the order
of ¢ is odd, then the order if any o; is an cycle with odd order. Then we want to show that the
cyclic group C is itself a contractor, which means we need to show that for any K in the centralizer
subposet we have CK # ,,. Assume it is not true, that is CK = ¥,,, without losing any generality
we can assume o1 = (1,2,...,my), then there is an element k& € K and an integer ¢ such that

kE=(1,2) 0

Since 0- K - 07! = K, we have 0% € K, then same number theoretic argument shows that ¢* € K.
Therefore (1,2) € K. Then apply conjugation action of o we have o1 € K. Repeat out argument we
can show that o; € K for any i from 1 to j. So finally we have ¢ € K, which means CK = K. But
it is a contradiction. So we proved that C'is a contractor. Therefore Cg; (C) is Cyx,, (C)-equivariant
contractible by same argument. O
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Proposition 2.6.10. Let C be a cyclic of order 2 generated by even permutation o, then Cgy, (C9)
is Cy,, (C2)-equivariant contractible.

Proof. We just need to show that C' = Cs itself is the contractor we want. Since C' is generated
by a even permutation, we know CA,, = A, # X,. So we just need to consider the group K
in the centralizer subposet which is not the alternating group A,. Since |K| < %!, then we have

IKNC|= l\%“}éﬁl <22 — 1. This is a contradiction because |IKNC|>1. O

The second step we want to study the abelian group C which is a cyclic group with order than
2.

Lemma 2.6.11. Given a cyclic group C' with order greater than 2, then Csy (C) is Cx, (C)-
equivariant contractible.

Proof. Let o be a generator of this cyclic group C. Let m denote the order of this cyclic group C.
We have proven the case when m is an odd number in Corollary 2.6.9. So next let’s consider the
case the order of this cyclic group is even. We need to find a new contractor for this situation, if the
order m is not the power of 2, then there is a subgroup C,,; C C where m’ is an odd number. Then
apply the argument in Corollary 2.6.9 we can show that this cyclic group C,, is the contractor
we want. Lastly, if the order m is the power of 2, then there is a cyclic subgroup Co C C with
a even permutation as the generator since this generator is an even power of o. Since C is an
abelian subgroup we know Cy € CS* (C) and Cy is Ny, (C)-normalized. Then apply the argument
in Proposition 2.6.10, we can show that (5 is the contractor we want for this case. Based on all
previous discussion we proved that Cg; (C) is Cy,, (C)-equivariant contractible. O

The last step let’s consider the general case the abelian subgroup A with order greater than 2.

Theorem 2.6.12. Let A be a abelian subgroup of symmetric group %, with order greater than 2.
Then the centralizer subposet Csy, (A) is Cy,, (A)-equivariant contractible.

Proof. Since A is a finitely-generated abelian group we can express A as a direct product of cyclic

groups as follows:
A= Cpy X -+ X Oy,

We need to use previous results to find a suitable contractor for this Cy,, (A)-subposet ngn (A).

If there is an odd number m;, we claim we can just choose Cy,, as the contractor. Firstly, Cy,, €
Csy (A) since A is an abelian group. And C,,, is Ny, (A)-normalized by commutativity. Then
we follow the argument in Corollary 2.6.9 we see for any group K in this centralizer subposet we
have Cpn, K # ¥y, Therefore the centralizer subposet Cgy (A) is Cy,, (A)-equivariant contractible
in this case.

If there is an even number m; greater or equal to 4. Then follow the argument in Proposi-
tion 2.6.10 and the argument previously we can choose the subgroup Cy C (), as the contractor
we want for this case. So we proved the statement in this case.

Finally, if all numbers are 2, that is

A=Cy x - x Oy

Let o1 and o9 be the generators of first two cyclic subgroups of order 2. Since these two generators
commutes each other we can consider the cyclic subgroup Cs generated by o1 - 02. Same argument
shows that Cy € CSE,L(A) and it is Ny, (A)-normalized. Moreover Since o; - o2 is a product of
two permutations which means it must be a even permutation, then apply the Proposition 2.6.10
we know this cyclic subgroup Cs is the contractor we want for this case. So we finished all the
proof. O
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After proving the basic technical Lemma 2.6.4 let’s introduce some notions in poset topology

[ ]

Definition 2.6.13. Let/\f be a finite bounded lattice and L is L— {0,1}. Given any element a € L
a complement of ¢ in L consists of elements ¢ € L with

alNc= f); aVe=1
And we denote the complement of a by a™.

We recall that a poset P is called an anti-chain if for any ¢,d € P satisfy ¢ < d, then we must
have ¢ = d.

Theorem 2.6.14. [ , Theorem 4.2] Let L bea finite bounded lattice and L be its proper part.
Given an element a € L, if its complement a* is an anti-chain then we have

L]~ \/ S(|L<el * | L)

c€al
And in particular if a* = () then |L| is contractible.

A direct consequence we have is the Crapo’s complementation formula] , Theorem 3]
by applying the Md&bius function to this decomposition.

Corollary 2.6.15. Iff s a finite bounded lattice and L is its proper part, and if an element a € L
with a* is an anti-chain then we have

N(L) = Z M(L<C)M(L>c)
ccat
And in particular if at = 0 then u(L) = 0, where u(L) = MZ(Ov 1) is the Mdobius function of the
poset L.

Remark. Actually we don’t need the assumption that a' is an anti-chain in Corollary 2.6.15 the
general Crapo’s complementation formula is

wL)= Y nlL<e)z(e,dIu(Lse)

c,c/'€at
where z is the zeta function of poset L.

Proposition 2.6.16. [ , Lemma 4.6] Suppose G is a finite group and H is a subgroup of G, if
N is normalized by H and s also in the complement of H in Sg, then we have two isomorphisms

of posets as follows:
(Csz(H))>n — Cs;, (H)
and

(Cs(H))<n — (SG)>m

Proof. Here we just prove the first case and the second case is similar. We construct a poset map
from (Csy(H))>n to Csx (H) by sending a subgroup X to X N H. It is clear this map is a well-
defined poset map. Then we try to construct an inverse poset map from Cs: (H) to (Csz (H))>n
by sending a subgroup Y € Csz (H) to YN € (Csy,(H))>n. We need to show that the two poset
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maps we constructed are inverse to each other. On the one hand we just need to prove that given
any subgroup X € (Cs,(H))>n we have (XNH)N = X. We observe that X > N and X > XNH
by definition, and moreover since X N H normalizes N we know (X N H)N is a subgroup of G.
Hence (X N H)N is also a subgroup of X. Furthermore we know

|X N HI||N|
XNH)N|= ———F——F—=|XNH|N
(XN H)N| = T oy = 1K NI
XU XA
xa TN
= x|

Where the second equality holds since IV is in the complement of H i.e. NNH =eand < N, H >=
NH = G; and the forth equality holds since N is already a subgroup of X, then NH = G forces
XH=NH=G.

Hence (X N H)N = X. Similar cardinality argument shows that YN N H is equal to Y for any
Y € Cg;{ (H ) ]

This proposition can help us to calculate the (reduced)Euler characteristics or the Mobius
function of centralizers| , Proposition 4.3]:

Corollary 2.6.17. Let G be a finite group and H be a non-trivial proper subgroup of G

W(Css(H) = 3 p(Cisy (H)(Cs; (H)) = Card(H )u(H, G)u(Cs;, (H))

NeHLt

Where pu(H,G) is the Mébius function of the poset Sg, H* is the complement of H inside the
sublattice Cs,(H) and Card(H') means the cardinality of the set H+.

Proof. First we notice that for any subgroup N € Csy, (H) inside H+ we have HN = G and
N N H = e by definition, which implies |N||H| = |G|. In other words |N| = |G|/|H|. Therefore
H* is an anti-chain because of cardinality. Then according to Corollary 2.6.15 we know

p(Cs(H) = > p((Css(H))en)u((Css (H))>n)

NeH-L

then we replace (Csy(H))>n,(Css(H))<n by Csy(H) and (Sg)>u respectively according to
Proposition 2.6.16 we have

w(Csy(H)) = Y w((S&)>m)n(Cs;, (H))

NeHL
= Card(H)u(H,G)u(Cs;, (H))

As an easy application we can try to analyze several specific cases of sub-poset of &5, :

Proposition 2.6.18. If A € %, is an even involution then (S5, )\ is contractible. Here \ also
indicates the cyclic subgroup with order 2 generated by A. If X is an odd permutation then

U(Csy (V) = —u(A,2)
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Proof. Let L = (S5 )>a, Since A is a an even involution we know the alternating group Ay is in L.

Now we apply the Theorem 2.6.14 by choosing a = A,,. Since in &5, the complement of A,, are odd

involutions, the complement of A,, in L is empty. So by Theorem 2.6.14 we know L is contractible.
When A is an odd involution applying Corollary 2.6.17 we have

R(Csy, (V) = u(Csz, (V) = CardAH (X, Sa)u(Cs; (V)

Since At is the complement of A inside the centralizer Csy, (A), then for any subgroup H € At

we know (\) - H = (\, H) = ¥,, which implies |H| = %‘ So the subgroup H must be the alter-

nating subgroup A4,, in other words Card(A*) = 1. And we know 1(Cs;(A)) = —1. So we have
R(Csz () = — (A E). m

The following result is an easy consequence of Corollary 2.6.17 which we have already proven
in Corollary 2.6.10 in a little bit different way.

Corollary 2.6.19. If A € Xy, is an even involution, then X(Csz (M) =0

Proof. By Corollary 2.6.17 We know
X(Csz, () = p(Csz, (A) = Card(A) (X, Zn)(Coy (V)
Since A is an even permutation we have (S5, ) is contractible, it follows that
pA En) = X(S5,)>2) =0
Therefore X(Cs; (X)) =0. O

Now we need to cite a well-known result before the final calculations. This well-known result
is about the Mébius function of subgroup lattices of symmetric groups by Shareshian in | ,
Theorem 1.6, Theorem 1.8, Theorem 1.10].

Theorem 2.6.20. Let p be the Mobius function of the poset Sy, .

1. If n =p is a prime then

p-1P!
p(1,5,) = (1P

2. If n = 2p where p is an odd prime then

—n/! if n — 1 is prime and p = 3( mod 4)
w(1,%,) = o ifn =22
- otherwise

3. If n =22 for a a natural number then

Proposition 2.6.21.
> AN Sn) = —p(1,5,)

AESsda

Where Syqq denotes the set of all odd involutions in ¥,.

47



Proof. We apply the general version of Crapo’s complement formula by choosing x = A, the
alternating subgroup of ¥,,. Since A = Syqq we get

p(1, %) = Z n(1, )z (e C/):U’(C/’Un)

¢,c'€S0dd
Since ¢ is an involution we have (1,¢) = 0 i.e u(1,¢) = —1, and since S,qq is an anti-chain we
have
p(1,50) == > ple,Sn)
c€S80dd

O]

Theorem 2.6.22. The (reduced) equivariant Euler characteristics of all symmetric groups(n > 3)

are:
T

~ o 2
XT(SEH’En) = E/ﬁ(la ¥n)
Therefore in particular:

1. If n = p is an odd prime we have
Xr(S5,,5p) =277
2. If n = 2p where p is an odd prime then

—2r if n — 1 is prime and p = 3( mod 4)
%’/’(SETN n) = 2r-t if n =22
—or—1 otherwise

3. If n = 2% for a a natural number then
Xr(S%,, Sn) = 2771

Proof. For any integer n > 3, by Proposition 2.6.3 we know

(S5, ) = 2 UCs;, (A)er(4)

Aesgbe

Then apply Lemma 2.6.4 and Corollary 2.6.19 we get
1 - 1 ) 1
51 DL X(Csg (A)er(A) = 15 X(S5, )er(id) + 13

1Zn] Acsabe " 20| 1Zn]
S

S R(Csy (W) (Ch)

AESsda

Hence by Proposition 2.6.18 and Proposition 2.6.21

> X(Csy, W) == D A En) = p(1,5n)

AESvdd AESsda
Therefore
1 , 1 N 1
ESE, herlid) + e 30 R(Cog, (N)er(C) = (1 + (o1, 22)
n n AESua n
Finally by definition ¢, (id) =1 and ¢,(C3) = 2" — 1, we have

o 2"
XT(SEM En) = Eu(la En)
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Remark. In | , Proposition 1.3], Shareshian determined a general formula but not so explicit
for computing p(1,%,) for any n:

P20 = () = Y E)
HeC,

where C,, consists of proper subgroups of ¥, which is transitive and contains an odd involution.
So in general we can express our (reduced) equivariant Euler characteristics of subgroup lattice of
symmetric groups as:

~ o eor— 2"
X85, 5n) = ()" 12 = = N (1, H)
n!
HeC,
This project was suggested by a magma computation given by my supervisor

SZT(SEH,E,L) n=2 n=3 n=4 n=5 n=6 n=7 n=§

r=1 11 a1 1 2 1 A
r=2 2 2 2 2 4 2 -2
r=3 4 4 4 4 -8 4 4 (2:6.23)
r=4 8§ 8 -8 8 -6 8 -8
r=5 216 16 -16 16 -32 16  -16
Xr(S% —((1,2))™) | n=2 n=3 n=4 n=5 n=6 n=7 n=8§
r=1 10 0 0 -1 0 0
r=2 20 0 0o -2 0 0
2.6.24
r=3 40 0 0 -4 0 0 (26.24)
r=4 £ 0 0 0o 8 0 0
r=5 2160 0 0 -16 0 0
Xr(S% ;An) | n=2 n=3 1n=4 n=5 n=6 n=7 n=8 n=9
r=1 -1 -1 1 -1 2 -1 1 ‘A—g';(szg)
r=2 -1 -3 3 102 a1 1
r=3 -1 -9 9 S |
r=4 1 21 27 -1 2 a1 1
=5 -1 -8l 81 -1 2 1 1 (2.6.25)
r=6 -1 =243 243 -1 2 a1 1
r=7 1 -729 729 -1 2 a1 1
r=8 -1 -2187 2187 -1 2 -1 1
r=9 -1 6561 6561 -1 2 -1 1
r=10 -1 -19683 19683 -1 2 -1 1

These tables give us several potential further research projects such like how to explain the
numerical result of equivariant Euler characteristics of all subgroups complex of alternating groups
An? Or how to explain the numerical result of the sublattice S5, — ((12))*»? Here we first give
a partial answer to the second question and then we give an explanation of the alternating group
cases in the end of this section.

Theorem 2.6.26. Where n is a power of 2 or odd prime p except p =3 mod 4 , then Sgn—<(12)>2n
18 Yp-equivariant contractible. Therefore

%r(sgn - <(12)>En; En) =0

For any integer r.
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In order to prove this result we need a little bit more basic properties on equivariant homotopy
theory on posets. The first one we need is a baby toy of equivariant version of decomposition
theorem]| , Corollary 2.4].

Lemma 2.6.27. Let P be a bounded G-lattice with P as its proper non-trivial part. If a € P is a
G-invariant element then the subposet P — a* is G-equivariant contractible.

In particular let’s apply this lemma to the all subgroup lattice &5, . It’s clear the alternating
group A, € 85, is a X, invariant element. Therefore we have

Corollary 2.6.28. Forn > 3, S5, — A,J; 18 Yp-equivariant contractible. Where Aﬂ; is just Soqq the
anti-chain of all odd involutions in X,.

Now let’s consider a natural inclusion:
i8Sy, — Ay = Sy —((12))"

Our idea is applying the equivariant version of Quillen’s fibre lemma| , Theorem 1] to
prove the inclusion ¢ is a ¥,-equivariant homotopy equivalence.

Lemma 2.6.29. Let G be a group, and X,Y two G-posets with a G-poset map p : X = Y, if
either

e for ally €Y, we have o~ (Y<,) is Ca(y)-contractible or
e forally €Y, we have p~1(Ys,) is C(y)-contractible
Then ¢ is a G-equivariant homotopy equivalence.

Now we apply this lemma to our inclusion of subgroup posets. It suffices to show that when
te sy — ((12))** which is an odd involution not a transposition then the pre-image of (S5, —
((12)) )5y = ((t), ) is Cx, ({t))-contractible when n = 2 or an odd prime p except p = 3
mod 4 .

For any t € A we set] , Page 146]

NT' = {H € ({t),%,)|H is not transitive}

NP'={H € ((t),%,)|H is not primitive}

Where a subgroup H in symmetric group is called transitive if the induced action of H on the set
[n] :=={1,2,...,n} is transitive. Moreover a subgroup H in symmetric group is called primitive if
it is first transitive and H will not preserve any non-trivial partition of [n]. Where a non-trivial
partition of [n] means that that isn’t a partition into singleton sets or partition into one set [n].

We want to use these two subposets to study the equivariant homotopy type of ((t),%,). First
we study the equivariant homotopy type of NT*.

Definition 2.6.30. | , Definition 2.1]

1. A partition 7 on [n] is an equivalence relation ~, on [n]. For a block in 7 it is an equivalence
class of ~,. Let P(n) denote the set of all partitions on [n].

2. For two partitions 71, w2 on [n] we write m < g if each block in 71 is contained in a block in
ma. P(n) is a poset equipped with this order and its associated simplicial complex is called
partition complex which is also denoted as P(n).
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Proposition 2.6.31. Assume n > 3, if t is an odd involution which is not a transposition then
NT" is Cy, ({t))-contractible.

Proof. First we introduce a useful map orb from &5, to P(n). For any subgroup H of ¥,, we
define the image orb(H) to be the partition whose parts are the orbits of the action of H on [n].
We list some simple properties of this function| , Lemma 3.2]:

e The function orb is order preserving, in other words, it is a poset map.

e For any partition 7 € P(n), we have orb(X;) = m. Here ¥, = ¥, X --- x X, where
7w = [m1|...|mk].

e For H € S5, , we have orb(H) <  if and only if H is a subgroup of X.

Furthermore, we observe that this map is in fact ¥,-equivariant. For any H € &5 and choose
any element g € 3,. By the definition of group actions on P(n), two numbers x,y € [n] are in
same part of the partition g-orb(H)if and only if g~z and g~'y are in same part of the partition
orb(H), in other words there is an element h € H such that g~'z = h- g~ 'y. Meanwhile, two
numbers z,y € [n] are in same component i the partition orb(HY if and only if there is element
h € H such that x = ghg~'y which is just g~'z = h/¢g~'y. Hence we showed

orb(HY) =g -orb(H)

In other words, the poset map orb is a X, -equivariant poset map.

Now consider the restriction of orb to the subposet NT?. We denote this restriction map as
orb;.

Since every element in NT*? is not a transitive subgroup of ¥, by definition which means the
image of these elements could not reach the maximum element in P(n).

Moreover, when ¢ it an odd involution but not a transposition then the (t) is a proper subgroup
of Xorb((ry- And the image of these two subgroups under orb are same. Hence when ¢ is an odd
involution but not a transposition,

Im(orb;) = [orb((t)),1)

where 1 denotes the maximal partition of [n].
We denote G = Cx;, ((t)). By equivariance of the map orb, we know the image of orb; is also
a G-subposet. Hence we have an equivariant map orby:

NT! — Im(orb;) = [orb((t)),1)

And because orb((t)) is a minimum element and G-invariant, it implies Im(orb;) is G-equivariant
contractible. And for any non-trivial partition 7 in Im(orby), we have

orb; (< ) = ({t), 4]

Where ¥, is the maximum element of this poset and it is Cg(7)-invariant. Hence it is Cg()-
contractible. And by the equivariant Quillen’s fibre lemma we know

NT' 2¢ Im(orby)

where 2 means G-homotopy equivalence. In other words NT" is Cs, ((t))-contractible. O
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Corollary 2.6.32. When n is an odd prime expect p = 3 mod 4 then &5 — ((12))> is %, -
contractible.

Proof. We just need to prove ((t),%,) is Cfy, (t)-contractible if ¢ is an odd involution but not a
transposition under the assumption. According to | , Corollary 3.2] we know ({t),%,) = NT*
unless p = 3 mod 4, and according to Proposition 2.6.31 we know NT* is Cy, (t)-contractible .
Therefore ((t),%,) is also Cy,, (t)-contractible unless p =3 mod 4. O

In addition we give here an equivariant version of a key lemma in | , Lemma 2.2]. Given
a finite group G, let L be a bounded finite G-lattice where the group action is assumed to be
(co)-atoms preservmg, mapping {0, 1} to {0,1} and if gz; = gz, then we have r1 = x9 for any
g € G;x1,29 € L. Moreover, let P be any G-subposet of L which contains L* U {()} where L*
consists of all elements in L which can be obtained by taking the meet of a set of coatoms of L(We
allow this set to be an empty set which means 1 € L*). Coatoms in a bounded lattice are those
elements z with < 1 but there is no third object y with z <y < 1. Atoms are defined dually.
And for any finite bounded lattice A we use A denotes the subposet of A removed the two extreme
elements {0, 1}

Lemma 2.6.33. Based on the assumptions given above, we have

. IfﬁEfF then
<PCZG‘L*

o If0 ¢ L*, then P is G-contractible.

Proof. First we set M := L* if 0 € L* and M := L* \{1}if0 ¢ L*. Now consider the G-equivariant
inclusion
1M — P

For any element z € P, let 2* := A ,.ga where S is the set of all coatoms lie above z. For any
coatom a greater or equal to z, ga > gx = x where g € Ci(z). Since the group action is assumed

to be coatoms preserving:
g(N\a)= )\ ga=z"
a€sS a€esS
In other words the element x* is Cg(x)-invariant. Moreover, given any element x € P we have
i} (P>z) = Msg+. Since z* is a minimal element in M>,« and z* is Cg(x)-invariant, Ms,« is
C¢(x)-contractible. According to the equivariant Quillen’s fibre lemma i.e. Lemma 2.6.29 we know
this inclusion is in fact G-equivariant homotopy equivalence. So the first claim is true. Moreover,
if 0 ¢ L* which means the meet of all coatoms which is G-invariant is not 0, so M is G-contractible
to this non-zero minimal element. ]

Lemma 2.6.34. When n is a power of 2 and t € 3, which is a involution but not a transposition
then NT' is G = Cs, (t)-equivariant homotopy equivalent to N P*.

Proof. Consider a third object NP! .= NPt U {t,£,} and let NP! consists of the elements
could be obtained by taking meet of a collection of coatoms in NP Then we define ]\//Tt =
NPU UNT' and set My = M, — {(£),S,} if () € NPU or My = M, — {S,} if () ¢ NP .
When (t) ¢ NP then according to Lemma 2.6.33 N P! is G-contractible, so it is G-equivariant
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homotopy equivalent to NT* since it is also G-contractible. On the other hand, if (t) € NPt we
set (NPH)* = NPt —{(t),%,}. Then also according to Lemma 2.6.33 we know

NP' ~g (NPY* ~g M,

Now consider the inclusion i : NT* < M, it suffices to show that for any subgroup H € M;\NT*
the preimage i 1((M)<m) = ({t), H) N NT* is C(H)-contractible. We study this object under
the orbit map

orby : i (My)<py) — TI(H)

where TI(H) be the image of i "1 ((M;)<y) under the map orb :. Then for each partition = € IT1(H)
we observe that H N ¥, is the minimal element in orby'(II(H)<,)) and it is Cq(H, 7)-invariant.
Hence according to Lemma 2.6.29 we know orby is a Cg(H )-equivariant homotopy equivalence.
Moreover, according to [ , Proof of Lemma 3.8] we know there always exists a subgroup
K € ((t),%,) such that orb(K) = orb((t)), in other words orb((t)) is the minimal element in
II(H) and is Cg(H)-invariant. Hence II(H) is Cq(H )-contractible. Therefore apply the Lemma
2.6.29 once more we know NT* is G-equivariant homotopy equivalent to M;, so NT? is G-equivariant
homotopy equivalent to N P?. ]

Theorem 2.6.35. When n is a power of 2 and t € 3, which is a involution but not a transposition
then ((t),%y) is G-contractible. Therefore Sy, — ((12))* is %, -contractible.

Proof. We already showed that NT! is equivariant homotopy equivalent to N P! under these as-
sumptions. Here we claim that the inclusion NP' < ((¢),%,) is also a G = Cy, (t)-equivariant
homotopy equivalence. To prove this claim it suffices to show that when H is a primitive proper
subgroup of Y9« which contains an odd involution then ((¢), H) is C(H)-contractible. In | ,
Lemma 6.10] Shareshian shows in this case p = 2* — 1 is a prime and H ~ PGLa(p). Then we
define L to be the bounded lattice of ¢-invariant subgroups of PSLa(p), then according to the proof
in [ , Lemma 3,9] its non-trivial proper part L is isomorphic to the interval ((t), PGLa(p))
with the isomorphism given by sending M to (t)M (this map is clearly Cg(H )-equivariant). Let
C = COpgr,p)(t). We first observe C' is a Cg(H)-invariant element, then again according to
the proof in [ , Lemma 3.9] we know the complement of C in L* is empty, therefore L* is
Ca(H)-contractible by 2.6.27. Finally apply Lemma 2.6.33 we know L is C(H )-contractible, so
((t), PGLa(p)) is also Cq(H )-contractible. O

In the end let’s state and prove an easy result to partially explain the numerical result of
equivariant Euler characteristics of all subgroup complex of alternating groups 5@,(82”, Ap).

X(S4,)
[An|

Theorem 2.6.36. Forn > 5, )?r(Sj‘{n,An) =

Proof. We first claim when n > 5 then for any A € A,, which is not equal to identity the centralizer
Csy (A) is Ca, (A)-contractible. If A # id then for any proper non-trivial subgroup H < A, we
observe that (A\)H is not equal to A,. If it is, i.e (\)H = A,,. However H is a normal subgroup of
(A\)H, which means H is also a normal subgroup of A,,. It is well-known that when n > 5 A,, is a
simple group. That is a contradiction. Hence (A\)H # A,,, in other words (\) is a contractor for
Csy (A). Then according to Csy (A) is Ca,, (A)-contractible. According to Lemma 2.1.25 we know

X(S4,)

%T(Sj{n,An) = 5(17“71(82”,1471) == il(SjlnaAn) = W
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Corollary 2.6.37. For n > 5 we always have [A,| | X(S})-

Proof. According to Lemma 2.1.25 we know all ordinary equivariant Euler characteristics are valued
.. X(S4, ) . . . ~
in integers. Then for n > 5 we know X(\A?IL) is an integer, in other words [A,[ | X(S57} ). O
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Chapter 3

Spaces of Trees and Complexes of Not
2 Connected Graphs

3.1 Introduction and Main Result

This chapter is a joint-work with Gregory Arone in Stockholm University. In this chapter we study
the relation between the spaces of trees and complexes of not 2-connected graphs. The spaces

of trees first appear in the work in | | and Sarah Whitehouse’s thesis] ] for studying
I-homology and E-obstruction theory. She and Alan Robinson determined the homology of the
space of trees as a ¥,-module] , Theorem 3.1]

Theorem 3.1.1. Let T),_1 be the space of fully grown (n—1)-trees. Then the character of complex
representation of ¥, on the homology Hy,—4(T,,—1,C) is

e (lien—y 13" —lien) (3.1.2)

where € is the character of the sign representation of %, and lie, is the character of the complex
Lie representation Liey[ , Section 3].

The general notion of complex of (not) i-connected graphs was first introduced by Vassilie
in [ I ] during his research on knot invariants. In [ , Theorem 4.1] the authors
determined the homology of complex of not 2-connected graphs : A2 as a C[%,]-module.

Theorem 3.1.3. The character of complex representation of ¥, on the homology Hop_5(A2,C) is
lien—1 15" —liey (3.1.4)

So we observe that these two modules H,,_4(T},_1), Ha,_5(A2) coincide up to a sign represen-
tation of the symmetric group X, and a degree shift. The following result is the main theorem of
this chapter which asserts that this is not a coincidence, in other words, these two spaces T,,_1 and
Ai are equivariant homotopy equivalent in some sense.

Theorem 3.1.5. The space of trees on n vertices : Qn_1 18 Xn-equivariant homotopy equivalent
to the double suspension of the complex of not 2-connected graphs on n vertices :XS|A2|. Where ¥
means the reduced suspension and S means the non-reduced suspension.

To prove these two spaces are equivariant homotopy equivalent we introduce the third space Y
which is called the total cofiber.
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Definition 3.1.6. Let 5; be the category of connected acyclic hypergraphs on n vertices and
F: C, — Top, be a functor which sends any hyper-graph H = (Eq,..., Ey) to the pointed space
Pg, N\ --- N\ Pg,. Then we define a new topological space called the total cofiber associated to this
functor F.

Y = hocoﬁb(hoccolimF — P,)
where hocolim F' is a pointed homotopy colimit which is taken over the category C, := a — {i},

the element 1 is the final object in 6; which consists only of one hyper-edge on whole vertices. We
will introduce the category C, in section 3.4 and the functor F' in section 3.5.

Actually we can construct a zigzag map as follows:

Y
/ \ (3.1.7)

Qn—l ES|A%|

The following two theorems state that two morphisms in the zigzag map are both equivariant
homotopy equivalences. Therefore by two out of three properties of homotopy equivalences the two
spaces Q,_1 and NS|A2| are ¥,-equivariant homotopy equivalent. This is exactly the content of
our main result Theorem 3.1.5.

Theorem 3.1.8. There is an induced map f1 : Y — Qn_1 which is a %, -equivariant homotopy
equivalence.

Since the image Pg, A --- A Pg, of functor F' on each hyper-graph H = (Ey, ..., E}) could be
expressed as Y.0|P(Ey) x P(E3) x - -+ x P(Ey)| and the reduced suspension functor commutes with
homotopy colimits, we know the total cofiber admits a de-suspension X.

Theorem 3.1.9. There is an induced map fo : X — S|A2| which is a ¥, -equivariant homotopy
equivalence.

This chapter is organized as follows
e In section 3.2 we introduce the complex of not 2-connected graphs A2 and its homology.

e In section 3.3 we introduce the classical definition of spaces of trees 7;,_1 and how do we
modify it for our purpose.

—

e In section 3.4 we introduce the notion of the category of connected acyclic hyper-graphs: C,,
construct the functor F': : C, — Top, and the associated total cofiber Y of it.

e In section 3.5 we prove the Theorem 3.1.8.

e In section 3.6 we prove the Theorem 3.1.9.

3.2 Complexes of Not 2-Connected Graphs

Complexes of not i-connected graphs and their homology arose in the study of Vassiliev on knot
invariants| [ ]. This section we give a concise introduction to this object and state some
basic properties, for more details people can refer to | ].
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Definition 3.2.1. A graph G contains a non-empty vertex set V(G) and a non-empty edge set
E(G) which is a subset of the set of unordered pairs (z,y) where z,y € V(G) and we require
x # y. The adjacent edges of a vertex x € V(G) are those edges with the form (z,y) € E(G) where
y € V(G).

Definition 3.2.2. A graph G is called not connected if there exist two vertices v, v’ of G such that
there is no path of edges from v to v’. Moreover, a graph is called not i-connected for a positive
integer ¢ which is less than |V (G)|, if there exist j vertices vy ...v; € V(G), j < i , such that the
graph G’ obtained from G by deleting these vertices and their adjacent edges is not connected.

In the following discussion we use [n — 1]y = {0,1,...,n — 1} to denote the standard set of n
vertices.

Definition 3.2.3. We say a graph G is complete if for any two vertices v;,v; in the vertex set V'
of G there is an edge connecting these two vertices. Moreover a completion of a graph G is the
complete graph on the vertex set of G.

Definition 3.2.4. A! denotes the poset of not i-connected graphs on [n — 1] with order relation
when G < G’ if E(G) C E(G').

Example 3.2.5. 1. Here is an easy example of not 1-connected graphs with 3 vertices {0, 1,2}
and edge set {{1,2}}:

2. Here are two examples of not 2-connected graphs with order relations where the edge set of
second graph is {{0,1},{0,2}}:

IN

0 <2 0 2

In the beginning, let’s investigate some properties of AL. We observe that Al is homotopy
equivalent to the partition complex II,(see Definition 3.3.6) via the homotopy equivalence ¢ by
sending each connected component in a graph to a block with elements of vertices of this compo-
nent(Quillen’s fiber lemma).

Theorem 3.2.6. [ , Proposition 2.1] The homotopy type of AL is a wedge of (n—1)! spheres
with same dimension of n — 3.

Moreover, the symmetric group ¥, could be viewed as the permutation group on [n — 1], it
induces a natural ¥,-action on the complexes of not i-connected graphs A?. Their homology are
not just abelian groups but also C[¥,,]-modules.

Definition 3.2.7. | , Section 3]
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1. Given a finite set V' = {xg, x1,...,zn-1}, let L[zg, z1,- -, zy—_1] be the free Lie algebra over C
generated by V. Elements in L[z, 21, ,Z,_1] could be expressed by a linear combination
of parenthesized monomials.

2. For each monomial in Llzg,z1,- - ,x,—1] its degree is a sequence of numbers (dy,...,dp—1)
where d; means the number of copies of x; appears in this monomial. Let Lie, be the
submodule of L[xg,z1,- - ,x,—1] generated by monomials of degree (1,---,1). There is a

natural Y,-action on Lie, induced by X, action on the finite set V. We denote lie, as the
character of Lie, as a complex representation of X,,.

Theorem 3.2.8. [ , Theorem 4.1] There is an isomorphism for two ¥,-modules:
H,(AL:C) ~ e ® Lie*

Where € is the complex sign representation of ¥, and Lie), is the linear dual of Lie,. Equivalently
we have an isomorphism of X,-modules on cohomology level

H*(AL:C) ~ e ® Liey

Now we move on to the main object this chapter studies: A2, the complexes of not 2 connected
graphs. Its non-equivariant homotopy type and its homology as a complex representation of 3,
was studied by E.Babson and other co-authors in] ]. We list their main results here. The
first result is about the non-equivariant homotopy type of AZ] , Theorem 3.1].

Theorem 3.2.9. When n > 3, the homotopy type of A2 is a wedge of (n — 2)! of spheres of same
dimension of 2n — 5.

Similarly, A2 also enjoys a natural Y,-action. In their paper| , Theorem 4.1] they
determined the character w? of complex representation of ¥, on H,(A2;C). We let ¥,,_1 be the

stabilizer of 0 € [n — 1]+ under the ¥,-action.

Theorem 3.2.10. The character w? is given by
w% = liep—1 Tg:—l —lie,

Where lie,, is the character of linear ¥, -representation Lie,, and lie,_1 Tg:_l means the induced
character of lie,_1.

3.3 Spaces of Trees

In this section we first recall the notion of trees used by A.Robinson and S.Whitehouse[ -
Later we show how we modify it into a new space of trees for our purpose.

Definition 3.3.1. A (reduced) tree is a compact contractible 1-dimensional polyhedron X with
its unique coarsest triangulation in which no vertex lies on exactly 2 edges. A vertex that incidents
more than 2 edges is called an internal vertex and a vertex which only meets one edge is called
external vertex. An edge is called internal if both its vertices are internal vertices and an edge
in which one vertex of it is external is called leaf.

Remark. With the coarsest triangulation on a tree X, we can view it as a graph defined in the
Definition 3.2.1 with vertex set including all vertices in the triangulation and edge set including all
edges in the triangulation.
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Definition 3.3.2. A metric tree is a tree equipped with length (possibly 0) for each edge. Moreover
we say an n-tree with n + 1 external vertices is a metric tree when:

1. The length [, of every internal edge e is greater than 0 and less or equal to 1, and the length
of each leaf is required to be exactly 1.

2. The external vertices are labeled by the set [n];.

Two n-trees are called isomorphic if there is an isometry between them which preserves the labels.
A n-tree is called fully grown if there is an internal edge with length 1.

Remark. We say a tree is a rooted tree if we pick a distinguished external edge of this tree and we
call it as a root.

Definition 3.3.3. | , Definition 2.9] We say a space X C R* is a cubical complex if it
is a union of elementary cubes such that the intersection of any two elementary cubes is either
empty or a common face of these two elementary cubes where elementary cubes are those spaces
homeomorphic to d-dimension cubes for d < k.

Let ﬁ be the set of isomorphic classes of n-trees. From now on when we say a tree we always
mean the isomorphic classes of this tree.

Proposition 3.3.4. [ , Page 246] ﬁ is a cubical complex where two trees belong to the same
open cube if there is a homeomorphism between them which preserves labels and edges of length 1.
The coordinates of each point inside the cube are determined by the length of the internal edges.

Remark. We observe that any n-tree could be shrunk along its internal edges to a tree without
internal edges. Hence T, is a cone topologically with an apex by the n-tree with no internal edges.

Definition 3.3.5. Let 7}, be the base of ﬁ which is the subspace consisting of fully grown n-trees.
Moreover T,, and T,, both carry a natural ¥,,;-action induced by actions on [n];.

We have introduced what is the partition poset P(n) in Definition 2.6.30 of chapter 2. For self-
contained of this chapter let’s recall what’s a partition and what is a partition poset or complex on
a given finite set E here again.

Definition 3.3.6. 1. A partition 7 on a given finite set F is an equivalence relation ~, on F.
For a block in 7 it is an equivalence class of ~,. Let P(FE) denote the set of all partitions on
E.

2. For two partitions 71,7 on E we write m; < mo if each block in 7 is contained in a block in
ma. P(F) is a poset equipped with this order and its associated simplicial complex is called
partition complex which is also denoted as P(FE). Specially if the cardinality of the set E is
n then P(E) could be denoted simply as P(n).

3. Let I, = P(n) — {0, 1} where 0, 1 are two extreme points in P(n). We will call both of them
partition complexes if there is no confusion.

Theorem 3.3.7. The geometric realization of the partition poset 11, is X, -equivariant homeomor-
phic to the space T, of fully grown n-trees.

Proof. See | , Proposition 2.7]. O
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Corollary 3.3.8. The quotient space ﬁ/Tn is homotopy equivalent to a wedge sum of (n—1)! copies
of S"=2. And via the homeomorphism in Theorem 3.5.7 between |I1,,| and T,, we can transform the
natural Yy, y1-action of T, to |II,|. In other words, we have a model for partition complexes with
richer symmetries.

Proof. Since ﬁ is contractible, ﬁ /T, is homotopy equivalent to the suspension of T,,: ¥7T,,. Then
according to the above theorem and the well-known result of the homotopy type of the partition

complex| , Proposition 3.1] i.e. || =V, _yy, S"=3 we know T,,/T;, ~ V-1 g2 O
Theorem 3.3.9. [ , Theorem 8.1] The homology Hn_g(ﬁ/Tn, C) as a Xy 4+1-module has char-
acter:

e (liey Ty —lieny1)
where € means the character of the sign representation of 3n11.

From now let’s modify the space of trees such that leaves can have variable length.

Definition 3.3.10. Let W; be defined in the same way as ﬁ except that all edges including leaves
can have length between 0 and 1. In other words elements in W, can have length between 0 and
1 for each edge. Moreover let W), be the subspace of W,, consisting of trees that are either fully
grown(i.e. at least one edge including leaves has length 1) or have at least one leaf with length 0.
Let @), be the quotient space /T/T\/;/ W, with base point W,,. Like the space T}, the space @, also
carries a natural 3,4 1-action.

Remark. From now on, elements of /I/f/; ‘are also called n-trees. In the rest of this chapter when we
say a tree we always refer to a tree in W, or its quotient space @,. Furthermore we call @, the
space of trees on labels [n]1. In general Qp := Wg/Wg where Wg, Wg are the spaces of the trees
like /VT/;, W, respectively but with label set E. In particular Qp, = Q]

n)y -

Proposition 3.3.11. The space @, is Xp1-equivariant homeomorphic to the space ﬁ/Tn ASTHL
The Y41 action on S™T1 is just the permutation of coordinates if we view S™T' as n+1 copies of
the smash product: S* A --- A ST

Proof. We construct a ¥, 1-equivariant map here h: /I/I\/'; — ’Tvn x It by sending a given metric
tree T € W, to a new metric tree T € T, which is just setting all length of leaves in T to
be 1 and a (n + 1)-tuple of numbers which represents of the length of all n 4+ 1 leaves in T.
It is clearly a homeomorphism between two spaces. And we observe that by the definition of
the subspace W, C W, the image of this subspace under the map h is exactly the subspace
T x OI" T 1y gpnir T x I™T1, moreover the pre-image of this subspace is also exactly W,. So

the homeomorphism h will pass to a homeomorphism:

he W /Wy = Ty x 1" Ty xortt [ T x I ~ T, /T, A S™H
Ty x0In+1

on the other hand the space @, is ¥, +1-equivariant homeomorphic to the space ﬁ /T, AS™HL. O
Remark. By Kiinneth theorem]| , Theorem 3B.6] for homology we know:
Han1(Qn) = Hyo(T0/T) ®c Hppa (S™H)

This is an isomorphism of ¥, 11-modules. On the right hand side the homology H,1(S"*!) as a
Y n+1-module is just the sign representation of ¥, ;1. In other words the character of Hy,—1(Qr)
as a Ynp1-module is lie, TgZ“ —lienq1 which coincides with the character of Hgn,l(ES|A%+1|).
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Corollary 3.3.12. It follows from the Proposition 3.3.11 that Q. is homotopy equivalent to a
wedge sum of (n — 1)! copies of S?"~1.

Definition 3.3.13. Given an n-tree T'. For some point on this tree, the distance from it to the set
of leaves is the minimal distance from this point to a leaf. Then the radius r(T") of this n-tree T is
defined to be the maximal distance from a point to the set of leaves.

Proposition 3.3.14. There is a Xy 41-equivariant homeomorphism from the space If/V\; to the space
of trees with radius at most 1. Furthermore this homeomorphism take the subspace Wy, to the space
of trees that either have radius exactly one or has at least one leaf of length zero.

Proof. Given a metric tree T in /V[\/'; we first denote by max T the maximal length among all edges
of T. Then construct a new metric tree 7' by adjusting the length of each edge by multiplying
max T and dividing 7(T). Then it is clear that the radius r(T)) of T is just max T which is at most
1 and this map is of course a bijective map, then since both sides are compact Hausdorff spaces we
know the map we constructed is an equivariant homeomorphism. ]

Definition 3.3.15. According to Proposition 3.3.14 we can re-define @,, as the space of all n-trees
of radius at most one quotient out by the subspace of trees either having radius exactly one or have
at least one leaf with length zero.

Definition 3.3.16. An n-tree is centered if it has a point whose distance from every leaf is exactly
the radius of the tree. Note that if such point exists than it is unique and we call it as the center of
this centered tree. And we also call this point as the center associated with external vertices. Let
P,,+1 be the subspace of @), consisting of all centered trees and the base point of P, inherited
from the base point of Q),,. In general given a finite set E, Pg is the space of all centered trees with

radius at most one with leaves labeled by E. In particular P41 = P, .

Remark. We should note here that the center of a centered tree is a point determined by this tree
but usually not one of vertices of this tree.

The following lemma is a key result in this chapter which will be used in section 3.5.
Lemma 3.3.17. Any tree T € fW\/; is a union of several centered trees inside T

Proof. Given any tree T € WZ, we have defined the distance of a given point in T to the set of leaves
of T'(see Definition 3.3.13). Therefor we have a distance function d : 7" — I where I denotes the
standard interval [0, 1]. Then we take all locally maximal points of this distance function x1, ..., k.
We observe that all locally maximums lie in different edges, i.e. not two different locally maximums
lie in a same edge in tree T. For each locally maximal point we can take a centered tree inside
T by all leaves with same minimal distance to the locally maximum and the inner edges which is
contained in the path connecting the locally maximum and the leaves. So the tree T is of course
the union of those centered trees with centers z1, ..., zg. O

Definition 3.3.18. We say a decomposition of the tree T' € /V[\/; is a set of locally maximal points,
the centered trees associated with those points as centers and the labels sets of these centered trees.
Moreover we say the intersection parts of this decomposition is the intersections of those centered
trees.

Example 3.3.19. The following tree has 2 locally maximal points which are decorated as red
points:
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1\ i 2
A

We observe there are 2 centered trees inside this tree with A, B as centers respectively and moreover
the blue part is the intersection part of the decomposition of this tree. And the decomposition data
of the above drawing is:

0 1 2

The two labels sets in above drawing are £y = {0,1} and Ey = {1, 2}.

Definition 3.3.20. We call all vertices and the center of a centered tree as branching points of
this tree. A branching tree associated to a branching point consists of the all subpaths connecting
this branching point and external vertices which would not across the center(We view the centered
tree itself also a branching tree).

Example 3.3.21. The following is a centered tree with red points as branching points:

0 1 2 3

And the blue part is one of branching tree inside the centered tree.

Proposition 3.3.22. The space of centered trees P, C Qn—_1 is equivariant homeomorphic to the
reduced suspension of boundary of the partition complex: ¥0|P(n)|, here boundary of |P(n)| is
the geometric realization of the simplicial complex consisting of chains in P(n) which cannot not
contain the minimal and mazximal elements simultaneously.

Proof. We mainly follow the argument in | , Proposition 2.7] by constructing an explicit
homeomorphism ¢ between P, and |P(n)|/0|P(n)|. Since |P(n)| is X,-equivariant contractible we
know |P(n)|/0|P(n)| ~x, X0|P(n)|, here ~y, means ¥,-equivariant homotopy equivalence. By
definition an element x in P, is a centered tree with n-leaves labeled by [n—1]4. And with the help
of this center we can view this centered tree as a rooted tree with a root attached to this center
with length 1 — r(z), where 0 < r(x) < 1 is the radius of this tree . From the starting point of
this root there is a unique path connecting this root and a leaf i for every ¢ € [n — 1]+ and since
x itself is a metric tree we can parametrize this path by a unit speed, in other words we have a
continuous function ~; : [0,1] — z(to be more precise here: x should be a tree in the isomorphic
class and itself be viewed as a metric space) and we set this function is constant at the leaf i after
it reaches the leaf i. The coordinate in interval [0,1] is called time.
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According to the definition of geometric realization of a poset:

[P(n)] = [T P(n)a x A/ ~

d>0

where ~ is generated by face and degenaracy relations. P(n)y is the set of chains of length d + 1
in P(n) and here we use standard simplex as the model for A9 i.e.

d
A= {(to, t, ... ta) ERTTD 1 =1}
=0

The coordinates of point in this standard simplex A? are called barycentric coordinates.

Given a centered metric tree . The tree determines finer and finer partitions when time
increases. More precisely for each time ¢ € [0, 1] we define the partition II,(¢) to be the partition
on [n — 1] defined by the following equivalence relations:

i~ j = i(t) = ()

This gives the chain of partitions of the image ¢(x). And the barycentric coordinates of ¢(z)
with respect to any partition 7 in the chain of partitions of ¢(x) is the length of the interval
{t € [0,1]]TI;(t) = w}. When the metric tree x has radius 1 or has a leaf with length 0O(all these
points are collapsed to the base point in P,) then the image ¢(z) has barycentric coordinates 0
with respect to minimal or maximal partitions, which means ¢(x) € 9|P(n)|. In other words ¢
is a base point preserving map. And this map is clearly an equivariant map. The reason ¢ is a
homeomorphism is simply because any metric tree z is completely determined by its associated
family of partitions in P(n).

O

Since this section contains many definition and notations, we summarize those notations here :

e T,,: Whitehouse’s space of trees labeled by [n]+ = {0,1,...,n}; T,: subspace of T,, which are
fully grown trees.

W, space of generalized trees labeled by [n]y; W,,: subspace of ﬁ/vn containing trees which
are either fully grown or having one leaf with length 0.

Qn: the quotient space /W\/;/Wn, QE: the quotient space W\E/WE

P,: the subspace of @,,_1 of all centered trees; Pg: the subspace of Qg all centered trees
labeled by E.

e P(E): the poset of all partition on a given finite set E.

3.4 Acyclic Hypergraphs and a Total Cofiber Construction

To construct the total cofiber Y, we need first introduce the notion of hypergraph and the connect-
ness and acyclicity of it. Roughly speaking hyper graphs are generalizations of graph which edges
can join not just two points.

Definition 3.4.1. A hypergraph is a pair H = (V, E) where V is a non empty set of vertices and
E is a non-empty subset of P(V) — {0}, where P(V) is the power set of V. Elements in F are
called hyperedges. We say a hypergraph H = (V, F) is trivial if its edge set E consists of just one
element which is just the vertex set V', we call other hypergraphs as proper hypergraphs.
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Example 3.4.2. Here is an example of a hypergraph with vertex set {v1,vs,...,vs} and edge set

{e1,e2,e3}:
Sy

[ ]
Vg

Definition 3.4.3. A hypergraph is called connected if for any two elements v,v’ € V there is a
collection of hyperedges F1,..., E, with E; N E;11 # () such that Fy contains v and E,, contains

v,

There are several not equivalent notions of acyclicity of hypergraphs like a-acyclic] |, B-
acyclic| | and so on] il ]. In this chapter we use the notion of acyclicity given
by Claude Berg] , Page 391]. Let’s first recall the definition of acyclic graphs] , Page 12].

Definition 3.4.4. In a graph G = (V, E) a loop is a sequence u = (v1, E1,v9, Ea, ..., vk, Ex,v1)
such that:

1. All edges E; and vertices v; are distinct,
2. v;,viy1 € E; for each i = 1,2,..., k (here we assume that v, = v1).
Then we call a graph without any loops as an acyclic graph.

Remark. It’s clear that any tree is a connected and acyclic graph, since otherwise the tree is not
a contractible space. On the other hand if we view a connected acyclic a metric space then it is a
tree since it is contractible.

Definition 3.4.5. Given a hypergraph H = (V| E), a path of length & in this hypergraph is defined
to be a sequence (vi, E1, v, Fa, ..., v, E, vp11) such that

1. vi,ve,...,v; are all distinct vertices,
2. F1,Fs, ..., E are all distinct edges,
3. v, vi41 € B forall 1 <14 <k.
When k£ > 1 and v1 = vg41 then we say this path a loop in H.
Definition 3.4.6. We say a hypergraph H = (V, F) is acyclic if there is no loop in H.

Remark. 1t is easy to observe that for any acyclic hypergraph the intersection of any two hyperedges
are at most one element.

Definition 3.4.7. Given two hypergraphs H; = (V,E), Hy = (V,E’). We say H; < Hs if for
any hyperedge E; € E there is a hyperedge Fy € E’ such that E; C E>. Based on this order
relation the set of all connected acyclic hypergraphs over the set [n — 1] forms a poset or a
category and we denote this poset as é; As for each element in é; we simply use blocks for
each hyperedge to denote it. For example 01/12/234 is an acyclic hyper graph with hyperedges
Ey ={0,1}, B = {1,2}, E5 = {2,3,4}.
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Proposition 3.4.8. Given two connected acyclic hypergraphs Hy = (V,E),Hy = (V,E') with
H, < Hs, then for any hyperedge E5 € E', then there is a collection of hyperedges Fy, Fs, ..., Fy,
such that Ué“:lFi = FEy and the new hypergraph Hp, consisting of all vertices of Eo as the vertex
set and {F1, Fs, ..., F} as edge set is a connected acyclic hypergraphs.

Proof. Take any two elements a1, as in Fy. Since Hy, Hy share the same vertex set, a1, as are both
vertices in Hy. According to our assumption that H; is a connected acyclic hypergraph we know
there is a unique path (a1, Fy,b1, Fa, ..., b;m—1, Fin,a2) in Hy. Then we claim all hyperedges F; in
this sequence satisfying F; C Eo. If this claim is true, then we collect all hyperedges { Fi, Fa, ..., Fj}
associated to the sequence of any two elements in Fy. It is clear that the new hypergraph Hg,
formed by these hyperedges {Fi, Fb, ..., F}} is connected and acyclic, moreover UleFi = Fs. Let’s
prove the truth of this claim. Since H; < Ho, for any hyperedge F; there is a hyperedge F! such that
F; C F]. And there is no other hyperedge F}" with this property, since otherwise F; C F/NF}" which
consists of more than one element. But this is a contradiction since Hs is an acyclic hypergraph.
Therefore we have a sequence in Ha: (a1, F{,b1,F5, ... by_1,F,,  a2). If all hyperedges in this

sequence are distinct, then we can form a sequence (ag, Es, a1, Fy,b1, F5, ..., by—1, F},,as). Since
Hj is acyclic then there is at least one hyperedge F; such that F; = E5. We can find the least ¢ such
that F; = Es9, then in this case we have a new sequence (a1, FY,...,bi—1, F2,a1) which is a loop in

Hy, so it is a contradiction. Hence there is at least two hyperedges F, = Fj’ If two consecutive edges
F! F! 41 are actually same in this sequence then we can just shorten this sequence by replacing
F{,bs, Fy | by just F/ ;. Without losing any generality we can assume that for all edges F{ with
i <t<jthen F/ # F/. If F/ and F ]’ are not consecutive edges then after doing the shortening
procedure we observe that the two hyperedges F7, FJ’ become consecutive since otherwise there is a
loop (bi, Fi,q,...,bj—1, Fj,b;). This is a contradiction. So we can continue to shorten the sequence
to obtain a new sequence. And according to the previous argument we imply that all hyperedges
F{,...,F], are same and it is equal to E3 since otherwise Eo N F} consists more than one element.
In other words F; C Fs for any 1. O

Example 3.4.9. 1. This is an example of connected acyclic hypergraph on vertices {0,1,...,4}

DEERCG

2. This is an example of connected but not acyclic hypergraph
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We are going to introduce a homotopy colimits model for our later use. The homotopy colimits
model we choose is the so called Bousfield-Kan model| ]. And in the rest of this chapter all
homotopy colimits we take is based on this model.

Now let Top be the category of compactly generated spaces and Top, be the category of pointed
compactly generated spaces.

Definition 3.4.10. A simplicial based space is a functor X, : A’ — Top,. Like simplicial space
we can define the geometric realization of it:

| X,| := (H X, x A”) )~ (3.4.11)
n
where the equivalence relation ~ is generated by the following relations:

(dZ(CIZ), (tl, e ,tn_l)) ~ (l’, di(tl, ce 7tn—1))
(sj(z), (t1,...,tn)) ~ (:E,Sj(tl, ceytyn))

where d* : A"™1 — A™: 57 0 A" — A" ! are face and degeneracy maps. Because the existence of
base point on each level of based simplicial space the subspace

[[*xa"/~ (3.4.12)

n

will be collapsed to one point, so we can rewrite the geometric realization as

| X,| = (\/ X, A A1> / ~ (3.4.13)

Definition 3.4.14. Consider a functor G: D — Top, where D is a small category. We can equip
a based simplicial space X& of G defined on n-th level as

X,Cf = \/ G(co)

do—di—--—dy

As for any morphism ¢ : [m]; — [n]+ in A the induced map ¢* : X¢ — XS is defined on
the component indexed by a chain dy — dy — -+ — dp, by G(do — d1 — -+ = dy(p)) : G(do) —
G(d¢(0)) where the target is in the component indexed by the chain dg) — -+ = dg(m). Then we
define the homotopy colimits of G as the geometric realization of X&', i.e. hocglimG = |X&|.

We have introduced what is the total cofiber of the functor F' in Definition 3.1.6, let’s recall it
here with another form.

Definition 3.4.15. If D is a poset/category with a final object i. AndG:D — Top, is a functor,
then we say a total cofiber construction associated to the functor G is as follows

Tot(G) := hocolim G/ hocolim G (3.4.16)
D D\i

where 13\1 is the full subcategory which consists of all objects without the final object 1. It is clear
Tot(G) is homotopy equivalent to hocofib(hocolim G — G(1)).
D\1
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3.5 Proof of Theorem 3.1.8

In this section we construct the main functor F' : (/f; — Top, of this chapter and prove the
Theorem 3.1.8.

Proposition 3.5.1. Let H = (E1, Es,...,Ey) be a connected and acyclic hypergraph. For any
point x € Pp, A--- N\ Pg, i.e. a sequence of centered trees with leaf sets labeled by Ey, ..., Ey, if we
take the union of these trees and identify the external vertices with same labels of those centered
trees, then the graph we got is actually a tree.

Proof. Since H is connected then it is clear the graph we got is a connected graph. Suppose the
graph is not a tree, in other words there is a loop in this graph say

(al,Al,cl,Bl,ag,...,am,Am,cm,Bm,al) (352)

where a; are distinct vertices in H, ¢; are the centers of those shortest paths connecting a; and a; 4 in
a centered tree. A; are those paths connecting ¢; and the vertex a; and B; are those paths connecting
¢; and a;11(here we ask a,,+1 = a1). Then we can get a sequence (a1, E1, as, ..., ag, Em,aq) in the
hypergraph H where E; is the hyperedge which labels the centered tree with ¢; belongs to. We first
observe that it is not possible that all hyperedges FE; are equal, since otherwise the loop 3.5.2 is
actually a loop in the centered tree labeled by E;, but this is a contradiction. If all hyperedges are
distinct then the sequence (a1, F1,aq,...,ak, Emy,a1) is just a loop in H which is a contradiction.
So there is at least two edges E; = E; and without losing any generality we can assume j > ¢ + 1
i.e. these are not consecutive hyperedges since if they are just consecutive hyperedges then we can
shorten the sequence (a1, E1,ag, ..., ak, Em,a1) by replacing E;, a;+1, Ei+1 by just E;1. Similarly
we can also assume that for any i < t < j, all hyperedges E; satisfying F; # F; and they are
all distinct. Then in this case we have a loop (a;, Fit1,@it1, ... ,aj, B, a;) in H but this is also a
contradiction. Therefore there is no loop on the graph we got, in other words this graph is actually
a tree. O

In the rest of this section, given a point x in Pg, A---A Pg, i.e. a k-tuple of centered trees with
leaf sets F1, ..., Ey, we could also view this sequence of centered trees as a single tree by identifying
external vertices of leaves with same labels.

Construction 3.5.3. Now let’s construct the functor ' we want. Let 6; be the poset of connected
acyclic hypergraphs on n-vertices labeled by [n—1]; and C,, be the poset of proper connected acyclic
hypergraphs on n-vertices with same labels. We construct a functor F : (/7; — Top, by sending a
hypergraph ¢ € 5; where ¢ has hyperedges E, Es, ..., Ej to a space Pg, A --- A Pg,. According
to the Proposition 3.4.8, for a morphism ¢y < ¢; in E; any hyperedge F of ¢y is a union of several
hyperedges in ¢y and those hyperedges also form an connected acyclic hypergraph with vertices of
E. Since the image of the functor on a point in F(cp) is a sequence of centered tree labeled by
hyperedges in c1, it is enough to describe the map on a specific hyperedge of ¢;. In other words, to
describe what this functor does on morphisms it is basically enough to describe a map

PEl/\"‘/\PEk — P, (354)

The map is defined as follows: A point in Pg, A --- A Pg, is represented by a k-tuple of centered
trees with leaf sets labeled by Ff1,..., Ey. Then according to the Proposition 3.5.1 we can view it
as a single tree with leaf set labeled by [n — 1];. Moreover, whenever E;, E; share a vertex with
same label, glue the two path starting at the shared vertex and leading to centers of i-th and j-th
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tree by a length preserving map(i.e. identify the shorter path with the sub-path of the longer one
with the same length). The obtained tree is again a centered tree i.e. an element of P,. We still
need to check this is a well-defined map, if one of centered tree T; with leaf set labeled by E; has
radius 1 or has a leaf with length 0. Then after gluing the new centered tree in P, still has radius
1 or has a leaf with length 0, in other words the new tree is the base point in P,.

Example 3.5.5. Let’s consider a connected acyclic hypergraph ¢y = (E1, F2) with E; = {0, 1} and
Ey ={1,2,3} and ¢; = (F) with E = {0123}. The following tree is a point x € F(cg) = Pg, A Pg,.

1/

Then the image of this point x in morphism F(cp) = Pg, A Pg, — F(c1) = Py is:

(3.5.6)

0 1 2 3

i.e. we identify the yellow path to the sub-path of the red path with same length.

Construction 3.5.7. We are going to construct two natural maps f from hocolim F' to Q,—1 =

n

ﬁ/;_/l /Wn—1 and f from the total cofiber: Y = Tot F' = hocolim F'/ hoccolimF to Qn—1. Actually

n

the map f factor through the map f.
The construction is based on the Bousfield-Kan model of homotopy colimits of hocolim F' 3.4.14

Cn
ie.
hocolim F = [XF|=(\/ \/  Fle)AAL)/~ (3.5.8)
n n>0co<c1<---<cn
Here we view the simplex AF as subspace in R* defined as:
AR = {(tr,to, )L >t >t > - >ty > 0} (3.5.9)

For 0 <i<kand1l<j<k—1the face maps and degeneracy maps are defined as follows:
d AR AR

(tlatQ) ceey tk—l) — (tl) cee 7t’i7ti7 o 7tk—1)
s AR 5 AR

(tlat27"'atk) = (t17"' 7lg+\17"'>tk)

(3.5.10)

where d°, d* are actually sending (t1,...,t5_1) to (1,t1,...,t5_1) and (t1,...,ts_1,0) respectively,
and ?; means this coordinate disappears. Then we can express the equivalence relation in the
formula 3.5.8 as:

(dl(iﬂ), (tl, e 7tk‘—1)) ~ (l‘,di(tl, e 7tk—1)) = (ac, (tl, .;:ti,ti, e atk—1>) (3511)

(sj(m), (tl, e ,tk)) ~ (CE,Sj(tl, e ,tk)) = (m, (tl, s ,tj+1,. . .,tk))
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where d; : X ,f - X 15—1’ sj: X 15—1 —- X ,f are face and degeneracy maps respectively.
Given a chain ¢y < ¢; < --+ < ¢, in C,, and an element = € F'(¢p). We call {z} A Alj a simplex

in hocolim F' indexed by the chain ¢y < ¢ < -+ < ¢;. We define the map f: hocolim F' — Qn—1
Cn c

on each such simplex in hocolim F'. Consider any element a = (x, (t1,%2,...,t;)) € {z} A A’i then
Cn

the image f(a) is a tree in Q,_1. We are going to describe how do we obtain the tree f(a) from
the tree © € F'(co). We separate into several steps to get the tree f(a), and we notice here that in

the following step we work in the space W, _1 and finally we a tree f (a) € Qn-1, in other words

after each step the tree we get is actually in W;_/l and when we finish all steps we just pass the
tree we get to the quotient space ;1. .

In the first step, along the morphism ¢y < ¢; in C,, according to the Proposition 3.4.8 each
hyperedge E of ¢; is a union of several hyperedges F71, Fy, ..., F; in ¢y and these hyperedges also
form a connected acyclic hypergraph with vertices in E. For each external vertex whose label is
located in hyperedge E which is actually lying in at least two of the sets F1, Fb, ..., F} i.e. there
are more than one path from this external vertex to the associated centers(For such vertex since
it belongs to more that one centered trees, the associated centers are not single), we glue those
paths starting the shared vertex by a length preserving map along the length ¢;. We repeat this
process for each vertex in Fi, Fy, ..., I} and each hyperedge E in c¢;. In short we call this first step
as gluing process with respect to the morphism ¢y < ¢;.

To describe the second step we first need to make sense of what does it mean to be the centers
of an external vertex with respect to each hyperedge of c¢;. In the beginning case since what we
have is a sequence of centered trees (which we view it as a single tree) and the centers of each
external vertex are just the centers of each centered tree with label sets containing the label of the
external vertex. After the first step gluing, some hyperedges Fi, Iy, ..., F; in ¢y are merged to a
single hyperedge F in c¢;. However, the new tree Tr with label set E obtained by gluing those
centered trees with labels sets Fi, Fb, ..., F; might not be a centered tree. If this tree with label
set F is already a centered tree then we say the center of this centered tree is the new center of
all external vertices in E. If this tree is not a centered tree according to Lemma 3.3.17 we can use
the distance function to find the locally maximal points x1, xo, ..., x;, inside the tree T and we
can decompose Tg as several centered trees inside it with centers as x1, x2, ..., Zy. If the external
vertex with label in F just belongs to only one centered tree of the decomposition of T then the
center of this centered tree is the new center of this external vertex. On the other hand if the
external vertex with label in E belongs to more than one centered tree inside Tr then we can pick
any center of those centered trees as its new center.

For example consider a chain ¢y = 01/12/23/34 < ¢; = 0123/34 < co = 01234 and the tree
x € F(cp) as follows:

Ay Ay

As

0 1 2 3 4

where Ay, Ao, A3, A4 are centers of the four centered trees. The vertex with label 0 associates with
center A1 with respect to the hyperedge 01, the vertex with label 1 associates with center A; with
respect to the hyperedge 01 and the center As with respect to the hyperedge 12, the vertex with
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label 2 associates with center As with respect to the hyperedge 12 and the center As with respect
to the hyperedge 23, the vertex with label 3 associates with center A3 with respect to the hyperedge
23 and the center A4 with respect to the hyperedge 34, and vertex with label 4 associates with
center A4 with respect to the hyperedge 34. We take the radii of this sequence of centered trees
from left to right to be 0.7,0.5,0.2,0.7. Then after gluing the length t; = 0.4 with respect to the
morphism ¢y < ¢; we get a tree as follows:

Ay Ay
Ao

0 1 2 3 4

Then in this tree with respect to each hyperedge in ¢; the center associated with the vertex labeled
by 0 is Aj(with respect to the hyper edge 01), the centers associated with the vertex labeled by 1
is Aj(with respect to the hyper edge 01) and Ag(with respect to the hyper edge 123), the center
associated with the vertex labeled by 2 is As(with respect to the hyper edge 123), the centers
associated with the vertex labeled by 3 are As(with respect to the hyper edge 123) and A4(with
respect to the hyper edge 34) and the center associated with the vertex labeled by 4 is A4(with
respect to the hyper edge 34).

Then the second step is similar, along the morphism c¢; < ¢y each hyperedge E’ of ¢y is the
union of several hyperedges Fy, F3, ..., F! of ¢;. Then for each external vertex with label located
in hyperedge E which is actually lying in at least two of sets in FY, Fy,..., F/ i.e. there are more
than one path from this external vertex to the associated centers, we glue those paths starting the
shared vertex by a length preserving map along the length ¢5. And we repeat this process for each
vertex in Fy, Fy, ..., I} and each hyperedge E' in cz. Since t2 < ¢; we know the choice of centers
for some external vertices in the paragraph before the previous example is independent. And after
the second step gluing we need to assign new centers for each external vertex in the hyperedges
of co. We just iterate this process until the last morphism c;_1 < ¢ then we get the tree f (a)
we want. And in short we describe the total gluing process from x to f (a) as gluing the length t;
with respect to ¢y < c¢1, gluing the length t5 with respect to ¢; < co until gluing the length ¢, with
respect to cx—1 < cg.

For example given a chain ¢y = 01/12/23 < ¢; = 012/23 < ¢ = 0123 and a tree x € F(cp) like
follows:

0 1 2 3

where the radius of centered trees with labels sets By = {0,1}, By = {1,2}, E3 = {2,3} are
0.5,0.7,0.9 respectively. Then the image of f of the point a = (z,(0.3,0)) would be the following
tree(this tree is actually collapsed to the base point of Q,_1 by definition since the leaf with label
2 having length 0):
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0 1 2 3

And the image of the point a = (z,(0.3,0.2)) is the following tree:

0 1 2 3

We need to check this definition is compatible for faces and degeneracies relations. For simplicity
here we just check the compatibility for face map dg and degeneracy map sg, the compatibility for
other maps are similar. As for the face map dy, we first observe that for any tree x € F(cy), do(z)
would be the tree 2! obtained by the edge joining the length 1 from ¢y to ¢;. The equivalence
relation asks the two elements (do(z), (t1,t2,...,tx—1)) and (x, (1,%1,t2,...,tk—1)) being identified
in hocolim F'. And according to the definition of f we know the image of these two points are same

Cn
under the map f. As for the degeneracy map sg, for any tree z € F(cp), so(z) = z. And the
index in summand will become ¢y < ¢y < ¢; < -+ < ¢x. The equivalence relation asks the two
elements (so(z), (to,t1,t2,...,tx)) and (x, (t1,t2...,tx)) being identified. The images of these two
points under f are same because after first gluing process staring the point (so(x), (to, t1, to, - . - ,tk))
along the morphism ¢y — ¢y are just the original tree x € F(cg). Moreover for any points a =
(z, (t1,t2, -+ ,tx)) where z € F(cg) is represented by a sequence of trees in which at least one

tree having radius O or 1, then all those points are just the base point in the homotopy colimits

hocolim F' according to the Definition 3.4.10. Then the tree f (a) we got is also the base point of
C

Qn_1 since f (a) is radius 1 or having a leaf with length 0. Therefore this map is a well-defined
map. This map is also clearly a continuous map since the gluing procedure is continuous.
According to this definition we can see that all points in subspace hocolim F' are sent to the

base point of @),,—1 since the image of each point having at least one leaf wigh 0 length. Hence we
have an induced map f:Y = Tot(F) = Qn-1 = Wy—1/Wp_1.

Remark. It’s clear this construction could be extended to a little bit more general case in the sense
that we replace the standard set [n — 1]; by a set E. In this case, let Cp be the category of
connected and acyclic hypergraphs on the vertex set E then following the exact construction we

have the natural map f : hocolim F' — Qg.
Cg

After the introduction of these preliminary notations, we are going to prove the main result
Theorem 3.1.8.

Theorem 3.5.12. The total cofiber of the functor F : (/Z’; — Top, is Xy -equivariant homotopy
equivalent to Qp_1.

i.e. we want to show that the induced map f is a ¥,-equivariant homotopy equivalence. And
we will use Y to denote the total cofiber for simplicity.

Lemma 3.5.13. The map f s a surjective map, in other words the induced map f is a surjective
map.
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Proof. 1t suffices to show that for any 7' € (),—1 which is not a base point then its preimage

P

under the map f is non-empty. So we can assume we have a tree T € W,_;. According to the
Definition 3.3.18, let {E1, Eo, ..., E;} be the decomposition data of T', where E; is the labels set
of a centered tree associated with a locally maximal point for each i. Then for each individual
centered tree with labels set F; in the decomposition, we can view it as an element in the space
Pg,, in other words the decomposition data of the tree 1" could be viewed as an element in the
space Pg, A\ Pg, A --- N\ Pg, i.e. a sequence of centered trees with labels sets Ex, ..., Ej.

However, the hypergraph with edge set as {E1, ..., Ex} may not be a connected cyclic hyper-
graph because there might be an intersection part having more than one label. For example, the
decomposition data of the following tree is two centered trees with labels set Ey = {0,1,2} and

{1,2,3}.

0 1 2 3

However, the intersection part of the decomposition is the red part of the above drawing which
contains 2 labels 1,2. In other words the hyper graph with hyper-edges E1, F2 are not acyclic
because there are two paths connecting vertices 0 and 3.

Given the decomposition data, let E1,. .., Ej be the labels sets, if there are two sets E;, E; with
intersection more than one element, in other words the two centered trees with labels sets E;, E;
having intersection part with more than one label. Let T;,7T} be the centered trees with labels sets
E;, E; respectively. Then we take the intersection set FE;; = E; N E; and consider the centered
trees T;; inside T; with label set F;; and centered trees Tj; inside T} with label set F;;. We claim
two trees T;; and T); are identical inside the original tree 7". Because for any two external vertices
with labels inside E;; say w, v then two paths connecting these two vertices with the center of tree
T; would be merged from a branching point ¢;; in 7; and it is clear this branching point is also
a vertex in Tj;. Similarly there is also a branching point v;; inside the tree T; and T);. These
two points ¢;;, ¢j; and the associated subpaths connecting two vertices u,v and ¢;j, ¢j; respectively
must be identical since otherwise there would be a loop inside the tree 1" which is a clearly a
contradiction. Hence the vertex c;; and the subpaths connecting c;; and vertices u, v are all inside
the intersection part of two centered trees T; and Tj. Moreover since all paths inside tree T;; or
T}; comes from this way we imply that T;; and T); are identical inside 7" and of course inside the
intersection part of two trees T3,7T;. Moreover we take Ey\; = EN\E; + v, Epn: = E\E; + v’ for
any two elements v,v" € E; N Ej(we notice here that the choice of v,v’ is arbitrary), these two
new labels sets correspond to two new centered trees T ;, T}\; inside the original two centered trees
T;, T with labels set Ej ;, Ej\; respectively. Then we replace Ej, £ with T;, T in decomposition
data by Ejj, B ;, Ej\; with centered trees Ti;, Tj ;, Tj\; respectively.

We can iterate this procedure for the new decomposition data until we get a collection of sets
Fy, Fy, ..., Fy, such that F;NF} either empty or has just one element. And each label set associates
a centered tree inside T with it as labels. We call a collection of centered trees with labels set
obtained like this a complete decomposition data. For example, a complete decomposition data of
the above drawing with red intersection part is as follows:
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0 1 2 3

where the labels sets are Ey = {0, 1}; Fy = {1,2}; E5 = {2, 3}.

We claim that the hypergraph formed by the edge set {F1, ..., F},,} of this further decomposition
data is actually connected and acyclic. The connectness is clear. As for the acyclicity, since now
the intersection of hyperedges is either empty or just one element then if this hypergraph is not
acyclic only if there is a sequence of hyper edges forming a loop vi, F1,v2, Fa,. .., vy, Fg,v1 such
that ¢ > 2. Since if ¢ = 2, i.e. we have a loop vi, F1,v2, Fb,v1, then by definition we know
Fy N F, contains more than one element. This is a contradiction. So we have two paths from
vy to vy v, Fi,v2, By, .. g1, Fy—1,v4 and vy, Fy,v, and we denote these two paths as Lq, Lo
respectively. From the path L; we can get a path vi, Ay, c1, B1,v2, A2, c2, Bo,v3, ..., ¢cq—1, Bg—1, 04
where A;, B; are edges inside tree T and ¢; are inner vertices of T for all ¢. Similarly from path
Ly we can get a path vi, Ay, cq, By, vy. We observe that all vertices ¢; are distinct. Since if ¢; = ¢;
for some 4, j then the vertices v;_1,v;,v;_1,v; have same distance to the vertex ¢i(here we assume
vg+1 = v1). However, then these four vertices v;_1,v;,v;—1,v; would be in a same labels set. This
is a contradiction. Similarly reasons show all edges A;, B; are distinct. So these two paths can give
a loop on v; which is a contradiction since T is a tree.

Now the sequence of the centered trees on labels set Fi,..., F,, could be viewed as an element
x € P, NPp, N--- N Pp,. And let l; > lp > --- >[5 be the length of intersection parts with
respect to the further decomposition data {F1,...,F,,}. Then T is the image of the point a =
(z,(l1,l2,...,l5)) under the map f. Therefore the map f is a surjective map. O

The way we prove f is an equivariant homotopy equivalence is by identifying the ”kernal” of
the map f i.e. identifying the preimage of each point in ),_1 to get a quotient space Y’ which is
equivariant homeomorphic by definition. Then we prove the quotient map 7: Y — Y” is actually a
Yn-equivariant homotopy equivalence.

Let’s first discuss the points making the map f not injective intuitively and then we will con-
struct several functions to describe it precisely. Given any morphism say ¢y < ¢ in C, and a tree
x € F(cp), then the map f describes how the tree x glues along the edges joining same labels.
However, since x is actually union of several centered trees and each tree has radius less or equal 1,
so after a time ¢t < 1 the images under the map f are stable. Moreover, because of this in a given
chain ¢y < ¢1 < -+ < ¢ and x € F(cp) there is a stable region in the simplex {z} A A’i because of
the stable phenomenon with respect to the morphism ¢y — ¢;. Similarly in the simplex there are
also other stable regions because of the stable phenomenon with respect to morphisms ¢; < ¢;11
for each i.

Example 3.5.14. let’s consider a 2-simplex in hocolim F' where ¢y = 01/12/23,¢; = 012/23,¢5 =

Ca
0123 and the starting tree € F'(cp) looks like follows:
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Then the region 1411l is the stable region associated to the stable range with respect to mor-
phism ¢y < ¢1, and the region II+I11I is the stable region with respect to the morphism ¢; < ¢o, and
the region III is the stable region with respect to both morphisms ¢y < ¢1,¢1 < co.

2

€0

C1

Of course these stable regions will make the induced map not an injective map, However this is
not the only reason why map f is not an injective map, inside each simplex of Y there are special
points we call it ambiguous points whose images are trees in ,,—1 which are not centered trees and
the associated decomposition having an intersection part which has more or equal than 2 labels.

Example 3.5.15. The following tree is an example which is not centered tree but its decomposition
having an intersection part which has more or equal than 2 labels.

A B

Since after taking decomposition we can see that this given tree is the union of two sub centered
trees: one is a centered tree centering at the point A with labels {0,1,2} and another one is
a centered tree centering at the point B with labels {1,2,3}. Therefore the intersection of two
centered trees is the red part in the above figure which consists of 2 labels.

In summary there are two type of points making f not injective: degenerate points and am-
biguous points.

Construction 3.5.16. Let I = [0, 1], we list here several easy functions we will be used later.

1. For each morphism ¢y < ¢1 in 5; we associate a function
Teyper 2 Fco) = 1 (3.5.17)

which sends each tree x € F(cg) to the time when the gluing process with respect to ¢y < ¢1
begins stable. More precisely if z € F(cp) is the base point then we just ask T¢, ., () = 0. On
the other hand, if x € F(cp) is not the base point then according to the Construction 3.5.7
we locally have a restriction map f : {z} A AL — ﬁ/:_/l on the simplex {z} A Al indexed by
the chain ¢y < ¢1, then T¢, ¢, (z) is the time when the images of the map f on this 1-simplex
become constant.
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2. For each pair of morphisms with a common target ag < ¢1 and by < c1 take Xg py:c, as the
pull-back of the following diagram:

F(a0> — F(Cl> — F(bo)

in other words a point in X, p,.c, could be represented by a pair (z,y) where z € F'(ap),y €
F(bp) such that = and y will be sent to a same point in F'(¢;) under the morphism F'(ag) —
F(c1) and F(bg) to F'(c1) respectively. Moreover we associate a function

lag.boier : X — T (3.5.18)

by sending a pair (x,y) to the time when these two trees z,y become to the same tree during
the gluing process with respect to the morphisms ag < c¢; and by < ¢; respectively. More
precisely, if either = or y are base point then the common image z € F(c;) is also the base
point, and in this case we ask fiqq py:c; (€, 4) = 0. On the other hand if both x,y are not base
points then we locally have restriction maps f : {z}n AL — W;_/l and f : {yInAl — ﬁ/;_/l
on two simplices {z}AAL and {y}AAL indexed by the chains ag < ¢ and by < ¢; respectively.
Then in this case fiqy py:e; (€,9) is the smallest time ¢ € [0,1] such f(z,t) = f(y,t). Where
(z,t) is in the 1-simplex {z} A Al indexed by the chain ag < ¢; and (y,t) is in the simplex
{y} A Al indexed by the chain by < ci.

For example, ag = 01/12/23,by = 02/12/13 and ¢; = 0123, suppose we have the following
two trees x € F(ag),y € F(by) where the red parts are centered trees with radius 0.5.

Then after time 0.5, these two trees z,y will become to the same following tree:

in other words in this case fqg po:c, (2,y) = 0.5.
3. For each element ¢ € (/Z'; we equip a function which is called the rank of a tree:
re: F(e) —» 1 (3.5.19)

by sending a tree t € F(c) to the minimal length of branching points in the sequence of
centered trees inside ¢ to its associated leaves(see Definition 3.3.20). We require that if
x € F'(c) is the base point then r.(x) = 0.

For example, the rank of this following tree is 0.5:
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where the length from the point C to the leaves 1 or 2 are both 0.5.

As another example the rank of this following tree is 0.3:

where the red parts is a centered tree with radius 0.3 and the blue part is a branching tree of
the centered tree with branching point C, and the radius of this branching tree is also 0.3.

These functions satisfy the following easy observations:

Observation 3.5.20. 1. For each morphism ¢y < ¢; and a tree = € F(cy) we always have:

Teo(T) < Teg ey (2)

This is simply because T, ., (z) is greater or equal to the radius of one centered tree(here
centered trees include the branching trees inside the sequence of centered trees in z) in x
which is by definition greater or equal to r,(z).

2. For any pair of morphisms with a common target: ag < c1,by < ¢1 where ag # by and a point
(x,y) in Xgg po:er € Fag) x F(by) we have:

max{rao (.’L‘), Tbg (y)} < Hag,bo;cr (l‘, y) < min{TamCl (.Z'), Tbo,C1 (y)}

Without losing any generality we can assume z,y are not base points. If the gluing time
Pag.boser (€, y) is strictly less than 74, (x) or 7, (y) then there is a unique decomposition for the
new tree after gluing which is a contradiction because in this case the pre-image should be not
unique. As for the second inequality, this is simply because after time Ty, ., () or Ty, ¢, (y)
of gluing, the tree x or y will become to the same centered tree z, hence pig pyic, (T,y) <

min{7y, ¢, (), Ty, ¢, (¥) }-

3. If x € F(c)\* where x is the basepoint in F'(¢) then

re(z) >0
4. For each morphism ¢y < c¢1, we have the following commutative diagram:

F(c)) ————— F(c1)

N A
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in other words, the rank of a tree is stable with respect to the morphism F(cy) — F'(c1). This
is because if the rank r is the radius of a branching tree then it is clear this tree will be not
changed under the morphism cy < c;.

5. For a chain ¢y < ¢; < ¢g in C,, and a tree x € F(cy) we have:

Teo er () 2 Tep 1 ()

This is just because the gluing process with respect to the morphism ¢y < ¢y contains the
gluing process with respect to the morphism ¢y < c3.

Construction 3.5.21. We construct an equivalence relation on \/, 5oV <o <., F(c0) A Ak
which is compatible with the faces and degeneracies relations inside geometric realizations. In other

words, we construct an equivalence relation on hocolim F'. The equivalence relation is generated
Cn
by the following two type relations.

Firstly, given a chain c¢g < ¢1 < --- < ¢, and a point € F(cp). For some j let 277! is the
image of z under of the morphism F(cg) to F(cj—1) and we suppose both tj,t;- are greater or
equal to T¢;_, (z771) then we say two points (z, (t1,...,tj,...,t)) and (z, (t1,. .., t;., ..., t)) are
equivalent. We call this relation as the type A relation. Intuitively, this just asks that two point
in degenerate region which is in the line parallel to the stable ”direction” should be viewed as
equivalent points. More precisely according to the definition of the map f we observe that if two
points a, b are type A equivalent then f(a) = f(b).

Secondly, suppose we have two chains

ay < ap < - < agp—1 <c

bo < by < - - <bp_1 <cyg

and a point (x,y) € Xggpyie,- If the k-tuple (t1,12,...,t;) satisfies the condition:

1> Hag,bo;cy, (l’, y)
t2 > fay by (77, 9") (3.5.22)

tk 2 Hag,_y,by—15e (xk_17yk_l)
Similarly here 27,3’ denotes the image of z,y under the morphism F(ag) — F(a;) and the mor-
phism F(by) — F(b;) respectively. Then the point (x, (t1,ta,...,t)) € F(ag) A A% is asked to be
equivalent to the point (y, (t1,t2,...,tx)) € F(by) A A%. We call this relation as type B relation.
Intuitively this relation just ask two ambiguous points with the same image should be equivalent.
More precisely, according to definition of pi4, py:c, (2, y) if we glue the tree z, y by time ¢ with respect
to the morphisms ag < c¢; and by < ¢ respectively then the two trees becoming same. However,
instead of doing that we first ask two trees x,y gluing by time ¢; with respect to the morphisms
ag < a1 and bg < b1 respectively. We observe that after doing that there is no ”essential” branching
points being merged if we further glue with respect to the morphisms ay < a1 and by < by to get
trees ', y! respectively. Here essential branching points mean those branching points which make
the tree z,y finally becoming the same tree during the gluing process with respect to morphisms
agp < ¢, and by < ¢y, respectively. Since otherwise t; will be strictly less than jigg py:c, (T,y) by
definition. Now let o’ = f(z, (t1,t2,...,tk—1)),y = f(y, (t1,t2,...,tk_1)) i.e. 2,y are the trees
gluing from z,y by time t; with respect to the morphisms ay — a1,by — b respectively, by time
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to with respect the morphisms a; < a9,b; < by respectively and so on finally by time t;_; with
respect to the morphisms ax_o < ax_1,bx_2 < br_1 respectively. Then by same reason there is
no essential branching points being merged when we glue the trees 2,7 further to get z*~1,¢*~1.
And according to the definition of pg, | b, ;:ch (IL‘k_l, yk_l) we know if we glue the trees zF~1, yF~1
by time t; with respect to the morphism ax_1 — ¢ and by_1 — ¢, respectively we get a same tree.
Then if we glue trees 2’/,y’ with respect to the morphisms ay_1 < ¢ and by_1 < ¢ we will also
get a same tree, this is just because if the trees we got are not same then the two trees we have by
further gluing 2/, 3’ to the trees in F(c) are not same either since there is no essential branching
points being merged in this gluing process. However this is contradiction since we already showed
that those two trees in F(c;) we got are same. In other words f(a) = f(b).

However we need to check that this is a well-defined equivalence relation i.e. we need to
show that this relation is compatible with faces and degeneracies relations. For simplicity Let’s
check it is compatible with face relations for the type A relations. Given a chain ¢y < ¢ <

- < ¢ and a tree © € F(cp). According to definition the face map dy is just the morphism
F(co) — F(cy) ie. do(z) = 2! and for i > 0 the face map d; is the identity map on F(cp). So
when ¢ = 0, suppose we have two points a = (do(z), (t1,t2,...,tk—1)),b = (do(z), (t|, t2, ..., tk—1))
with t1,t] > T¢, c,(do(x)) i.e. @ ~4 b. Then according to relations 3.5.11 in the definition of
the geometric realization we need to check that two new points o/ = (z, (1,t1,t9,...,tk-1)),b =
(x, (1,t],ta, ..., tx—1)) are still equivalent in terms of type A relations. According to the definition
in this case we need to check that t1,t] > T, .,(z!), however we already knew that do(z) = ' then
it is automatically true. So the type A relation is compatible with dg. For i = 1, then suppose we
have two points a = (dy(z), (t1,t2, ..., tk—1)),b = (di(x), (], ta, ..., tx—1)) with t1,t] > Ty, (di(z))
ie. a ~4 b. Similarly according to the relations 3.5.11 we need to check that two new points
a = (z,(t1,t1,t2, ..., tk—1)),b = (x,(t],t], ta,..., tx_1)) are still equivalent in terms of type A
relations. According to the 5-th statement of the Observation 3.5.20 We know T, ., (d1(z)) =
Teoc0(x) > Tey e (), therefore ti,t) > Tgy . (x) in other words o’ ~4 b'. For all i-th the type
A relations are still compatible with d; or s; for similar reasons. As for the type B relations for
simplicity let’s check it here that it is compatible with dy and the compatibility for other faces
or degeneracies are similar. Let ap < a1 < --- < ap_1 < ¢k, bp < by < -+ < b1 < ¢ be
two chains with the same target ¢, and (z,y) € Xggpgic,, a1d suppose we have two points a =
(do(x), (t1,ta, ... tk—1)),b = (do(y), (t1,t2,...,tk—1)) satisfy the inequalities 3.5.22. We notice here
in this case do(z) = x' and generally do(z)7 = 29t1. So t; > pa; by, (27,97) for any 1 < j <k —1.
Then we need to check that two new points o’ = (z, (1,¢1,t2,...,tk—1),0 = (y, (1, t1,t2, ..., tk—1))
are equivalent in terms of type B relations. It suffices to show that the coordinates satisfy the
inequalities 3.5.22 i.e. #; > pa, i, (@', y") for 1 < i < k—1 and 1 > figg by, (¥, y). But these
inequalities are all automatically true i.e. a’ ~g b’. Hence the type B relations are compatible with
dp.

Remark. The equivalence relation we just constructed could be induced to an equivalence relation
on the total cofiber Y = Tot(F), which we still denote it as ~.

Definition 3.5.23. Let Y’ := Y/ ~, where the equivalence relation here is the equivalence relation
we constructed in Construction 3.5.21 and its remark. And the quotient map Y — Y is denoted
by 7.

According to the Construction 3.5.21 we know if two points a,b are equivalent in Y then
f(a) = f(b), it implies we have a natural induced map f’ : Y' — @,—1 which is also a surjective
map.

Theorem 3.5.24. The induced map ' :Y' — Q,_1 is a Xp-equivariant homeomorphism.
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Proof. Since both spaces Y/ and Q,,_1 are compact and Hausdorff we just need to show that the
map [’ is a injective map. If T' € Q,,_1 is the base point, then according to the argument in the
proof of the Lemma 3.5.13 we know all possible images are located in the subspace hocolim F' of

hocolim F, in other words the preimage of 7" in Y is just the base point. Then it suffices to prove
C

that if two points a,b in total cofiber Y with f(a) = f(b) = T, where T is not the base point of
Qn—1, then a and b are equivalent in Y i.e. the preimage of T in this case is also a single point in
Y’

According to the Construction 3.5.21 we just need to prove the converse direction i.e. if f(a) =
f(b) then a is equivalent to b. For each point a in the homotopy colimits we can always find an
equivalent point a’ such that for each 1 < j < k its j-th coordinates ¢; of it is strictly less than
Tei e (27~1) since otherwise if one coordinate say t; is greater or equal to T¢;_, e, (27~1) then it
is equivalent to the point with same other coordinates except changing ¢; to 1, in other words we
can pass this point to a point in boundary. Moreover we can see that if several coordinates of a
point are same then this point actually lives in the boundary of the simplex. So we can require
that the coordinates of the point a’ satisfies t| > to > -+ > t;. So for those two points a and b we
can first find equivalent points a’ and o’ respectively. As for its image T, if it is already a centered
tree then the point a’ must be of the form ¢’ = (7,0). This is because if o’ has the form that
a = (x,(t1,t2,...,t;)) and f(a) = T is already a centered tree, in other word the gluing process
is already stable, this is a contradiction because now t; > T, ., (x). So if T is not a centered tree,
then according to the proof in Lemma 3.5.13 we can find more than one locally maximal points say
Ay, As, ..., Ap. For each locally maximal point A; there is a centered tree T; in T with A; as the
center. Let [y > ls > --- > lj» be the arrangement of the number of length of the intersection parts
i.e. l1 is the length of longest intersection parts which of course may not be unique. [; is defined
similarly. For example, in the following tree

Ao

Ay As 4

0 1 2 3 4

Ay, Asg, As, Ay are four locally maximal points and the two green parts and the blue parts are all
intersection parts. If the length of the green part is 0,7 and the length of the blue part is 0.5 then
in this case 1 = 0.7,1y = 0.5.

Let @’ = (x, (t1,t2,...,tk)), then according to the definition of the map f we know ¢; means the
length of the intersection parts from ¢g to ¢; and since we already ask that t; > to > --- > t; then
t; must be equal to [;. Then we just repeat this argument we get k = k' and for each 1 < i < k,
t; = l;. This argument also words for b = (v, (¢1.92, - ,¢m)) for same reason, so we can rewrite
b = (y,(l1,l2, - ,lx)). Finally, since f(a’) = f(b') = T, then after time [; of gluing of trees x,y
with respect to the morphisms ag < ¢ and by < ¢ respectively the two trees x € F(ag) y € F(bp)
will become the same tree T', in other words Iy > fiq, by:c, (2, y). Similar argument shows that the
coordinates of a’, b’ satisfy the inequalities 3.5.22 i.e. a’ ~p V. Therefore a is equivalent to b.

O

So finally we just need to prove the quotient map 7 : Y — Y’ is a ¥,-equivariant homotopy
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equivalence. The way we use to prove 7 is an equivariant homotopy equivalence is trying to
construct a homotopy inverse of 7. In order to do that we first try to construct two self maps of Y’
and Y’ respectively.

Lemma 3.5.25. If we can construct a continuous self map s1 between the total cofiber Y satisfying
two following conditions:

1. For any two points a,b in the total cofiber Y, if w(a) = w(b) then s1(a) = s1(b),

2. The self map s1 is Xy -equivariant homotopy to the identity map idy between Y, i.e there is a
base point preserving map H : Y X1 — Y from si to the identity map between Y. Moreover we
ask that for any time s € I the associated map Hs := H(—,s) : Y — Y satisfies the condition
that for any two points a,b in the total cofiber Y, if w(a) = w(b) then w(Hs(a)) = w(Hs(D)).

Then the self map s1 will pass to a self map so which is also ¥, -equivariant homotopy to the identity
map idy between Y’ and there is a continuous map g : Y' — Y making the two triangles commutes,
in other words g is a homotopy inverse of .

Yy ——— Y’

3!

Yy ——— Y’

Proof. Let’s define the self map so: Y’ — Y as so(t) := 7(s1(x4)) where z; € 7~ 1(¢) is an element
in the pre-image of ¢. According to condition (1) this is a well-defined function. But we still need
to check it is a continuous map. Let V' C Y’ be an open subset. First we observe that

sy (V) =m(sy (n (V)

Since 7, s are two continuous map s; (7! (V)) is an open subset of Y. Moreover, since 7 is a
quotient map, s, (V) = w(s; (7~ 1(V))) is also an open subset of Y”. Therefore s5 is a continuous
map.

Then since the self map s is ¥,-equivariant homotopy to the identity map, by definition we
have a based homotopy H : Y X I — Y between the identity map and the self map s;. We define an
equivalence relation on Y x I by (a,s) ~ (b, s) if and only 7(a) = 7(b), then it is clear with respect
to this equivalence relation Y x I/ ~~ Y’ x I. Then according to the condition (2) and the universal
property of quotient maps we can pass the homotopy H to a homotopy H : Y x [ / ~— Y. In other
words we find a based homtopy H : Y’ x I — Y. So the self map so is ¥,, equivariant homotopy
equivalent to the identity map between Y’. Finally we define the map g : Y’ — Y by g(¢) := s1(x¢)
where z; is an element in 7~ 1(¢), same argument for continuity and well-defineness of s works here.
And the commutativity of two triangles is clear by construction. Then gon = s1 ~x, idy and
mog = sy ~y, tdy i.e. g is a homotopy inverse of 7 or 7 is a ¥,-equivariant homotopy equivalence
from Y to Y. O

Construction 3.5.26. We try to construct a self map s on hocolim /' which will pass to a self
C

map s; on the total cofiber Y = Tot(F') we want. In order to define a self map s we first need

a technical triangulation on each simplex in hocolim F'. Given a chain cp < ¢; < --- < ¢;, and a
Cn
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point © € F(cp), let 7 = r¢,(z). Then for the simplex {z} A A% indexed by the chain we can first
subdivide this simplex to those following regions defined by inequalities:

(1>r>t; > >t >0

(3.5.27)

>ty > >0

However, it is clear that not every region is a simplex, many regions here are general polyhedra.
So we still need to further subdivide these polyhedra into simplices to get a triangulation. For
each region defined by an inequality we observe that its vertices are completely determined by the
inequality and we can actually give an ordering on those vertices by comparing its coordinates.
More precisely if each coordinate of one point A is less or equal to the corresponding coordinate of
another point B then we define A < B. So this will give an ordering on the set of vertices on each
polyhedron. Then we just need to connect any two comparable vertices on each polyhedron to get
a triangulation on the simplex {z} A AX. As an example let’s consider the chain ¢y = 01/12/23 <
c1 = 012/23 < ¢ = 0123 and the following tree z € F(cg) with the rank r = 0.3

Then the inequalities subdivide the 2-simplex {x} /\Ai into 3-regions where regions III are already
simplices but the region III is a rectangle.

2

II

I

p—f
—
—

€0

C1

However, the coordinates and ordering of its vertices of the region III looks like:

(0.3,0.3)

(0.3,0)

4

N

Y

(1,0.3)

(1,0)

Then we just need to connect the points (0.3,0) and (1,0.3) with a line to get a triangulation.
According to the 4-th statement of the Observation 3.5.20 we know the number r is stable under
taking boundary of a simplex, so this triangulation for each simplex is compatible with the boundary
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of simplices. Given a triangulation on each simplex then a self map on hocolim I is completely

Cn
determined by the assignment on each vertex in the triangulation. Concretely, in a simplex {w}/\Alj_
we know the coordinates of each vertex of the triangulation looks like (z,(a1,aq,...,ar)) where

1>a1 >as--->ap >0and a; = 1,7, or 0. If all coordinates of a vertex are not r, then this
vertex is fixed under the self map, if there is at least one coordinate which is r then we assign this
point to the point with the coordinates by replacing r by 1 for each r in the coordinates of the
vertex. We need to check this self map is a well-defined map. Since each vertex may have different
coordinates with respect to which simplex the vertex lives, we need to check that this self map
is compatible with different coordinates of a vertex. For a vertex a lying in the simplex A say
{z} A Ai with the coordinates equal to (x, (a1, a9, .. .,ax)), if either a; = 0, 1 or several coordinates
are same then this point actually locates in a simplex of boundary of this simplex A. However,
according to the definition of self map s those coordinates with values 0,1 remain same and those
coordinates with values r are sending to 1, hence no matter which coordinates of the point a we
choose the images under the self map s are just different coordinates of the same point i.e. the self
map s is a well-defined map. As for the continuity issue of the self map s it might happen when
z € F(cp) is a base point. In this case actually the rank of z is 0 and the simplex {z} A A¥ indexed

by any chain ¢y < ¢; < --- ¢, starting from ¢y has already been collapsed in hocolim F'. So in this
Cn
case the self map is just sending the base point to base point. Therefore the self map s is a base

point preserving continuous map.
The necessary and sufficient condition of a point lies in hocolim F' is that if we view this point

n

in a maximal simplex then the last coordinate must be 0, here a maximal simplex means a simplex

in hocolim F' with maximal dimension. Then according to the construction of the self map s the
Cn
last coordinate will not change. Hence this self map will pass to a self map s; on the total cofiber

Y.

Lemma 3.5.28. The self map s;1 on Y in Construction 3.5.26 satisfies the conditions in the
Lemma 3.5.25

Proof. First we claim that the self map s1 is ¥,-equivariant homotopy to the identity map between
Y. We can construct the homotopy explicitly here:

H:YxI—=Y

For a point a = (z, (t1,t2,...,tx)) in a simplex say A = {z} A Ai with rank r, then for time
t € I the homotopy H(—,t) sends a to a point in same simplex but changes the coordinates of a
which are 7 to coordinates (1 — r)t 4+ r and other coordinates remain same. According to the 4-th
statement of the Observation 3.5.20 if the point is in the boundary A’ of this simplex, then since
the boundary still have same rank the image of a under the homotopy H(—,t) when we view a is
in A is as same as the image if a under the homotopy H(—,t) if we view a is in the boundary A’.
In other words the homotopy we defined is compatible with the boundary of simplices in homotopy
colimits i.e. we have a well-defined homotopy H on Y. As for the continuity issue of H, as same
as the self map s; it might happen when x € F(cp) is a base point. And similarly in this case the
simplex {z} A Aﬁ has already been collapse in Y to the base point. And the homotopy H here just
sends the base point to base point, in other words H is a base point preserving map.

Moreover according to our construction of homotopy H when t = 0, H(—,0) is just the identity
map between Y and when ¢ = 1 then H(—,1) is equal to the self map s;. Since the homotopy is
clear ¥, -equivariant, s; >~y  idy.
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Then we need to check the remaining conditions. It suffices to check it for type A and type B
relations in Construction 3.5.21. As for the type A relation, suppose a ~4 b. Without losing any
generality let’s assume a = (z, (t1,t2,...,t;)) and b = (x,(t],t2,...,t;)) both lie in the simplex
{z} A Ak associated with a chain ¢g < ¢; < -+ < ¢ where x € F(cp) and t1,t] > Ty ., ().

According to the first statement of the Observation 3.5.20 we know these two points are not in the
region defined by the inequality:

We can assume these two points locate in the region:
12t 2r>te>2-- 2t 20

According to the construction of the self map s1, it is actually defined over each simplex in the
triangulation. Under the self map s; the first coordinates ¢,t] of a, b respectively will be changed
by 1. As for the other coordinates we know in each direction the self map actually enlarge r to 1,
and since the coordinates of a and b are same except the first coordinate we know other coordinates
of the images s1(a), s1(b) will be also equal i.e s1(a) = s1(b). As for the homotopy H associated to
s1 similar reason shows that for any times s € I, the first coordinate of H(a, s) and H (b, s) are still
greater or equal to Ty, , (z) and other coordinates of H(a, s) and H (b, s) are same. So by definition
we know H(a,s) ~4 H(b,s) for any time s € I, in other words 7(H (a,s)) = n(H(b, s)).

As for the type B relation, suppose a ~p b where a = (x, (t1,t2,...,tx)), b = (y, (t1,t2, ..., tx))
lie in the simplex {x}/\Aﬁ associated with a chain ap < a; < -+ < ag_1 < ¢ and the simplex {y} A
Ak associated with a chain by < by < -+ -bg_1 < ¢ respectively and € F(ag),y € F(bo), (z,y) is
a point in the pullback Xy .., Moreover the coordinates of a, b satisfy the inequality 3.5.22. As
for the self map si, since (z,y) is a point in the pullback X pg:c, i-€. 2,y will corresponds to the
same point z under the morphism F'(ag) — F(cx) and F(bg) — F(ci) respectively. According to
the 4-th statement of the Observation 3.5.20 we have a commutative diagram as follows:

F(ao)
Fl(ck) I (3.5.29)

F(bo)

The commutativity of this diagram implies r4,(z) = 7,(y) = 7. Then according to the second
statement in the Observation 3.5.20 we know both points a,b locates in the region defined the
inequality:

1>t > >t >r>0 (3.5.30)
of the simplices {z} A A% and {y} A A% respectively. It is clear this region is already a simplex,
and the coordinates of all vertices are either r or 1 by the inequality 3.5.30. So under the self map
all these vertices will be sent to the point (1,1,...,1), in other words under the self map s, both
points a and b will be sent to the pint ¢ = (2, (1,1,...,1)) i.e. s1(a) = s1(b). As for the homotopy
H, since the coordinates of a,b are exactly same and the homotopy on those two simplices are
also completely parallel since r4,(z) = r,(y) = r. Then according to the definition of the type B
relation we know H(a,s) ~p H(b,s) i.e. w(H(a,s)) = w(H(b,s)) for any s € I. O

Corollary 3.5.31. The induced map f is a %, -equivariant homotopy equivalence.

Proof. This is a direct consequence of the Lemma 3.5.25 and the Lemma 3.5.28. O
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3.6 Proof of Theorem 3.1.9

We recall the Definition 3.4.15 that the total cofiber of the functor F': é; — Top, could be expressed
as:
Tot(F) = hocoﬁb(hoccolimF — F(1)) (3.6.1)

where this functor F' sends a hypergraph H = (E1, Ea, ..., Ey) in to a based space Pg, A Pg, A--- A
Pg, . According to the Proposition 3.3.22 we know that P, ~ |P(n)|/0|P(n)| ~ 30|P(n)| where
|P(n)| is the geometric realization of the poset of all partitions on [n — 1]4 = {0,1,...,n — 1}.
Furthermore we have:

Pp, A Pp, A+ A Pg, ~ |P(B) x P(E3) x - x P(Ey)|/0|P(Ey) x P(Es) x -+ x P(Ey)]
~ S|P(Ey) x P(Bs) x - x P(E})|

(3.6.2)
Here ~ means homotopy equivalence. Since the reduced suspension functor ¥ is a left Quillen
functor between the model categories of pointed topological spaces ans itself| , Section 6.1], it

commutes with homotopy colimits. Hence we can desuspend the total cofiber Tot(F') into a space
X with the form:
X = hocoﬁb(ho%olimE_lF — YR(1) (3.6.3)

Here ¥ ~'F denotes the new functor which sends a hypergraph H = (FEy, Es,...,E}) in to a
unbased space 0|P(F1) x P(E2) x - - - x P(E})| and as the morphism it suffices to illustrate the case
H, = (E1, Ey) and Hy = 1 the trivial hypergraph. If we suppose two hyperedges E;, Ey intersect
at the vertex m € [n — 1]; then the map 9|P(E1) x P(E2)| — 9|P(n)| is induced by the poset map
P(Ey) x P(E2) — P(n) by sending two partitions my, 7o in P(E;) and P(FE3) respectively into a
new partition 7 such that if blocks in 71, 79 does not contain m then they will remain in the new
partition 7 but if two blocks in 71, w2 containing m then they will be merged to a new block in 7.

From now on let’s fix some notations for this section. We still call the space X as total cofiber
associated with the functor ¥~'F and we will still use F to denote this new functor ¥~ F since
in the following we are all working in this desuspended space. Moreover, since we also need to
dealt with both pointed and unpointed homotopy colimits we replace the notation hoccolimF by

hocolim, F', and when we forget the base points of images of the functor £’ we can take the ﬁomotopy
colimits of F' over the unpointed topological spaces which is denoted as hocolim F' in this section.

The main result of this section which already appeared in section 3.1 as the Theorem 3.1.9 is
the following:

Theorem 3.6.4. The total cofiber X = hocofib(hocolime F' — 9| P(n)|) is ¥, -equivariant homotopy
equivalent to S|A2|, where S denotes the unreduced suspension functor.

Definition 3.6.5. Given any graph G on n-vertices, we can decompose it into a union of several
subgraphs. For a fixed decomposition D of GG, we say the hyper-cover of this decomposition is a
hypergraph where each hyperedge consists of points of vertices of one subgraph in this decomposi-
tion. Moreover if the hypergraph behind it is connected and acyclic then we call this hyper-cover
a connected acyclic hyper-cover of G.

Lemma 3.6.6. If G is a connected but not 2-connected graph, then we can always find a connected
acyclic hyper-cover on G and there is a minimal element among all connected acyclic hyper-covers
of G. And we call it the minimal hyper-cover of G.
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Proof. We first show the existence of a connected acyclic hyper-cover. Given a graph G we can get
a set S containing all vertices vy, ..., vt such that if you delete any vertex and its adjacent edges of
those vertices then the remaining graph is not connected. And since G is a not 2-connected graph
we know S is not an empty set. Moreover, Given this set S we can first take out vy of this graph
then we have several not connected components, then we can group each component with vy, so we
get several hyperedges which intersect at v1. Then in each hyper-edge we can repeat this process
again to form new hyper-edges. If we get several new hyper-edges inside old hyper-edges then we
just simply forget these old hyper-edges. So we repeat this procedure again and again until we
reach all elements in S. We call the final hypergraph we get Hg. Since G is a connected graph,
this hypergraph is connected. Moreover this hypergraph is acyclic since otherwise the graph G is
a 2-connected graph. Therefore this hypergraph we constructed is a connected acyclic hyper-cover
of G.

Now we are going to show that Hg is in fact minimal among the connected acyclic hyper-covers
of G. Suppose we have another connected acyclic hyper-cover H of G, by requirements on this
hyper-cover we know if two hyper-edges having intersection with one vertex then this vertex must
be contained in S since if we delete this vertex the remaining graph is not connected. It suffices to
show that every hyper-edge in Hg is contained in one hyper-edge of H. Suppose E is a hyper-edge
of Hg we observe that the subgraph of G on this hyper-edge is a 2-connected graph since otherwise
we can do the previous process again to separate this hyper-edge. Since it is a 2-connected graph
then it must be contained in one hyper-edge of H since otherwise it would break the acyclicity of
the hypergraph H. So Hg is a minimal element among the set of connected acyclic hyper-covers
of G.

O

Definition 3.6.7. Let Z be a poset consists of elements (H, x) where H € é; is a connected acyclic
hypergraph on n elements and x is a sequence of graphs on vertices of each hyperedge of H such
that(it might be possible that a graph on one hyperedge of H is an empty graph i.e. there are no
edges between any vertices in this hyperedge):

1. When H is the trivial hypergraph i.e it consists only one hyper edge which contains all
n-elements, then the graph on this hyper-edge is asked to be non-connected and non-empty.

2. When H is a non-trivial hypergraph, then the union of graphs should be a non-empty graph.

And the order relation is (Hy,x1) < (Hg,x9) if H < Hs as hypergraphs and x; < z9 as union of
graphs with the vertex set equaling to the vertex set of H i.e. the edge set of x1 is a subset of edge
set of x.

Let’s first try to prove that the poset Z is actually X,,-equivariant homotopy equivalent to A,%.
Then we try to show that Z is a desuspension model for the total cofiber X i.e. X is ¥,-equivariant
homotopy equivalent to suspension of the geometric realization of the poset Z.

Lemma 3.6.8. Suppose we have a poset C, that decomposes as a disjoint union C = A[[ B, with
the property that if a is an element of A and b is an element of B, then either a < b or a and b
are incomparable. Suppose that 1 is a mazimal element that can be adjoined to C. Le., 1 is not an
element of C, but it is the mazimal element of C [[{1}. Let CC be the poset of pairs (x,y) where
x 1s in C satisfies:

1. x <y,

2. yis in B][{1},
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3. if x is in B then y < 1. Equivalently, if y = 1 then x is in A.

The order in CC' is defined by saying that (z,y) < (z1,y1) if < x1 and y < i1
Then the geometric realization of CC' is naturally homotopy equivalent to the geometric realiza-

tion of C.
Before proving the Lemma 3.6.8 let’s recall what is the associated twisted poset of a given poset:

Definition 3.6.9. Let tw(C) be the poset whose objects are pairs (z,y) of elements of C. The
order in tw(C) is defined as follows (z,y) < (z1,y1) if 21 < < y < y1. There is a natural
transformations tw(C) = C that sends (z,y) — y and a natural transformation tw(C) = C,
that sends (z,y) — x.

Remark. It is known that| , Page 94] both of these natural transformations induce equivalences
of geometric realization based on Quillen’s fiber lemma. It is also worth to point out that the
geometric realization of tw(C') is in fact homeomorphic to the geometric realization of C' (but this
homeomorphism is not induced by a functor) although we will not use this fact in this chapter.

Proof of Lemma 3.6.8. Now suppose C' = A[] B satisfying the conditions listed in Lemma 3.6.8.
Then tw(C) could be decomposed as a union of two posets. One consists of pairs (z,y) such that
x is in A and the other consists of pairs such that y is in B. Let’s denote these subposets P and @)
respectively. Notice that tw(C) = P U Q because the complement of P U @ would consists of pairs
(z,y) such that = is in B, y is in A and z < y, which is impossible. Moreover, if (z,y) is in P\Q,
and (z1,y1) is in Q\P, then (x,y) and (z1,y1) are incomparable. Without losing any generality
suppose (x,y) < (z1,y1) then by definition it follows z1 < x < y < y;. However we already knew
that ;1 € B which is a contradiction since z € A and two points x € A, z1 € B is non-comparable
or z < z1. So (x,y) and (z1,y1) are not comparable. It follows that the geometric realization
|tw(C)| is both the pushout and the homotopy pushout of the following diagram

|P| < |PNQ|—|Q] (3.6.10)

Recall that C'C' consists of pairs (z,%), where  is in C, y is in B][{1} and if y = 1 then z
is in A. We note that CC decomposes as a union of two subposets. One consists of pairs (z,y)
such that z is in A and the other consists of pairs (z,y) such that y is in B. Let us denote these
subposets S and T respectively. Also, we observe that CC' = S U T, and furthermore there are
no relations between elements of S\T and T\ S. It follows that the geometric realization of C'C' is
equivalent to the pushout and the homotopy pushout of the following diagram:

S| < [SNT| — |T| (3.6.11)

There is a natural poset map ¢ : P — A°P by sending a pair (x,y) to . Similarly we have another
natural poset map ¢o: Q — B by sending a pair (z,y) to y. We claim that two poset maps ¢ and
9 are homotopy equivalences. It suffices to show the truth for the poset map ¢1. Given any ¢ € A

we have an adjunction:
L: oyt (Z¢) = ¢ '(e) s (3.6.12)

where i : o7 (¢) — @7 (> ¢) is the inclusion functor and L : o7 (> ¢) — ] '(c) sends a pair (a, b)
to a pair (a,c) here b is asked to be less or equal to ¢. Hence two categories @7 !(c) and @7 (> ¢)
are homotopy equivalent. Moreover we observe that the poset gofl(c) has an initial object (¢, c¢),
it implies ¢ !(c) is contractible. So ¢y (> ¢) is also contractible. Then according to the Quillen’s
fiber lemma we know ¢ is a homotopy equivalence.
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We recall the Thomason’s homotopy colimits theorem here | , Theorem 1.2]. Given a
functor G : D — Cat there is a natural homotopy equivalence:

7 : hocolim N (G) — N(/ G)
D D

where N(G) is the functor which sends each d € D to the nerve N(G(d)).

Here we take D = B and G = AZ : B — Cat sending an element b € B to the poset AZ,. And
we observe there is a natural isomorphism between posets PN Q) and fbe B A;pb. In other words we
have a a natural homotopy equivalence:

: hocolim [AZ | — [PNQ
RO | §b| | |
and a commutative diagram as follows:

|P| «——— [PNQ| — [Q

% Tn wl (3.6.13)

|A°P| «+—— hocolim|AZ| —— |B]
beB =
where three vertical maps are all homotopy equivalences. Since 7 is a homotopy equivalence we

can choose a homotopy inverse 7 of it and we have a homotopy commutative diagram as follows:

[P| «——— [PNQ| — [Q]

@1i i wzl (3.6.14)

|A°P| «+—— hocolim|AZ)| —— |B|
beB <P

Since both two maps [P N Q| — |P| and |P N Q| — Q| are cofibrations we can replace maps ¢1, 2
by homotopic maps ¢; : |P| — |A°P| and @2 : |Q| — |B| respectively making the above homotopy
commutative diagram commuting strictly:

|P| «——— [PNQ| — [Q]

ﬁll ﬁl ﬁzl (3.6.15)

|A°P| «—— hocolim|AZ | —— |B]
beB <b

where the three vertical maps are still homotopy equivalences. Let W; denotes the homotopy push
out of the second horizontal diagram. Then there is a homotopy equivalence between |tw(C')| and
W1 since all three vertical maps are homotopy equivalences. We can do the exactly same thing to
obtain a commutative diagram as follows where three vertical maps are homotopy equivalences:

|S| «— |SNT| —— |T]

| | | (3.6.16)

|A| <—— hocolim|A<y| —— |B|
beB -

Let W5 be the homotopy push out of the second horizontal diagram. Since all three vertical maps
are homotopy equivalences we imply there is a homotopy equivalence from |CC| to Ws. Clearly
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the second horizontal diagram is equivalent to the second horizontal diagram of the diagram 3.6.15.
In other words two homotopy push outs Wi, Wy are homotopy equivalent. Therefore [tw(C)] is
homotopy equivalent to |CC|. Moreover since |tw(C)| is homotopy equivalent to |C|, |CC]| is also
homotopy equivalent to |C]. O

Corollary 3.6.17. Under the same assumptions as in the Lemma 3.6.8. Moreover let C be a
G-poset and the two subposets A and B are also G-posets. In addition if the G-action on 1 is
trivial then the geometric realization of the poset CC' is G-equivariant homotopy equivalent to the
geometric realization of C.

Proof. We have already showed in the proof of the Lemma 3.6.8 that there is a homotopy equivalence
f:|CC| — |C| which is just the composition of two homotopy equivalences f; : |CC| — |tw(C')| and
fo i tw(C)| — |C|. We first claim tree maps ¢1, 2,7 in the diagram 3.6.13 are all G-equivariant
homotopy equivalences. As for poset map ¢ : P — A°P, for any element ¢ € A, we observe
the adjunction 3.6.12 is C¢/(c)-adjunction] , Definition 2.2]. So ¢p~(> ¢) is Cg/(c)-equivariant
homotopy equivalent to <p1_1(c)[ , Proposition 2.3]. Moreover, the centralizer subposet cpl_l(c)
contains an initial object (c,c) which is fixed under Cg(c), so ¢;(c) is Cg(c)-equivariant con-
tractible, i.e. @7 (> ¢) is Cg(c)-equivariant contractible. Then according to the equivariant
Quillen’s fiber lemma i.e. the Lemma 2.6.29 ¢; is a G-equivariant homotopy equivalence. Sim-
ilarly o is also a G-equivariant homotopy equivalence. As for the map 7, for any subgroup
H < @G, the induced map n¥ : (hocolimpep |[AZ) — |P N Q¥ could be identified as the map
h(gggl}ilm |(Af{S pu)P| = |PH N QM| which is clearly a homotopy equivalence. So 7 is also a G-

equivariant homotopy equivalence.

Since the inclusions |P N Q| — |P|,|P N Q| — |Q| are both G-cofibration| , Page 96] we
can choose a G-homotopy inverse 77 and two maps @1, @2 which are G-homotopy to maps ¢1, 2
respectively making the following diagram commute:

|P| «—— [PNQ| —— [Q]

sill ﬁl ¢’2l (3.6.18)

|A°P| «—— hocolim|A%) | —— |B]
beB | =P

where all three vertical maps are all G-equivariant homotopy equivalences. And it is well known
that[Mal, Proposition 1.2] when H is a finite group then the following map is a homeomorphism

hocglim xXH (hocglim X)) (3.6.19)

i.e. taking fixed points commutes with taking homotopy push-out. So given any subgroup
H < G, we imply that the induced map [tw(C)|* — W{ is a still a homotopy equivalence. Sim-
ilaly the induced map |CC \H — WQH is also homotopy equivalence. In other words, the induced
map f{l : |CC| — [tw(C)]| is homotopy equivalence. Then according to Bredon’s Theorem| ,
Corollary I1.5.5], f1 is a G-equivariant homotopy equivalence. Similarly according to equivari-
ant Quillen’s fiber Lemma i.e. Lemma 2.6.29 we imply the map fo: [tw(C)| — |C| is also a
G-equivariant homotopy equivalence. Therefore the composition map f is also a G-equivariant
homotopy equivalence. O

Corollary 3.6.20. The poset Z is %, -equivariant homotopy equivalent to the poset A2 of not
2-connected graphs.
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Proof. Let C = A2, A be the subposet of non-connected graphs and B the subposet of connected
graphs. And by definition the poset C'C consists of pairs (G1,G3), where Gy is a connected but
not 2-connected graph, and Gy a subgraph of Gs, or if (1 is not connected, then G5 can also be
a new maximal element 1 that we can think of as the complete graphs on the n-vertices. If H is
a proper connected acyclic hypergraph then we denote H to be the graph which is the union of
complete subgraphs on each hyper-edge of H, it is clear that H is a connected but not 2-connected
graph. Then we construct two poset maps f : Z — CC and g : CC — Z, where f sends an
element (H,z) € Z to (z, H) if H is a non trivial hypergraph or sends an element (1z,z) to (z,1)
where 1g means the trivial hypergraph; g sends (G1,G2) € CC to (Hg,,G1) if G2 is a a connected
graph, where Hg, is the minimal hyper-cover of Gy or it sends (G, 1) to (15, G). Then we observe
that when Gy is a connected graph then f(g((G1,Gb))) = f(Hg,,G1) = (G1, Hg,) > (G1,G)
and f(g(G,1)) = f(1g,G) = (G,1). Hence f o g > id and it is clear this natural transformation
from fog to id is ¥-equivariant. Similarly when H is a non-trivial hypergraph then g(f(H,x)) =
g(x, H) = (H,z). And g(f(1g,z))) = g(x,1) = (1g,z). Hence go f = id. Therefore g is a
Yl equivariant homotopy inverse of f, in other words two posets CC and Z are Y,-equivariant
homotopy equivalent. Then according to the Corollary 3.6.17 we know CC is also ¥,-homotopy
equivalent to C. Therefore Z is ¥,-equivariant homotopy equivalent to C' = A2. O

Now let’s construct a desuspenison model for the total cofiber X in other words we want to find
a space P such that SP ~y X, where S means unreduced suspension. We first need a general
desuspenion result regarding to a total cofiber:

Lemma 3.6.21. Let G : D — Top be a functor from a category D to the category of unbased
topological spaces, where the category D has a final object 1, we let D be the full subcategory ofﬁ
without the final object. Let SG : D - Top, be the unreduced suspension of this functor which
sends an element d to the unreduced suspension of the topological space G(d) with the south pole as
the base point. Then

hocolim, SG ~ hocofib(hocolim G' = hocolim *) (3.6.22)

Both pointed and unpointed homotopy colimits are taken over category D and w is induced by the
canonical map G(d) — * for each d € D. The equivalence ~ here is homotopy equivalence.

Proof. By definition of pointed homotopy colimits(see Definition 3.4.10) we know
hocolime SG =~ hocolim SG/|D|

where |D| = hocolim * is a subspace of hocolim SG.
Then let’s construct a continuous map:

¢ : C(hocolim G) U, |D| — hocolim SG/|D| (3.6.23)

where C'(hocolim G) means the cone over hocolim G. Suppose (z,s) € G(ig) x A™ for a specific
chain ig — -+ — i, in D where z € G(ip),s € A™. Let t means the coordinates in the cone in
which ¢ = 1 indicates the apex of the cone and ¢ = 0 indicates the bottom of the cone. Then the
coordinate (¢, (z,s)) expresses a point in C'(hocolim G) U, |D| where when t = 1 all coordinates are
identified with the apex point * and when ¢t = 0 all points are identified with points in |D|. Then
¢ sends an element (¢, (x,s)) to the element ((1 — ¢,z),s) which is also associated to the chain
i9 — --- — ip, here the first coordinates indicate the position in the suspension, in other words
when the first coordinate equals 0 it is in the south pole and when the first coordinate equals 1
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it is in the north pole. Finally we need to show that ¢ is a homeomorphism. It suffices to show
that when t = 0,1. When ¢t = 1, the left hand side is just the apex of the cone. In the other
hand, the first coordinate of its image is 0 which by definition is in the south pole. However south
pole points are identified with the classifying space |D| and has been collapsed to a single point in
hocolim SG/|D|, so the case when ¢ = 1 is fine. When ¢ = 0, in the left hand side all points are
identified with points in |D| and its images in the right hand side are all north pole points which
could be identified with the classifying space |D| just like the case of south pole i.e. the case t =0
is also fine. Hence this map ¢ is actually a homeomorphism. In other words:

hocolime SG ~ hocofib(hocolim G — hocolim )

O]

Lemma 3.6.24. Let G be a functor from a category D to the category of topological spaces but
take all values on CW-complexes. And let U also be a CW-complex. We form a homotopy pushout
diagram in the following:

hocolm G —— U

l l (3.6.25)

hocolim* —— P

Then SP is homotopy equivalent to hocofib(hocolime SG — SU)

Proof. We consider a commutative diagram:

hocolimG —— U

l l (3.6.26)

hocolim * —— *
The we take the homotopy cofiber of the canonical diagram map (3.6.25) — (3.6.26) which is

— X

I l (3.6.27)

— SP

And according to Lemma 3.6.21 the total cofiber of the diagram 3.6.26 is hocofib(hocolime SG —
SU):
hocolim G ——— U

! !

hocolim ¥+ —— x (3.6.28)
hocolime SG SU hocofib(hocolime SG — SU)

Similarly the total cofiber of diagram 3.6.27 is SP. And since the diagram 3.6.25 is a homotopy
pushout diagram we know its total cofiber is just a point. Therefore, we have a cofibration sequence
connecting the total cofiber of diagrams 3.6.25,3.6.26,3.6.27 as follows:

* — hocofib(hocolime SG — SU) — SP
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In other words we have a weak equivalence hocofib(hocolime SG — SU) — SP. Moreover, by
assumption we know all three spaces U, hocolim *, hocolim G are all CW-complexes, then the ho-
motopy push-out P and the homotopy cofiber hocofib(hocolime SG — SU) both have a homotopy
type of a CW-complex. Then according to the Whitehead’s theorem we know the weak equivalence
is actually a homotopy equivalence i.e SP ~ hocofib(hocolime SG — SU). O

Since we can always write the space |[9(P(n))| as S|II,| where S means unreduced suspension
and II,, = Wmm’max(here this notation means we delete the minimal and the maximal element
of this poset) is the poset of partitions on [n — 1] without the minimal and maximal elements.
More general we have [0(P(Ey) x - -+ x P(Ey))| = S|P(Ey) x - x P(Eg) . Let F™™™ 1,

the new functor from C, to the category of posets which sends a hypergraph H = (E, Ea, ..., Ey)

to the pOSGt P(El) X oo X P(Ek)min,max
we defined for the functor F'.

, and as the morphisms it is defined exactly same as what

Corollary 3.6.29. Let G be the functor from C, to Top, by taking geometric realization of the
—min,max

functor F . Then the homotopy push-out P of the following homotopy pushout diagram is a
desuspension model for the total cofiber X ,i.e. SP ~y, X.

hocolim G —— |I1,,|

J l (3.6.30)

hocolim* —— P

Proof. According to Lemma 3.6.21 and Lemma 3.6.24 we know there is a homotopy equiva-
lence f : X — SP. As for the equivariance, let H < ¥, be any subgroup of >,, accord-
ing to the Bredon’s result| , Corollary II], it suffices to show that the induced map f¥ :
XH — SPH is still a homotopy equivalence. Since taking fixed points commutes with taking
homotopy colimits| , Proposition]. Then the homotopy equivalence i.e. the formula 3.6.22

when the functor G = F " is a Y,-equivariant homotopy equivalence. Since in this case

hocofib(hocolim G = hocolim *)# ~ hocofib((hocolim G)# = (hocolim *)¥), and the homeomor-
phism 3.6.23 ¢ is clearly a ¥,,-equivariant map. Then we can apply the fixed point functor (—) to
all diagram in the proof of the Lemma 3.6.24 we know when G = F™M the induced map fH s
sill a homotopy equivalence. In other words SP is ¥,,-equivariant homotopy equivalent to X. [

Theorem 3.6.31. The geometric realization of the poset Z is Xy -equivariant homotopy equivalent
to the desuspension P of the total cofiber X.

Proof. Now let

1. Z1 be the subposet of Z consisting of elements with non-trivial hypergraph(i.e. it consists of
more than one hyperedge) and graphs on each hyperedge such that the union of these graphs
is not connected,

2. Zs be the subposet of Z consisting of elements with just non-trivial hypergraph,

3. Z3 be the subposet of Z consisting of elements with the graphs on each hyperedge such that
the union of these graphs is not-connected.

We observe that Z; = ZyN Z3, Moreover for each element x € Zs\ Z3 i.e. this element x is in Z3 not
in Z3 and an element y € Z3\Zs, then 2 and y are non-comparable. Since the hypergraph behind
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x is non-trivial and union graph of x is connected, however the hypergraph behind y is the trivial
hyper graph and the union graph of y is not-connected. Hence the geometric realization of Z is the
push-out or homotopy push-out of the following diagram:

| Za| | Z1| — | Z3] (3.6.32)

Apply Thomason’s result| , Theorem 1.2] again we can replace the homotopy colimits in
the diagram 3.6.30 by associated Grothendieck constructions. Then we construct three poset maps
as follows:

1. fi: 21 — an G is defined by sending an element (H,x) in Z; to the element (H,7) where
7w = (m1,72,..., ), € P(E;) if H= (Eq, FEs,...,E). For subgraph of = in each hyperedge
E; the vertices of its connected component forms blocks of ;.

2. fo:Zy— fcn * is defined by sending an element (H,x) to the hyper graph H € an *

3. f3 : Zg — I, is defined by sending an element (H,z) to the partition = with each block
consisting of vertices in each connected component of x.

Moreover, we claim all poset maps f1, fo, f3 are equivariant homotopy equivalences. Let’s
try to show it is true for f;. Consider any element (H,w) € an G, then the pre-image f;l(g
(H,m)) has a terminal object which is the element (H,z) with the same hyper graph H and the
sub-graph of x in each hyper edge E; is "locally complete” which means it is complete on each
connected component and the connected components correspond to blocks in m; . Then according
to equivariant Quillen’s fiber lemma i.e. Lemma 2.6.29 we know the vertical maps f; is a ¥j,-
equivariant homotopy equivalence. Similarly fs, f3 are all ¥,,-equivariant homotopy equivalences.
And these three maps f1, f2, f3 will be served as a morphism between the following two diagrams:

| Za| |Z1] > 23]

lﬁ lg l: (3.6.33)

e, *l —— lJe, Gl —— [TL]

So we have a morphism which is level-wise equivariant homotopy equivalence. Then it will induce
a Yp,-equivariant homotopy equivalence from |Z| to SP. Hence Z is a desuspension model of the
total cofiber X. ]

Corollary 3.6.34. The total cofiber X is X, -equivariant homotopy equivalent to S|A2| i.e. the
total cofiber Y is ¥, -equivariant homotopy equivalent to LS| A2 |

Proof. We have proved the geometric realization of the poset Z is ¥,,-equivariant homotopy equiva-
lent to the total cofiber X and S|A2|, in other words the total cofiber X is ¥,,-equivariant homotopy
equivalent to S|A2|. Then we apply the reduced suspension functor we know the total cofiber Y is
Yn-equivariant homotopy equivalent to £.S|A2|. On the other hand we also showed that Y is 3,,-
equivariant homotopy equivalent to Q,,—1. Therefore Q,,—1 is ¥,,-equivariant homotopy equivalent
to LS|A2]. O
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