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Introduction

To win war, you gotta become war.

(John J. Rambo)

One of the first questions in algebraic topology might be which data determine a
homology theory H, completely. One might conjecture that there exists a natural
equivalence of homology theories (restricted to CW-complexes)

chy: Ho (7 Ha({0})) — Ha(?),

where the left hand side is cellular homology. This turns out to be too ambitious, but
if H, has rational coefficients, it is a theorem of Dold [I9]. A similar statement can
be made in the cohomological case.

For proper actions of discrete groups, Liick [29] 0] generalized this theorem to the
equivariant case. We give a brief survey of his work in Section [5.4] As input, we have
proper equivariant homology theories , and cellular homology is replaced by
Bredon homology . In this case, the coefficients are modules over the subgroup
category. This approach splits up into two parts. Liick constructed a natural map

~G
ch, s Hi(X*/CG7) ©suprry(a) HE (G/7) — Ha(X) (+)

and then identified the left hand side with Bredon homology by showing the flatness
of HE(G/?) (provided a Mackey structure (1.5.10) exists). Similar considerations can
be made in the cohomological case.

The starting point of this thesis was the question if one can generalize this approach
to proper smooth actions of totally disconnected groups.

We can construct a similar map to using the orbit category

~G
bl s Ho(X") @oreo(a) HE(G/?) — HL(X) )

instead of the subgroup category even for topological groups. If G is unimodular
and the semigroups moroy,, () (G/H, G/H) are finite for any compact open subgroup
H C G and a Mackey structure exists, then the coefficient modules are flat (over
the orbit category) and we get the desired theorem. In special cases, e.g., the Borel
construction, we can weaken this assumption to locally finite. Note that passing to
the orbit category is a severe restriction and, consequently, this approach does not
apply to discrete groups in general. Indeed, even for p-adic Lie groups, there exist
examples , where the coeflicient module is flat viewed as a module over
the subgroup category but fails to be flat over the orbit category. It is even worse since



Introduction

in Example [£.3:2] a Chern character does not exist at all. Therefore, we cannot use
the subgroup category but we must be satisfied with the orbit category. However, this
approach does work for semisimple p-adic groups. Hence the main theorem (4.1.7) of
this thesis is

Theorem. Let R be a semisimple commutative ring with Q C R. Let H. be an equi-
variant proper smooth homology theory with values in R-modules which has a Mackey
structure on coefficients. Let G be a semisimple p-adic group. Then there is an iso-
morphism of equivariant proper smooth homology theories

ch%: BHY(X, A) — HE (X, A)
which is natural in (X, A) and compatible with the boundary maps.

An analogous statement can be made for any topological group if we consider equi-
variant smooth coproper homology theories. As a corollary (4.1.8)) we obtain

Theorem. Let G be a semisimple p-adic group. Then we get an isomorphism

kEZ

where CHE denotes cosheaf homology and SG the affine Bruhat-Tits building.

In the cohomological case, the first part carries over directly. In the second part, we
have to prove injectivity instead of flatness, which turns out to be a more restrictive
condition. Basically, this means that a lim!-term comes into play, which has to vanish.
Unfortunately, this seems to happen very rarely. Even in very basic examples
the derived limit does not vanish.

Meanwhile, Christian Voigt has constructed for l-groups a bivariant Chern character
for K-theory which we will discuss in Section [5.6

The structure of this thesis is as follows. Chapter [I] introduces the basic terms. Along
the way, we discuss under which conditions the semigroup morgy., () (G/H,G/H) is
a group, which turns out to be a necessary condition to apply the machinery in Chap-
ter |3 Furthermore, we establish some finiteness results for morgy. (@) (G/H,G/K)
which are needed in Chapter [3], too. In Chapter [2| we introduce the Borel construc-
tion and equivariant K-theory. We prove that they yield equivariant (co)homology
theories and admit a Mackey structure on coefficients. In Chapter [3| we prove flatness
and injectivity results for modules over the orbit category and over the subgroup cat-
egory, respectively. This is denoted by the “second part” in the above discussion. In
Chapter |4, we construct the map and obtain the main results. In Chapter |5 we
compare our Chern character with several ones which were known before. It turns out
that all these constructions coincide if they exist.



Conventions

Finally, we want to state some global conventions. Throughout this thesis we will
work in the category of compactly generated Hausdorff spaces (see [50] and [58] 1.4]).
In particular, this implies that every topological group is Hausdorff and whenever we
consider a homogenous space G/ H, the subgroup H C G is closed. Moreover, all rings
are assumed to be associative and to have a unit.
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1 The Basic Setup

In this chapter, we introduce the basic definitions and develop the basic tools which
will be needed in the sequel.

First, we introduce totally disconnected groups and discuss their basic properties.
Although they are not needed for our Chern character, they will appear in the last
chapter. Moreover, we will often deal with group actions which have compact open
isotropy groups. In many cases, totally disconnected groups provide such actions. In
the second section, we introduce the orbit category. This category appears naturally
in the study of G-CW-complexes for a group G. We develop some basic properties.
Furthermore, it will be important whether the endomorphism sets of the orbit category
are (locally) finite groups. This is discussed, too. In the third section, we introduce
modules over a category. In that section, the category might be arbitrary but the most
important example is given by the orbit category. In particular, modules over the orbit
category are the basic ingredient for the construction of a cellular homology theory
for G-CW-complexes, which is done in the sixth section. Before we come to the sixth
section, we introduce G-CW-complexes in Section In the following section, we
introduce G-(co)homology theories and equivariant (co)homology theories. The latter
are the basic input for our Chern character. Finally, we construct cellular (co)homology
for G-CW-complexes, which is called Bredon (co)homology. As in the non-equivariant
case, Bredon (co)homology can be constructed for an arbitrary coefficient module M.
However, in this case the coefficient module is a module over the orbit category. If the
coefficient module provides some extra structure, we show that Bredon (co)homology
yields an equivariant (co)homology theory. In the last section, we introduce linear
algebraic p-adic groups, which are an important class of totally disconnected groups.
In particular, we show that the orbit category of a semisimple p-adic group has finite
morphism sets. Semisimple p-adic groups are important examples of linear algebraic
p-adic groups.

1.1 Totally Disconnected Groups

Definition 1.1.1. Let X be a topological space. Then X is totally disconnected if
each connected component consists only of a single point. An [-space is a locally com-
pact totally disconnected space. An [-group is a topological group whose underlying
topological space is an [-space.

Ezample 1.1.2. The following groups are [-groups:

(i) Discrete groups.



1 The Basic Setup

(i) Qp, Zp, GL,(Qp) and SL,(Q,), where p is a prime and n € N.

(iii) Profinite groups, i.e., groups arising as limits lim;c; G; with G; finite. These
groups occur naturally as Galois groups Gal(L/K) for a Galois extension L/K
(see [27), p.51]).

Proposition 1.1.3. Let G be locally compact. Then the following are equivalent:
(i) G is totally disconnected (and hence an l-group);

(ii) G admits a basis of topology which consists of compact open subgroups.

Proof. The implication |(i)| = is done by Hewitt and Ross [21, Thm. 7.7].

Now we prove = Let z,y € G be two distinct points and U C G be a subset
such that z,y € U. By and the fact that G is Hausdorff, there exists an open
closed set = € U, in G such that y € f]; Now we have a decomposition

U=UnU,)[[UNnT)
into two disjoint open sets. Consequently, U cannot be connected. O

Corollary 1.1.4. Let G be an l-group and H C G be a compact subgroup. Then there
exists a compact open subgroup H C K C G. In particular, every mazimal compact
subgroup is open.

Proof. Let L be a compact open subgroup, which exists by the previous proposition.
Then there exist finitely many hq, ..., h, such that

HC LnJ hiL.
i=1

Now we define M =, hiLhi_l. We get hMh™' = M for any h € H, and M is a
compact open subgroup. Then K = MH is open. It is compact because M x H is
compact. O

The subgroups of Proposition [[.1.3 need not be normal. In particular there exist
[-groups which do not have any compact open normal subgroup.

Example. Let F = (Z/27)? x 7Z./2Z. We get the representation
F = {a,b,hla®* =b>=h*=1, ab=ba, ha = bh).

Now let G be the group of all functions g: N — F such that g(n) € {1,a} for all but
finitely many n. We equip G with the topology induced by the (compact) open sets

Uln,g)={feG]| f(m)=g(m)form<n, f(m)e{1l,a} form>n}.

10



1.1 Totally Disconnected Groups

Then G is an [-group. Let H C G be an open normal subgroup. There exists an
integer n such that H contains U(n,1). Since H is normal and hah~! = b, it follows
that for each m > n there exists a g, € H such that

1, if k #m,
mk =
9 (k) {b, if k= m.

Hence H cannot be compact because g,, ¢ U(m — 1, f) for any f € F. Finally, G
contains no compact open normal subgroup.

Remark 1.1.5. Suppose we have an [-group G and an element g € G which does
not normalize any compact open subgroup. Then Willis [59] showed that G contains
a closed subgroup which contains g and does not have any open compact normal
subgroup.

However, we have the following characterization [46, Lem. 1.3/5].

Proposition 1.1.6. Let G be locally compact. Then the following are equivalent:
(i) G is a limit of discrete groups, i.e., G = lim;c; G; with G; discrete;
(i1) G admits a basis of topology which consists of compact open normal subgroups.

These groups are called prodiscrete.

Proof. = Let G = lim;e; Gy, pr;: G — G; the canonical projection and
e; € G, the unit element. Then {pr;'(e;) |4 € I} forms a basis of compact open
normal subgroups.

= We set
N(G) ={N C G| N compact open normal }
and obtain a continuous map

.G — lim G/N.
pr, o /

We have to show that pr, is open and bijective. Since GG is Hausdorff, pr, is injective.
To see that the map is surjective, pick an element (gnvN)n € limyen(g) G/N. Since
Nie N(G) gn N can be interpreted as an inverse limit of non-empty compact Hausdorff
spaces, it is non-empty [44, Prop. 1.4]. Hence any element in the intersection can
serve as a preimage. Finally, any compact open normal subgroup H is mapped to the
intersection of limy¢ gy G/N and the open set pra}H(l) € [Inen() G/N. Hence H
is mapped to an open set, as required. ]

Remark 1.1.7. Any nilpotent compactly generated I-group is prodiscrete by a result
of Willis [60].

11
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Lemma 1.1.8. Let G be a compact l-group. Then G is profinite.
Proof. Let K C GG be compact open. We set
H = ﬂ gKg L.
[9]€eK\G/K
Since G is compact, the above index set is finite. Thus H C K is a compact open
normal subgroup. The compact open normal subgroups form a basis of the topology
of GG, and we obtain, analogously to the previous proposition,

G= lim G/N, where N(G)={H C G| H compact open normal },
NeN(G)

as required. ]

Prodiscrete groups need not be locally compact; there are easy counterexamples, e.g.,
[, Z. We have the following characterization of (second countable) locally compact
prodiscrete groups.

Lemma 1.1.9. Let G = lim;e; G; be a second countable prodiscrete group. Then G
1s locally compact if and only if the kernels of the structure maps are finite almost
everywhere.

Proof. Since G is second countable, we can consider I = N for simplicity (cf. Re-
mark . We denote the structure maps by d.

First, we assume that ker d is always finite. Then d~"(1) is finite, too. Therefore the
set (...,d"%(1),d"*(1),1) is compact. However, the set is open by construction and
we get a compact open neighborhood of the unit element. Hence G is locally compact.

Now let ker d be infinite for infinitely many d. Since the sets

(...,d™2(1),d71(1),1,...,1)

are a basis of topology and closed (open subgroups are closed), it suffices to show that
these sets are not compact. Let kerd be infinite and F,, C kerd be an exhaustive
properly increasing filtration of kerd. Then (...,d 2(F,),d *(Fy,), Fp,1,...,1) is an
open cover of (...,d~3,d"2(1),d"'(1),1,...,1), which admits no finite subcover. [

The great benefit of [-groups is the existence of Hecke algebras, which we will intro-
duce now.

Definition 1.1.10. Let G be an [-group and choose a Haar measure y on G. Then
the Hecke algebra H(G, u) is defined by

H(G,u) ={f:G— C| f locally constant and has compact support },

where the algebra structure is given by the convolution product:

(p*¥)(y) = /Gw(vg)w(gl)du(g% yeG, ¢, € H(G).

The choice of a different Haar measure v leads to a Hecke algebra H(G,v) which is
isomorphic to H(G, ). This is why we will abbreviate H(G) = H(G, p).

12



1.2 The Orbit Category

The Hecke algebra H(G) shall be viewed as a generalization of the group ring in the
discrete case. In particular, we obtain [8, Thm. 2|:

Proposition 1.1.11. Let G be an l-group and let V be a (not necessarily finite dimen-
sional) C-vector space with a G-action. We call V' a smooth G-module if the isotropy
groups

{9eGlgv=v}

are open in G for any v € V. We get an isomorphism of categories

{ smooth G-modules} —— { M H(G)-module | H(G)M = M }.

1.2 The Orbit Category

We introduce and discuss the orbit category and the subgroup category, which will be
the basic objects of our theory. It will be important whether the endomorphism sets
of these categories are groups. This is discussed here, too.

In the following, let G be an arbitrary topological group.

Definition 1.2.1. A family of subgroups F is a set of closed subgroups of G which is
closed under conjugation and finite intersection. We do not demand that it be closed
under taking subgroups, which is often required in the literature. The family F is
called smooth if the subgroups are open in G.

Ezample 1.2.2. Let G be a topological group. Then the trivial family {1} and

CL={H C G closed } COP ={H C G compact }
COC ={H C G| G/H compact } O ={H CG open}
CO ={ H C G compact and open } T ={H C G open | G/H finite }

are families of subgroups, the last three ones beeing smooth.
In this section, let F be a smooth family of subgroups.

Remark 1.2.3. We restrict our interest to open subgroups because we want to avoid
topological issues concerning the orbit category. Furthermore, there are some issues
with K-theory, which will be discussed in the next chapter.

Let H C G be a subgroup of finite index. Then H is open if and only if it is closed.
This is quite clear because the complement of H can be described by

G\H= |J gH
lgleG/H
[l (1]

This is a finite union and hence the complement is open or closed, respectively, when-
ever H is. On the other hand, there exist examples of subgroups of finite index which
are not closed (and open). Even in the case of a profinite group G we can give an
example.

13



1 The Basic Setup

Before we do so, however, we must introduce ultrafilters. Let S be a non-empty set
and U C P(S) be a subset, where P(S) denotes the power set of S. We call U a filter
if

(i) 0 ¢,
(ii) A, B € U implies AN B €U,
(iii) Aeld and A C B C S implies B € U.

A filter U is called ultrafilter if for any A C S either A € U or S\ A € U holds. Every
filter U is contained in an ultrafilter U C U’ by Zorn’s lemma. Now we can present
the example mentioned above:

Example 1.2.4. Let K be a finite group and G = [[, K. Let U be an ultrafilter of Z
containing the filter of all cofinite subsets of Z. We define H by

H={(h)wez €G|{neZ|hy=1}cU}.

Clearly, H is a proper normal subgroup of G. Moreover, it is dense in G because
U contains all cofinite subsets of Z. Hence H is not open. It remains to show [G :
H]| = |K|. To see that, it suffices to show that every g € G is congruent to the
constant sequence (k),cz modulo H for some k € K. Fixa g € G, a k € K and define
Ziy ={n€Z|gn=k}. Then we get

Z= UZk~

keK

Since U is an ultrafilter, Z;, € U for some k € K. Therefore gk~! € H, ie., g € G is
congruent to (k),cz, as desired.

We call G strongly complete if G has the property that every subgroup of finite
index is open. Nikolov and Segal [38] have recently shown that every finitely generated
profinite group is strongly complete.

Definition 1.2.5. Let H € F. The normalizer of G is
N¢H={geG|gHg'=H}
and the Weyl group of G is defined by
WeH = NgH/H.
Furthermore, the centralizer of G is
CcH={geG|ghg' =hVheH}

and the center is C(G) = Cg(G).

14



1.2 The Orbit Category

Definition 1.2.6. The orbit category Orz(G) associated to a group G and a family
F is defined by

Ob(Orz(G))={G/H |He F}
mor(G/H,G/K)={f:G/H — G/K | f(gx) = f(x) Vg € G,z € G/H }.

Let H C G be a subgroup. We denote by (H) the conjugation class of H in G. For
another subgroup K C G, we write (H) < (K) if H is subconjugated to K, i.e., if
there exists a g € G such that gHg™' C K.

Proposition 1.2.7. Let H, K € F. Then the following statements hold.
(i) There is an equivariant map G/H — G/K if and only if (H) < (K).
(ii) If g € G and g~ Hg C K, then we get a well-defined G-map
R,: G/H — G/K, ¢Hw ¢gK.
(iii) Every G-map G/H — G/K is of the form Ry,. We have Ry = Ry if and only if
-1/
g g K.

(iv) If and only if g-'Hg C H = g~ 'Hg = H holds for any g € G, we get an
isomorphism of (discrete) groups

WeH — map(G/H,G/H)®, gH— Ry-1.

Proof. A proof of the first three assertions can be found in [53 Prop. 1.1.14]. The last
one is immediate. O

Definition 1.2.8. The subgroup category Subz(G) of a group G and a family F is
given by

Ob(Subz(G))={H|H e F}
mor(H,K)={f: H— K } 39 € G, f(h) =g 'hg for allhe H }/ ~,

where f; ~ fy if and only if there exists a k € K such that f; = k= fok.

Remark 1.2.9. We have a canonical projection
pr: Org(G) — Subx(G), G/Hw— H, R4~ [c(9)],

where ¢(g) denotes conjugation by g. Note that c(g) = c(¢’) if and only if g~ ¢’ € CoH.
We can deduce the following identity

MOror£(G) (G/H, G/K)/CGH = morSub]:(G)(Ha K)?

where g € CgH acts by left composition with Rg-1.

15



1 The Basic Setup

Sometimes the Weyl group is defined by WgH = NgH/(H - CcH). The advantage
of this definition is that we obtain

NeH/(H - CgH) = morsyy . () (H, H)

if H satisfies the assumption of Proposition Since we are interested in both
cases, we define:

Definition 1.2.10. Let G be a group and H € F. Then we define the reduced Weyl
group WaH by

WeH = NgH/(H - CoH).

Definition 1.2.11. Let I be a small category, i.e., Ob(I') is a set. Then I' is an
El-category if every endomorphism is an isomorphism.

The great benefit of an El-category is that we can define an order on it.

Definition 1.2.12. Let I' be an El-category and denote by IsI" the set of isomorphism
classes. For € Ob(I") we denote by (z) the corresponding isomorphism class in IsT.
Then IsT' forms a partially ordered set by

() < (y) <= mor(z,y) #0, z,y € Ob(I).

Note that the El-property guarantees () = (y) if () < (y) and (y) < ().
We define the length of (y) € Is(T") (relative (x)) and colength (relative (x)) by

lo(y) =sup{n| (z) < (z1) < < (2,) = (v) },
coly(y) =sup{n | (z) > (1) > > (za) = (y) } .

The length and colength are defined by

l(ly)= sup l(y) and col(y) = sup coly(y).
(z)€els(T) (z)€els(T)

We call T' of finite length if [(z) < oo for each (x) € Is(I') and of finite colength if
col(x) < oo for each (x) € Is(T).

Lemma 1.2.13. The category Orxz(G) is an El-category if and only if Subz(G) is
an Fl-category. Furthermore, this is equivalent to the condition

gHy '\ CH—=— gHg '=H VgeG, HecF.

In this case, we have

moroy,. () (G/H,G/H) = WgH and morsyy,,(q)(H, H) = WgH.

Proof. Let [c(g)] € mors,p, (@) (H, H). By definition, we have that [c(g)] is an isomor-
phism if and only if ¢(g) : H — H is an isomorphism of groups. Now the assertion

follows from Proposition O]

16



1.2 The Orbit Category

Ezample 1.2.14. Let p be a prime and G = Z,. The compact open subgroups of Z,
are kap for k € Ng. Since Z,, is abelian, we obtain

{inc: p*Z, — p'Z,}, ifk>1,

k |
MOT Subeo (G) (P Zps P Zp) = {@ otherwise

where inc denotes the canonical inclusion. We should imagine Subep(G) to be the
following (directed) graph:

-—2—-1-—0.

Definition 1.2.15. Let G be locally compact. Choose a left invariant Haar measure .
The modular function A is defined by

A:G—RY, g~ H(M) ,
n(Mg)
where M C G is an arbitrary subset with finite positive measure. Note that A depends
neither on M nor on p. If A(g) = 1, we call g unimodular. If every g € G is unimodular,
we call G unimodular.

Immediate examples of unimodular groups are abelian groups. The next lemma will
provide us with some more examples.

Lemma 1.2.16. Let G be locally compact. Then G is unimodular if there exists a
compact open normal subgroup.

Proof. Let H C G be a compact open normal subgroup and g € GG. Since H is compact
open, we get 0 < u(H) < oo. Additionally, we have gHg~! = H because H is normal.
Now we can deduce

Ag) = pH) _ p(H) _p(H)
p(Hg™')  plgHg™) w(H)
and G is unimodular, as required. O

Corollary 1.2.17. The following groups are unimodular:
(i) compact groups,
(ii) prodiscrete l-groups.

Proof. In the case of a compact group G, we can take the entire group G as a compact
open normal subgroup. Moreover, prodiscrete [-groups have compact open normal
subgroups by Proposition [1.1.6] ]

Lemma 1.2.18. Let G be locally compact. If g € G is unimodular, then we obtain for
every compact open subgroup H C G

gHg ' CH—=— gHg ' =H.

Consequently, Oreo(G) and Subeo(G) are El-categories if G is unimodular.

17
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Proof. Let u be a Haar measure and H C G be a compact open subgroup. Hence we
obtain 0 < p(H) < oo. Suppose gHg~! C H holds. Since G is unimodular, we deduce
w(H) = u(gHg™1). Finally, we get an open subset H \ gHg~! with u(H \ gHg™!) = 0.
Thus we can conclude H \ gHg™ ! = 0. O

The converse is false, i.e., there exists a non-unimodular group G such that the
corresponding orbit category is an El-category:

Ezxample 1.2.19. Let p be a prime and

a b ¢
G = 0 a ! d a,b,c,d € Qp,a#0
0 0 1

The corresponding Lie algebra is

a b ¢
L(G) = 0 —a d a,b,c,deQ, »,
0 0 O

and if we take the standard basis, the adjoint representation is given by the matrix

1 —2ab 2abd—c d e b e
2 3
M, = 0 a a’d 0 forg=10 a ! d
0 0 a 0 0 0 1
0 0 b a !

Bourbaki [11, Chap. III, §3.16, Cor. to Prop. 55] showed that the modular function
A is given by
A(g) = | det(M,)|, = |a®|, = |af.

Therefore G is not unimodular, and the non-unimodular elements are precisely

a b c
0 at d||abec,deQpa##0,lal,#1
0O 0 1

Let H C G be a compact open subgroup. Since H is open, we can find an element
h € H such that

1 e f
h=10 1 g| withe#0.
0 0 1
Conjugation by ¢ € G leads to
a b AN\N"/1l e f\ fa b \ " 1 a*e f
0 a ! d 0 1 g 0 a! d =10 1 ayg
0 0 1 0 01 0 0 1 0 1
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1.2 The Orbit Category

Assume ¢ is non-unimodular and hence, without loss of generality, |a|, > 1. Since H
is compact and |a2"e|p — 00, we deduce, on the one hand, gHG™! ¢ H. On the other
hand, since H is compact, we can pick an element

b

ho = d | € H with |d| maximal.
1

S O =
O = D

We have |a~'d|, < |d|, and, consequently, ho ¢ GH§". So we have neither gHj~* C
H nor gHj™' D H for a non-unimodular § € G. If § is unimodular, it satisfies the
condition §H§™' C H = GH§ ! = H by the previous lemma. Therefore we have
constructed a non-unimodular group which satisfies

GHy 'CH=— gH§ ' =H.

Note that, by a result of Raja [43], for each unimodular element § € G there exists a
compact open subgroup H C G with gH§ ' = H.

We want to give an example of an [-group G whose orbit category Oreo(G) fails to
be an El-category.

Ezxample 1.2.20. Let p be a prime and G be the following group

=1 )

In addition, define the compact open subgroup H C G by
c d
(s 1)

g= (“ aﬁ) € G with [a™"|,, |b], < 1.

a,be(@pa#()}.

elp = 1. |d}, <1 }

and let

Then we obtain

-1 -1 -1 -1
14 [a —b\ (c d a b\ _ [(c at(bc+ad—bc)
g Hg= ( 0 a) (O cl> <0 a1> N (0 ¢! '

Since

la™ (be+a"rd —be™ )|, = a7 - be +atd — b,
< la™ ! - max { [bely, [a™ d]p, [be™ )] }

< |a_1|p <1,

we get g"'Hg C H and g~ 'Hg # H. Therefore, Orco(G) is not an El-category.
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1 The Basic Setup

Proposition 1.2.21. Let G be a topological group.

(i) Subz(G) is an El-category, and for all (closed) subgroups H C K C G of finite
index we obtain ly(K) < oo.

(i) Additionally, let G be unimodular. Then Subco(G) is an El-category, and for
all compact open subgroups H C K C G we obtain Iy (K) < oco.

Proof. Let us prove the first assertion. Let H C G be a closed subgroup of finite index
and g € G such that gHg~' C H. Since conjugation with ¢ is a G-isomorphism, we
obtain

[G:H)=[G:gHg | =[G: H|[H : gHg']
and thus [H : gHg™ '] = 1. Hence H = gHg~! and Subz(G) is an El-category. Now
let H C K C G be closed subgroups of finite index. Then we get

In(K) <sup{[K:gHg | gHg ' CK, g€ G} <sup|G:gHg '] =[G : H].
geG

Now we prove the second assertion. Let G be unimodular and choose a Haar mea-
sure . Then Subeop(G) is an El-category by Lemma |1.2.18] Let H C K C G be two
compact open subgroups. We obtain

ln(K) <suwp{[K:gHg || gHg ' C K, ge G}

=sup{MM(K)!gH91§K, geG}

(gHg™")
1K) -1 pE)
=sup{—=|gHg CK,geG}=—= <
U V= )
O
The author does not know of an example, where [(K) = oo in the case of an

El-category Subco(G). However, the index [K : gHg™!] can vary for different g € G.
We want to give an example.

Ezxample 1.2.22. Let G be the group of Example [1.2.19] namely we get

a b c
G = 0 a ! d a,b,c,d € Qp,a#0
0 0 1

Then Subcop(G) is an El-category. Let H C K C G be the following compact open
subgroups

a b ¢
K= 0 o' d|eG|laly=1, [blylclp,ldl, <1 5,
0 0 1
a c 1
H = 0 a' d|eK|Iblylcpldl, < 1
0 0 1
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1.2 The Orbit Category

Let a’,V/,c,d' € Q, with |d'|, = § and |V'p, ||, |d'|, < 1. We define

a' v c
g= 0 ((l’) -1 d/
0 0 1

and obtain gHg~! C K because of |a + b|, < max { |a|p, |b|, } and |ab|, = |al, - |b|, for
any a,b € Q,. Note that, in our case, the absolute value of a matrix entry can increase
by a factor of 4 because we multiply twice. Let p be a Haar measure on G. We obtain

Ag) = i by Example|1.2.19| and, consequently,

_pE) _ uE)  pE)  pEK) K gHg .

p(H) = p(H)  Alg)p(H) — plgHg™t)

Therefore, the index may vary. However, in this example, it cannot tend to infinity
for the following reason. Conjugation by ¢ increases the absolute value of at least one
matrix entry by a factor of |a’[, or [a'|,!, respectively (cf. Example [1.2.19). But K is
compact, which means that the absolute value of that matrix entry is bounded.

[K : H]

Let I' be a category. The endomorphism sets of I' have a canonical semigroup
structure. If I' happens to be an El-category, the endomorphism sets are even groups.
Since we have seen in Example [I.2.20] that the orbit category is not an El-category in
general, we must take semigroups into account. So let G’ be a semigroup. We call an
element g € G torsionfree if g" # g™ holds for n # m with n,m € N.

Lemma 1.2.23. Let G be a group, F a family and H € F a subgroup. If the semigroup
morSubF(G)(H, H) is not a group, it contains a torsionfree element. The same holds
for morg, (@) (G/H,G/H).

Proof. By Remark it suffices to prove the assertion for Subz(G). Suppose that
morsp,()(H, H) is not a group. Hence there exists a morphism

[C(g)] S morSub]:(G)<H7 H)

which is not an isomorphism. Since ¢(g) is injective, it cannot be surjective. Therefore,
we get
G"Hg™ C g"Hg™* forn >k

for the corresponding images and obtain ¢(g)" # c(g)* for n # k. Thus [c(g)] is the
desired torsionfree element. O

A locally finite semigroup is a semigroup such that every finitely generated subgroup
is finite (cf. Definition for the notion of locally finite for groups).

Corollary 1.2.24. If the semigroup mors,y,.(q)(H, H) is locally finite, then it is al-
ready a group. The same holds for morg,,(q)(G/H,G/H). In this case, we obtain

WeH = morgyy, () (H,H) and WgH =moro,, () (G/H,G/H).
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1 The Basic Setup

It will be of interest to know whether the endomorphism sets (or even the morphism
sets) of Subzr(G) or Orz(G) are finite. If G is a prodiscrete [-group and F = CO, this
is the case by the following proposition.

Proposition 1.2.25. Let G be a prodiscrete l-group. Then Orco(G) is an El-category,
and for every compact open subgroup H C G the sets morsyy,,(a)(H, K) are finite.

Proof. Since G is unimodular by Corollary [1.2.17) the category Orco(G) is an EI-
category by Lemma [[.2.T8] It remains to show that

MOr gy oo () (H, K) ={g€ G| gHg " CK}/(H-CcH)
is finite for compact open subgroups H, K C G. We set
Mg(H,K)={g€G|gHg ' CK}/CcH.

We fix the notation Uy, = U/(U N L) for a subgroup U C G and a normal subgroup
L C G. Since G is a prodiscrete [-group, it can be written as a limit (see proof of

Proposition |1.1.6))

G = lim Gpr, where N(G)={L C G compact open normal }.
LEN(G)
In particular, G, is a discrete group and the structure maps are surjective. Now
we obtain (finite) subgroups Hy, K; C G such that H = limpeng) Hr and K =
limzen () KL (with the corresponding restrictions as structure maps). The structure
maps ¢r,r,: Gr, — G, induce maps

S0/L1L2: MéLl (HL17KL1) - JWIGL2 (HL27KL2)'

Here, we have to check, on the one hand, that ‘PlLlLQ(CGLlHLl) € Cq,,Hi, and, on
the other hand, that the destination space is right. We only show the first assertion,
the second one can be proven analogously. Let g € CGLlH 1, and h € Hy,. Since the
structure maps are surjective, there exists a preimage h’ € Hy,, and we can conclude

O, (DL 1, (9) T = 010,90, 1, (W), 1,97 )
=, (g9 ™) =L 1, (W) = h.

In the same way, the projections pr;: G — G, induce a map

pr,: Mé;(H, K) — Le]}\I]I(IG) MéL (HL, KL),
which is injective because G is Hausdorff. Note that the right hand side is compact
because each M&L (Hp, K1) is finite. Since H C G is compact open and G admits a
basis of topology consisting of compact open normal subgroups by Proposition [I.1.6]
H has an open subgroup H' C H which is normal in G. We can assume H C K and
obtain that

pr,(H') = pry; (ig/) Nimpr,
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1.3 Modules over a Category

and

1y . /
r(ig) C lim Mo (Hp, K
pryy (inr) < dm ¢, (Hr, Kp)
is open, where pry denotes the canonical projection pryy: limpen () M{(Hp,KL) —
M{.(Hy,Kg) and igr: Hyr — Kpo is the canonical injection. Thus we get an
injective map

pr,: MG(H,K)/H — ( lim M} (Hp, KL))/pr (i),

li
LEN(G)

where the right hand side is finite. Hence the left hand side is finite. Now we can
deduce that M/,(H, K)/H is finite since it is a quotient of a finite set, as required. [

1.3 Modules over a Category

We introduce modules over a category and collect their main properties. These mod-
ules appear naturally if we want to study cellular homology in an equivariant setting
(see Section [1.6]).

In the following, let I" be a small category and let R be a ring.

Definition 1.3.1. A covariant (contravariant) RI'-module M is a covariant (contravari-
ant) functor

M: T — R-mod.

A morphism of RI'-modules is a natural transformation.

Convention 1.3.2. Let M be a set. We write RM or R(M) for the freely generated
R-module with basis M.

Remark 1.3.3. We can define im, ker, @, [], lim, colim objectwise and RI-mod be-
comes an abelian category in this way. However, RI'-mod is even more, it is a module
category. The underlying (not necessarily unital) ring is

R= € Rmor(z,y), f-g=

{fog, if fry—zandg:ax—y,
2,y€0b(T)

0, otherwise,

and the natural equivalence is given by

F: R[-mod — R-mod, M+~ & M(z).
xcOb(T)

This is shown in [23, Sec. 3]. Unfortunately, the ring R has a unit if and only if Ob(T")

is finite, which is very rare. In particular, Ob(T") is infinite in our main example which
is Orco(G) for a non-discrete I-group G.
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1 The Basic Setup

Definition 1.3.4. A I'-set [ is a functor
I: T — sets

and a morphism of I'-sets is a natural transformation. Let B be a I'-set and M be
an RI-module such that B C M. Then M is called free with basis B if for every
RI-module N and every I'map ¢: B — N there exists a lift

B—2% N

B
inc .
e

M
Remark 1.3.5. Let x € Ob(I") and define
RT(?,z): I' - R-mod, y+— Rmor(z,y).
Then RI'(?,z) is a free RI'-module with basis
{idix -2z}, y=u,
0, Yy # T

Furthermore, let F' be a free RI’-module with basis B. Then there exists an isomor-

phism
f1F— @ € rr,w.

2€0b(T) |B(z)|

B;: ' — sets, y*—»{

In particular, we have a free RI'-module with basis B for any I'-set B. Every RI'-
module M is a quotient of a free module by

. P P BRLC2) =M, (d:w - z,my) - mg € M(x).
2€O0b(T) |M ()|

Ezxample 1.3.6. Let I' = Subcop(Zy,) (see Example [1.2.14]). Then we obtain

RSubco(G)(p"Zy,7) =+ —0— Ry — -+ — Ry 5 Ry “4 Ry and
RSubco(G)(7,p°Zy) =0 — -+ — 0 — Ry S Ryyy — -+,
where Ry = R and the lower index just indicates the position.

Definition 1.3.7. Let M be a contravariant RI'-module and N a covariant RI'-
module. Then we define the R-module M ®gr N, which we call the tensor product of
M and N, by

Mo N=( P Me)orNc)/Q.
z€Ob(I')

where the R-module @ is given by
Q={mfen—m® fn|me M(y),n € N(x), f € morp(z,y),z,y € Ob(T') }).
Here we set mf := M(f)(m) and fn := N(f)(n).
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1.3 Modules over a Category

As in the classical case of R-modules, this tensor product fulfills a universal property
which can be expressed by the following isomorphisms:

Lemma 1.3.8. Let M be a contravariant RI'-module and N a covariant RI'-module.
Then, for any R-module L, there are natural isomorphisms

hOIIlR(M Qrr N, L) —g—> hOHlRF(M, hOmR(N, L)),
homp(M @gr N, L) — hompr (N, homp(M, L)).

As in the case of ordinary R-modules, we also have induction, coinduction and
restriction functors for RI™-modules:

Definition 1.3.9. Let F': I'1 — I'y be a contravariant functor and M a contravariant
RI'>-module. The restriction by F' is the following RI'{-module:

resp(M) = M o F.

Let M be a contravariant RI';-module. The induction by F and coinduction by F' are
given by

indp(M)(??) = M(?) ®gr, Rmor(??, F(?)) and
coindp(M)(??) = hompr, (Rmor (F(?),??),M).

In the same way, we can define restriction, induction and coinduction for covariant
modules.

Definition 1.3.10. Let F': 'y — I'; and G: I's — I'1 be two functors. We say (F,G)
is a tensor adjoint pair of functors if we can construct a natural isomorphism

F(M)®r, N — M ®r, G(N)

for every M € Ob(I';) and N € Ob(T'y). We say (F,G) is an adjoint pair of functors
if there exists a natural isomorphism

morr, (F(M), N) — morr, (M, G(N))
for every M € Ob(I'1) and N € Ob(I's).

Proposition 1.3.11. Let F': Ty — T's be a functor. Then (indp,resg) is a tensor
adjoint pair of functors. Furthermore, (indp,resp) and (resp,coindp) are adjoint
pairs of functors.

Proof. The isomorphisms are given by

homr, (indp(M), N) = homr, (M, resp N)
Gr— (m— Gim®id))

k k
((m ® Z Aihi) — Z )\ihig(m)> —ig
1=1 i=1
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and

homr, (resp (M), V) =, homr, (M, coindp N)

G (my i (i Ai(fi mi = y) = i/\i(GOM(ﬂ))(my)»

1=

(mﬂ»‘ = g(mx)(idz)) g
and

indp(M) @gr, N =M ®Rr, resp N

k k
(me Y AG:) @n—me (3 NN(G)m),
i=1 =1
(m®id) @n — men.

Lemma 1.3.12. The following statements hold:

(i) Let (F,G) be a pair of tensor adjoint functors. Then F respects the property flat
if G is exact.

(ii) Let (F,G) be a pair of adjoint functors. Then F' respects the property projective
if G is exact. Furthermore, G respects the property injective if F' is exact.

Proof. We just prove the first assertion, the others can be proven analogously. So let
F:F1—>F2 and G:F2—>P1

be the functors from above. Let L be a flat module in I'y and 0 — M — N an exact
sequence in I'y. Then we get the following commutative diagram:

indp L Rr, M ——indp L X1, N

f JM

0—— L®p, resp M —— L ®r, resp N
Consequently, indg L is flat. O
Corollary 1.3.13. Let F be a functor. Then the following statements hold:
(i) The functor indp respects the properties flat and projective.
(ii) The functor coindp respects the property injective.
(iii) The functor resp respects the properties flat and injective if indp is exact.

(iv) The functor resp respects the property projective if coindp is exact.
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At the end of this section we introduce Mackey functors which are modules over
a category with some extra structure. They shall be viewed as a generalization of
representation theory.

Let TGFI be the following category. The objects are topological groups and the
morphisms are open embeddings f: H — G whose images have finite index, i.e.,
f: H — im(f) is an isomorphism of topological groups and im(f) is an open sub-
group of G. Let I' C TGFI be a small subcategory. Let M: ' — R-mod be a
bifunctor to the category of R-modules, i.e., a pair (M., M*) consisting of a covariant
functor M, and a contravariant functor M* from I" to R-mod which agree on objects.
For f € morr(H,G) we will often denote M, (f): M(H) — M(G) by indy and the
map M*(f): M(G) — M(H) by res; and write ind% = ind; and resd = resy if f is
an inclusion of groups. We call such a bifunctor M a Mackey functor with values in
R-modules if the following conditions are satisfied:

(i) Let G € Ob(I") and ¢(g): G — G be an inner automorphism. Then c¢(g) €
morr (G, G) and M. (c(g9)) =id: M(G) — M(G).

(i) Let H, K € Ob(I') and f: H — K be an isomorphism of topological groups such
that f € morp(H, K). Then the compositions resy oindy and inds oresy are the
identities.

(iii) Double coset formula
Let H, K C G be two open subgroups of finite index such that H, K, G € Ob(I).
Then we obtain the identity
resf oindf = Z ind(g): HNg—1Kg—K © resgmgilKg,
KgHEK\G/H

where c(g) is conjugation with g, i.e., c(g)(h) = ghg~!. In particular, each item
on the right hand side is defined.

The classical example is

Ezxample 1.3.14. Let I' C TGFI be the full subcategory of finite groups. This category
is not small but IsT' is small and that is what we really need. For a finite group G, we
denote by Ry (G) the representation ring corresponding to a field k. Then

Ry: T — Z-mod, H — Ry(H)

induces a Mackey functor, the covariant structure being given by the usual induction
and the contravariant structure being given by the usual restriction.

1.4 G-CW-Complexes

In this section, we introduce G-CW-complexes for topological groups and collect some
basic properties. At the end, we introduce classifying spaces, which are an important
class of examples of G-CW-complexes.
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In the following, let G be a topological group and F a family of subgroups. We
remark that in the following, F need not be smooth.

Definition 1.4.1. A (left) (G, F)-CW-pair is a pair of (left) G-spaces (X, A) together
with a filtration
A=X1CXCX;CXpC---CX

such that colim,_,~ X, = X and for every n € N there exists a family
{ fi% ’]35 € JF} 1€ ]ﬁ }
together with the following pushout (in the category of (left) G-spaces)

[[c/H x "' ——— Xna

. L

[[1G6/Hi x D" ——— X,
i€ly

We call (X, A) finite relative A (or briefly finite) if there exist pushouts such that only
finitely many I,, are not empty and these [,, are finite. Furthermore, we call (X, A)

(i) proper if F C COP holds,
(ii) coproper if F C COC holds,
(iii) cofinite if F C T holds,
(iv) smooth if F C O holds.
If A=0 wecall X a (G,F)-CW-complex.
Remark 1.4.2. If (X, A) is smooth, then (X, A) is coproper if and only if (X, A) is

cofinite.

Remark 1.4.3. Let X be a (G, F)-CW-complex. If F is smooth, then X is also an
ordinary CW-complex. If F is not smooth, X might not be a CW-complex. An
immediate example is X = G. This is a (G, {1})-CW-complex but G might not be a
CW-complex (e.g., G is a non-discrete [-group).

Definition 1.4.4. A homomorphism of topological groups or sometimes briefly group
homomorphism «: H — G is a continuous map that is compatible with the group
structures, im(«) C G is a closed subgroup and « induces an identification H — im(«).
The latter condition implies that H — im(«) is open. If « is injective, it is called
closed embedding. Moreover, an embedding «: H — G is called compact, open, etc. if
a(H) C G has the corresponding property.
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Definition 1.4.5. Let a: H — G be a homomorphism of topological groups. Then
we obtain an induction functor

indy: G-pairs — G-pairs, (X, A)— (G xq X,G x4 A),
where a G-pair (X, A) is a G-space X together with a G-subspace A.

Lemma 1.4.6. Let a: H — G be a homomorphism of topological groups. Let X be an
H-CW-complex. Suppose that for every isotropy group K of X the subgroup ker(a) -
K = {h-k|h€ecker(a),k€e K} C H is closed. (This assumption is for instance
satisfied if ker(a) is compact, if ker(«) is open, if ker(«) is trivial, if X is smooth or
if X is proper.)

Then the G-space indy, X = G x4 X obtained by induction with o inherits a G-CW-
complex structure. If X is free or smooth or proper, indy, X has the same property.

Proof. If X,, denotes the n-skeleton of X, the desired G-CW-complex structure on
ind, X has as n-th skeleton ind, X,,. Since we are working in the category of compactly
generated spaces, ind, X carries the colimit topology with respect to the filtration
{indy X;, | n > —1} as the analogous statement is true for X and the filtration
{X,, | n > —1}. Moreover, ind, sends an H-pushout to a G-pushout. It remains to
check for a homogeneous space H/K for which ker(«) acts freely on H/K that o(K) is
a closed subgroup of G and that there is a G-homeomorphism f: Gx,H/K — G/a(K).
Recall that, by assumption, the map « induces an identification H — im(«) and
im(a) C G is closed. Since a™!(a(K)) = ker(a)-K C H is closed for an isotropy group
K C H, the subgroup a(K) C im(«) is closed and hence the subgroup a(K) C G is
closed. The desired G-homeomorphism f sends the class of (g, hK) to ga(h)a(K). It
is a homeomorphism, because of the following commutative diagram, in which the top
horizontal arrow is an identification sending (g, k) to g - «(h) and in which the vertical
arrows are identifications as well:

GxH—G

J |

Gxq HK—— G/a(K)
O

Remark 1.4.7 (Homomorphisms of topological groups). The assumptions, we impose
on homomorphisms of topological groups rule out for the map i: G4 — G given by the
identity map for topological groups G and G4, where the latter one is G endowed with
the discrete topology, unless G itself is discrete. This is because ¢ does not in general
send closed subgroups to closed subgroups.

Consider the projection pr: R x S' — S!, which is a homomorphism of topological
groups. Let K C R x S! be the subgroup {(n, exp(27ifn)) | n € Z} for some irrational
number # € R. Although K C R x S! is closed, its image in S! is the non-closed
subgroup {exp(2mifn) | n € Z}. Lemma does not apply to the R x S'-CW-
complex R x S'/K since K does not satisfy the required assumption.
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At the end of this section, we want to introduce some (G,F)-CW-complexes of
special interest.

A classifying space for (G, F) is a (G, F)-CW-complex ExG such that for any other
(G, F)-CW-complex X there exists a G-map f: X — ExG which is unique up to G-
homotopy. Equivalently, we can describe ExG by demanding that for each H € F the
set of H-fixed points (ExG)H is weakly contractible. If F is smooth, (ExG)H is a CW-
complex and the property weakly contractible is equivalent to the property contractible.
Recall that the set of H-fixed points is defined by X = {z € X | hx =2, Vh € H}
for a G-CW-complex X and a subgroup H C G.

A survey on classifying spaces is given by Liick [32]. In particular, we have the
following result [32, Thm. 1.9]:

Theorem 1.4.8. There exists a classifying space ExG for any (G,F).
Ezample 1.4.9. We have the following examples:

e Let F be a family of subgroups with G € F, e.g., F =CL, O, Z. Then we can
take E]:G = {O}

o Let {1} be the family which consists only of the trivial group. Then we briefly
write EG = EqyG and call it the classifying space of G.

Let G be discrete. Then EG = Eé, where BG denotes the universal covering
space of the Eilenberg-MacLane space BG of G.

o If F =COP, we define EG = E¢copG and call it the classifying space of proper
actions. If G happens to be a reductive p-adic group, we have the identity
EG = EcoG by Liick [32, Thm. 4.13].

1.5 Equivariant Homology Theories

In order to study G-CW-complexes, we must introduce homology theories which take
the G-action into account. This leads to G-homology theories, which are introduced in
this section. Usually, constructions for G-homology theories do not yield a G-homology
theory only for a fixed group G but for a large class of groups (e.g., see Chapter .
Therefore it will be convenient to compare G-homology theories for different groups G.
This leads to equivariant homology theories, which are also introduced in this section
and will play an important role in the sequel.

Let R be a commutative ring. We point out that in the following, F need not be
smooth.

Definition 1.5.1. A (G, F)-homology theory HE with values in R-modules is a family
of covariant functors

HY: (G, F)-CW-pairs — R-mod, n € Z,
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1.5 Equivariant Homology Theories

together with natural transformations

0n(X, A): (X, A) — M (A)(= H1(A,0))

such that the following hold for every n € Z:

(1)

(i)

(iii)

G-homotopy invariance
Let f,g: (X,A) — (Y, B) be two G-homotopic maps of (G, F)-CW-pairs, then
M (f) = Hi(9)-

Long exact sequence
For every (G, F)-CW-pair (X, A) there exists a long exact sequence

G . 6(}’ Gi G G
DD 6 (o, 4) 2 3G a) PO 30 o) 1O G x ) K

where i: A — X and j: X — (X, A) are the canonical inclusions.

FEzxcision
Let

Xo— X,

T

X, X
be a G-pushout such that i;: X9 — X is an inclusion of (G, F)-CW-pairs and
io: Xo — Xo is cellular and the (G, F)-CW-structure of X is induced by the

(G, F)-CW-structures of Xy, Xj, X2 in the obvious way. Then we obtain an
isomorphism

HE (j1): HE (X1, Xo) = HS (X, Xa).

Disjoint union axiom
Let { X; | i €I} be afamily of (G, F)-CW-complexes and let j;: X; — [[;c; X;
be the canonical inclusion. Then we get an isomorphism

Prio: Prge) =g (11%).

iel el el

As above, we call HS proper, coproper, or smooth if the corresponding families are the
ones as above.

Definition 1.5.2. A (G, F)-cohomology theory Hf, with values in R-modules is a
family of contravariant functors

He: (G, F)-CW-pairs — R-mod, n € Z,

together with natural transformations

S"(X,A): HE(X, A) — HETHA) = HET (A, 0)

such that the properties (except the disjoint union axiom) of the above definition hold
(invert arrows where appropriate).
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Remark 1.5.3. Even if H{, satisfies the disjoint union axiom, the G-cohomology theory
¢ ®7Q fails to satisfy this axiom in general. This is the reason why we do not require
the disjoint union axiom to hold.

Theorem 1.5.4. (i) Let T: HS — K¢ be a natural transformation of two (G, F)-
homology theories. If we have isomorphisms

T(G/H): HE(G/H) — K¢(G/H)

for every H € F, then T(X,A) is an isomorphism for every (G,F)-CW-pair
(X,A).

(it) Let T: Hi — K¢ be a natural transformation of two (G, F)-cohomology theories.
If we have isomorphisms

T(G/H): H5(G/H) — K&(G/H)

for every H € F, then T(X, A) is an isomorphism for every finite (G,F)-CW-
pair (X, A). In addition, we obtain isomorphisms for every (G,F)-CW-pair
(X, A) if HE and KF, satisfy the disjoint union aziom.

Proof. Although this statement is called theorem, the proof is very simple. For simplic-
ity let A = (). Then the assertion follows by induction on n, the long exact sequence
for (X,, X,_1) and the 5-Lemma. Note that the disjoint union axiom forces HS to
be compatible with colimits. In the cohomological case, the non-finite case follows
from [51, Prop. 7.66]. O

In the sequel, we have to compare families of subgroups for different groups. Thus
we must introduce some compatibility conditions for those families. Before we can
make this precise, let I' be a subcategory of the category of topological groups which
is closed under isomorphisms and taking finite intersections.

Definition 1.5.5. A T'-collection of families of subgroups F» is a collection of families
of subgroups (f@)GE()b(F) such that for every injective homomorphism of topological
groups a: H — G with H,G € Ob(I") the following properties are satisfied:

(i) indo (X, A) is a (G, Fg)-CW-pair for every (H, Fp)-CW-pair (X, A).
(ii) Oé(H) S fa(H) holds.

We call a I'-collection of families of subgroups F» smooth if for every G € Ob(I") the
family Fg is smooth.

Remark 1.5.6. The second property is required for the construction of our Chern
character (cf. (4.1.0.2])). Note that an immediate consequence of the first property is
that a(Fp) C Fg, where we set «(Fy) ={«a(H') | H € Fg }.
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Ezample 1.5.7. Let T be the category of topological groups. Then the family {1} and
the families

CL={H C G closed } COP ={H C G compact }
COC ={H CG|G/H compact } O={H CG open}
CO ={H C G compact and open } Z={H C G open | G/H finite }

of Example [T.2:2] induce I'-collections of families of subgroups.

Definition 1.5.8. Let F» be a I'-collection of families of subgroups. A (I, F)-
equivariant homology theory with values in R-modules assigns to every topological
group G € Ob(I") a (G, Fg)-homology theory HS and comes with a so-called induc-
tion structure: For every injective homomorphism a: H — G of topological groups,
every (H, Fp)-CW-pair (X, A) and n € Z there exists an isomorphism

indy: (X, A) — HS (indf (X, A))
such that the following axioms are satisfied:

(i) Compatibility with the boundary homomorphisms
9% oind, = ind, 00X

(ii) Functoriality
Let B: G — K be another injective homomorphism of topological groups. Then
we have for n € Z

indgoq = HME(f1) oindgoind,: HE (X, A) — HE (indgoq (X, A)),

where fi: indgind. (X, A) =N indgoq (X, A), (k,g,2) — (kB(g),x) is the natural
K-homeomorphism;

(iii) Compatibility with conjugation
Forn €Z, g € G and a (G, Fg)-CW-pair (X, A) we have the identity

Hg(fQ) = indc(g): G—G* HS(Xa A) - Hg(indc(g): GHG(X7 A))?

where fa: (X, A) — ind.(g). (X, A) is the G-homeomorphism which sends
to (1,g71.%') in G Xe(g) (X, A)

As above, we call H> proper, coproper or smooth if the corresponding families are the
ones as above.

We will usually omit I' in the notation because it will usually be clear from the
context which I' to take.

Remark 1.5.9. For the construction of the equivariant Chern characters appearing in
Chapter {4 we do not need the more general setting which appears in the literature |29
Sec. 1], where one requires that such an induction structure exists for (not necessarily
injective) homomorphism of topological groups a: H — G.
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Definition 1.5.10. Let . be an equivariant F»-homology theory and let G be a
group. Then HS admits a Mackey functor on coefficients if for all ¢ € Z the covariant
functor

H.: Fo — R-mod, Hw— HI({e})

is a Mackey functor. Here, we consider Fg C TGFI as a category in the obvious way.
Furthermore, the covariant functor ’H; is required to send a morphism a: H — K to
the composition

HI({o}) ™ 2K (ind, o)) 20 P 4K (o)),

where pr: inds{e} — {e} is the obvious K-map.
Analogously, we define the notion of a Mackey functor in the cohomological case.

Lemma 1.5.11. Let H. be an equivariant (T, F>)-homology theory and G € Ob(T).
We consider subgroups H, K € Fg and an element g € G with gHg™' C K. Let
Ry1: G/H — G/K be the G-map sending g'H to g9 'K and c(g): H — K be the
homomorphism of topological groups sending h to ghg™'. Let pr: (inde(g): H—r{®}) —
{e} be the projection. Then the following diagram commutes

HE (pr)oind,(g)

Ml ({e}) My ({e})
NJindfl Nlind%

M (Ry-1)
M (G/H) M (G/K)

An analogous statement is true in the cohomological case.
Proof. We define a bijective G-map
fi: indc(g): G—G lnd?—’[{.} - lnd?( indc(g): H—»K{.}

by sending (g1,92,%) € G Xc(g) G xu {8} to (9199297, 1,%) € G xXx K X(g) {o}.
The condition that induction is compatible with composition of homomorphisms of
topological groups implies that the composition

indc(g) : G—G
—_—

HY ({o}) Y, 349 (ind§ {o}) HO (indy(y), G- ind5 {o})

G
P, 1 (ind$ indogy). (o))

agrees with the composition

: G
ind

indg(g): H—
) — S 1 (indogg). o ic{e}) o M (indf indo). i rc{o}).

My ({o}
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Naturality of induction implies HS (ind% pr) o ind% = ind% oHX (pr). Hence the fol-
lowing diagram commutes

H'riz((pr)oindc(g): H—K

Hil ({e}) H ({e})
lindg lind%

HG (ind§ pr)oH§ (f1)oind,(g). ¢
HO (G H)) R ITER 62

By the axioms, the map ind(. g—q: HS(G/H) — HS(ind.,). ¢—.c G/H) agrees
with HE (f2) for the map fo: G/H — ind.(g): ¢ G/H which sends ¢'H to (¢'g ', 1H)
in G X4 G/H. Since the composition (indg pr) o fi o f is just R,-1, the assertion
follows. u

1.6 The Associated Bredon Homology Theory

In this section, we want to find an appropriate substitute for the ordinary cellular
homology theory.
In the following, a family of subgroups F is always supposed to be smooth.

Definition 1.6.1. Let (X, A) be a (G, F)-CW-pair. We obtain a contravariant functor
map(?, X)¢: Orz(G) — G-CW-pairs, G/H — map(G/H,(X,A))" = (X1, AT,

which is called the associated Or7(G)-space. Note that (X, AH) is a CW-pair because
(X, A) is smooth.

Definition 1.6.2. Let (X, A) be a (G, F)-CW-pair. We can define the following
functors

C,?Tf(G) (X,A): Org(G) —— CW-pairs —— R-chain complexes

G/H s (X, AT) s CSN((XH, AH); R)

where C¢!! denotes the ordinary cellular chain complex. The functor o7 (@) (X,A)
is a contravariant ROtz (G)-chain complex. Let M be a covariant ROrz(G)-module.

Then the tensor product C’S () (X, A)® M is an R-chain complex and we can define
the equivariant Bredon homology by

HO7 () (X, A; M) = H,(CO™ D (X, A) @ M).
Let HY be a (G, F)-homology theory. Then the coefficient system
HE(G/H), HeF,

yields a covariant ROvz(G)-module. Hence we can define the associated Bredon ho-
mology by
BHE(X, A) == H,(CO7 (X, 4) o HE(G)?)).
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The cohomological case is analogous. For a contravariant ROvz(G)-module M, we
define or i
H(%T‘]:(G) (X7 A7 M) = H, (homO‘r]:(G) (C* ke )<X7 A)7 M))

and

BHE(X, A) = Hy (homoy, () (CO 9 (X, A), HE(G/T)).
Remark 1.6.3. Let (X, A) be a (G, F)-CW-pair and M be an ROr¢p(G)-module. Then

we obtain
Cng(G)(X, A) = @ ROrx(G)(G/?,G/H).
o G/H-n-cell

Consequently, for a graded Orz(G)-module M,, we can compute Bredon homology
from the chain complex whose n-term is given by

BHY(Xn, Xp; M) = & BHF(G/H,M.).
o G/H-k-cell
l+k=n
One of the main advantages of cellular homology is the existence of an Atiyah-
Hirzebruch spectral sequence. The next theorem states the existence of an equivariant
Atiyah-Hirzeburch spectral sequence for Bredon homology. This consolidates the view
of Bredon homology as an equivariant generalization of cellular homology.

Theorem 1.6.4. (i) Let HS be a (G, F)-homology theory. Then there exists a con-
verging Atiyah-Hirzebruch spectral sequence of the following form:

By = HY X AHE(G)) = Hy (X, A).
(1t) Let HE, be a (G, F?)-cohomology theory, then there exists a converging Atiyah-
Hirzebruch spectral sequence of the following form:

Eg’q — Hp

orr(c) (X ATHE(G/?)) = HET(X, A).

However, in this case, we have to restrict to (G, F)-CW-pairs (X, A) which are
finite relative A.

Proof. The non-equivariant proof (see e.g., [68, Thm XIII.3.2 and Thm XIII.3.6])
carries over directly to G-(co)homology theories. O

At the end of this section, we want to prove that Bredon homology associated to an
equivariant homology theory is itself an equivariant homology theory.
Let H. be an equivariant F»-homology theory and consider the map

i: Orr,(H) — Org,(G), H/Kw— G/K.
Here we need Fg C F¢g, which is guaranteed by Remark We have a natural
isomorphism

ind§, (77 D (x, 4)) =5 0276 D (1nd6 (x, 4))
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of ROv £, (G)-chain complexes. Since (indG , resg ) is a tensor adjoint pair, there exists
a natural isomorphism

. Orgy, (H)
(mdg o, (X, A)) ®ROrz,(G) Hf(G/?)
[ O H
=, o2 x4y ® RO, () TG Hy (G/?).

The induction structure on H¢ induces an isomorphism of ROt (H)-modules
HS(HJ?) — rest HE(G/?).

By assembling together the last three maps, we obtain a chain isomorphism

Orp. (H) ~ _Ors (G),.
ot (X, A)®ROT;:H(H)H;{(H/?) =, 0! (indf (X, A))®R0r7G(G)H¢?(G/?)v

which induces the required isomorphism
ind§: BH! (X, A) = BHC (ind% (X, A)).
In the same way, we can conclude that

ind$;: BHE (ind§ (X, A)) — BH}(X, A).

1.7 Linear Algebraic Groups

First, we recall the definition of a linear algebraic group; the reader who is interested
in details is advised to consult [I0] and [49]. Then we prove for a semisimple p-adic
group G that moroy,, @) (G/H,G/K) is a finite set. This is one of the ingredients for
the construction of our Chern character.

Let k be a field and I C k[X1,...,X,] be a finitely generated ideal. It defines a
functor

G: k-algebras — sets, R+~ {(z1,...2,) € R"| P(z1,...,2,) =0VP € 1}.
Furthermore, suppose that we have algebraic maps

u(k): G(k) x G(k) — G(k), (z,y)+— zy
i(k): G(k) — G(k), z— !

such that G(k) becomes a group. By algebraic, we mean that there exist polynomials
fiooe s fn €KX, .., X, X1, .o, X
such that p(k) is given by

1w(k)(p) = (fup), .-, fulp)) for p € G(k) x G(k) C k*"
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and i(k) can be described analogously. This construction defines a functor

G: k-algebras — groups, Rw— {(x1,...2,) € R" | P(z1,...,2,) =0VP €1},

which is called an algebraic group. In particular, we get the group G(k) for an algebraic
closure k C k and obtain G(k) C k™ for some n by construction. We say G is connected
if the group G(k) endowed with the Zariski topology is connected. The reason why we
pass to the algebraic closure is that the Zariski topology for a non-algebraically closed
field is a bit odd. For instance, for any field F' the group G L,,(F) is connected but for

a finite field F' the group GL,(F) C F™ is not connected. We remark that G(k) is

not in general a topological group because G(k) is Tp but may fail to be T5.
An example of an algebraic group is the general linear group which is defined by

GL,: k-algebras — groups, R+ GL,(R).

An algebraic subgroup G of GL,, is called linear algebraic. Let R be a k-algebra and
H C GL,(R) be a subgroup. We call H unipotent if h—1 € GL,(R) is nilpotent for all
h € H. Further, we call a connected linear algebraic group G a reductive group if G (k)
does not contain any non-trivial connected normal unipotent subgroup. Moreover, we
call G a semisimple group if G(k) does not contain any non-trivial connected normal
solvable subgroup. We remark that a semisimple group is reductive because unipotent
matrix groups are solvable (and even nilpotent) [22], 17.5 Cor.].

In the following, let k& be a local field of characteristic 0, i.e., a finite extension of
Q, for a prime p. We denote by |- |, the absolute value of k.

We call G a linear algebraic p-adic group if G is linear algebraic over k. Since we
are mainly interested in G(k), we will identify G and G(k) in the sequel and endow
G = G(k) with the topology induced by k. In this way, G becomes a topological group.
If G is even connected as a linear algebraic group, then G is completely determined

by G(k), which is proven in [I0, Cor. 18.3]. This motivates our identification.
Ezample 1.7.1. The groups GL,(k) and SL,(k) are reductive p-adic. Furthermore,
SLy (k) is semisimple p-adic. However, G L, (k) fails to be semisimple p-adic because
the center C(GLy(k)) = k* - 1,, is a non-trivial connected normal solvable subgroup.
Here k* C k denotes the group of units.

Proposition 1.7.2. Let G be a reductive p-adic group. Then G is unimodular.

Proof. Let k be an algebraic closure of k. By [49, Sec. 8.1] there exists an algebraic

subgroup H C G with H(k) = [H(k), H(k)] such that
G(k) = H(k) - C(G(k)),
where C(G(k)) denotes the center of G(k). Consider the map
o (k): G(R) % aut(L(G(R))) =
where Ad denotes the adjoint representation and L(G(k)) the Lie algebra of G(k).

Then (k) is trivial by the last equation as is ¢(k), the restriction to k. We have the
identity A = |- |, o ¢(k) for the modular function A by Bourbaki [I1, Chap. III, §3.16,

Cor. to Prop. 55]. Hence A is trivial and G is unimodular. O]
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Before we can state the next lemma, we need to make some definitions.

Definition 1.7.3. (i) Let G be a group and p a prime. Then G is called a pro-p
group if there exist finite p-groups G; such that G = lim;¢; G;.

(ii) Let G be a group and n € N. We set G" = ({ g™ | g € G }).

(iii) Let H C K C G be subgroups. Then K is called H-characteristic if o(H) C
K holds for any given group homomorphism ¢: H — G. We call K strongly
characteristic if K is H-characteristic for any subgroup H C K.

Lemma 1.7.4. Let G be a finitely generated pro-p-group. We define the lower p-series
by P1(G) =G and

Piy1(G) = B(G)P[R(G),G] fori>1.

Then { P;(G)|i>1} forms a basis of topology consisting of strongly characteristic
subgroups.

Proof. Tt is an immediate consequence of the definition that the groups P;(G) are
strongly characteristic. The groups P;(G) form a basis of topology by [18, Prop. 1.16].
O

Proposition 1.7.5. Let G be a linear algebraic p-adic group and H C G a closed
subgroup. Then H contains an open finitely generated pro-p group K such that for
any n € N the group KP" C K is open if p is odd, whereas K*" C K is open if p = 2.

Proof. Since GLy, (k) is a Lie group over Q,, we can deduce by [I8, Sec. 9.3, Thm. 8.32,
Thm. 3.6] that there exists an open finitely generated pro-p group K C H such that
P,11(K) = KP". Thus the assertion follows from the previous lemma. O

Definition 1.7.6. Let GG be a group and H, K C G be subgroups. Then we set
Mg(H,K)={geG|gHg ' CK}.

Proposition 1.7.7. Let G be a unimodular linear algebraic p-adic group. Let H C
K C G be compact open subgroups and denote by C(G) C G the center of G. Then
the set M (H, K)/C(G) is compact.

Proof. For simplicity we assume p is odd. Let H C K C G be compact open subgroups
and let N C K be an open finitely generated pro-p group as in the previous proposition.
Since [K : N] < oo, there exists an open subgroup N’ C N which is normal in K. We
obtain a short exact sequence

1-N - K% K/N — 1.

We consider the strongly characteristic subgroup K™, where [K : N'| = n. We conclude
©(K™) = {1} and, consequently, K™ C N’ C N. Let n = d - p* with p { d. Since N
is a pro-p group, we obtain N = N? and, therefore, NP C K™ Thus K™ C N
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is open because NP C N is open by the previous proposition. Therefore, we have
constructed a strongly characteristic open pro-p subgroup K™ in K. Moreover, K" C
N is finitely generated as an open subgroup of a finitely generated pro-p group by
[44, Prop. 2.5.5]. From the lower p-series we obtain arbitrarily small open strongly
characteristic subgroups P;(K™) C K. Since these groups are strongly characteristic,
we obtain an embedding Mg (H, K) C Mqg(P;(H™), P;(K™)). It is a closed embedding
because Mq(H,K) C G and Mg(P;(H"), Pi(K™)) C G are closed. We get P;(K™) =
exp(U) for a sufficiently large ¢, where

exp: L(G) --» G

is the exponential map, which is defined only on an open neighborhood of 0. Since
P;(K™) is compact, we can assume that &4 C L(G) is an o-subalgebra of the Lie
algebra L(G), where o = {x € k| |z|| <1} is the ring of integers. We have the
adjoint representation

Ad: G — aut(L(G)) C{Ae GL;(k) | |det A|, =1}.
Here, we can restrict to matrices with determinant 1 because G is unimodular and
1= A(g) = | det(Ad(g))lp

by Bourbaki [11, Chap. III, §3.16, Cor. to Prop. 55]. Zariski closed sets can be de-
scribed as intersections of preimages p;l(O) for polynomials p; € k[X1,...,X;]. Since
polynomials define continuous maps in the p-adic topology, Zariski closed sets are
closed in p-adic topology. Hence the Zariski topology is a coarser topology than the
p-adic topology. Since Ad is an algebraic map, it has a closed image in the Zariski
topology [10, Chap. I, Cor. 1.4] and, therefore, also in p-adic topology. The kernel of
Ad is ker(Ad) = C(G) by [10, Chap. I, 3.15], thus C(G(?)) is a linear algebraic group.
Now we can divide out the kernel (in the category of linear algebraic groups (see [10),
Sec. 6])) and get the quotient group Q(?). We remark that G(R)/C(G(R)) C Q(R)

and equality does not hold in general, but it does for an algebraic closure R = k.

Moreover, the p-adic topology of G(k)/C(G(k)) is just the quotient topology. Now Ad
induces a bijective map of linear algebraic groups

Ad': G(k)/C(G(k)) — im Ad(k).

Since bijective maps of linear algebraic groups are isomorphisms [49, Sec. 5.3|, the
inverse map essentially is a polynomial and thus continuous in the p-adic topology.
Consequently, Ad’' is a homeomorphism with respect to the p-adic topology. Since
G/C(G) = G(k)/C(G(k)) C Q(k) € Q(k) = G(k)/C(G(k)), the restriction to
G/C(Q) yields a homeomorphism. Thus, the map

Ad: G/C(G) — GL;(k)
is a closed embedding. Hence, preimages of compact sets are compact. We obtain

Ad(Mg(P(H™), Pi(K™)/C(G)) € { f € aut(L(G)) | |det(f)], = 1 and f@') CU},
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where we set U’ = exp(P;(H™)). We can consider L(G) = k/' as a k-vector space and,
consequently, as a (finite dimensional) Q,-vector space L(G) = QJ} because k/Q, is
a finite extension. Using this identification, we can assume L(U) = Z% and L(U') =
&!_p"Z,. We set py, = max { p*', ..., p% } and conclude

{ f € aut(L(G)) ‘ |det(f)[,=1and f(U)CU}

J
C { A€ GLj(Qy) | |det(A)], =1 and A(@p"Z,) C Z) }
i=1
aiy - aiy
C{ A= : : |det(A)|, =1 and |amnlp < pm, 1 <m,n <j
aji e ag

Since the latter term is a closed subset of the (j x j)-matrices Mj(in), it is compact.

Thus the image z/él\zl(Mg(PZ(H”),R(K”)/C(G)) is compact, which implies that the
preimage Mq(P;(H"), P;(K™)/C(G) is compact. This means that Mq(H, K)/C(G) is
also compact, as required. ]

Corollary 1.7.8. Let G be a unimodular linear algebraic p-adic group. Let H K C G
be compact open subgroups. If the center C(G) is compact, then Mqg(H, K) is also
compact. In particular, the morphism sets

Moo (@) (G/H, G/K) = M(H, K)/ K
are finite.

If G is not unimodular, the corresponding statement from above does not hold:

Ezample 1.7.9. We consider the group

=16 )

of Example(1.2.20] Its center is C(G) = { £1 } and G is a linear algebraic p-adic group.
However, G is not unimodular and Orep(G) is not an El-category. By Lemma [1.2.23
the morphism sets cannot be finite.

a,be(@p,a#O}

However, there exist non-unimodular groups with finite morphism sets:

Ezample 1.7.10. The group of Example is not unimodular but it is a linear
algebraic p-adic group, has trivial center, and Orcp(G) is an El-category. We can

deduce by the discussion at the end of Example[I.2:22|that for compact open subgroups
H C K C ( the set

{[det Ad(g)l, | c(9): H - K, g€ G} CQ,

is closed. Therefore, the proof of Proposition [I.7.7] carries over directly and the mor-
phism sets are finite.
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Since reductive p-adic groups are unimodular, we can deduce by Lemma [T.2.18}

Corollary 1.7.11. Let G be a reductive p-adic group. Then Subco(G) is an EI-
category with finite morphism sets. If the center of G is compact, the orbit category
Orco(G) also has finite morphism sets.

Corollary 1.7.12. Let G be a semisimple p-adic group. Then Orco(G) is an EI-
category and the morphism sets moroy,,, @) (G/H,G/K) are finite for compact open
subgroups H K C G.

Proof. Since semisimple p-adic groups are reductive p-adic groups, it suffices to show
that the center of G is finite.
The center C(G) is again an algebraic group. Let k be an algebraic closure of k.

Obviously, we obtain C(G) C C(G(k)). Thus it suffices to show that C(G(k)) is finite.
The connected components of C(G(k)) are trivial because G is semisimple. Therefore,
C(G(k)) is a 0-dimensional variety and hence finite. Now we can apply the previous

corollary which implies that the morphism sets are finite. O

The great benefit of reductive p-adic groups is the following celebrated result by
Bruhat and Tits [12]

Theorem 1.7.13. Let G be a reductive p-adic group. Then there exists a simplicial
complex BG which is a model for EG. Furthermore, G acts simplicially on BG.
The complex BG is called the affine Bruhat-Tits building of G.

Ezxample 1.7.14. Let G = SL2(Q,). Up to conjugacy, there are the following maximal
compact subgroups

a pb
Ky = SLQ(ZP) and Ky= { <p_lc d> eG

a,b,c,dEZp}.

We set I = KoNK;. Then 5G is the tree of Figure[L.I whose vertices correspond to sub-
groups conjugated to Ky or K; and whose edges correspond to subgroups conjugated
to I. The action of G on 3G is given by conjugation.

Figure 1.1: The affine Bruhat-Tits building of SL2(Qy)
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2 Equivariant (Co)Homology Theories

In the previous chapter, we defined equivariant (co)homology theory. However, we have
not given any examples yet. This is the purpose of this chapter. In the first section, we
introduce the Borel construction and prove that this is an equivariant (co)homology
theory with a Mackey structure on coefficients. In the second section, we introduce
equivariant bivariant K-theory, collect its basic properties and we show that it can
be used to define an equivariant (co)homology theory with a Mackey structure on
coefficients. At the end of the second section, we define cosheaf homology, which has
the same coefficients as K-theory. We identify it with an appropriate Bredon homology.
Cosheaf homology is a kind of simplicial version of Bredon homology and thus more
accessible if we are dealing with simplicial complexes.

In the following, we will only consider (G, F)-CW-complexes instead of (G, F)-CW-
pairs for simplicity. We can do that by the following argument. Let (X, A) be a
(G,F)-CW-pair. Then the canonical inclusion A — X is a G-cofibration and we
obtain HE (X, A) = HE(X/A) for any (G, F)-homology theory HY. This is just like
in the classical case.

2.1 Borel Construction
We obtain a G-homology theory with values in Z-modules
HE(X) = H,(EG xg X),

where H,(EG xg X) is the singular homology with rational coefficients of the Borel
construction FG xg X.

Note that EG x g X does not necessarily have the homotopy type of a CW-complex.
If we take X = G, then EG xg G is EG. After forgetting the group action, EG does
not in general have the homotopy type of a CW-complex. For instance, if G is an
l[-group, then EG has the homotopy type of a CW-complex if and only if G is discrete
(see [33, Sec. 1]). However, if X — Y is an inclusion of G-CW-complexes and hence a
G-cofibration, then EG xg X — EG x¢Y is a cofibration and excision for HE holds.

Let F» be a collection of families of subgroups. Note that HE is the evaluation of
an equivariant Fr-homology theory at G because the necessary induction structure
exists by the following argument. Let a: H — G be an injective homomorphism of
topological groups. Let X be an (H, Fp)-CW-complex. Then the G-space G x4 X
obtained by induction with « is a (G, Fg)-CW-complex. There is a G-map G X,
EH — EG which is unique up to G-homotopy. Composing it with the obvious map
EH — G x4 EH, e — (1,e) yields an a-equivariant map f,: EH — EG. It induces
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2 Equivariant (Co)Homology Theories

a map

fo: EH xg X — EG xg G xq X, (e,z)— (fale),1,z).
We define the induction homomorphism
indy: HZ(X) — HE (G x4 X)

to be the map H,(f,).

The map f, is a weak homotopy equivalence. It suffices to prove this in the special
case X = H/K, in which the claim follows from the fact that o induces an isomorphism
of topological groups K — «(K) because « is injective. It is still an isomorphism if
ker(a) acts freely on H/K. This is the more general notion of induction structure
we mentioned in Remark Although we do not need this general setting for the
upcoming Chern character, we do need this general setting in Example [£.3:2] In this
case, we must generalize the definition of a collection of families of subgroups (Defin-
ition and also take homomorphisms like « into account (see also Lemma m
and Remark .

The previous considerations carry over directly to the cohomological version of the
Borel construction, i.e., to

HGH(X) = H(EG xg X).
Thus, H¢, is an equivariant F>-cohomology theory.

Proposition 2.1.1. Let F be a smooth family such that [H : K| < oo for every
H,K € F. Then the Borel construction has a Mackey structure on coefficients.

Proof. Let H/K € F and let a: H — K be an open embedding such that [K :
a(H)] < co. Then ind,: BH — BK is a finite covering space. We want to construct
a transfer map tr,: H.(BK) — H,.(BH) as in the case of discrete groups. We remind
the reader that there exists an isomorphism HY(X) — H,(X). Here, U = (U;)ies is
an open cover and HY(X) denotes the homology groups of the singular chain complex
in which we only consider those simplices which are contained in U; for some ¢ € I.
Since ind,: BH — BK is a finite covering space, we can choose an open cover U =
(U1, ...,Uy) such that ind, |y, is a homeomorphism for i = 1,...,n. Let f: A¥ — BK
be a simplex such that im f C U for some . Then we can lift f to amap f: AF — BH.
This lift is not unique but depends on the chosen base point. If we sum up the distinct
lifts, this defines a map on homology

tro: H,(BK) — H,(BH).

Obviously, we obtain ind, try, = n-id for [K : a(H)] = n, and the proof of the double
coset formula is pretty much the same as in the well known case of discrete groups.
Nevertheless, I want to carry it out. Recall the double coset formula:

-1
trIG( 1ndg x = E indc(g): Hng-1Kg—K © trgmg K4

KgHeK\G/H

_ s aK KngHg™!
= E demgHg—l trgHg_1 gz
KgHEK\G/H
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2.1 Borel Construction

for v € H.(BH). LetU = (Uy,...,U,) be an open cover of BH such that ind% |y, and
indgﬁ gHg—1 |, are homeomorphisms for all k. Then we can restrict to those simplices
which lie entirely in some Uy and “forget” the induction maps. Consequently, we get

tr ind% 2z = Z gr
l9leG/K

for the left hand side and

> S e

KgHeK\G/H [h]e(gHg=1)/(KNgHg~1)

for the right hand side. We deduce that both sides coincide and get the double coset
formula.

Furthermore, conjugation induces the identity on H,(BG) by the following argu-
ment. By the slice theorem [28, Thm. 1.37] there exists for every x € EG an open
neighborhood = € U such that G x (U/G) and U are G-homeomorphic. Let U be an
open cover of EFG which consists of such open subsets and denote by U’ the correspond-
ing open cover of BG. Let CY(EG) be the singular chain complex in which we only
consider those simplices which are contained in some U € /. Analogously, we define
CY(BG). Let C.(G) and C,(EG) be the singular chain complexes of G' and EG.
Then CY(EG) and C,,(EG) are free C,,(G)-modules, where the multiplication is given
by pointwise multiplication. The non-unital ring C(G) = @nenCn(G) is obviously
projective in C(G)-mod. Consequently, CY(EG) and C,(EG) are projective C(G)-
modules, multiplication with f € Ci(G) for k # n being trivial. Since EG is weakly
contractible, C¥(EG) and C,(EG) are projective C(G)-resolutions of Z. An immedi-
ate consequence is that H,(CY(EG) ®c(a) Z) = Hy(C+(EG) ®¢(g) Z)- The canonical
projection pr: EG — BG induces an isomorphism pr: C¥(EG) ®cq) Z — C%’,(BG)
and hence an isomorphism

pr,: Hy(C.(EG) ®@cq) Z) = H.(BG).

Now we consider the map f.,): EG — EG from above. Let i: res, ) Ci(EG) —
C.(EG) be the identity. Then (f(g))«i : Cx(EG) — resc(q) C«(EG) and

mg: Cu(EG) — resgq) C(EG), =+ gx

are C(G)-homomorphisms. We obtain mg — (feg))«i~ " = dh + hd for some C(G)-
homotopy h by the the fundamental lemma, where d denotes the boundary maps
in Cx(EG). Thus we get myi — (fe(g))« = idh + ihd, which induces a trivial map
in H(Cx(EG) ®c(q) Z). Hence we can compute H.(f(q)): H«(BG) — H.(BG) by
H,.(mgi): H.(BG) — H,(BG). Obviously, we obtain H,(m4i) = id, whence it follows
that H.(feg)) = id, as required.

The cohomological case is analogous. O

Remark 2.1.2. Since ind,, tr, = n-id, the transfer map is always injective and induction
is at least rationally surjective.
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2 Equivariant (Co)Homology Theories

Remark 2.1.3. Let G be an [-group and denote by G4 the corresponding discrete group.
Then we obtain EG = EG4 X¢, G by a result of Liick and Meintrup [33, Cor. 3.5].
For a G-CW-complex X we get

EG g X ~ EGy xg, G xg X ~ EGy xg, rese? X.

Thus the classifying space “cannot” distinguish between an [-group and the correspond-
ing discrete group. As an immediate consequence, we obtain

H,(BG) =G/|G,q]

for an [-group G.

2.2 Equivariant Bivariant K-theory

The Borel construction is a “classical” (co)homology theory, i.e., it has only one ar-
gument and G-CW-complexes as input. Equivariant bivariant K-theory KK& is of
a quite different nature. The origins of equivariant bivariant K-theory stem from
operator theory. For instance, it has G-C*-algebras as input. Furthermore, equivar-
iant bivariant K-theory has two arguments. It is a functor contravariant in the first
and covariant in the second argument. The complex valued functions Cp(X) on a
G-CW-complex X which vanish at infinity form a G-C*-algebra. Therefore, we can
study KK (Co(?), A) or KKE(A,Cy(?)), respectively, for a G-C*-algebra A. Unfor-
tunately, these functors fail to be equivariant (co)homology theories. After applying
some modifications, however, we obtain equivariant (co)homology theories.

First, we give a very brief survey of G-C*-algebras and equivariant bivariant K-
theory; the reader who is interested in details is advised to consult [9] and [17].

In the following, G denotes a locally compact second countable topological group.

Definition 2.2.1. A C*-algebra A is a Banach algebra together with a continuous
map *x: A — A called involution such that for all A € C and z,y € A the following
holds:

(@+y)"=a"+y" ()" =y2", ()" =r" (@) =z and [z"z| =]z

A morphism of C*-algebras, also called *-homomorphism, f: A — B is a linear map
such that f(a*) = f(a)* holds for every a € A. A G-C*-algebra A is a C*-algebra
together with a continuous homomorphism from G to aut(A), where we endow aut(A)
with the topology of pointwise norm-convergence.

Ezample 2.2.2. (i) Given a Hilbert space H, the algebra of bounded operators B(H)
is a C*-algebra, as is every closed subalgebra of B(H). Here, we endow B(H)
with the topology which is induced by the operator norm. Finally, a (norm
continuous) representation of G on H turns every G-invariant closed subalgebra
A C B(H) into a G-C*-algebra.
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2.2 Equivariant Bivariant K-theory

(ii) The multiplication map
p: G x L*(G) — L*G), (g,2)—g-x

defines an embedding CG C B(L?*(G)). The closure C(G) of CG in B(L*(G))
is called the reduced group C*-algebra of G.

(iii) Let X be a locally compact topological space and Cy(X) the algebra of (complex
valued) continuous functions vanishing at infinity. Then Cy(X) together with
the norm

1£1l = sup [f(p)]
peX

is a commutative C*-algebra. A continuous G-action on X induces a correspond-
ing action on Cy(X) which turns Cp(X) into a G-C*-algebra. Conversely, for
every commutative G-C*-algebra A there exists a locally compact G-space such
that A = Cp(X) as G-C*-algebras.

Definition 2.2.3. A graded C*-algebra is a C*-algebra A together with a decomposi-
tion A = A® @ AD into closed *-invariant subspaces such that A™) . A(M) C A(m+n),
An element in A™ is said to be homogeneous of degree n. A graded G-C*-algebra is
a C*-algebra together with an action of G by graded *-automorphisms.

Definition 2.2.4. Let B be a graded C*-algebra. A graded pre-Hilbert B-module is a
graded right B-module E = E(© ¢ E(M) together with a graded B-valued inner product
(-,) : B x EM) — Bim+n) which satisfies

(i
(ii

(iii

) (-, -) is sesquilinear,

) (x,ya) = (x,y)a for all z,y € E and a € A,
) {x,y) = (y,z)" for all z,y € E and

(iv) (x,z) > 0, with equality if and only if z = 0.

For x € E, we set ||z| = /|| (z,z) ||; if E is complete with respect to this norm, it is
called a graded Hilbert B-module.

Remark 2.2.5. A Hilbert C-module is just a Hilbert space.

Definition 2.2.6. Let B be a (graded) G-C*-algebra and E a (graded) Hilbert B-
module. A G-action on E consists of a representation of G on E by bounded (graded)
linear transformations such that

g-(xb)=(9-2)(g-b) and g-(z,y)=(9-2,9-¥)

forall g € G, b€ B and z,y € E. A (graded) Hilbert B-module with such an action
will be called a (graded) Hilbert (B, G)-module.
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2 Equivariant (Co)Homology Theories

Definition 2.2.7. Let E be a Hilbert B-module. We denote by L(E) the set of
all module homomorphisms 7: E — E for which there exists an “adjoint” module
homomorphism 7T*: E — E satisfying

(Tz,y) = (,T"y) Vz,y€ k.

Remark 2.2.8. (i) Actually, the assumption that 7" and 7% are module homomor-
phisms is unnecessary since homomorphisms with adjoints are automatically
module homomorphisms.

(ii) As in the case of Hilbert spaces, the existence of an adjoint is enough to ensure
that T is a bounded operator on the Banach space E. The converse, however, is
no longer true.

Lemma 2.2.9. The set L(E) has a C*-algebra structure. Moreover, the decomposition
L(E) = LO(E) e LY(E) given by

,C(E)(”) - {T € L(E) ’ T(E(m)) C glm+n) }

provides L(E) with a structure of a graded C*-algebra. We call operators in LO(E)
even and operators in L'(E) odd.

Definition 2.2.10. Let IC(E) be the closed linear span of
{02y € L(E) | 02y(2) =2 (y,2) } € L(E).

Remark 2.2.11. Let E be a Hilbert C-module. Then F is a Hilbert space by Re-
mark and IC(E) are the compact operators.

Lemma 2.2.12. The Banach space K(E) is a C*-algebra.
Definition 2.2.13. Let A and B be graded G-C*-algebras.

(i) An even Kasparov G-module for (A, B) is a triple (E, ¢, F') consisting of a (count-
ably generated) graded Hilbert (B,G)-module E, a graded x-homomorphism
¢: A — L(E) and an operator F' € L}(E) such that

Fog(a)—¢(a)o F, (F?—1)¢(a), (F—F)¢(a) and (gF — F)é(a)

lie in K(E) for all a € A and g € G. The collection of all even Kasparov
G-modules will be denoted by 5 (A, B).

(ii) An odd Kasparov G-module for (A, B) is a triple (E, ¢, F') which satisfies the
above conditions but without grading. The collection of all odd Kasparov G-
modules will be denoted by £7(A, B)
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2.2 Equivariant Bivariant K-theory

Definition 2.2.14. Let (Ei7¢i7ﬂ)i:0,1 € g*G(A, B)

(i) If there exists a (graded) unitary u: Fg — FEj which intertwines ¢; and F;, we
call (Ej;, ¢;.F;)i—0,1 unitary equivalent and write

(E07 ¢07 FU) ~u (E17 ¢17 Fl)

(ii) Suppose there exists a Kasparov G-module (E, ¢, F) € £F(A, B0, 1]) such that
(evi)«(E, ¢, F) ~y (Ei, ¢i, F;) fori=0,1, (2.2.14.1)
where ev; denotes the canonical evaluation at ¢ € [0, 1]. Then we write

(Eo, ¢0, Fo) ~ (E1, ¢1, F1)
and call (E;, ¢4, Fi)i—0,1 G-homotopic.

The corresponding groups KK (A, B) = £5(A, B)/ ~ are called equivariant bivariant
K -theory. If G is trivial, we will often write K K, (A, B) instead of KKY (A, B).

Theorem 2.2.15. Bivariant equivariant K-theory has the following properties:

(i) There is a composition product

KK{ (A B)® KK{(B,C) — KK{;(A,0).

(i) Each homomorphism ¢: A — B defines an element KKg(p) in the group
KK§(A,B). If: B — C is another homomorphism, then KKg(v) o ) =
KKq(p) o KKg(p). The functor KKS (A, B) is a contravariant functor in A
and a covariant functor in B. For given homomorphisms oa: A1 — A and
B: By — Bs, the induced maps are given by left multiplication by KKg(a) and
right multiplication by KKqg(0).

(i4i) The functor KKE is invariant under G-homotopies in both variables.

(iv) Stability
The canonical inclusion inc: A — K® A defines an invertible element K Kg(inc).
In particular, we get isomorphisms

KKY(A,B)=KKS(K® A,B) and KKY(A,B)= KKYA,K® B)

(KK denotes the compact operators on a separable infinite dimensional Hilbert
space here).

(v) Bott periodicity
There are canonical elements in KK (A, SA) and in KK (SA, A) which are
inverse to each other (recall that SA = Cyh(R) @ A, where G acts trivially on
Co(R)).
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2 Equivariant (Co)Homology Theories

Theorem 2.2.16. Let D be a separable G-C*-algebra. Every extension of G-C*-
algebras admitting a completely positive linear (not necessarily equivariant) splitting

0—-I—-A—-B—0
induces exact sequences of the following form:

KK§(D,I)—— KK§(D,A) —— KK§ (D, B)

|

KK{(D,B)+— KK{(D,A)+—— KKY(D,I)

and
KK§(B,D)—— KK (A, D) —— KK§(I,D)

T |

KKC(I,D)+— KK&(A,D)+— KK (B, D)
If B is commutative, a completely positive linear (non equivariant) splitting is given
by [9, Thm. 15.8.2/3].
Definition 2.2.17. A functor
F%. G-C*-algebras x G-C*-algebras — Z-mod
with the previous property is called excisive or sometimes split exact.

Equivariant bivariant K-theory can be viewed as an additive category KK with
separable G-C*-algebras as objects and K K(? (A, B) as the set of morphisms between
two objects A and B. Composition of morphisms is given by the product. There is
a canonical functor P: G-C*-algebras — K K& which is the identity on objects and
sends equivariant x-homomorphisms to the corresponding K K-elements. Equivariant
bivariant K-theory satisfies the following universal property [52]:

Theorem 2.2.18. An additive functor F' from G-C*-algebras into an additive cate-
gory A factorizes uniquely over K KC if and only if it is homotopy invariant, stable and

excisive. That is, given such a functor F, there exists a unique functor 7: KK — A
such that F' =10 P.

Now we have the machinery to define some (G, F)-(co)homology theories.

Theorem 2.2.19. Let A be a G-C*-algebra and F be any family of subgroups. Then
the functors

KLY (). (G, F)-CW-complexes — Z-mod, X +—  colim KK (Co(Y),A)
YCX G-compact
Kig 4)(7): (G, F)-CW-complexes — Z-mod, X — KK (A,Co(X))

define a (G, F)-(co)homology theory.
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2.2 Equivariant Bivariant K-theory

Proof. By Theorem [2.2.15] we get G-homotopy invariance and the existence of a sus-
pension isomorphism. We can deduce Mayer-Vietoris by Theorem [2.2.16] Moreover,

KiG’A) satisfies the disjoint union axiom automatically by construction.
These conditions are equivalent to the Eilenberg-Steenrod axioms given in Defini-

tion [L5.11 O

Remark 2.2.20. We must do the colimit construction in order to ensure that KiG’A)

satisfies the disjoint union axiom. The naive approach does not satisfy the disjoint
union axiom by [9, Thm. 19.7.1].

Definition 2.2.21. Let ¢: H — G be an embedding and A be a G-C*-algebra. The
restricted algebra res, A is an H-C*-algebra, where res, A = A as C*-algebras and the
H-action is given by

h-a=p(h)a, heH,ac A.

If H C G is a subgroup, we write resg A = resiye A for the canonical inclusion inc: H —
G. Let B be another G-C*-algebra. As an immediate consequence of the previous
construction, we obtain the restriction homomorphism

res,: KK{(A, B) — KKF(res, A, res, B),
which is natural and compatible with boundary maps.

Definition 2.2.22. Let ¢: H — G be a closed embedding and A be an H-C*-algebra.
Then we can define the induced algebra ind, A as

hf(s)=f(sp(h™1)) Vs€G, he H
{ F € Co(G, A) | and (sl ()| €Co (G (D)) }

together with pointwise multiplication and the supremum norm. If H C G is a closed
subgroup, we write indg A = ind;yc A for the canonical inclusion inc: H — G.

Remark 2.2.23. Let ¢: H — G be a closed embedding and A an H-C*-algebra. If A =
Co(X) holds for a locally compact H-space X, then we get ind, Co(X) = Co(G x, X).

Kasparov (see [24, Chap. 3] and [25 Chap. 5]) constructed the following induction
map:

Theorem 2.2.24. Let ¢: H — G be a closed embedding and A, B be H-C*-algebras.
There exists an induction homomorphism

ind,: KK"(A, B) - KK%(ind, A,ind, B)
which is natural and compatible with the boundary map.

Proof. We only sketch the construction.

Suppose that = € KK (A, B) is represented by a Kasparov triple (E, ¢, T). Similar
to the construction of the induced algebras, we can form the induced ind,-Hilbert
module ind, E as the set

h(&(s))=€(sp(h™1)) for all s€G, he H
{ £ € Cp(G, E) | ™ 5nd spm ()| €Co(G () }
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2 Equivariant (Co)Homology Theories

equipped with the pointwise actions and inner products. Pointwise action on the left
provides an obvious induced representation ind,: ind, A — L(ind, £). Using a cut-
off function ¢: G — [0,00) for the right translation action of ¢(H) on G, Kasparov
constructs an operator T € L(ind, E) by the formula

Te(g) = /H e(go(W) h(T(Ege(h))dh, € € ind, E

to obtain a G-Kasparov module (ind, £, ind, ¢, T) which represents the element
ind, » € KK%(ind, A, ind, B).
O

Definition 2.2.25. Let ¢: H — G be a cocompact embedding, i.e., G/p(H) is com-
pact. Then we have a canonical inclusion

F:A=A®1C A® Cy(G/e(H)) = ind, res, A.
Now we can define the induction by ¢ by
ind,: KK (res, A, B) 222 KKC(ind res, A, ind, B) ~ KKC(A;ind, B).
Let ¢: H — G be an open embedding. We have a canonical inclusion

g Ya), ifgep(H),
0, if g & p(H).

The compression map with respect to @ is defined by

G: A—resyind, A, G(a)(g) = {

comp,, : KK*G(indw A, B) SN KKf(re&p ind, A,res, B) G, KK (A, res, B).

Theorem 2.2.26. Let p: H — G be an open embedding. Then the map comp,, is

) ) . 1. . ) ?.C
an isomorphism and the inverse (comp,,) Yinduces an induction structure on Ki ).

Hence Ki'?’(c) 1s an equivariant O-homology theory.

Let ¢: H — G be cocompact. Then the map ind, is an isomorphism and the inverse
dffﬁnes an induction structure on K(*?,C)’ thus K(*?,C) is an equivariant COC-cohomology
theory.

Proof. The map comp,, is an isomorphism by a result of Chabert and Echterhoff [14,
Prop. 5.14]. Since H-compact subspaces of an H-space X correspond to G-compact
subspaces of ind, X, we can neglect the colimit which appears in the construction of
KO Consequently, comp,, induces an isomorphism K!&O (ind,?) — i?’(c)(?).
The other case is well-known but lacks a proper reference. Thus we want to sketch
the proof. For simplicity, we assume that H C G is cocompact. Our candidate for the

inverse map is

H
ol KKY(A,ind% B) e, KKH(resE A, rest ind B) ELR KK (res? A, B),
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2.2 Equivariant Bivariant K-theory
where F' is the map
F:ind4 B — B, [~ f(e).

An immediate consequence is the identity gpg oind% = id. In order to show indg ogog =
id, consider a Kasparov triple (E,$,T) € KK G (A, indg B). We just show the asser-
tion for E. It suffices to show the identity

ind (E ®ina¢ p B) = E,
where B is considered as a (ind% B, G)-module by f-b= f(e) - b. We get a map
o E@inng inng — indg(EN’ ®indS B B), e® f (g — g_le®f(g)).

It is easily checked that « respects the scalar product for elementary tensors. Thus «
respects the scalar product and is injective. Let ¢ € Cy(G/H), then we obtain

a(¢-(e®f)) =ale@ (- f) =
(997" (6(0)/(9)) = (9 o) (g7 e @ f(9))) = ¢+ ale @ f).
Furthermore, the evaluation
ag: E @pqe pindfy B — E @6 p B, ¢® [ g 'e® f(g)

is clearly surjective. Using a partition of unity argument, we can deduce that « is

surjective.
Besides being an isomorphism, there are three other properties an induction struc-
ture must satisfy. However, these properties are clearly satisfied in both cases. ]

Remark 2.2.27. Let I'¢ C TGFI be the full subcategory with subgroups of G as objects.
Let A be a G-C*-algebra, then

KiH,A) (X) _ KiH,resg A) (X)

assembles to an equivariant (I, O)-homology theory K. i?’A) analogously to the above

considerations.

If 7 =7, then K i?,(C) and K (*? ¢ are both equivariant Z-(co)homology theories. In
our second main example F = 29, we get an equivariant proper smooth homology
theory Ki?’(c) but K EF? C) fails to be an equivariant proper smooth cohomology theory.
Even in the simplest case, the corresponding groups are not isomorphic.

Ezample 2.2.28. Let H ={0}, G =7 and X = {e}. Then we get
Klopo/{e}) =Z and K{z ¢)(Co(2)) = 0.

Since the first identity is clear, it remains to show the second one. Let Cy(R) be the
Z-C*-algebra with the Z-action being given by translation and Cy(R); be the Z-C*-
algebra with trivial Z-action. Analogously to the classical case, we get Bott periodicity
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2 Equivariant (Co)Homology Theories

for Co(R)y (see [25, Chap. 5]). Thus C and Cp(R); ® Cy(R); are K KZ%-equivalent and
we obtain

KKZ(C,Co(2)) = KK (Cy(R); @ Co(R)t, Co(Z)).
With the aid of Bott periodicity, we can conclude
KKZ(Co(R) s ® Co(R)t, Co(Z)) = KKZ(Co(R) s, Co(R): @ Co(Z)).

However, R with the Z-action given by translation is just R = EZ, the classifying
space of Z. Therefore Baum-Connes and Bott periodicity leads to

KK?(C()(R)JC,C()(R%@C()(Z)) = KKQ((C, C()(R)t@C()(Z) X Z) = KKl(C, C()(Z) X Z)

We obtain from the Pimsner-Voiculescu exact sequence [9, Thm. 10.2.1] an exact
sequence

KK1(C,Co(Z)) — KK1(C,Co(Z) % Z) — KKo(C, Co(Z)) =5 KKo(C,Co(Z)),

where s: Z — Z sends n € Z to n + 1. We have Cy(Z) = ®pezC, where @ denotes
the direct sum of C*-algebras. Since K K;(C,?) is compatible with direct sums by [45),
Prop. 7.13], we obtain K K;(C,Cy(Z)) = ®nezK K;(C,C) and an exact sequence

0 — KKi1(C,Co(Z) » Z) — Pz = Pz,
nez neL

where s, is a shift of factors. Hence id —s, is injective and we obtain

Ky 0)(Co(Z)) = KK1(C,Co(Z) x Z) = 0.

In the case of K. i?’c), an induction structure is only given for open subgroups. There
need not be an induction structure for non-open subgroups:

Ezample 2.2.29. Let H ={0}, G =R and X = {e}. Then we obtain
K9¢e}) =2 and EFP(®R) =o0.
The first identity is clear. Moreover, we have
KFOR) = KKF(Co(R),C) = KKo(Co(R),C) = 0,

where the middle identity is a result of Kasparov [24, Cor. 5.7].

It is very unsatisfactory that we do not have an adequate K-theory for F = CO yet.
So let us have another try.

Definition 2.2.30. Let EG = FEcopG be the classifying space of proper actions.
Then we define

* _ : G
Ko(X) = p&dim B (Co(Y), Co(X)).
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2.2 Equivariant Bivariant K-theory

Let ¢: H — G be a closed embedding. Then we get an induction structure by

ind,: Ki(X) = li KKH(Cy(Y X
indy: K (X) O A + (Co(Y),Co(X))
ind¢ . H
i AN YQE}(I:(}-III-Iclil)mpact KK, (Co(Gx,Y),Co(G x4 X))

L colim  KKS(Co(EG),Co(G x, X)).
Y CEG G-compact

We have to make F' precise. Since EG is a classifying space we get a unique (up
to G-homotopy) G-map f: G x, Y — EG. However, G x, Y is G-compact and f
factorizes over a G-compact subset Y C EG. Therefore the construction induces a
map on the colimits and further a map on KK&.

Theorem 2.2.31. Let F = CL be the full family of closed subgroups. Then K¢, defines
an equivariant CL-cohomology theory.

Proof. The statement that K7 is a G-cohomology theory has already been proven
above. It remains to show that the induction map is an isomorphism. This was shown
by Chabert and Echterhoff in [14]. O

)

From the point of view of the previous discussion, we define K. by K. = Ki?’(c .

Remark 2.2.32. Baum and Connes [5] suggested to study K.(Co(?) x G). This is an
equivariant proper smooth cohomology theory. Chabert and Echterhoff [14] showed
that the Baum-Connes assembly map defines a natural transformation

p: Kg(X) = Ki(Co(X) % G),

which is compatible with the induction structures. If G is compact, p is an isomorphism
by the Green-Julg theorem. Hence p is an equivalence of proper smooth cohomology
theories.

Theorem 2.2.33. If G is compact, K{, coincides with the classical definition of Atiyah
and Segal [2], i.e., Grothendieck construction of G-vector bundles. If G is prodiscrete,
K¢, also coincides on finite proper smooth G-CW-complexes with the “classical” defin-
ition.

Proof. If G is compact, this is the well known Swan isomorphism.

If G is locally compact, Phillips [40] described K,(Cy(X) x G) by (possible infi-
nite dimensional) G-vector bundles. In the case of a prodiscrete group G, Sauer [46]
showed that the “classical” definition, using finite dimensional G-vector bundles, in-
duces an equivariant proper smooth cohomology theory H3. Thus the inclusion of
finite dimensional G-vector bundles in arbitrary G-vector bundles induces a natural
transformation 7: H3(?7) — K.(Co(??)x?) of equivariant proper smooth cohomology
theories. Since 7 is an isomorphism for compact G, the natural transformation 7 is
even an equivalence, as required. ]
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2 Equivariant (Co)Homology Theories

Remark 2.2.34. For an l-group G finite vector bundles do not in general yield a proper
smooth G-homology theory. An example is given by Sauer [46, p.435-437].

Corollary 2.2.35. Let G be compact. The coefficients of K& and K¢, are given by

R(G), if * is even,

G — K*({el) =
K ({e}) = Ki({e}) {07 if * is odd,

where R(G) denotes the ring of (finite dimensional) complex G-representations. Let
p: H — G be a compact open embedding Then the maps

(indy)n: R(H) = K{({o}) 2 KG(G/o(H)) ™5 K§({o}) = R(G)  and

indy,

(ind,)e: ROH) = K5 ({e}) 2 K&(G/o(H)) 2 K& ({e}) = R(C)

coincide with the ordinary induction map ind,: R(H) — R(G). Furthermore, the
restriction maps

res,({e}): R(G) — R(H)

of K¢ and K, respectively, coincide with the ordinary restriction map res,: R(G) —
R(H).

Definition 2.2.36. Let G be compact. We define
R(G) ={f: G— C| f conjugation invariant and locally constant }

and call it the group of class functions.

Lemma 2.2.37. Let G be compact. The character map induces an inclusion
x: R(G)®C — C(G,C),

where C(G,C)¢ denotes the set of conjugation invariant continuous (complex valued)
functions on G. In this case, the restriction maps are given by restricting the source.
If p: H — G is an open embedding, the induction map is given by

indy(f)(g) = > f(s'gs).
[s|€G/(H)
s~ lgsep(H)

If G is an l-group, we get an isomorphism R(G) ® C = R(G).

Proof. We only prove the last statement because this is the only one which might not
be well known.

Let G be a compact [-group. Then G is profinite and admits a basis of topology
which consists of normal open subgroups. Let

N(G)={H C G| H open normal } .
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2.2 Equivariant Bivariant K-theory

Then we obtain

= 1l H 1 = coli H).
G HGII{TI(IG)G/ and, consequently, R(G) Ifgj\}{g)R(G/ )

The isomorphism is given in one direction by resg/ a and, in the other direction, by
dividing out the kernel of the group homomorphism G — GL,(C) associated to the
representation. Note that the only compact totally disconnected subgroups of G L, (C)
are the finite ones. Thus the kernel is automatically open. Since we have an isomor-
phism R(K) ® C = R(K) for any finite group K, we get

R(G)®C = colim R(G/H) = R(G).
(G)® Hcgngg)(/) (G)

O

Proposition 2.2.38. Let H, K C G be subgroups such that H is open and K is closed.
Let A be an H-C*-algebra and M be an (A, G)-Hilbert module. Then we obtain an
isomorphism

resX ind% M =~ @ ind(g): HAg-1Kg—K © resgngilK‘q M.
KgHeK\G/H

Hence, the coefficients of KiG’A) and K¢, satisfy the double coset formula and have a
Mackey structure.

Proof. If K is open the well known proof of the discrete case carries over. Actually, in
what follows, we only need this case. A proof of the general statement is given in [14)
Lem. 6.3]. O

This is our license to write

Corollary 2.2.39. On the category of locally compact second countable groups K.
and K3 define proper smooth equivariant (co)homology theories, which have a Mackey
functor on coefficients. More generally, Ki?’A) is an equivariant (T'q,CO)-homology

theory, which has a Mackey functor on coefficients for any G-C*-algebra A.

At the end of this section, we want to prove that Bredon homology (for a certain
coefficient system) and cosheaf homology coincide. Before we can do that, we must
define cosheaf homology.

In the following, let G be an I-group.

Let X be a proper smooth G-simplicial complex, i.e., a simplicial complex X with
a simplicial operation of G such that the isotropy groups are compact open. For sim-
plicity, we will assume that X is oriented, which means the vertices of each simplex
are linearly ordered (two orderings are regarded as the same if they differ by an even
permutation). The ordering need not be done with any regard to the inclusion rela-
tions among simplices. But, for simplicity again, we will assume that G acts in an
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2 Equivariant (Co)Homology Theories

orientation-preserving manner on X. If ¢ is a simplex in X, then denote by G, its
isotropy group in G. It is a compact open subgroup of G. Now we can form the vector
space

Cr(X) = P R(Go),

oeX™
where the direct sum is taken over the set X" of n-simplices in X. We will write
elements of C¢(X) as finite formal sums

Z Po [U]a
oeXn
where ¢, € R(G,). The differentials are given by

du(polo) = > (—1) indg” (0q) ).

nCo
nexn™—1

Here, (n : o) denotes the incidence number, i.e., (n: o) = 1 if the induced orientation
of 7 by o and the given one on 7 coincide. Otherwise, we set (n:o0) = —1. Now
cosheaf homology, sometimes also called chamber homology is defined as

CHS(X) = Hn(CE(X)Gv (d*)G)7

where Cf(X)g = C5(X) ®r(a) C denotes the complex of coinvariants.

Remark 2.2.40. Baum, Connes and Higson [6] developed a more general notion of
cosheaf homology. Let X be a simplicial complex. A cosheaf A on X consists of the
following data:

(i) For each simplex o of X one has an abelian group A,.
(ii) For each inclusion of simplices 7 C o a homomorphism of abelian groups
@p: Ay — Ag such that ¢F = @17,
whenever 7 C 7 C o, and ¢ = id for each o.

An example of a cosheaf is given by R(G-). This explains the name cosheaf homology.

Remark 2.2.41. Suppose A C X is a subcomplex which is a fundamental domain
for the action of G on X in the sense that the G-orbit of any simplex in X contains
precisely one simplex from A. Then the complex of coinvariants can be identified with
the complex

CE () & CF(A) & CF () & -
where C¥(X) denotes the direct sum

C(X)= P R(Go)

ocEAN

over the n-simplices in A (not X). The differential d,, is defined exactly as above. Note
that the latter complex does not involve coinvariants. The subcomplex A is called a
chamber, which motivates the name chamber homology.
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2.2 Equivariant Bivariant K-theory

The next proposition is taken from Voigt [55, Cor. 8.4].
Proposition 2.2.42. We define the COrep(G)-module Rg by Ra(G/H) = R(H).

Then there exists a natural equivalence of proper smooth (simplicial) G-homology the-
ories N
r: CHY(X) — HSrCO(G)(X;RG)~

Proof. We define
n: CF (X)g — O NX)@Ra,  @olo] = 0a, @ o,

where

r, €CFXO) = @z,

ne(XCo)p
denotes the canonical generator of Z,. Note that o is oriented. Further, there is a
canonical identification of the simplicial chain complex C;""” with the cellular chain

complex C. First of all, we have to check that ¢ is well-defined. However, this is
clear because the right hand side identifies conjugated elements. We obtain

ndn(0olo) =0 | Y (=1 indZ (0] | = 3 na, ® (~1) indg" (0r)

nCo nCo
nexm nexm
= 3 ()", © p = du(06, © @5) = dudulps)-
Co
nnETX"

Thus ¢ is a map of chain complexes. We consider the map
¥ OP0 (X))@ Re — CE(X)a, on® ¢n — indf (¢m)|o].

Obviously, on the one hand, v is well-defined and 1 o ¢ = id. On the other hand, we
have

po(on @ ¢n) = og, @ndS (¢p) = o @ bp
and, consequently, ¢ o ¢ = id. O

We will see that cosheaf homology is a very explicit tool to compute Bredon homol-
ogy (see the end of Section |4.1)).
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3 Flat and Injective Modules over a
Category

As was pointed out in the introduction, the construction of the Chern character splits
up into two parts. One of them is to prove that the coefficient module of a given
equivariant (co)homology theory is flat (injective). This is done in this chapter. In the
last section, we discuss, in more detail, the case in which the equivariant (co)homology
theory is K-theory.

3.1 Flat Modules over a Category

In the first subsection, we introduce the basic notions to state the classification theorem
for projective modules over an El-category (Theorem [3.1.7). In the second subsection,
we give criteria when a Mackey functor induces a flat ROtz (G)-module.

3.1.1 Classification of Projective Modules

In the following, let R be a commutative ring, I" be a small El-category and M be a
covariant RI™-module.
For x € Ob(I"), we denote by R[x] = Raut(z) the group ring of the automorphism

group.
Definition 3.1.1. Let x € Ob(I"). We define the following functors:
(i) Eatension: E;: R[z]-mod — RI'-mod, M + M ®p[;) Rmor(z,?).

(ii) Splitting: Sy: RT-mod — R[z]-mod is defined by the following exact sequence

@M(y) ®—f>M(:U)—>SxM—>O.

f:y—x
f is not an isomorphism

Remark 3.1.2. Note that E, is a special case of induction since we have E, = indjyc,
where inc: {x} — I" denotes the canonical inclusion.

Definition 3.1.3. Let x € Ob(I"). We define the inclusion functor I, by

M, ifx 2y,

I,: R[z]-mod — RI-mod, I, (M)(y) = :
0, otherwise.
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3 Flat and Injective Modules over a Category

Lemma 3.1.4. For x € Ob(T") the pairs (E,res;) and (I, Sz) are adjoint pairs and
tensor adjoint pairs.

Proof. Since E, = indjy., the assertion for (F,,res;) is proven in Proposition [1.3.11
The case of (I, Sz) is obvious. O

Proposition 3.1.5. The functors S, and E, respect direct sums and the properties
finitely generated, free, projective and flat.

Proof. Since the tensor product respects direct sums, F, does. Furthermore, S, re-
spects direct sums by definition. The identity E,(R[z]) = RI'(z,?) is trivial and, by
an easy observation, we obtain

R[z], ==y,

Sz (RI'(y, 7)) = {0 vy

We deduce that E,, S, respect the property free and thus they respect the properties
projective and finitely generated.

By Lemma [[.3.12] and Lemma [3.1.4] the functor S, respects the property flat and
E, respects the property flat by Corollary [I.3:13] O

Let M be an RI'-module. Suppose that all S, M are projective. Then we can choose
splits 0g: SzM — M(x) and can define the following map

Ey(ox 2)els(T) bx (M
T P E.SM Swenr Beloe) P EzM(:U)MM. (3.1.5.1)
(z)€ls(T) (z)€ls(T)

Here, i, (M): E,(M(x)) — M is defined to be the adjoint map of id: res, M — res, M,
recall that (E,,res;) is an adjoint pair.

Definition 3.1.6. An RI-module M is of finite length if I(x) < oo for each x € Ob(T")
with M (z) # 0. We define finite colength for an RI'-module M in the same way.

Theorem 3.1.7. Let M be a covariant RI'-module of finite length and suppose that
for all objects x € Ob(T') the R[z]-module Sy M is projective. Then the map

T: @ E.5:M—M
(z)€Is(T)
1s surjective. It is bijective if and only if M is projective.
Proof. The proof of surjectivity is very similar to the surjectivity part of Lemma|[3.1.1T
but an explicit proof is given in [29, Thm. 2.11].

Since E, respects the property projective and S, M is projective by assumption, M
is projective if T is bijective. The other implication is proven in [28, Cor. 9.40]. O

Remark 3.1.8. The above theorem remains true if we replace “covariant” by “con-
travariant” and “length” by “colength”.
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3.1 Flat Modules over a Category

Remark 3.1.9. Let F be a free module and choose a decomposition F' = @, ; RI'(x;, 7).
Then we have

D ExSx(EBRF(wi,?))g P Ex< a R[m])

(2)€ls(D) i€l (@)iel  I{ajlejel@) )

S @( D RF(azi,?))
(@iel {aslaye(@) )

=~ P RT(z;,?) = F.

el

However, this tells us nothing about 7. The chosen splits might not be compatible
with the chosen decomposition.

Suppose S; M is flat for an R[-module M and any = € Ob(I"). Since E, respects
the property flat, the RImodule ©,)esrFzS.M is flat. Thus, M is flat if T' is an
isomorphism. However, the converse is false, hence the corresponding statement of
Theorem [3.1.7] is false. We want to give an example:

Ezample 3.1.10. We consider the category I'

fi
)
Ja

X

with the relations fo = go f; and ¢ = id. Let Q be the constant QI'-module, i.e.,
every object is Q and every morphism is id. For a QI'-module M we obtain

M ®qr Q = M(y) ®q[z/2z) Q-

Since Q is a flat Q[Z/2Z]-module, Q is a flat QI'-module. However, we have
E:5:Q(y) = E:Q(y) = Q* # Q = Q(y).

3.1.2 Mackey Functors

In the following, let G be a topological group and F a smooth family of subgroups
with [H : K] < oo for any H, K € F. Let M: ' — R be a Mackey functor such that
F C Ob(T). It defines a covariant RSubz(G)-module

MY Subr(G) — R-MOD, H — M(H)

by means of the covariant structure of the bifunctor M.

In the case of a discrete group G and F = CO, which simplifies to CO = FIN =
{H C G| H finite }, Liick [29, Thm. 5.2] showed that M is projective if Q C R and
R is semisimple. We want to generalize this result to topological groups. Actually, we
are only interested in the question whether M¢ is flat or not.
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3 Flat and Injective Modules over a Category

Let N € F and define

MCY(H), if (N)<(H
0, otherwise.
For convenience, we abbreviate Ir = IsSubz(G), which is a partially ordered set.
We recall that the order is given by

(H)<(K)+<=3H € F: (H)=(H) and H' C K.

Now we obtain

MY = %\([)éilrjr__l M. (3.1.10.1)

We want to show

Lemma 3.1.11. Suppose Q C R, Subx(G) is an El-category and i (H),[H : K] < o0
for any H/ K € F with K C H. Then M% is a flat RSubz(G)-module if for any
H € F the RI/I//E;?I-module MY (H) is flat and the canonical projection pr: MG(H) —
SHM]E}V splits for any N € F.

Proof. The functor colimyej, is an exact functor. It commutes with — @ gsyp,(a) L
for every contravariant RSubz(G)-module L since — ® gsup,(i) L has a right adjoint,
namely hom(L, —). Hence by (3.1.10.1), M€ is a flat covariant RSubz(G)-module if
each RSubr(G)-module M is flat.

Next, we want to show for a fixed subgroup N € F that Mﬁ is flat. We set

FN={(H)el|(N)<(H)}.

Since we assume the existence of splits o5 : SyM§ — MY (H), we can define a map

of RSubz(G)-modules (cf. (3.1.5.1)))

Tn: @ EwoSuM§ — M§. (3.1.11.1)
(H)EI]_-N

Namely, for an object K and (H) € Iz~ the restriction of T (K) to the summand
EySyM§ = morsyp, (@) (H, K) @rwen SyM§ sends f ® x to M(f) o oy(x) for
f: H— Kand x € SgMpy.

Next we show that Ty is surjective. Since I[y(H) < oo for the relative length by
assumption, we can show by induction over [y (H) that T (H) is surjective.

If IN(H) = 0, then M$(H) is zero and thus Ty (H) is obviously surjective. The
induction step is done as follows. For any R[WgH]-module L, there is an R[WgH]-
automorphism L =N SpoEyL which is natural in L. It sends z € N to idy @ppw, m]2-
If K is another object in Sub#(G) which is not isomorphic to H, then Sx Er (L) = {0 }.
This implies that Sy Ty is an isomorphism. Hence, the surjectivity of T (H) will follow
if we can show that every element in the kernel of py: M§(H) — Sy M§ lies in the
image of T (H). Such an element can be written as a finite sum of elements of the
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form Mﬁ( fi)(z;) for morphisms f;: H; — H which are not isomorphisms and elements
x; € M$G(H;). Since (H;) < (H) and thus Iy (H;) < Iy(H), the induction hypothesis
applies to H;. Hence x; is in the image of Ti(H;). Therefore M{(f;)(x;) is in the
image of Tv(H). This finishes the induction step.

Next, we show that the map T is injective. Fix an object K € FV and an element
u in the kernel of T (K). We have to show u = 0. Choose for any (H) € Iz~ a
representative H € (H). So in the sequel we get for these representatives that H = K
follows from (H) = (K). Put

J(H) = morsyy,(q)(H, K)/WcH.

Then fix for any element f € J(H) a homomorphism of topological groups f: H — K
such that there exists a ¢ € G with f = ¢(g), the morphism which f represents in
Subr(G). For simplicity, we identify f and the fixed representative f in the sequel.
So for two such homomorphisms fi, fo: H — K with fi = f we already have f; = fo.
We can find elements zy ; € SyM§ for (H) € Izn and f € J(H) such that only
finitely many elements xy ; are different from zero and u can be written as

ve XX H ) om

(H)EI-N FeJ(H)

We want to show that all elements xp ; are zero. Suppose that this is not the case.
Let (Hp) be maximal among those elements (H) € Izn for which there is an f € J(H)
with xg ; # 0, ie., if for (H) € I the element xp ¢ is different from zero for some
morphism f: H — K in Subz(G) and there is a morphism Hy — H in Subz(G),
then (Ho) = (H). Fix fo: Hy — K with xp, 7, # 0. We claim that the composition

im(fp)

A @ EwoSuMG(K) 2 MG (K) = M(K) s M(im(fo)
(H)EI]:N
ind

fo b im(f)—Ho Pry,

M(Hy) = M§j(Ho) —> S, M§

maps u to m - xp, y, for some integer m > 0. This leads to a contradiction because
Tn(K)(u) =0 and zg,, s # 0. B

In order to proof the claim, we consider (H) € Iy~ and f € J(H). It suffices to
show

A((f: H = K) ©pwem a.5)

_ {[K N Ngim(fo): im(fo)] - wmy, if (H) - (Ho) and f = fo. (3.1.11.2)
0, otherwise.

This is obviously true for xz f = 0. Hence we only have to treat the case x5 # 0.
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One easily checks that A((f: H — K)®pgw,m) TH,f) is the image of xy y under the
composition

indf. gim indf
G(H,f)SHMﬁﬂ)Mﬁ(H):M(H)EfH—“L)M(lm(f)) (f) M(K)
resim(f()) indf071: im(fg)—Hg Pry,

——— M (im(fo)) M (Ho) = M§ (Ho) —> Si, M.

The double coset formula implies

Sim(fo)

res ;- o ind{fn(f)

. im(f)Nk~t im(fo)k
— Z 1ndc(k); im(f)Nk—1 im(fo)k—im(fo) Oresimgfg ) )
keim(fo)\K/im(f)

For k € im(fo)\K/im(f) we define the map a(H, f)r to be the composition

il'ldf: H—im(f)
_

a(H, s SpMS T MG(H) = M(H) M(im(f))
resyn Ok o)k
M(im(f) Nk~ im(fo)k)
ind . im —1im —im
e(k): im(f)nk—1im(fo)k—im(fo) M (im(fo))

nd ;=1 im(f0)—Ho Pr

M (Hy) = M§(Hy) —% Sy, M§.

Then we get

a(H, f) = Z a(H, f)r-
keim(fo)\K/im(f)

The composition
Pl oind po1 iy i ©10e(k): im()Nk—T im(fo)k—im(fo)

is trivial if c(k): im(f) N k~tim(fy)k — im(fo) is not an isomorphism. This implies

a(H, f) = > a(H, ).
keim(fo)\K/im(f)
c(k): im(f)Nk~1 im(fo)k—im(fo) isomorphism

We consider k € im(fo)\K/im(f) such that c(k): im(f) Nk~tim(fo)k — im(fo) is an
isomorphism. We get the following equality of integers

L)k im(fo)k (B) = lim( o) () = L1 im (o) (F).

This implies £~ im(fo)k C im(f). Since Hp has been chosen maximal among those
H for which xp s # 0 for some morphism f: H — K and zpy # 0, we conclude
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3.1 Flat Modules over a Category

(H) = (Hp). This implies H = Hy. Since we have k~1im(fo)k = Hy = H = im(f) in
Subz(G), there exists a g € G such that

g Mim(f)g = k™" im(fo)k C im(f).

Because Subz(G) is an El-category, we obtain k~!im(fo)k = im(f). Hence fo = f
in J(H). This already implies f = fo. We get k € Ngim(fp) N K and can deduce
a(H, f)r = idg, m. We conclude

[K 1 Naim(fo): im(fo)] - idg, g, if () = (Ho) and T = To,

0, otherwise.

a’(va) = {

Thus the assertion (3.1.11.2)) is true. Hence the map T is injective. This finishes the
proof that the map Ty of (3.1.11.1)) is an isomorphism of RSubz(G)-modules.
We conclude that Mﬁ is isomorphic to (el n EgoS HMﬁ. The modules S HMﬁ

are flat because they are direct summands of the modules M (H), which are flat by
assumption. Because Ey sends flat modules to flat modules, we conclude the flatness
of Mﬁ, which was claimed. O

Theorem 3.1.12. Suppose Q C R is von Neumann regular, lx(H),[H : K| < oo
for any H K € F with K C H and the corresponding semigroup morgubf(g)(H, H)
is locally finite for every H € F. Let M be a Mackey functor. Then MS is a flat
RSub £(G)-module if for any H, N € F the canonical projection pr: M%(H) — Sy M§
splits.

Proof. Since morsyy, . (q)(H, H) is locally finite, it is a group by Corollary 1.2.24] This
implies that W H = morgyy, () (H, H) is also locally finite. Thus by Theorem [A.7

every RT/T//ZI/—I—module L is flat and, in particular, so is M G(H ). Now the assertion
follows from by Lemma [3.1.11 0

Corollary 3.1.13. Suppose Q C R is semisimple, lx(H),[H : K] < oo for any
H, K € F with K C H and the corresponding semigroup morgubf(g)(H, H) is finite
for every H € F. Let M be a Mackey functor. Then MS is a flat RSubz(G)-module.

Proof. By Corollary we obtain a finite group

WGH = morSub}-(G) (H, H)

Thus RWgH is semisimple and the splits required in Theorem [3.1.12] exist. Hence
Theorem [3.1.12] is applicable. O

Lemma 3.1.14. Let Q C R be von Neumann reqular and Subx(G) be an El-category.
Let M be a flat RSubg(G)-module and suppose that the group CoH/(H N CgH)
is locally finite for every H € F. Then respy M is a flat ROrr(G)-module, where
pr: Org(G) — Subz(G) denotes the canonical projection.
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3 Flat and Injective Modules over a Category

Proof. We remind the reader that we have an identification (see Remark [1.2.9))

morsyp, () (H, K) = morg,, () (G/H,G/K)/CqH
= morow () (G/H,G/K)/(CcH/H N CgH).

Let N be an arbitrary ROrz(G)-module. Then we obtain
indyy N(H) = N(H) ®@gicgr/HnCoH) B

Since Cq¢H/H N CgH is locally finite, R is a flat R[CqH/H N CgH]-module by The-
orem [A.7] Hence indy, is exact. This implies that res,, respects the property flat by

Corollary [I.3.13] O

Remark 3.1.15. The previous proof carries over directly to the projective case if we re-
place “von Neumann regular” by “semisimple”, “locally finite” by “finite” and consider
coind instead of ind.

Finally, we get:

Theorem 3.1.16. Suppose Q C R is von Neumann regular, lg(K),[H : K] < oo for
any H, K € F with K C H and the semigroup moro,,(q)(G/H,G/H) is locally finite
for every H € F. Let M be a Mackey functor. Then resp, M is a flat ROTx(G)-
module if for any H,N € F the canonical projection pr: MY (H) — SHM](\}Y splits.

Proof. Since moro,,(q)(G/H,G/H) is locally finite, it is a group by Corollary (1.2.24
Further, WgH is locally finite as a quotient of the locally finite group WgH by
Proposition Thus MY is a flat RSubz(G)-module by Theorem [3.1.12| Fi-
nally, CcH/(H N CqgH) C WgH is locally finite and the assertion follows now from
Lemma B.1.74 O

Remark 3.1.17. Let us consider the case F = CO. The space H/K is finite for
compact open subgroups K C H C G. Therefore the condition [H : K| < oo is
satisfied. We have seen in Example that Oreo(G) might fail to be an EI-
category. Furthermore, we can realize every discrete group H as an endomorphism
group H = moroy,, (@) (G/K,G/K), where

G=KxH and K=][]z/2Z
H

and H acts in the obvious way. We remark that G is unimodular by Lemma [I.2.16]
Thus Orep(G) is an El-category with [/ (H') < oo for all compact open subgroups
K' CH CG.

Corollary 3.1.18. Let G be a (topological) group such that the corresponding semi-
groups moro,, (o) (G/H,G/H) are finite and lx (H),[H : K] < oo for every H,K € F.
Let M be a Mackey functor and M be the covariant RSubz(G)-module. If Q C R is
semisimple, then resp, M is a flat ROrz(G)-module.
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3.1 Flat Modules over a Category

Proof. Since moro,, () (G/H,G/H) is finite, it is a group by Corollary [1.2.24. This

implies that W H is finite as a quotient of the finite group WgH. Therefore, RWoH
is semisimple and the projections pr: M G(H ) — SHM]% split. Now the assertion
follows from the previous theorem. O

Corollary 3.1.19. Let G be a prodiscrete l-group, M a Mackey functor and MS be
the covariant RSubcop(G)-module. If Q C R is semisimple, then M€ is flat as an
RSubco(G)-module.  Moreover, resy MY is a flat ROteo(G)-module if the groups
CeH/(HNCgH) are locally finite for any compact open subgroup H C G.

Proof. By Proposition [1.2.25| the groups VI//C\;?I are finite. By Corollary |1.2.17] and
Lemma [1.2.21| we have [ (H) < oo for all compact open subgroups K C H C G.

Hence M is flat by Theorem [3.1.12 If the groups CqH/(H NCgH) are locally finite,
3.1.14

respy M G is flat by Lemma, O

Corollary 3.1.20. Let G be a (topological) group. Let either be F = I or G be
a semisimple p-adic group and F = CO. Let M be a Mackey functor and MC be
the covariant RSubx(G)-module. If Q C R is semisimple, then resy, M€ is a flat
ROrx(G)-module.

Proof. We want to apply Corollary Hence we must show that the groups
MOT Oy, (@) (G/H,G/H) are finite and Ix(H) < oo for all K C H with K, H € F.
In the case of F = 7, the first assertion is clear and the second follows from Propo-
sition [[.2:21] In the case of a semisimple p-adic group G and F = CO, the groups

MOT O, () (G/H, G/ H) are finite and Ik (H) < oo by Corollary O

Remark 3.1.21. We have even more in the case of finite groups WgH. In fact, M¢
is a colimit of projective modules. Since resp, has a right adjoint, namely coinduction
with pr, it commutes with colim. Thus res,, M @ is a colimit of projective modules by

Remark [3.1.15] too.

Note that we have not shown that M or resp, M are projective or that there is an
isomorphism of RSub £(G)-modules

M = @ Ep o SyMC.
(H)elr

In order to prove such a stronger statement, we would need to choose the sections
og,N: SuMy — My (H) such that the following diagram commutes

SHMN &)MN(H)
JSHiN lZN(H)
SHMN’ %MN/(H)

for all N,N' € F, where ix: My — My denotes the inclusion. This might be
impossible. For example, for N = H we have SyMy = My(H) and og,n must be
the identity but Spin is not necessarily injective.
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3 Flat and Injective Modules over a Category

The next example shows that we cannot expect projectivity of M in general.

Ezample 3.1.22 (Borel construction). Let G = Z, and F = CO = I (see Exam-
ple|1.2.14)). The Borel construction (see Section with rational coefficients yields a
Mackey functor

M (H) =HS(G/H) ®Q = Hy(BH) ® Q = Q.

Thus M is isomorphic to the constant QSubz(G)-module Q by Remark How-
ever, Q cannot be projective. In order to show that, it suffices to prove that every
map

0: Q — P QSubz(G) (a4, ?)

el
is trivial. Since the structure maps in Q are isomorphisms, ¢ is completely determined
by ¢(go) for some gy € Q(p°Z,) = Q. We obtain

SO(QO) = Zyl] for some yij € @SubI(G) ((Eij’pozp>.
7=1

Let k = max { col(z;,) | j = 1,...n}+1. Thus we can deduce QSubz(G)(x;,,p"Z,) =
0 and get the commutative diagram:

qo—2— > =1 Yi;

I

%»Lm

where g, € Q(kap) is the obvious element. Hence ¢(qo) = 0 meaning that ¢ is trivial.

We conclude this section by stating a lifting property for flatness. Here, we cut off
the module at the other end, which means we have to consider lim instead of colim.

Proposition 3.1.23. Let C be an El-category. For x € C we denote by C, the full
subcategory of C which consists of all y < x. Let M be a (covariant) RC-module such
that resc, M is flat for all x € C. Then M is also flat.

Proof. Let z € C and define M, by

M, (y), ify <z,

0, otherwise.

M (y) = {

We get M = limg¢g, M,, where I¢ is the partially ordered set which is defined analo-
gously to Ir (see the beginning of this section).

Furthermore, we have N ® M, = resc, N ®@resc, M for an arbitrary (contravariant)
RC-module N. Therefore M, is a flat RC-module. Let ¢: A — B be an injective map.
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3.2 Injective Modules over a Category

It suffices to prove that p ® id: A ® M — B ® M is injective. Since lim is left exact
and M, is flat, we deduce the injectivity of the following map

lim (p ®id): lim (A ® M,) — lim (B ® M,).
;UEIC J,‘EIC JZEIC

As the canonical map C' ® limger, M, — limger, (C ® M;) is an isomorphism for every
RC-module C, the assertion follows. O

3.2 Injective Modules over a Category

This is the injective analogue of the previous section. In the first subsection, we
state the classification result for injective modules over an El-category. In the second
subsection, we give criteria when a Mackey functor induces an injective ROTx(G)-
module. Unfortunately, the conditions are stricter than in the flat case because a
derived limit comes into play. Therefore, we discuss derived limits, too.

3.2.1 Classification of Injective Modules
Definition 3.2.1. Let x € Ob(I'). We define the following functors:
(i) Coeztension: CEy: R[z]-mod — RI-mod, M — hom(Rmor(z,?), M).

(ii) Cosplitting: CS,: RI'-mod — R[zx]-mod is defined by the following exact se-
quence

0— 08, M — M(z) 1L T m(y).
fis nc{i:scx)r:oyrphism

Remark 3.2.2. Note that CE, is a special case, we have CE, = coindj,., where
inc: {x} — I is the canonical inclusion.

Lemma 3.2.3. For z € Ob(I"), the pairs (resy, CE;) and (I,,CSy) are adjoint pairs.

Proof. By Proposition [1.3.11} the first pair is an adjoint pair. The second assertion is
clear. O

Corollary 3.2.4. For x € Ob(I") the functors CE, and C'S, respect products and the
property injective.

Proof. The two functors clearly respect products. They respect the property injective
by the previous lemma and Corollary [1.3.13 O

Let M be an RI-module. Suppose that C'S,M is injective for every x € Ob(T).
Then we can choose splits 0,,: M(x) — CS,; M and define the following map

T,: M LN CEyres, M 2% CE,CS, M,
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3 Flat and Injective Modules over a Category

where id, denotes the map adjoint to id: res, M — res, M. Further, we can define

T= [[] Tu:M— ][] CE.CS.M. (3.2.4.1)
z€lIs(T) z€Is(T)

The next theorem is taken from [30, Thm. 2.14].

Theorem 3.2.5. Let M be a contravariant RI'-module of finite length and suppose
that the R[x]|-modules C'SyM are injective for x € Ob(I"). Then the map

T: M — H CE,CS,M
z€Is(T)

is injective. It is bijective if and only if M is injective.
Remark 3.2.6. The previous theorem remains true if we replace “contravariant” by
“covariant” and “length” by “colength”.

Let I be a partially ordered set and (M;);er be an inverse system of R-modules. By
definition, this means that, for every ¢ € I, we have an R-module M; and, for every
pair ¢, j € I with ¢ < j, we have R-homomorphisms f;;: M; — M; such that

(1) fii = idpy, for every i € I,
(ii) fri = fjio frj for every i < j < k.
In view of modules over a category, we can consider I as an El-category by

Ob(I) =1 and |mors(i,j)| = {1’ ifi<y,
0, otherwise.

The inverse system (M;);c; of R-modules can be seen as a contravariant RI-module.
Sometimes one defines an inverse system in a way that naturally yields a covariant RI-
module. The following statements remain true in the covariant setting if we replace
“length” by “colength”.

Before we can state the next lemma, we recall that a cofinal system J C I of a
partially ordered set is a subset such that for every ¢ € I there exists a 7 € J such
that ¢ < j. An immediate consequence of this definition is

iel jed

for an inverse system (M;);c; and a cofinal system J C I.

Lemma 3.2.7. Let M;c; be an inverse system of R-modules and suppose I contains a
cofinal system J which has finite length considered as an Fl-category. Then we obtain

lim M; = ker(id —d), lim' M; = coker(id —d) and 1lim"M; =0 Vn > 1,
i€l i€l i€l
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3.2 Injective Modules over a Category

where
myjy, 7'f]l = j2’
id—d: [[M; — [[ My, (d=d)(my)ji g = —djy o (mjy), if j1 < o,
J€J j€s 0, otherwise

and dj, j, are the structure maps of J.
Proof. Let (F™)pen: RI-mod — R-mod be defined by F™ =0 for all n > 1,
F'Mjc; =ker(id —d) and F'M;c; = coker(id —d).

It is clear that FOMjGJ = limjec s M;. We have to prove that (F"),en is a universal
d-functor because (lim"),ey is one and a universal d-functor (G™),en is uniquely de-
termined by G°. By the snake lemma, we get the desired long exact sequence from
a short exact sequence. Thus (F"),en is a o-functor. It remains to show that F!
vanishes on injective RI-modules. By Theorem [3.2.5] it suffices to check

FYCE;M)=0

for all R-modules M. The structure map d;, ;, of CE;M is an isomorphism for jo < j
and (CEj, M) = 0 otherwise. Since I is of finite length, it follows easily that id —d is
surjective and hence F1(CE;M) = 0. O

Remark 3.2.8. If I is countable, a cofinal system of finite (co)length exists anyway by
the following argument.

Since [ is countable, we have a sequence (ig,1,%2,...) with I = {4, |n € N}. We
define the sets J, inductively by

Ins if there exists a j € J, with i,41 < j,
JpU{ins1}, otherwise.

Jo={io}, Jn+1:{

We set J = J,,cyy Jn- The subsystem J C I is clearly cofinal. It remains to show that
J has finite length. Let --- < j; < jp be an increasing sequence in J. Then jg € Ji
for some k£ € N and hence j, € J; for every n € N. Since Ji is finite, the sequence
-+ < j1 < jo must become stationary and we obtain a cofinal system of finite length.
Analogously, we get a cofinal system of finite colength.

Lemma 3.2.9. Let Vier be an inverse system of k-vector spaces and suppose I has a
cofinal system J of finite length. If the structure maps are injective and not surjective,
we get

lim! V; # 0.

i€l

Proof. For simplicity let I = N be a tower. We define

Vi = @ Vo / Vit
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3 Flat and Injective Modules over a Category

and the obvious inclusions as structure maps. We choose projections pr;: V; — Vi
for all i« € N and get (non-canonical) isomorphisms f;: V; =N V;. However, (f;)ien is
an isomorphism of towers. Consequently, we can consider (V;);cy instead of (Vi)ien-
We recall that lim}6 I V; # 0 if the map

id —d: H ‘7; — Hf/;, ( .. ,xg,xg,l‘l) = ( e, L3 — d($4),x2 — d(xg),xl — d(xg))
€N €N

is not surjective. For every ¢ € N choose a non-zero element in
v; € Vi/Vit1 C Vi

Then (...,v2,v1) ¢ im(id —d) because the preimage has to be (..., Y 25 v;, > ooy v;),
but this does not lie in the direct sum. O

3.2.2 Mackey Functors

In the following, let G be a topological group and F a smooth family of subgroups
with [H : K] < oo for any H, K € F. Let M: T' — R be a Mackey functor such that
F C Ob(I"). It defines a contravariant RSubz(G)-module

MY Subs(G) — R-MOD, H — M(H)

by means of the contravariant structure of the bifunctor M.

This section is the contravariant analogue of Section[3.1.2] Instead of flatness results,
we want to prove injectivity results here. The case of a discrete group G and F = FIN
is fully understood, too. Liick [30, Thm. 5.2] showed that MY is injective for Q C R
and R semisimple.

For N € F we define Mﬁ by

M{(H) =

{MG(H), if (N) < (H), (3.2.9.1)

0, otherwise.

The canonical projections pr: M — My induce an isomorphism

Here, we denote by Ir the partially ordered set which was introduced at the beginning
of Section

Lemma 3.2.10. Suppose Q C R and Subz(G) is an El-category. Moreover, suppose
that [H : K] < oo and

{(K)elr|(N)<(K)<(H)}
is finite for any N,H, K € F. Then Mﬁ is an injective RSubz(G)-module if for any
H € F the RWgH-module C’SHM]%Y 18 injective.
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3.2 Injective Modules over a Category

Proof. Since CSyM§ is injective by assumption, we get a split s(H): MG(H) —
CSyM§ of the canonical inclusion i(H): CSyM§ — MS(H). We obtain a map
(ct. (3.2.4.1))
Tn: M — [ CEuCSuMg,
(H)EI]_-N
where we set

FN={HeF|(N)<(H)}.

The module [z

ules. Hence Mﬁ is injective if Tl is an isomorphism.

el n CEHCSHM]C\% is injective because C' Ey respects injective mod-
‘F

First, let us show the injectivity of Th. This does not differ very much from the
surjectivity argument of T in Lemma We remark that the condition

{(K)elr| (N) < (K)<(H)} <o

clearly implies Iy (H) < co. Now we show by induction over the relative length I (H)
that Ty (H) is injective. If [y(H) = 0, then M (H) is zero and hence T (H) is
obviously injective. The induction step is done as follows: We have an isomorphism

Tn(H)|cs, g CSyM§ — (CExCSyM§)(H).

If 0 # a € CSyM§, we can conclude Ty (H)(a) # 0. If 0 # a ¢ CSyM§, then, by
definition, there exists a K € FV and f: K — H such that (M{)*(f)(a) # 0. In
particular, we have [y (K) < Iy(H) and the induction hypothesis holds for K. We
obtain

[ CEaCSuME) ()0 Ty(H)(a) = Tn(K) o (MF)"()(a)) #0.
(H)elzn

This finishes the induction step.
Next we want to show that Tl is surjective. Choose for any (H) € Ir~ a represen-

tative H € (H). So in the sequel, we get for these representatives that H = K follows
from (H) = (K). Put

J(H) = morsyp,(q)(H, K)/WeH.

Then we fix for any element f € J(H) a homomorphism of topological groups f: H —
K such that there exists a g € G with f = ¢(g) the morphism which f represents in
Subx(G). For simplicity, we identify f and the fixed representative f in the sequel.
So for two such homomorphisms fi, fo: H — K with fi = fy we already have f; = fo.
Let Hy,Ho, K € FY and (f;: H; — K) € mors, (e, 7)(H; — K) be arbitrary. We
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3 Flat and Injective Modules over a Category

consider the following diagram

indf1 resfo
M(H1)*>M(imf1) M(K) M(imf2)4>M(H2)
Mg (Hy) Mg (K) Mg (Ha)
I]’ JTN(K) S(Hz)J
B(Hz1,f1) A(f2)
csmmM§ —— s I CEaCSaME(K) 2 CSu, MS

HelsSub £(G)

where j is the canonical inclusion, s(Hz) the chosen retraction and B(Hj, f1) is the
composition Ty (K)oindy, oj. Thus the left square commutes. The left arc commutes
because of functoriality of ind (in the sequel, we will identify fo and fo: Ha — im f3).
By definition, we get, on the one hand, ind 5= (res f2—1)_1 and, on the other hand,
with functoriality resy, = (res f;l)_l and finally ind £ = Tesy. Hence the right arc
commutes, too. Let A(f2) be the evaluation against fs, namely

Alf): ] CEuCSuME(K) ——— CEp,CSpy, MG (K) — CSy,M§
(H)EI]_-N

4 e(f2)-
We define Ky, as the adjoint of id: M (Hs) — M (Hs). Explicitly we get
Kpg,(K): M§(K) — CEg, o Resg, M§(K), m — (g~ res,(m)).

We remind the reader that Ty = H(H)eIfN (Tn)p by definition (cf. (3.2.4.1))). We

obtain (Tw)m,(K) = s(Hz2) o Ky, (K). Consequently, the right square commutes and
so does the entire diagram. Let

a(Hy, f1, Ha, f2): CSpy, M§ — CSu,M§. a(H, f1, Ha, fo) = A(f2) o B(Hi, f1).

With the help of the double coset formula, we obtain

i . . i k=1i k
resioimdf = D0 indum): im()nk-tim()k—im(f) OTOSmmi)
k € im(f2)\K/im(f1)
By definition, the composition
CSu, MG & M§(Hy) — M(H,)
: im(f1)Nk ™ im(f2)k
ind g, . im(fq) . 1.
—— M(im(f1)) M(im(f1) Nk~ im(f2)k)
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is trivial if im(f1) Nk~ im(f2)k # im(f1). So let im(f1) Nk~tim(f2)k = im(f1). This
is only possible for (H1) < (Hg). Let (H;) = (H2) and thus H; = Hs by our choice
of representatives. Furthermore, this implies im(f;) € k~!im(f2)k. Since we have
k~lim(f2)k =2 Hy = Hy = im(f;1) in Subz(G), there exists a g € G such that

g~ (k™M im(f2)k)g = im(f1) C k™" im(fo)k.

As Subz(G) is an El-category, we obtain k~!im(f2)k = im(f;). Hence fo = fi in
J(H). This already implies fo = f1. Hence we have k € Ngim(f2) N K and deduce
a(Hy, f1, Ha, fo) = |K N Ngim(f2) : im(f2)| - id. Recapitulating the above, we get

|K N Ng 1m(f2) : 1m(f2)| -id, if Hy = Hy and f; = fo,
(Z(Hl,fl,HQ,fQ) = ¢ do not know, if (H]_) < (HQ), (32101)

0, otherwise.

We have

[[CEnCSaME(K) = [[ CEnCSHME(K) = @D CExCSHME (K),

(H)EI]_—N (H)GI]:N (H)EI]_—N
(N)<(H)<(K)

[{ (H) € F¥ }| = [{(H) € I~ | (N) < (H) < (K) }| < o0

by assumption. Therefore we can define the map

K): @osym§ S22 Oy cpyosm§ k) 2 @y sy Mg,
(H)el, N HCK (H) € Ipn (H)el,n HCK
(f+ H—K)esubz(G) (f: H—R)ESub 7 (G)
With and induction it is easily seen that a(K) is surjective and hence
®u,fA(f). Obviously @y, rA(f) is injective and hence ®p fA(f) is an isomorphism.
Consequently, ®g ¢B(H, f) is surjective. Since © g, ¢B(H, f) factorizes over Tn(K),
we obtain the surjectivity of Ty (K). O

Lemma 3.2.11. Let I be an RSubz(G)-module and define Iy analogously to
for N € F. Suppose that every RSubx(G)-module In is injective. Then I is an
injective RSubz(G)-module if and only if for each H € F and every RSubg, (G)-
submodule L C RSubg, (H)(?, H), the term

hm homRSubf (H)(RSube(H)(?,H)/L,I]I\?) =0
NGI}‘H

vanishes, where I]{,I = TeSsuby, (H) In and Fp denotes the subfamily of groups which
are contained in H.

Proof. We show both directions simultaneously. To prove injectivity we have to prove
exactness of the functor hompgs,p,(q)(—, 7). By [20, Lem. 1, p. 136], it suffices to
consider short exact sequences

0 — L — RSubz(G)(?,H) — RSubx(G)(?,H)/L — 0.
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3 Flat and Injective Modules over a Category

Since Iy is injective, we obtain a short exact sequence

0 — hompgsyp,(q) (RSubx(G)(?, H) /L, In)
— hompgsyp (@) (RSubx(G)(7, H), IN)

— hompsyy,(¢) (L, In) — 0.
By applying limyer, and using the isomorphism

. pr, .
hom psub,- () (L', 1) = hom gsyp,- () (L ]\1[1517 Iy) — A}g?f hom psub,- () (L', In),

we get an exact sequence

0 — hom sy, (q) (RSUbs(G)(?, H) /L, I)
— hom sy (@) (RSUb#(G) (7, H), I) — hompsuy - () (L, 1)

— lim' homgsyp,, () (RSUb#(G)(?, H) /L, Iy)
Nelr

s 1
_)]\17161?7: homRSub]:(G) (Rsubf(G)(?a H)a IN)

However, the inverse system of the last term is
hompgsyp, (@) (RSubx(G)(?, H), In) = IN(H),

hence constant; and the last term vanishes. Thus we get an exact sequence

0 — hompsyy,.(a) (RSUbs(G)(?, H) /L, I)
— hompsyy - (@) (RSUb£(G)(?, H), I) — hompsyp.(q) (L 1)

— Jim’ homgsy,-() (RSub#(G) (7, H)/L, Iy) — 0
elF

and

lim' hom gsyp - () (RSUb#(G)(?, H) /L, Iy)
Nelr

is the obstruction for exactness of hom gsp, () (—, I)-
In order to get the assertion, we have to simplify the derived limit a little bit. Since
we have

. Subx(G
mdsﬁgii(}{) RSubg, (H)(?, H) = RSubz(G)(?, H),

and (ind, res) is an adjoint pair of functors, we obtain
hom gsup -, (1) (RSUb g, (H)(?, H) /L, I) = hompsyp () (RSWbx(H)(?, H) /L, Iy)

and consequently

lim" hompsyy, (i) (RSUbz, (H)(?, H)/L, I})
NEI}-H H

= lim" hom gy () (RSUb#(G)(?, H) /L, Iy).
Nelr

Now the assertion follows. O
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Remark 3.2.12. Let F» be a I'-collection of families of subgroups for some I". Then we
have Fg C (Fg)g for any G € Ob(I') and any H € Fg by Remark Equality
does not hold in general but holds for the collections in Example [I.5.7]

Remark 3.2.13. Let (I;)jes be an inverse system of injective R-modules which is of
finite length. Suppose that lilfn}E 71; = 0 holds. Then we get by Corollary that
lim;e s I; is injective if and only if

lim' hom (M, I;) = 0

JjeJ
for every R-module M. This result is not valid for RI'-modules (see Example[B.5). The
essence of the previous lemma is that in the case of RSubz(G)-modules the statement
remains true if we restrict to special RSubz(G)-modules M.

Remark 3.2.14. The structure maps in
hom psub-,, () (RSUbF(G)(?, H) /L, I)

are injective. Furthermore, these groups are QQ-vector spaces, provided Q C R. Sup-
pose that Iz, has finite length. This is the case for ¥ = 7 or G’ unimodular and
F = CO . Then we can deduce by Lemma the existence of a cofinal subsys-
tem which has only isomorphisms as structure maps if the corresponding derived limit
vanishes.

Theorem 3.2.15. Let Q C R be semisimple. Suppose that [H : K| < oo and the
corresponding morphism set mors,y, (o) (G/K,G/H) is finite for any H, K € F. For
a Mackey functor M, the RSubx(G)-module M is injective if and only if

lim" hompsy, () (RSubsg, (H)(?,H)/L,M{) = 0
NEI]:H H

for each H € F and L C RSubg, (H)(?, H).
Proof. The category Subz(G) is an El-category by Corollary [1.2.24] Thus
WeH = morsyp,(q)(G/H,G/H)

is a finite group. Since RWgH is semisimple, C'S HMﬁ is an injective RWgH-module.
Moreover, we have

{(K) € Ir | (N) < (K) < (H) }| = |[{ (K) | 39€ G: gNg ' CKCH}|
< ‘morSub]:(G)(Nv H)’
cmax { | { K | gNg™" € K € H }| | [e(g)] € morsyp, (@) (N, H) }
and
max { |[{ K | gNg~' C K C H }|| [c(g)] € morsyp, () (N, H) }

< max { 29N | (g)] € morsun, () (N, H) | < oo.

Therefore Mﬁ is injective for every N € F by Lemma(3.2.10[ Thus we get the assertion
by Lemma [3.2.11 I
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3 Flat and Injective Modules over a Category

Lemma 3.2.16. Let Q C R be semisimple and Subx(G) be an El-category. Let M
be an injective RSubx(G)-module and for every H € F let the corresponding group
CoH(HNCgH) be locally finite. Then resy, M is an injective ROrz(G)-module, where
we denote by pr: Org(G) — Subeo(G) the canonical projection.

Proof. The functor indy, is exact as we have seen in the proof of Lemma There-
fore resy,; respects the property injective by Corollary [I.3.13} O

Assembling all together we obtain

Proposition 3.2.17. Let Q C R, Orz(G) be an El-category and M be a Mackey
functor. Suppose that the following conditions hold.

(i) {(K)elr|(N)<(K)<(H)} <ooand[H:N]<oo forany N,H € F.
(ii) CcH/(H N CgH) is locally finite for any H € F.

(iii) CSyM§ is an injective RW//gl/'{—mOdule for any H € F.

Then resp, MC is an injective ROTx(G)-module if and only if

lim" hompsyy, (a)(RSubz, (H)(?, H)/L, M) = 0
NEI]:H H

for each H € F and L C RSubr, (H)(?, H).

Proof. Because of and we can deduce by Lemma[3.2.10{and Lemma|1.2.13|that
M§ is an injective RSubx(G)-module for every N € F. Now [(ii)| and Lemma [3.2.16

yield the injectivity of resp, Mﬁ Thus the assertion follows from Lemma [3.2.11 0

Proposition 3.2.18. Let Q C R and G be a prodiscrete l-group. Suppose CaH/(H N
CgH) is locally finite for any compact open subgroup H C G. Then resp, M G is an
injective ROrco(G)-module if and only if

liml homRSubco(H) (RSUbC(’)(H)(?, H)/L7MJI\17() =0
Nelco

for each compact open subgroup H C G and L C RSubeop(H)(?, H).

Proof. By Proposition [[.2.25] the subgroup category is an El-category and the mor-
phism sets are finite. Now the assertion follows from Theorem[3.2.15|and Lemmal[3.2.16
O

Theorem 3.2.19. Let Q C R be semisimple. Suppose that [H : K| < oo and the
corresponding morphism set moro,, () (G/K,G/H) is finite for any H, K € F. For
a Mackey functor M, the ROrz(G)-module resp, ME is injective if and only if

s 1 9 H —
Nlelgg_H hom psyp -, (G) (RSubr(H)(?, H)/L, My ) = 0

for each H € F and L C RSubx(H)(?, H).
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Proof. The category Orz(G) is an El-category by Corollary [1.2.24] Thus
WeH = moro,,(¢)(G/H,G/H)

is finite. Hence CoH/(H N CgH) C Wi H is finite. The assertion follows now from
Theorem [3.2.15] and Lemma [3.2.16} O

Corollary 3.2.20. Let Q C R be semisimple. Suppose that either F =T or that G is a
semisimple p-adic group and F = CO. For a Mackey functor M, the ROr£(G)-module
respr ME is injective if and only if

lim! h H)(?, H)/L M) =
NG%I;H OmRSub]:H(G)(Rsub}-( )(7 )/ ’ N) 0

for each H € F and L C RSubr(H)(?, H).

Proof. We want to apply the theorem. In the first case, let F =Z andlet H C K C G
be closed subgroups of finite index. We obtain

|moror,(¢)(G/H,G/K)| =[{ge€ G| gHg™! C K} /K| <[G: K] < oo.

Therefore, the theorem is applicable.

Now let G be a semisimple p-adic group and F = CO. The orbit category is an
El-category with finite morphism sets by Corollary[I.7.12] Therefore we can apply the
theorem. O

3.3 Applications to K-Theory

In this section, we discuss the case where the Mackey functor is given by the coeflicients
of K-theory in more detail. We provide examples in which the coefficient modules are
not flat or injective, respectively. At the very end of this section, as a happy ending,
we give an example, where the coefficient module is injective.

Let G be a second countable locally compact group and F = CO. In this section,
we assume that Oreo(G) is an El-category. For a ring R, we denote by Kg the
covariant or contravariant Oreo (G)-module K§' (G/?)®R or K&(G/?)®R, respectively.
Sometimes we consider Kg as a Subep(G)-module but in those cases we will state it
explicitly. Furthermore, for an ROv¢p(G)-module M and N € CO, we denote by My
the truncated module which was defined in Subsection [3.1.21

We recall that we have Kg(H) C C(H,C)" for a compact open subgroup H C G
by Lemma Thus we can think of an element p € K&(H) as a continuous
complex valued conjugation invariant function ¢: H — C. This identification will be
used throughout the entire section.

Lemma 3.3.1. Let H C G be a compact open subgroup. Suppose further that

M=H\ |J K

KCH
compact open
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3 Flat and Injective Modules over a Category
1s non-empty and open. Then the constant CWgH -module C is a direct summand of
SHKg and of C’S’HKg.
Proof. Let N C G be a compact open subgroup and consider the following maps
p1: C 5 (KE)n(H) = Su(KE)N
p2: OSu(KE)w =% (KE)n(H) & C,
where the maps ¢ and p are induced by

A f: H—>C|fconstant}—>CH(C) fe=f

vol / U

for a chosen Haar measure on H. Since M is assumed to be open and non-empty, we
get vol(M) > 0. Thus p is defined. Consequently, the maps ¢ and p are splits of each
other. For a compact open subgroup N C N, we obtain a diagram

p:CH,COF -C, f—

N
Su(KE)n +— CSu(KE)N
pr i
C d C

inc
1 . 2

Su(K&) 5 +— CSu(K&) 5
Note that under the identification K&(H) C C(H,C)!, we have

C(KE )y = { (71 H — ) € KE(H) | 7150 ez omms o bz )

and sy sends [f: H — C] € SH(Kg)N to f': H — C, where

N if h € K for some compact open subgroup K C H with (V) < (K),
Jh) = f(h), otherwise

We obtain maps

C—>cothH(KC)N—>C and C— lim CSy(K&)y — C,

Nelco Nelco

where the compositions are identities because the required parts of the diagram com-
mute. Since we have

colim SH(Kg)N = SHKg and  lim CSH(Kg)N = CSHKE,

Nelco Nelco

our assertion follows. O
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Corollary 3.3.2. If there exists a compact open subgroup H C G such that the corre-
sponding group is locally finite (torsion) and the assumption of Lemmal3.3.1|is satisfied,
then K(S is not flat (injective) as a QI'-module for T' = Subeo(G) or I' = Oreo(G),
respectively.

Proof. This follows directly from the previous lemma and Theorem [A7] or Theo-
rem respectively. O

Ezxample 3.3.3. Let G = GL2(Qp) and K be the compact open subgroup

K:{A: (‘CZ Z) € GLy(Qy)

Then K has exactly three maximal compact subgroups (cf. Figure , namely

a b
Hl_{(c d)GK prZP},
=4 (% Nerlcep and
2 — c d pp
Hs = abeK deZUabeKbeZ
3 — c d (I, pp c d 7C pp

Obviously, Hy U Hy U Hy # K and K \ (H; U Ha U H3) is open. Hence the assumption
of Lemma [3.3.1] is satisfied. Moreover, we obtain

Z=Qp, /%, =Ca(K)/(KNCq(K)) S WeK.

|det A, =1 and a,b,c,dGZp}.

Therefore Kg is neither flat nor injective as a QOrcp(G)-module. We remark that

KQ is flat as a QSubeo(G)-module by Corollary m and Corollary m

The Heisenberg group, which we will introduce in the next example, does not have
a Chern character for the Borel construction (Example [£.3.2). Although a Chern
character exists in the case of K-theory (see Section , we show in the next example
that our approach does not work in this case.

Ezample 3.3.4. Let Hei be the three-dimensional Heisenberg group which is the sub-
group of GL3(Z) consisting of upper triangular matrices with 1 on the diagonal. Tt
has the presentation

Hei = (u,v,z | [u,2] = 1,[v, 2] = 1, [u,v] = 2) .
There is the central extension
175 Hei 2572 -1,

where ¢ maps the generator in Z to the element z and pr sends z to (0,0), u to (1,0)
and v to (0,1). Let k: Z — Z, be the obvious inclusion. The central extension yields
a central extension of topological groups

157,565 722 51 (3.3.4.1)
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3 Flat and Injective Modules over a Category

described next. We equip Z? and Hei with the discrete topology. The topological
group G is the quotient of Z,, x Hei by the central closed subgroup given by the image
of j X i: Z — K x Hei. The homomorphism of topological groups j is induced by the
inclusion of groups Z, — Z, x Hei and p: G — Z? is induced by the composition of
the projection Z, x Hei — Hei with pr: Hei — Z?. We denote by [: Hei — G the
map induced by the inclusion Hei — K x Hei. Note that G is an [-group since Z,, is
an [-group.

Since is central, we obtain Subcp(G) = Subco(Z,) and Kg is flat as a
QSubep(G)-module. Moreover, it is injective, which we will prove in Lemma
Each proper compact open subgroup K C Z, is contained in pZ, and Z, \ pZ,, is open.
Since WgZ, = Z?, the assumptions of Corollary are fulfilled and K(S can be
neither flat nor injective as a QOr¢o(G)-module.

Note that G is a p-adic Lie group [I8, Thm 8.1] because Z, is an open subgroup.

In Example we will see that the corresponding coefficient module for G of the
Borel construction cannot be flat, either.

Before we give an example of an injective K(S at the very end of this section, we
discuss the case, where Kg is not injective.

Lemma 3.3.5. Let N =[], 7Z/2Z and G = N xZ, where Z acts on N in the obvious
way. Then Kg is not injective as a QOrco(G)-module.

Proof. For N C H C G compact open, the maps

C—— KEH)——C
22— (g 2)

fr——71)

induce a split C — Kg , where C denotes the constant contravariant Orco(G)-module.
Thus it suffices to prove that C is not injective. Since Z is a non-torsion group, the
constant CZ-module C is not injective by Theorem Hence there exist a CZ-
module M and an injective map i: C — M which does not split. Let H C G be a
compact open subgroup. Then we already have H C N because Z does not admit any
non-trivial finite subgroup. Since H C N is open, we can assume |[;Z/2Z C H for a
cofinite set I C Z. We obtain

A if H=N,
WaH C

(Z./2Z)F for some k € N, otherwise.
We define a [ [y Z/2Z-action on M by the trivial action. Then M canonically defines
a QOrco(G)-module M with M(H) = M for any compact open subgroup H C G.
We get an injective map i: C — M, which does not split. Consequently, C is not
injective. O
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Proposition 3.3.6. Let I' = Orep(G) or T' = Subeo(G), respectively. Suppose
that the corresponding morphism sets moroy,, (@) (G/K,G/H) or morsuvgeo (K, H),
respectively, are finite. Let H C G be a compact open subgroup. Suppose there exist

infinitely many compact open subgroups Hy, Ho, ... such that the sequence
%
M; = U U gHrg ™!
k=1g€eG

is properly increasing. Then Kg is not injective as a QI'-module.

Proof. By Corollary [2.2.39] and Theorem [3.2.19] or Theorem [3.2.15] respectively, it
suffices to find a compact open subgroup K C G and a QSubcp(G)-submodule L C
QSubcon(G)(?, K) such that

ngfi homgsubeo () (QSUbeo (G)(?, K) /L, (K{ )n) # 0.

Our candidates are K = H and

0, In(H;) < i for minimal 7 with (N) < (H;),
L(N) =  QSubco(G)(N, H), In(H;) =i for minimal i with (N) < (H;),
0, otherwise.
Consequently, we have
(@Subeo(@)(7, H)/L(2)) (N)
QSubco(G)(N,H), In(H;) < i for minimal ¢ with (N) < (H;),
=40, In(H;) > i for minimal ¢ with (V) < (H;),

QSubeon(G)(N,H), otherwise.
We define xp,: H — C by

07 h e Mi—l)
XHi(h) - {

1, otherwise.

Let N C G be a compact open subgroup. We obtain the inclusion

homcsybeo () (CSubeo(G)(?, H) /L, (KE)N)
C homcsypee (6)(CSubco(G) (2, H), (K& n) = K& (H),

and under this identification we have

hom(CSubco(G’) (CsubCO(G)(?v H)/Lv (Kg)N)
={f € KE(H)| fly=0for (N) < (N) < (Hy), ly(H;) =i}
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For N1 C Ny C H; compact open with Iy, (H;) =i —1 and Iy, (H;) = i we deduce the
following:

X, € hom(CSubeo(G)(?, H)/L, (K&)N,) and
XH; §é hom(csubCO(G)(?7 H)/L’ (Kg)Nl)

The structure maps cannot be surjective; however, they are always injective. Thus the
derived limit does not vanish by Lemma [3.2.9] O

Remark 3.3.7. The sequence M; of the previous proposition may become stationary
even if the corresponding subgroups are non-subconjugated. Let G = (Z/2)3 and let
Hiq, ..., H, be the set of maximal subgroups, i.e., two-dimensional subvector spaces.
Let a € H, and suppose (a,b) is a basis of H,. Pick a linearly independent ¢ € G.
Then we obtain Hy, = (a, c) for some k < n and a € Hj. Therefore the sequence M; of
Proposition [3.3.6] is not properly increasing in this case, although Hy, ..., H, are not
conjugated.

Ezample 3.3.8. Let K be compact and G = [[, K. Let H; C G be the subgroup,
omitting the i-th factor. Then the corresponding sequence fulfills the assertion of
Proposition m Hence K(S is not injective.

Remark 3.3.9. Let G be an Il-group. Suppose we have only finitely many maximal
subgroups for each H C G compact open up to conjugation. This is morally true in
light of Proposition [3.3.6] Then we can define a decreasing sequence

k n;
Hy=H, Hy=()()H
i=1j=1
of compact open subgroups. Here { H; , ..., H;,, } denotes a system of representatives

of conjugacy classes of maximal compact open subgroups. Since G admits, as an [-
group, a basis of topology of compact open subgroups and [Ny : Na] < oo for Ny C
Ny C G compact open, we obtain that

{9Hng™ g€ G, neN}
is a basis of topology and defines a cofinal subsystem in CO (of H). Our derived limit
simplifies to
lim" homgsybee(q) (QSUbeo (G)(?, H) /L, (K§)N)

Nelco
= lim" homgsyp,o () (QSUbeo (G)(?, H)/L, (K§)n,,).

n—oo

Finally, we want to give examples of [-groups which induce injective modules.

Lemma 3.3.10. Let G be an abelian compact group such that every compact open
subgroup has only finitely many maximal compact open subgroups (e.g., G = Zyp).
Then K(g is injective.
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Proof. Since G is compact, Otco(G) = Orz(G) and it suffices to prove that the derived

limit vanishes by Corollary [3.2.20
We get dimg QSubco (G)(H, K) € {0,1} for the free module because the morphism

sets have only one element or are empty for an abelian group.

Let L € QSubeo(G)(?, H) be a submodule for H C G compact open. Further,
we choose a basis of topology Hip, Hs,... as in the previous remark. Assume we
have a minimal n such that L(H,) = Q. Otherwise we would get the trivial case
L = QSubcop(G). Now we can conclude

llirgol hom((QSubco(G)(?, H)/L), (K§)1)
- 113201 hom((QSubco(G)(?, H)/L), (K§)nt1) = 0.

O]

Note that the previous lemma does not use any special properties of K(S but works
for any QOr¢co(G)-module M which has a Mackey functor structure. However, the
author wanted to place it after Proposition [3.3.6] and its remarks.
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4 The Construction of the Equivariant
Chern Character

The goal of the first section of this chapter is to construct a natural map

~G
' Ho(X) @ore(c) HE(C/?) — Ha(X).

Together with the flatness results of the previous chapter this yields the desired Chern
character. As a consequence, we get Theorem which provides a tool to compute
K, (C}(GQ)) ® C for a semisimple p-adic group G. In the special case of G = SL2(Q)),
we compute K, (C;(G))®C explicitly. In the second section, we discuss the cohomology
case, where we get a Chern character, too. However, there is no nice application as it
is in the homological case. In the third section, we give examples of groups, where a
Chern character cannot exist.

In this chapter, R denotes a commutative ring with Q C R.

4.1 The Homological Equivariant Chern Character

Let H. be an equivariant (T, JF?)-homology theory with values in R-modules such that
Fr is a smooth family for every H € Ob(I"). Let G € Ob(I") and (X, A) be a (G, Fg)-
CW-pair. We consider a subgroup H € Fg. We recall that every subgroup H € Fg
is open by definition. Consequently, our G-CW-complex (X, A) is smooth.

We want to construct an R-homomorphism

ch§ (X, A)(H): Hy(X", A", R) @ g HS (G/H) — HS, (X, A), (4.1.0.1)

where H,(X™ AH:R) is the cellular homology of the CW-pair (X A#) with R-
coefficients. Note that X is a CW-complex since X is smooth. For (notational)
simplicity we give the details only for A = (). The map is defined by the following
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4 The Construction of the Equivariant Chern Character

composition
Hy(X";R) ©r HE(G/H)
hur(X 1)®gind§ | =
(X)) @z Rog HE ({e})
DH (XH)
Myl o (X

. G
ind%

1R

HE (G xpyg X

G
Hy (X))
Some explanations are in order.

For every CW-complex Y let hur(Y): mp (Y5 ) ®z R — Hp(Y'; R) be the Hurewicz ho-
momorphism. It is bijective since Q C R and therefore hur is a natural transformation
of (non-equivariant) homology theories, which induces for the one-point space Y = {e}
an isomorphism 7 ({e}+) ®z R = H,({e}; R) for p € Z by a result of Serre [48].

Given a space Z and a topological group H, consider Z as a smooth H-space by the
trivial action and define a map

DI (2): m3(Z+) @ HE ({o}) = 73(Z4) 92 R HE ({o}) — HEL ,(2)
as follows. For an element a ® b € m,(Z1) ®z Hé{ ({®}) choose a representative

[ 8Ptk — SF A Z, of a. We define DY (Z)(a ® b) to be the image of b under
the composition

HE (o)) = HE(S0) 7 FIL 4 (57HF {o)

ﬂ£{+q+k(f)

~ O.fk ~ o~
Hllj‘l’q-i-k(Sk A Z+7 {.}> - Herq(Z-F) H H;{HAZ), (4102)

where o denotes the suspension isomorphism. We remark that {e} is an (H, Fg)-CW-
complex because H € Fp by definition (cf. Definition [1.5.5)).

The G-map v;,: G xg X — X sends (g, ) to gz.

Lemma 4.1.1. Let G be a group and X be a smooth (G, F)-CW-complex. We consider
H KcFandge G withgHg ' C K. Let Ly: XH — XK be the map induced by
left multiplication with g~ '. Let Ry—1: G/H — G/K be given by right multiplication
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with g~ 1. Then the following diagram commutes:
Hy(X) & HE (6 H) " (00 & 1 (6 )
Jid ®R, 1 lch,‘;’,q(X)(H)
H,(XK) & MG (G K) —— =Dy (x
Proof. We examine the following diagram:
4 ® (pr,. 0 ind,(g)) (L,—1)=@id

w2 (XK) @ RO HE ({o}) ¢ w3(xX¥) @ RO M ({0})) ———— m3(X) 8 Ro H ({o})

K H H
JDPMI JDpyq le,q
pry oind (Lg—l)*

c(9)

p+q(XK) p+q(XK) p+q(XH)
Jjndc J/indc Lndg
_ 1 xid)x (id x L 71
Ky H
Hp+q(G XK X p+q(G Xe(g) XK p+q(G xXm XT)
(X)

p+q

We consider XX as a trivial H-space in H, +q(X K. The upper left square commutes
as an immediate consequence of the definition of D]f{q and the naturality of ind. The

upper right square commutes because ng is functorial. By Lemma|1.5.11} we have a
commutative diagram

HI({o}) —200 s 30K (o))

Jindg lind%
(R *

HE(GH) — s HG(G/K)

Hence the lower left square commutes. Because of ind;, _, = id XL,-1, the lower right
square commutes. Finally, it is obvious that the lower triangle commutes and so does
the entire diagram commutes. From this and the definition of @gq the assertion easily
follows. O

Theorem 4.1.2. Let H. be an equivariant smooth (', F2)-homology theory with values
in R-modules. Let G € Ob(I') be a (topological) group and suppose the Orr,(G)-
module HS (G /?) is flat for alln € 7. Then there is an isomorphism, called equivariant
Chern character, of (G, Fg)-homology theories

ch¥: BHE (X, A) — HE (X, A)

which is natural in (X, A) and compatible with the boundary maps. If H € Fg is
another group with a corresponding flat coefficient module HX (H/?), then chS and
ch are compatible with induction ind$,.
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4 The Construction of the Equivariant Chern Character

Proof. By Lemma the maps @gq(X, A) define a map

~G Org. (G)
Ch* : @ Hp (C* e (X7 A)) ®ROT‘]:G (G) H?(G/_) - Hg+q(X7 A)
p+gq=n

By assumption, HE(G/?) is flat and we obtain an isomorphism

Or G o
@ H,(C, 7ol )(X, A)) ®Rrors, (@) HS(H/—) — BHY (X, A).
p+g=n

The composition of these two maps yields a map
ch¥: BHE (X, A) — HE(X, A).

It is not difficult to verify that chg is natural in (X, A), compatible with the boundary
maps and the induction structure. In order to show that Chg is an isomorphism, it
suffices to check this only for G/H for all H € Fg. Since ch$ is compatible with

induction, ch®(G/H) is an isomorphism if ch’ ({e}) is one. However, this is obvious.
U

Corollary 4.1.3. Let R be semisimple and let H. be an equivariant smooth (T, F»)-
homology theory with values in R-modules which has a Mackey structure on coeffi-
cients. Let G € Ob(T") be a (topological) group such that the corresponding semigroups
morOTfG(G)(G/H,G/H) are finite and lx(H),[H : K| < oo for every H K € Fg.
Then there is an isomorphism of (G, Fg)-homology theories

ch¥: BHE (X, A) — HE(X, A)

which is natural in (X, A) and compatible with the boundary maps. If H € Fg, the
maps ch® and chf are compatible with indg.

Proof. Combining the previous theorem with Corollary yields the desired asser-
tion. O

Corollary 4.1.4. Let R be semisimple and let H. be an equivariant proper smooth
homology theory which has a Mackey structure on coefficients. Moreover, let G be a
prodiscrete l-group such that CaH/(H N CgH) is locally finite for every compact open
subgroup H C G. Then there is an isomorphism of proper smooth G-homology theories

ch¥: BHE (X, A) — HE (X, A)

which is natural in (X, A) and compatible with the boundary maps. If H € Fg, the
maps ch® and chf are compatible with ind%.

Proof. By Corollary [3.1.19] the coefficient module is flat as an ROt¢o(G)-module.
Now the assertions follow by Theorem [£.1.2] O
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4.1 The Homological Equivariant Chern Character

Corollary 4.1.5. Let G be a unimodular group with locally finite semigroup
MOT Oy, () (G/H,G/H) for every H C G compact open. Denote by H’ the Borel
construction. Then there is an isomorphism of proper smooth G-homology theories

ch¥: BHY(X,A) ©Q — HE (X, A) @ Q

which is natural in (X, A) and compatible with the boundary maps. If H C G is a
compact open subgroup, the maps ch*G and chf are compatible with ind%}.

Proof. We want to apply Theorem [3.1.16] By Proposition [1.2.21] the orbit category
is an El-category and I (H) < oo for all compact open subgroups K C H C G. It
remains to construct splits for the projections

pr: HY(G/H)y @ Q — Sp(HY(G/?)n ® Q),

where N C H C GG are compact open subgroups. However, the structure maps are ra-
tionally surjective by Remark Hence the right term vanishes, and the projections
split. Thus H%(G/?)y ® Q is flat, and we can apply Theorem m O

We want to give an example of a group G which has infinite but locally finite
semigroups mor oy, (¢)(G/H,G/H) and does induce a Chern character.

Proposition 4.1.6. Let L be a locally finite discrete group and F be a finite group.
Furthermore, let N =[] L and G be the group

G=Nx1L,
where L acts on N in the obvious way. Then
MOT Oy () (G/N,G/N) = WgN = L,
and there is an isomorphism of proper smooth G-homology theories
ch¥: BHE (X, A) ® Q — HY(X,A) ® Q,
where H. denotes the Borel construction.

Proof. We want to apply the previous corollary. Since N C G is a compact open
normal subgroup, G is unimodular by Lemma [[.2.16] This implies

Mo oo (c) (G/N,G/N) = WeN

by Lemma [1.2.18] Moreover, WgN = L is obvious. It remains to show that the Weyl
group WgH is locally finite for every compact open subgroup H C G. Solet H C G
be a compact open subgroup. We define

Hy=pry(H)CN and Hy=pr (H)CL,
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4 The Construction of the Equivariant Chern Character

where pry and pry are the canonical projections. We remark that pry is not a group
homomorphism and H; is not a group. Since H is open, H; is open and, by defini-
tion, there exists a cofinite set L C L such that [[; F C H;. The Weyl group is a

subquotient of
(ITF) x wet..

INL
The first factor is finite. Hence Wi H is locally finite by Proposition[A.5] Now a Chern
character exists by the previous corollary. ]

Corollary 4.1.7. Let R be semisimple and let H. be an equivariant smooth (T, F2)-
homology theory which has a Mackey structure on coefficients. Moreover, let G €
Ob(T") and suppose that either F» = I or that G is a semisimple p-adic group and
F> =CO. Then there is an isomorphism of (G, Fg)-homology theories

ch®: BHY(X,A) — HE (X, A)

which is natural in (X, A) and compatible with the boundary maps. If H € Fg, the
maps ch® and chf are compatible with indg.

Proof. The assertion follows from Theorem [£.1.2] and Corollary [3.1.20] O
Now we can tackle the main theorem of this thesis.

Theorem 4.1.8. Let G be a semisimple p-adic group. Then we get an isomorphism

P cHS,.,..(8G) = K, (C;G) @ C.
kEZ

Proof. In Proposition [2.2.42] we have already shown
CHE(BG) = H™9 (5G; Re).
Thus we obtain

BKS(BG) @ C = ) CHE.,.,(3G).

kEZ

Further, we have the Baum-Connes assembly map
p: K7 (BG) — K(C;G),

which is known to be an isomorphism by a celebrated result of Lafforgue [26]. Finally,
there exists an isomorphism

ch%(8G): BKE(BG) ® C = K%(3G) ® C

by Corollary [2.2.39 and Corollary [£.1.7] Composing the three isomorphisms yields the
desired isomorphism. O
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4.2 The Cohomological Equivariant Chern Character

The K-theory of the reduced C*-algebra of a semisimple p-adic group is a very
interesting object. For a survey of implications of the latter isomorphism see [6l, Sec. 6].

At the end of this section, we want to calculate K,(C)G) for G = SL2(Qp). This
is taken from Higson and Plymen [7]. Note that the latter isomorphism was already
known in this case [41] because SLa(G) operates on a tree, its Bruhat-Tits building
(Example [1.7.14). We remark that for arbitrary p-adic groups computations were
made in [39].

We recall that G up to conjugation has two maximal compact subgroups:

a pb
Ky = SLQ(ZP) and K= { <plc d) eG

a,b,c,dEZp}.

The intersection I = Ky N K; defines a fundamental domain for SG and the corre-
sponding chain complex reduces to

. Ko . K
ind; ¥ —ind;

0 — R(Ko) & R(K) R(I) « 0.

Although this does not look very difficult to compute, this filled almost a complete
paper [7]. We just want to report the results. In the case of CHlG(ﬂG), we get

CH{(BG) ={f: 2} — C| f(a™") = —f(a), f locally constant }.

Let T be a system of representatives of conjugacy classes of maximal tori. For a
maximal torus T' C G, we set

T ={teT|t+# +id compact },

where an element is called compact if it lies in a compact subgroup. We obtain the
following exact sequence

0— P (179" — CHE (BG) — T — 0,
[T)eT w

where the second direct sum is taken over conjugacy classes of elements w € G such
that (w £ id) is nilpotent. Moreover, we denote by C°(T.“)VéT the complex valued
locally constant functions with compact support which are invariant with respect to
the action of the Weyl group WgT'.

4.2 The Cohomological Equivariant Chern Character

Now we want to dualize the previous construction in order to get a map

chlI(X, A)(H): HS, (X, A) — homp(Hy(X", A", R), HL(G/H)).  (4.2.0.1)

Fortunately, in this case, the construction is completely analogous to the previous
one. Namely, we obtain a map
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4 The Construction of the Equivariant Chern Character

Hgﬁ-f](X)
HEF 9 (vgr)
HEF(G x g XM

indg =

H]g_q(XH)
DH |~
homp(m)((X™)4) ® R, H};{e})
(hur(XH)id) | =

homp(Hy((X")+; R), Hi{e})

(id,ind§) | =
homp (H,((X")4; R), HE(G/H))

The only point which might be unclear is the dual D}? of D .
Given a space Z and a topological group H, we consider Z as a smooth H-space by
the trivial action and define a map

DI (Z): M3/ (Z) — homp(m(Z+) @7 R, HE ({e}))

as follows. Given an element a € HP9(Z) and an element in 75(Z, {}) represented
by a map f: SPT9 — S* A Z,, we define DP4(a)([f]) € HPT9({e}) as the image of a
under the composition

HPHI(Z) = HP(Z,) a* HPTath(gk A Z.)
HPFa(f) (oPtE)—1
—_—

HPHa (PR HI(S%) = HI({e}),

where o denotes the suspension isomorphism.

Lemma 4.2.1. Let G be a group and X be a smooth G-CW-complex. Then consider
open subgroups H, K C G and g € G with gHg™! C K. Let Ly XH — XK be the
map induced by left multiplication with g~*. Let Ry1: G/H — G/K be given by right

multiplication with g—*. Then the following diagram commutes

((Ly—1)+id)
hom p(H,(X¥; R), HY,(G/H)) ———— homg(H,(X"; R), HS(G/H))
T(id,Rg_l) Tchﬁq(X)(H)
ch® (X)(K)
hom(H, (XX R), HL(G/K) Tra HE, ,(X)
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4.2 The Cohomological Equivariant Chern Character

Proof. The proof is essentially the same as in the homological case, which is proven in

Lemma 111 O

Finally, we obtain

Theorem 4.2.2. Let Hj be an equivariant smooth (I', F7)-cohomology theory with
values in R-modules. Let G € Ob(I") be a (topological) group and suppose the Orr,(G)-
module HE(G/?) is injective for all n € Z. Then, for (X,A) finite, there is an
isomorphism, called equivariant Chern character, of (G, Fq)-cohomology theories

chi: HE (X, A) — BHG(X, A).

Furthermore, ch¢, is natural in (X, A) and compatible with the boundary maps. If
H € Fg is another group with a corresponding injective coefficient module Hiy;(H/7),
then chly and chy; are compatible with ind$.

Proof. This can be proven analogously to Theorem O

Corollary 4.2.3. Let R be semisimple and let H5 be an equivariant smooth (I, F>)-
cohomology theory with values in R-modules which has a Mackey structure on coeffi-
cients. Let G € Ob(I") be a (topological) group such that the corresponding morphism
set MOT o, (q) (G/ K, G/H) is finite and [H : K| < oo for every H, K € Fg. Further-
more, Suppose

iml ? * 2)) —
NelflffnG)H homgsup - (1) (RSUb(r) , (H)(?, H) /L, Hp (H/?)) = 0

for every H € Fg and L C RSub(x,, (H)(?, H).
Then, for (X, A) finite, there is an isomorphism, called equivariant Chern character,
of (G, Fq)-cohomology theories

chy: HE(X, A) — BHE(X, A).

Furthermore, chgy is natural in (X, A) and compatible with the boundary maps. If
H € Fq is another group, then chy; and chy; are compatible with indg.

Proof. This follows from Theorem [3.2.19| and the previous theorem. O

Corollary 4.2.4. Let R be semisimple and let H; be an equivariant smooth (I, F>)-
cohomology theory with values in R-modules which has a Mackey structure on coeffi-
cients. Let G € Ob(T") be a (topological) group and suppose either F =7 or that G is
a semisimple p-adic group and F = CO. Furthermore, suppose

lim' hompsyp, (1) (RSWbiz, (H)(?, H)/L, Hiy(H/?)) = 0

NEI}‘H

for every H € Fg and L C RSubgr, (H)(?, H).
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4 The Construction of the Equivariant Chern Character

Then, for (X, A) finite, there is an isomorphism, called equivariant Chern character,
of (G, Fg)-cohomology theories

ch: HE(X, A) — BHE(X, A).

Furthermore, chg, is natural in (X, A) and compatible with the boundary maps. If
H € Fq is another group, then chy, and chy; are compatible with indfl.

Proof. This follows from Corollary [3.2.20 O

Corollary 4.2.5. Let R be semisimple and let H3 be an equivariant proper smooth
cohomology theory with values in R-modules which has a Mackey structure on coeffi-
cients. Let G be a prodiscrete l-group such that the groups CoH/(HNCgH) are locally
finite for every compact open subgroup H C G. Furthermore, suppose

ngrcl(lo hom psybeo (1) (RSUbco (H)(?, H) /L, Hy (H/?)) =0

for every H € Fo and L C RSubco(H)(?, H).
Then, for (X, A) finite, there is an isomorphism, called equivariant Chern character,
of proper smooth G-cohomology theories

ch: HE(X, A) — BHE(X, A).

Furthermore, ch¢, is natural in (X, A) and compatible with the boundary maps. If
H C G is a compact open subgroup, then chy, and chy; are compatible with ind%.

Proof. This follows from Corollary [3.2.18 O

4.3 About the Non-Existence of Equivariant Chern
Characters

We give examples of groups G and G-homology theories for which a Chern character
cannot exist. Note that the existence of a Chern character implies that the correspond-
ing equivariant Atiyah-Hirzebruch spectral sequence (see Theorem collapses.

The following example shows that for a discrete group G and a given G-homology
theory there need not be a Chern character, some further conditions such as an induc-
tion structure or a Mackey structure are needed.

Ezample 4.3.1 (Counterexample for discrete groups). Let Hei be the three-dimensional
Heisenberg group, which we have already seen in Example We recall that this is
the subgroup of GL3(Z) consisting of upper triangular matrices with 1 on the diagonal.
It has the presentation

Hei = (u,v,2 | [u,2] = 1,[v,2] = 1, [usv] = 2). (4.3.1.1)
There is the central extension

1 -7 5 Hei 2572 — 1, (4.3.1.2)
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4.3 About the Non-Existence of Equivariant Chern Characters

where ¢ maps the generator in Z to the element z and pr sends z to (0,0), u to (1,0) and
v to (0,1). Put G = Z? and F = Z\ EHei, where Z C Hei is the central infinite cyclic
subgroup generated by z. Then the Hei-action on EHei induces via pr: Hei — Z? a
G = Z?-action on F = Z\EHei. We claim that there cannot be a Chern character for
the G-homology theory with values in Q-modules given by

HE(X) = H(F x¢ X;Q).

Suppose a G-equivariant Chern character would exist. For X = EG, it would yield
an isomorphism

P HS(EG; Hy(F;Q)) — Hu(F x¢ EG;Q), (4.3.1.3)
ptg=n

where the left hand side is computed by the chain complex CSY(EG) ®@z¢ H.(F;Q).
Since G acts freely on F', the projection F' Xg EG — G\F = BHei is a homotopy
equivalence. Hence we get

H,(F x¢ EG;Q) = H,(BHei; Q).

The integral homology of BHei is computed in [31, Lem. 5.3] using the Lyndon-Serre
spectral sequence associated to the central extension from above. This spec-
tral sequence converges to Hy,(BHei) and has as E?-term H,(BZ?; H,(Z)). It does
not collapse, not even after rationalization. The main point is that the group homo-
morphism i: Z — Hei induces the zero map H,(BZ) — Hi(BHei) because z is the
commutator [u,v]. Hence the second differential

d3o: Hy(BZ?; Hy(Z)) — Ho(BZ? Hy(Z)) = H1(Z)

is surjective and in particular is rationally non-trivial. This implies that pr induces an
isomorphism
H,(Bpr): H,(BHei) — H,(BZ?).

Hence the target of the hypothetical Chern character (4.3.1.3) would be given by
Hy(BHei; Q) = Q? for n = 1. Its source is

HS(EG; Hi(F;Q)) @ HE(BEG; Ho(F;Q)) = Hi(Z;Q) ® H1(Z%Q) = Q°

since F' ~ BZ is homotopy equivalent to S' and G acts trivially on H,(F;Q). Hence
there cannot be an isomorphism as described in (4.3.1.3]). The Lyndon-Serre spectral
sequence mentioned above can be identified with the equivariant Atiyah-Hirzebruch

spectral sequence, which converges to Hg" +q(EG) and whose E?-term is
Ory(G) G G
Hy (EG;H,(G/?)) = HY (EG; Ho(F; Q)).

Thus we see why the equivariant Atiyah-Hirzebruch spectral sequence does not collapse
after rationalization as there is a non-trivial second differential.
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4 The Construction of the Equivariant Chern Character

We do not know an equivariant homology theory H’ whose evaluation at G is the
G-homology theory HS considered above. The problem is that the G-space F is not
given in a universal way depending only on G as it would be the case if we chose F' to
be EG.

In the case of discrete groups, a Chern character exists for proper equivariant homol-
ogy theories which have a Mackey functor structure (cf. Section. In the topological
case, the machinery, we have developed, is much more restrictive. The next example
shows that a Chern character does not in general exist for proper smooth equivariant
homology theories which have a Mackey functor structure.

Ezample 4.3.2 (Counterexample for [-groups). Let K be any compact abelian [-group
together with an injective group homomorphism k: Z — K. We do not require that
k is a homomorphism of topological groups, we just demand that it is compatible
with the group structure. An example is given by the p-adic integers K = Z,, and the
obvious inclusion k: Z — Z,. The central extension yields a central extension
of topological groups

1-KLagtz2-a (4.3.2.1)

described next. We equip Z? and Hei with the discrete topology. The topological
group G is the quotient of K x Hei by the central closed subgroup given by the image
of j x k: Z — K x Hei. The homomorphism of topological groups j is induced by the
inclusion of groups K — K x Hei and p: G — Z? is induced by the composition of
the projection K x Hei — Hei with pr: Hei — Z2. We denote by I: Hei — G the map
induced by the inclusion Hei — K x Hei. Note that G is an [-group since K is an
l-group. We recall that in the case of K = Z, the group G even is a p-adic Lie group
by [I8, Thm. 8.1]. Finally, note that this is a slight generalization of the setting in
Example [3.3.4]

Next we consider the G-homology theory given by the Borel construction and sin-
gular homology with rational coefficients

HY(X) = HJ(EG x¢ X;Q).

Suppose that there exists a G-equivariant Chern character for HS. We consider the
proper smooth G-CW-complex X = EZ? obtained from the free Z?-CW-complex EZ?
by restriction with p: G — Z2. The hypothetical Chern character would give an
isomorphism

P HOo OB Hy(EG x¢ G/7;Q)) — HSG(EZ?).
p+q=n
The right hand side simplifies to

HY(EZ?) = H,(EZ? xg EG;Q) = H,(EZ? x ;2 (EG)/K;Q)

lndpr 1 72 {1}
-
o

= HZ (BEG/K) M (BEG/K)/Z%) = H,(BG; Q).
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4.3 About the Non-Existence of Equivariant Chern Characters

We remark that pr: Z2 — {1} is not injective but in Section we constructed an
induction structure in a more general setting, which is now applicable. Since every
isotropy group of EZ? is equal to K, EZ? is contractible and the extension
is central, the hypothetical Chern character can be identified with an isomorphism

P Hy(1% Hy(BK)) — H,(BG;Q). (4.3.2.2)
pt+q=n

This would imply that the inclusion j: K — G induces a group homomorphism

which is rationally injective. Since G is an l-group, we get Hi(BG) = G/[G,G]
and analogously H;(BK) = K/|K, K] by Remark Under these identifications
Hi(BK) — Hi(BG) becomes the group homomorphism j: K — G/[G, G] induced by
j: K — G. Since the following diagram commutes:

7 — Hei /[Hei, Hei]

b,

K ——G/|G,G]

we obtain that i: Z — Hei /[Hei, Hei| is injective. However, this map is zero since
z € Hei is the commutator [u,v]. Hence the Chern character cannot exist for
G and the G-homology theory HS.

Note that, in this case, Subep(G) = Subep(K) because the extension is central.
The corresponding coefficient module admits a Mackey structure and is flat as a
QSubeo(G)-module since K is compact. Hence it is impossible to construct a Chern
character starting from Subco(G) for [-groups as it is done in Section for discrete
groups. Besides, the coefficient module cannot be flat as a QOreo(G)-module.
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5 Comparison of Different Chern
Characters

In the first section, we show that two natural equivalences from Bredon (co)homology
to another equivariant (co)homology coincide if they coincide on coefficients. In the
remaining sections, we introduce Chern characters which were known before and show
that all these constructions coincide by applying the theorem of the first section.

5.1 The Comparison Theorem

In the following, we only consider the homological case. If we restrict to finite G-CW-
complexes, the cohomological case carries over verbatim.

Theorem 5.1.1. Let G be a group and F be a smooth family of subgroups. Let
T, To: BHE(—;M*) — BHG(—; M,)

be two natural transformations of Bredon homology over (G,F)-CW-pairs for some
(graded) coefficient module M,. Suppose further 7(G/H) = 7o(G/H) for oll H € F.
Then we obtain 7 = 1.

Proof. Let X be a (G, F)-CW-complex and ) C Xy C X7 C --- be a corresponding
filtration. By Remark we obtain

BHY(Xn, Xn-1; My)= €D BHF(G/H,M.).
o G/H-k-cell
l+k=n
Since this decomposition is natural, the natural transformations 7 and 75 respect it.
Consequently, they coincide on BHS (X,,, X,,_1; M,) and hence on chain complex level.
As an immediate consequence, they must coincide on BHE (X; M,). O

~

Corollary 5.1.2. Let chy,chy: BHE = HY be two natural equivalences of (G, F)-
homology theories such that ch$ (G/H) = ch§ (G/H) for all H € F. Then we obtain
Ch1 = Ch2.

Proof. We apply the previous theorem to (ch;)~! o chs. O

Corollary 5.1.3. Let Chr{,ch;: BH! = H’ be two natural equivalences of equivariant
(T, F»)-homology theories and G € Ob(I'). Suppose that chi ({8}) = chil ({e}) for any
H € Fg and ch¥, ch§ are compatible with the induction structure. Then we obtain
ch{ = ch¢.
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5 Comparison of Different Chern Characters

Remark 5.1.4. There is another direct approach involving the Atiyah-Hirzebruch spec-
tral sequence. However, this does not lead to a more general result. In order to see
this, let 71,79 : HE — K& be two natural transformations of (G, F)-homology theories
which coincide on coefficients. We get a commutative diagram

BHY (X HE(G/7)) == HT(X)
= 7'1/ \iTQ

l(ﬁ)*( 2) i\/\ﬁ
BHY (X, KE(G)?)) == K§(X).

If the spectral sequences do not collapse, we have only the following commutative
diagram

0—— Fp—l,q+1Hg+q(X) — Fp,quJrq(X) — (Ezgiz)ﬁ —0

[ J
TlTQJ TL| | T2 TO=75°
Vi

00— Fp—l,q+1’C§+q(X) E— Fp,qlCz?+q(X) - ? (ESS])IC >0

Unfortunately, the outer maps do not determine the middle one in general. For exam-
ple we have the following commutative diagram

0—sCc 2L cac 20 —0

Jid LP lid
incq

0—C—5HCepC—5C—0

(1 =z
7=\0 1
for an arbitrary z € C.
Furthermore, if 71,72 are not isomorphisms, the £ -terms can be concentrated on

where ¢ can be

different p, ¢ for H¢ and K¢. Then we obtain 1° = 75° = 0 and we cannot recover
any information. Thus we cannot conclude anything for 7, 7o.

5.2 A Chern Character for Discrete Groups (Liick/Oliver)

Let G be a discrete group. Liick and Oliver [34] constructed a Chern character for
topological K-theory and (finite) proper G-CW-complexes. We want to recall the
construction briefly. We obtain a map 75(X)(H) by

NgH
I'ESG

* * v * r* *
K&(X) —— KNGH(XH) — KCGH(XH) ® R(H) 2~ K¢, n(EG % X"y ® R(H)

. 1
md{CéH

—9% K*(EG xcon X") @ R(H)

o)

DO, gHEG xcun X7;Q) ® R(H)

2 g (XT /CaH; Q) © R(H) = hom(H.(X /CoH),Q @ R(H)).
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5.2 A Chern Character for Discrete Groups (Liick/Oliver)

Some explanations should be made. The map ch denotes the ordinary Chern char-
acter. We want to define the maps ¥ and indg}G 77 NOW.

Let E — X be a G-vector bundle over a free G-CW-complex X. Then the induction
map is given by

ind?(E — X) = B/G — X/G.

Let N <1 G be normal and finite. Denote by Irr(IN) the set of isomorphism classes
of irreducible (complex) N-representations. Let X be any finite proper G/N-CW-
complex. For any V € Irr(IN) and any G-vector bundle F — X, let homy(V, E)
denote the vector bundle over X whose fiber over € X is homy(V, E,). If H C G
is a subgroup which centralizes N, we can regard homy(V, E) as an H-vector bundle
by (hf)(z) =h- f(x) for any h € H and f € homy(V, E). This induces a map

U: K5(X) = Kp(X)®@ R(N), [E]— > [homp(V,E)]®[V].
Velrr(N)

Since R(?) ® Q is an injective QSubzzar(G)-module by Lemma [3.2.10, the maps
75(X)(?) assemble to a natural transformation

7 K3 (X) — B(K7 @ Q)(X)

for finite proper G-CW-complexes, which is rationally an equivalence.
Let G be a finite group and X = {e}. Furthermore, let V' be a G-representation

and
V= > ww
Welrr(G)

the decomposition into irreducible G-representations. For a subgroup H C G and a
G-representation W, the corresponding restricted H-representation is denoted by Wiy;.
Then the Chern character 75({e}) = 75({#})(G) for a finite group G is given by

Vie Vi Y WelkgleWlie Y Wok, x EGl @ W]

Welrr(G) Welrr(G)
= > W < (BG/CeG) @ W)= > [dime[Wy]pe/cee © (W]
Welrr(G) Welrr(G)
- dime Wi @ (W) (Z—>R(G), L S [dime Wi ®W])
Welrr(G) Welrr(G)

Therefore, 73{e} is the canonical inclusion
781 R(G) = Q® R(G).

We remind the reader that K} ({e}) = 0.
Since 75 is compatible with the induction structure, we obtain by Corollary

Proposition 5.2.1. Let G be a discrete group. If chy, exists, we have the equality
76(X) ® Q = chi(X)
for any finite proper G-CW-compler X .
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5 Comparison of Different Chern Characters

5.3 A Cohomological Chern Character for Prodiscrete Groups
(Sauer)

Sauer [46] generalized the construction of the previous section to prodiscrete groups.
We want to recall the construction.
In the following, let G be a prodiscrete I-group. We set

N(G)={H C G| H compact open normal subgroup }

and Ig(X)=N(G)N { Lc ) Gx}

zeX

for a finite proper smooth G-CW-complex X.

Lemma 5.3.1. We get an isomorphism

= coli L).
R(G) LceoNl(né) R(G/L)

G/L

Proof. The isomorphism is given in one direction by res.’ ™ and in the other direction
by dividing out the kernel of the group homomorphism G' — G L, (C) associated to the
representation. Note that the only totally disconnected compact subgroups of G L, (C)
are the finite ones. Therefore the kernel is open. O

Proposition 5.3.2. Let K (X, A) = colimyer,,(x) KE/L(X, A). Then there exists
a natural equivalence P: f(’é — K¢ of equivariant proper smooth homology theories
which is induced by resg/L: KZ:/L — K¢

Proof. Because of functoriality of res the map @ is well-defined. It is a natural trans-

G/L

formation of proper smooth G-cohomology theories because res/ /™ is one. In order to
prove that ® is an equivalence, it suffices to show that ®(G/H) is an isomorphism for
any compact open normal subgroup H C G. For any L € Ig(X)N{L C H } we get

K¢y (G/H) = K&, ((G/L)/(H/L))
_ JR(H/L), if «is even,
o, if  is odd,

and
R(H), if xis even
KAH(G/H) = ’ ’
G(G/H) {Q if  is odd.
Now the assertion follows from the previous lemma. O

Remark 5.3.3. Obviously we can perform the same construction for Bredon homology.
There we get a natural equivalence of proper smooth cohomology theories

U: BK,, — BK}.
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5.3 A Cohomological Chern Character for Prodiscrete Groups (Sauer)

Lemma 5.3.4. Let H,H' be discrete groups and w: H — H' surjective with finite
kernel. Furthermore, let 77; and Tp;, be the Chern characters of Section . Then we
have the following identity

res;. g ochy, =Ty oresy. g .

Proof. This is the main step in the construction of this Chern character and is proven
in [46, p.445-447) O

Theorem 5.3.5. There exists a natural transformation of equivariant proper smooth
cohomology theories

% Ko — B(KE © Q)

which is rational an equivalence.

Proof. The natural transformation is defined by the following diagram

colim 7%

G/L
3 *
RS KG/fX SR e ?G/L“‘V »
d(X,A) ¥(X,A)
KE(X,A) oo S B(K @ Q)5(X, A)

We recall that ® and W are isomorphisms and colim 7, /L exists by the previous lemma.
O

Remark 5.3.6. The only thing we really need is that the Chern character used is
compatible with the given restriction structure. Hence we can generalize any Chern
character of discrete groups (with source K3) to a Chern character of prodiscrete
groups. We can even change the source H3 if it satisfies

Lcoj{fl(m) He ) (G/H) = Hg(G/H) for any compact open subgroup H C G.
€

Proposition 5.3.7. If chg; exists, we obtain the equality chg; = 75 @ Q.

Proof. For a compact open subgroup H C G, the map

77({e}): R(H) - R(H)®Q

is just the canonical inclusion. Hence the assertion follows from Corollary f.1.3] [
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5 Comparison of Different Chern Characters

5.4 A Chern Character for Discrete Groups (Liick)

Our Chern character is very much inspired by the one of Liick [29]. The main difference
is that our Chern character is defined on the orbit category and the other one is defined
on the subgroup category.

Let G be a discrete group and H’ an equivariant proper homology theory (for
discrete groups) over R. We obtain a map

Hy(CoH\X™; R) ®r HS (G /H)
Hy(pry;R)@id
Hy(EG xcon XM R) @p HS (G/H)
hur(EGXcGHXH)(E@indg/
T5(EG xcom X R) @7 R @ HI ({o})
D (EGxc,uXH)
HlL (EG xcon XT)

indpr; O HxH—H |22

HOe M (BG x XT)

ind;, "

HS, ,(indy,,, EG x XH)

H§+q(inde pry)
G (; H
Hy g (indpm, XH)

7_{1§+<1(VH)

HE (X))
Some explanations should be made. The map mpy: CqgH x H — H is just the multi-
plication map. The other maps were already defined in Section Note that we use
a more general notion of induction map here. In this setting, an induction map ind,
for a group homomorphism ¢: H — G exists if ker ¢ acts freely on X.

If H’ has a Mackey structure, the corresponding coefficient module is flat by Corol-
lary for Q C R semisimple. Consequently, the source is isomorphic to BH..
Actually, the tensor product is taken in the subgroup category, but by an adjointness
argument this turns out to be Bredon homology. Liick showed [29] that this map is
a natural transformation of proper homology theories. Since it is an isomorphism on
coefficients, we get a natural equivalence of equivariant proper homology theories

7‘3: BHz — Hz.
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5.5 A Bivariant Chern Character for Profinite Groups (Baum/Schneider)

In the cohomological case, one gets by a similar construction [30] a natural equiva-
lence

751 Hy — BH;.

Proposition 5.4.1. Let R be a semisimple commutative ring with Q C R. Let H.
be an equivariant proper homology theory (for discrete groups) over R. Suppose that
H? has a Mackey structure and the Chern character Ch?G of Section exists for a
discrete group G. Then we obtain

”
ch, =7,.

If H3 is an equivariant cohomology theory with the same properties as above and chg
exists, we get
ch? =15

Furthermore, in the case of H3 = K3 the construction of T in this section and the
construction of Section[5.4 coincide.

Proof. The only thing we must check is
chf ({o}) = 7 ({o})

for any finite group K. But this is clear.
In the cohomological case, the corresponding equation is immediate, too. ]

5.5 A Bivariant Chern Character for Profinite Groups
(Baum/Schneider)

We give a brief survey of [4] and compare this Chern character with the ones which
were introduced.

In the following, let G be a profinite group. Moreover, let X be a locally finite
G-simplicial complex.

Definition 5.5.1. The Brylinski space X is defined as follows
X={(g,x)|geGand gz =z}.
It is endowed with a G-action by
g(h, ) = (ghg™", gz).

Let X be the Brylinski space and H(G) be the Hecke algebra. We denote by
H}(X;C) the singular cohomology groups with compact support. Then H}(X;C)
has a canonical H(G)-action which is given by

(f9)(0) = /G f(9)elgo). feH(G), peCiX.C).
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5 Comparison of Different Chern Characters

Definition 5.5.2. Let G be a profinite group. Then we define the equivariant bivariant
homology by

He (Y, X) = [ [ hompe) (HX(Y;C), HF(X; C)).
nez

Remark 5.5.3. If Y = {e} and G is finite, this simplifies to
H ({o}, X) = HZ (X /G; C).

If X = {e}, the Brylinski space is X = G and the right hand side vanishes except
for x = 0. In this case, we obtain the group of class functions R(G) as an immediate
consequence of the construction.

The last remark motivates:

Proposition 5.5.4. Let CHS be cosheaf homology. Then we have an isomorphism
CHZ(Y) = HE (Y, {o}).

Proof. Baum and Schneider [4, p.318] proved this assertion in the special case of
discrete groups. However, this argument also works for profinite groups. ]

Proposition 5.5.5. Let X be a finite G-simplicial complex. Then we obtain an iso-
morphism

BEG(X) = He o({e}, X).

Proof. Baum and Schneider [4, p.319] showed this for finite groups. Voigt [56] showed
that the right hand side is compatible with limits. Therefore, the isomorphism carries
over to the profinite case. O

We want to indicate the construction of the Chern character. Let £ — X be a
G-vector bundle over X and let pry: X — X be the canonical projection. Then the
pullback pry E is a G-vector bundle over X. A point is a triple (e,g,x), where e € Ey,
g € G and = € X such that gr = x. We obtain an automorphism of G-vector bundles

[ erEHerEa (e,g,x)'—>(ge,g,x).

This automorphism « has finite order. In order to see this, we may assume £ = X xV
by a result of Segal [47, Prop. 2.4]. Here V is a finite dimensional C-vector space with
smooth G-action and the G-action on X x V is diagonal. Since totally disconnected
compact subgroups of GL(V') are finite, there exists an open normal subgroup H C
G such that the G-action of V factorizes over G/H. Thus we obtain a!®H = id,
This allows us to view pry E as a vector bundle over the profinite completion Z, ie.,
lim,cz Z/nZ. Here we consider X as a trivial Z—space. Furthermore, pry E is G-
equivariant and hence the class in K, %(X ) is fixed by the natural action of G. Finally,
we have constructed a map

K&(X) — KJ(X)¢,  [E] — [pry E].
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5.6 A Bivariant Chern Character for I-Groups (C. Voigt)

Since Z acts trivially on X, we obtain K;(X) = K%(X) ®z R(Z), where R(Z) denotes
the representation ring. For a Z-module M we set M¢c = M ®z C. We get a natural
transformation

7: KG(X) — (KJ(X)e)® = (K°(X) ®z R(Z)c)”
wore’ (K°(X)0) = @ HY(X;0)¢ = @@ HY,({s}, X),
JEZ JEZ

where ch denotes the ordinary Chern character. In the bivariant case, a general-
ization of the above considerations [4, Prop. 4] leads to KK&(Cy(X),C(Y))c =

homy ) (K*(Y)c, K*(X)c). Then the ordinary Chern character induces a natural
transformation

TE(X,Y): KKZ(Co(X),Co(Y)) — ED HEH (Y, X).
JEZL

Proposition 5.5.6. Let G be profinite. Then we obtain the identities
9({e},7) "t =ch¢ and 75(?,{e}) = chi.
Proof. Let H C G be compact open. Then 7& ({8}, G/H) is just the identification
7C({e},G/H): R(H) ® C — R(H),

By Corollary we obtain the desired identity 7&({e},?)~! = c¢h¥. Analogously,
we get the second identity. O

5.6 A Bivariant Chern Character for I-Groups (C. Voigt)

We want to give a rough survey of the work by Voigt ([54],[55],[57],[56]).

This Chern character is of a quite different nature. The previous homology theories
have, as input, CW-complexes. This one has bornological algebras as input.

In the following, we will deal with bornologies (instead of topologies). An intro-
duction can be found in [37, Chap. 2]. Roughly speaking, a bornology specifies the
bounded sets (also called small sets) in a space. A map f is called bounded if f maps
bounded sets to bounded sets. A bornological algebra is a bornological vector space A
with an associative multiplication given as a bounded linear map A®A — A, where &
denotes the completed bornological tensor product. We remark that we do not require
the existence of a unit in a bornological algebra. A basic example of a bornological
algebra is the Hecke algebra H(G) of an l-group G, where H(G) is equipped with the
fine bornology, i.e., the smallest possible bornology. A module M over a bornological
algebra A is called non-degenerate if the module action A®M — M is a bornological
quotient map. We remark that the category of smooth representations of G is iso-
morphic to the category of non-degenerate H(G)-modules. Here a representation p is
called smooth if the isotropy group of any bounded set is open.
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5 Comparison of Different Chern Characters

A G-algebra is a bornological algebra A which is at the same time a G-module such
that the multiplication A®A — A is equivariant. Here the tensor product A®A is
equipped with the diagonal action, as usual. A particular example of a G-algebra is
the algebra g which is defined as follows. As a bornological vector space we have
Ka = H(G)®H(G) = H(G x G). The multiplication in Kq is given by

(k-1)(s,t) = / k(s,r)l(r,t)dr
G
and the G-action is defined by
(r-k)(s,t) = k(r~ts,r1t).

This algebra can be viewed as a dense subalgebra of the algebra of compact operators
K(L*(G)) on the Hilbert space L*(G). Here L?(G) is equipped with the precompact
bornology, i.e., a set is bounded if its closure is compact.

Next we define covariant modules. Let Og be the space H(G) equipped with point-
wise multiplication and the action of G by conjugation. A covariant module M is a
smooth representation of G which is at the same time a non-degenerate Og-module.
The G-module structure and the Og-module structure are required to be compatible
in the sense that

s-(f-m)=(s-f)-(f-m)
for all s € G, f € Og and m € M. A bounded linear map f: M — N of covariant
modules is called covariant if it is Og-linear and equivariant.

Now we can introduce non-commutative equivariant differential forms. Let A be
a G-algebra. The equivariant n-forms of A are defined by Q%(A) = Oc®N"(A),
where Q7(A) = AT®A®" and At denotes the unitarization of A. The group G acts
diagonally on {7%(A) and we have an obvious Og-module structure. In this way 27 (A)
becomes a covariant module.

The equivariant Hochschild boundary b: Q2% (A) — Qg_l(A) is defined by
b(f () @modzy - - - dan) = f(t) ® mozrdas - - - day,

n—1

+ Z(—l)jf(t) 0%y ZEodZL‘l ce d(l‘jl’j+1) s dl‘n
1

J=
+(=D)"fH) @t xp)xodry - drg_q.
Moreover, we have the equivariant Connes operator B: Q%(A) — Q%M (A) which is
given by

n

B(f(t) ® zodwy -+ dwp) = Y (1) f(t) @t "+ (dwpi1—i- - dag)dzo - da_;.
=0

It is straightforward to check that b and B are covariant maps. The natural symmetry
operator 1" for covariant modules is of the form

T(fH)Qw)=ft) @t w
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5.6 A Bivariant Chern Character for I-Groups (C. Voigt)

on Q%(A). One easily obtains the relations b* = 0, B> = 0 and Bb + bB = id —T
for these operators. This shows that Qg (A) is a paramixed complex in the following
sense.

Definition 5.6.1. A paramixed complex M of covariant modules is a sequence of
covariant modules M,, together with differentials b of degree —1 and B of degree +1
satisfying b = 0, B2 = 0 and

b, B] = bB + Bb = id —T.

The most important examples of paramixed complexes are bounded below in the
sense that M, = 0 if n < N for some fixed N € Z. In particular, the equivariant
differential forms Qg (A) of a G-algebra A satisfy this condition for N = 0.

The Hodge filtration of a paramixed complex M of covariant modules is defined by

F"M =bM, 1 ® P M;.
i>n
Clearly, F™M is closed under the operators b and B. We write
L"M = F"'M/F"M
for the n-th layer of the Hodge filtration. If M is bounded below such that M,, = 0
for n < 0, we define the n-th level 0" M of the Hodge tower of M by

n—1
0" M = P M; ® M, /bM, 1.
§=0
By definition, the Hodge tower of M is the projective system 6 M = (6" M), cn.
The spaces 6" M are equipped with the grading into even and odd forms and the

differential 0 = B + b. In this way the Hodge tower becomes a projective system of
paracomplexes in the following sense.

Definition 5.6.2. A paracomplex of covariant modules is a Zso-graded covariant mod-
ule C' with a boundary operator 9: C' — C' of degree one such that 9 = id —T.

Chain maps of paracomplexes and homotopy equivalences are defined by the usual
formulas.

Definition 5.6.3. Let G be an I-group and let A and B be G-algebras. The equivariant
bivariant periodic cyclic homology of A and B is

HPE (A, B) = H,($Homg(0Q¢(ASKe), 096 (BRK:))).

The definition involves covariant maps between projective systems of covariant mod-
ules. Maps between projective systems are always understood in the sense

hom((M;)ier, (Nj)jes) = colimlim hom(M;, N;)
jeJ el
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5 Comparison of Different Chern Characters

of pro-categories. Finally, we consider the usual differential for a hom-complex given
by
() = ¢4 — (—1)pe

for a homogeneous element ¢ in order to define homology. This makes sense since
the failure of the individual differentials in 0Qg(A®Kg) and 0Qg(B®Kg) to satisfy
0? = 0 is cancelled out by naturality of the operator T

Let A, B,C be G-algebras. A bounded morphism f: A — B defines an element
[f] € HPS (A, B). Further, two elements [g], [h] € HPS(A, B) are represented by
appropriate morphisms g, h. Composition of these morphisms defines a graded product
on HPY(A, B). The induced maps

f*: HPY(B,C) — HPY(A,C) and f,: HPY(C,A) — HPY(C, B)

are given by left and right multiplication by [f]. Moreover, we have the following
properties:

Theorem 5.6.4. Let A, B be G-algebras. Then the following hold:

(i) Diffeotopy Invariance
The functor HPS is invariant under G-diffeotopies, i.e., smooth G-homotopies,
in both variables.

(ii) Stability
There are natural isomorphisms

HPS(A,B) = HPY(A®Kq, B) = HPY(A, BKq).

(iii) Excision
Let0 — C — D — E — 0 be an extension of bornological G-algebras with a (not
necessarily equivariant) splitting. Then we obtain exact sequences

HP§(A,C)—— HP§(A,D) —— HF§ (A, E)

HPF(A,E)+— HPF(A,D)+— HPF(A,C)

and
HP§(E,B) —— HP§(D,B) —— HP{(C, B)

T |

HPF(C,B)+— HPF(D,B)+— HPF(E,B)
A G-C*-algebra can be seen as a G-algebra by considering the precompact bornology,

i.e., a subset is bounded if its closure is compact. Unfortunately, on the one hand,
equivariant periodic homology is not homotopy invariant in general. On the other hand,
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5.6 A Bivariant Chern Character for I-Groups (C. Voigt)

the tensor product in the stability statement is the bornological tensor product, which
does not coincide with the one of C*-algebras. Thus we cannot apply Theorem [2.2.18

Hence Voigt studies a variant of HPC, which is called equivariant local cyclic homol-
ogy HLS. Tt is an equivariant generalization of bivariant local cyclic homology which
was developed by Puschnigg [42]. It is still a bit more complicated since a smoothing
functor comes into play, too. Thus I want to skip the explicit definition, but state the
following theorem

Theorem 5.6.5. (i) Equivariant bivariant local cyclic homology (together with the
smoothing functor) fulfills homotopy invariance, stability and excision for C*-
algebras.

(ii) HLS provides a product structure. In particular, a *-homomorphism of G-C*-
algebras f: A — B defines an element [f] € HLS(A, B) and the induced maps
f*: HLY(B,C) — HLS(A,C) and f.: HLS(C,A) — HLS(C, B) are given by
left and right multiplication by [f], respectively.

(iii) Let X,Y be two finite proper smooth G-CW-complexes. Then we get natural
isomorphisms

HPZ(C(X),0(Y)) = HLY(C(X),C(Y)) = HLS (S(C(X)), S(C(Y))),
where S denotes the smoothing functor.

Proof. The first statement is the main result of [57]. The second assertion can be
found in [57, p.16], too. The third statement is proven in [56], Sec. 6]. O

Analogously to equivariant bivariant K-theory, we can consider equivariant bivari-
ant local cyclic homology as a category HLY, where the objects are separable G-C*-
algebras and the morphisms are given by H Lf(A, B). We get by Theorem [2.2.18

Corollary 5.6.6. There exists a natural transformation of bivariant proper smooth
G-homology theories

7: KKZ(C(X),C(Y)) — HPP(C(X),C(Y)),
which is compatible with the product structures.

Proof. The even case is a direct consequence of Theorem [2.2.18] The odd case can be
derived from the even case [57), Sec. 13]. O

In addition, we get for the coefficients [57, Prop. 13.5]:

Proposition 5.6.7. Let X =Y = {e} and G be profinite. We obtain HP%(C,C) =
R(G) and T of the previous corollary simplifies to

7: R(G) — R(G)

which is the map given by taking the characters.
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Theorem 5.6.8. There exists a natural equivalence of bivariant proper smooth G-
homology theories

T®C: KKY(C(X),0(Y)) ®C — HPE(C(X),C(Y)),
which is compatible with the product structures.

Proof. Tt suffices to show that HP(C(??), B) is an equivariant homology theory for
any G-algebra B and that 7 is compatible with the induction structures. This is proven
by Voigt [56]. O

Theorem 5.6.9. Let G be a profinite group. Then there is an equivalence of bivariant
proper smooth G-homology theories (defined on finite G-simplicial complezes)

HPE(C(X),C(Y)) = Hg (X, Y),

where the latter homology theory is the one defined in Section [5.5 Further, the two
Chern characters coincide under this identification.

Proof. The first assertion is proven in [55] and the second one in [56]. O

Theorem 5.6.10. There exists an equivalence of proper smooth G-homology theories
HPY(C(X),C) =~ BKY(X)®C.

If ch€ exists, we obtain ch® = 171 @ C. If G is discrete, 7' ® C coincide with the
Chern character of Section[5.4}

Proof. If we assume the first assertion, the second and last one directly follow from
Proposition and Corollary The first assertion was proven in [56, Sec. 8].
I just want to sketch the proof. There is a more general notion of equivariant bi-
variant homology which was introduced in Section [5.5] The general one admits ar-
bitrary l-groups and proper smooth G-simplicial complexes. Further, Theorem [5.6.9
and Proposition [5.5.4] generalize to [-groups, too. Finally, we composite these two
identifications with the one of Proposition [2.2.42] and get the desired one for proper
smooth G-simplicial complexes. However, this can be lifted to proper smooth G-CW-
complexes. O

Remark 5.6.11. Let A be a G-C*-algebra. Analogously to Section we obtain an
equivariant (T'g,CO)-homology theory HP;(C(??), A) with a Mackey functor struc-
ture on coefficients. Then we have a commutative diagram

B(K(©Y @7 C).(X) — BHPS(C(X), A)

lchf loh?

K(@A(X) @, C —25 HPG(C(X), A)

whenever the left and right ch€ are defined.
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A The Group Ring

Let G be a discrete group, Q C R be a commutative ring and RG be the corresponding
group ring.

Definition A.1. Let M be a left R-module. We define the left weak dimension by
L.w.dimg M = sup {n | Torf, | (N, M) = 0 for every right R-Module N }.

Analogously, we can define the right weak dimension r.w.dimpg M for a right R-module
M. The global weak dimension is

w.dim R = sup{l. w.dimp M | M left R-module }
=sup {r.w.dimgr M | M right R-module } .

Proposition A.2. Let R denote the RG-module which is endowed with the trivial
G-action. Then the following holds:

w.dim RG = 1. w.dimpg R = r. w. dimpg R.

Proof. In [13, Thm. X,6.2] this is shown for the projective dimension. However, a
trivial modification may be used to prove our assertion. O

Definition A.3. A group is locally finite if every finitely generated subgroup is finite.

Remark A.4. A locally finite group is a torsion group. However, the converse, known
as the Burnside problem, does not hold. In particular, there exist infinite finitely
generated torsion groups. For an overview of the Burnside Problem see for example [I].

Proposition A.5. The following statements hold:
(i) If G is locally finite and H C G is a subgroup. Then H is locally finite.

(ii) Let N C G be a normal subgroup. Then G is locally finite if and only if N and
G/N are locally finite.

(iii) Let G = colim;e; G;. Then G is locally finite if each G; is locally finite.

Proof. [(i): Let G be locally finite. Obviously any subgroup H C G is locally finite.

: Let N C G be a normal subgroup of a locally finite group G. Let H C G/N be
finitely generated, say by representative classes [hi], ..., [h,]. Then the group H' C G
generated by hi,...,hy is finite because G is locally finite. However, this forces H to
be finite, too. Therefore G/N is locally finite. Moreover, N is locally finite by
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Let N C G be normal. Suppose further that N and G/N are locally finite. Let
H C @ be finitely generated. Then H/(H N N) C G/N is finitely generated and thus
finite. We obtain a short exact sequence

1—>NﬂH—>H—>H/(HﬂN)—>1.

Since H is finitely generated and H/(H N N) is finite, the group H N N is finitely
generated. This can be proven by a trivial modification of |44, Prop. 2.5.5]. Hence
H N N is finite and H must be finite.

111); By definition, G is a quotient of ®iEGi G, however, this is locally finite. [

Definition A.6. We call R von Neumann reqular if every R-module M is flat.

Theorem A.7. Suppose that R is von Neumann reqular. Then the following are
equivalent:

(i) RG is von Neumann regular.

(i) Every RG-module is flat.
(iit) The RG-module R endowed with the trivial G-action is flat.
(iv) G is locally finite.

Proof. & Trivial since is the definition of

& |(iii); This is Proposition

= [(iv)l This is done by Connell [16].

= This is proven by Auslander [3] and McLaughlin [36]. O

Theorem A.8. Let R be semisimple. The following hold:
(i) If G is finite, then every RG-module is injective and projective.

(ii) If the RG-module R endowed with the trivial G-action is injective, then G is a
torsion group.

Proof. The first assertion is the well known Maschke theorem.
Suppose there exists a torsionfree element g € G. Hence (1 — g¢) is not a zero divisor
in RG and we can define

¢: (1-9)RG — RG, (1—g)rwr.
Let e: RG — R be the augmentation. Since
homps(RG, R) = R,

each homomorphism ¥: RG — R is just a scalar multiple of the augmentation e¢.
Therefore we cannot lift € o ¢ to RG O (1 — g)RG because (1 — g)RG C kere and
€ o # 0. This implies that R is cannot be injective and we get a contradiction. [
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B Limit Behavior of Flat, Projective and
Injective Modules

We remind the reader:

o A partially ordered set is of finite length if every decreasing sequence becomes
stationary.

o A partially ordered set is of finite colength if every increasing sequence becomes
stationary.

o Every countable directed system admits a cofinal system of finite (co)length (see

Remark |3.2.13]).

Moreover, in Subsection we have seen that we can consider an inverse system of
R-modules (M;);ecr as a contravariant RI-module. Analogously, a directed system can
be considered as a covariant RI-module. This identification will be used throughout
this section. Therefore, we call a directed system (M;);er projective if it is projective
as an RI-module and an inverse system (M;);er injective if it is injective as an RI-
module. Furthermore, we call (M;);cr a directed system of projective modules if each
M; is a projective R-module. In the same way we define an inverse system of injective
modules.

Proposition B.1. Let N be an R-module.

(i) Let (M;)icr be a directed system of R-modules which is of finite length. Then
there is a converging spectral sequence of the following form:

fo . gigp Ext%(M;, N) = Emtﬁ’;q(c%i}n M;,N).

(i) Let (M;)icr be an inverse system of R-modules which is of finite length. Then
there are two spectral sequences

EYY = lin? Bxt}(N, M;)  and  E§7 = Ext(N, lm? M),

which converge to the same limit.

Proof. We only prove the first statement, the second one is analogous and a bit easier.

Without loss of generality, we can assume that I itself is of finite length and not just
(M;)ier. Otherwise, lim and colim vanish and the assertion is trivial. In Theorem
the projective directed systems were classified. Let (Q;);er be projective. We get
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B Limit Behavior of Flat, Projective and Injective Modules

Qi = ®jeg, Pj for some projective R-modules P; and index sets J;. If i < j then
Ji € J; and the structure map is given by the canonical inclusion. Let J = colim;e; J;,
then we get colim;er Q); = @jesPj. Consequently, colim sends projective directed
systems to projective R-modules. Thus we get the Grothendieck spectral sequence

EDT = Ext%(cohlmp M;, N) = LPT9(hom(—, N) o CQliIIIl)(Mi),
1€ 1€
where L™(F') denotes the n-th left derivation of the functor F. The functor colim is
exact, so we get, on the one hand,

LP9(hom(—, N) o cohlm)(M) E:L’tp+q(cohm M;, N). (B.1.1)
1€
On the other hand, we have hom(colim;e; M;, N) = lim;er hom(M;, N) for arbitrary
(M;)ier and hence

LP*9(hom(—, N) o colilm)(M = Lp‘“l(hnll ohom(—, N))(M;). (B.1.2)
1€ 1€

Now we will consider the functor lim;c; ohom(—, N). If we want to establish the
Grothendieck spectral sequence, hom(—, V) has to send projective directed systems
to lim-acyclic (concerning the right derivations) directed systems. Let (Q;)ier be
projective and thus of the form which was described at the beginning of the proof. Then
hom(Q;, N) = [[;¢,, hom(P;, N) and the structure maps are the canonical projections.
Choose injective resolutions

0 — hom(Pj,N) — I} — I} —

for every j € J. We define the directed systems (IF);c; by IF = [Ticy, I and the

projections as structure maps. Because of Theorem the directed systems (IF)ier
are injective and form an injective resolution

0 — (hom(Qs, N))ier — (ID)ier — (I} )ier — «+

Since

i k
zleHIl hom(Q;, N H hom(P. and hm I; H
JjeJ jeJ

the sequence
0— limh ; lim I — lim I} —
= L hom(Qs, N) = M I — lim ©
is exact. Hence (hom(Q;, N));es is lim-acyclic and we obtain the Grothendieck spectral
sequence
BRI = hmP Ext%(M;, N) = Lp+q(hnllohom( ,N))(M;).
1€

Combining this with (B.1.2)) and (B.1.1)) yields the assertion. O
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Corollary B.2. Let M be an R-module.

(i) Let (P;)ier be a directed system of projective R-modules which is of finite length.

Then we obtain
Exth(colim P;, M) = lim* hom(P;, M).
iel el
(ii) Let (I;)icr be an inverse system of injective R-modules such that (I;)ier is of
finite length and limjc; I; = 0. Then we obtain

R(M,lim I;) = lim' h ).
EXtR(M7i1€I?IZ) lim om(M, I;)

Thus the limit is projective or injective if and only if the concerning lim*-term vanishes
for every R-module M.

Proof. Since Extz (P, M) = 0 for every projective R-module P and n > 0, the first
assertion follows from the previous proposition. Suppose [ is injective. Then we have
Ext’h (M, I) =0 for every n > 0. As the higher derived limits vanish by Lemma
the second assertion follows from the previous proposition, too. ]

The next two examples show that the lim!-term does not in general vanish.

Ezample B.3 (Limits of projective modules). Let F' C Q be a finitely generated sub-
group. Then F' is a finitely generated abelian group and hence free, in particular, a
projective Z-module. Note that QQ is not projective and
= li F.
0= gl
F finitely generated
Ezample B.4 (Limits of injective modules). We remind the reader that M is called a
divisible Z-module if
Ya € Z,Nn € M3dm &€ M : n =am

and M is divisible if and only if M is injective.
Let M = &72,Qe; and N; = spanz{ej —ejy1|j >1i}. Then each M/N; is, as a

quotient of a divisible module, divisible. However, the limit of the inverse system
- — M/Ny — M/Ny — M/Ny

is not divisible. In order to show that, consider the element e = (..., €2, €1, &) in the
inverse limit and an arbitrary n € N. Assume we have an a = (..., d2,d1,dp) such
that na = e. Let a; = )2, af € @i Qe be a representative of @; in M. We have
M/N; = @f;é@ @ L for some L and hence a¥ = 0 for all k < i. We define

io=min{k|af ¢ 7} (B.4.1)

and obtain g < oco. Otherwise we would get a; = \;é; for some \; € Z because
pé; = pe; for p € Z. This is a contradiction because of

0= 11)\@'61' — €; = (n)\l — 1)€i ¢ Ni.
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B Limit Behavior of Flat, Projective and Injective Modules

We conclude i < ig < co. Let b,c € M, then we obtain
i # i = b# c (in M/N;), i€N,

where 7§, i§ are defined by (B.4.1)). Putting this all together, we have co > ig > j for

each ¢ € N and every j € N and thus a contradiction.

Corollary [B2] is a nice application of the classification of RI'-modules. However,
Corollary [B.2] is false for directed systems of RI-modules.

Ezample B.5. We consider the subgroup category Subco(Zy) (cf. Example [1.2.14]).
Here we have

lim! hom (@ QSUb(Z,) (k, ?)n, D) RSUb(Z,) (k, ?)) 40

n—00
keN keN

tim' hom ([ CEw(@), ] CEL(@)n) #0.

n—o0
keN keN

where we denote by QSub(Z,)(k, —)n, = QSub(Z,)(k, —)pnz, the truncated module as
in Subsection and define C'E(Q),, analogously.

Proof. We have

hom (€D QSub(Z,)(k, ?)n, D RSUb(Z,)(k, 7))

keN keN

= hom (€ QSub(Z,) (k, ?)n, €D RSUb(Zy) (K, 7))

keN keN

Since

(Pasuw@,) k) =(-=V=von)

leN
keN

is a properly increasing sequence of vector spaces, the above hom-sequence is the
sequence

= {peEndW) | ¢V, CV,, n=0,1,2}
— {¢ € End(W) | 9|V, C Vs, n=0,1} — End(Vp)

with injective but non-surjective maps. Hence the corresponding lim!'-term does not
vanish by Lemma [3.2.9]
The second assertion can be proven analogously. O

Since products of injective modules are injective, one might think that injectivity
behaves better under limits than under colimits. Analogously, projectivity ought to
behave better under colimits than under limits. Oddly, this is not the case. We give
a short survey here, which is taken from Chase [I5] and Hernandez [35]. In order to
justify the title, we discuss the behavior of flat modules under limits, too.

124



Theorem B.6. Let R be a ring. Then the following conditions are equivalent:
(i) R is left Noetherian.
(i) The colim of injective left R-modules is injective.

(iii) The direct sum of injective left R-modules is injective.

Proof. Let R be Noetherian and I = colimjec; I; be a colimit of injective R-modules.
Let M be a finitely generated R-module. Since R is Noetherian, there exists a resolu-
tion of projective finitely generated R-modules

-— P — P — Py — M.
Because I; is injective and colim is exact, we obtain an exact sequence

- — colimhompg (P, I;) — colimhompg (P, I;) — colim hompg(Fy, I;).
jeJ jeJ jeJ

Since P, are finitely generated, the functors hom and colim commute. Finally, we get

an exact sequence

- — hompg(Ps,I) — hompg(P1,I) — hompg(FPy,I) — 0

and Ext'z (M, I) = 0. This proves the injectivity of I.

The implication =-|(iii)|is immediate. Suppose nowholds. Let [ CIyC---
be an ascending chain of (left) ideals in R. Let @, be an injective R-module which
contains R/I, for every n € N. We set

D I, and Q:éOBQn
n=1 n=1

We define a homomorphism f: I — Q by f(a) = > .2 fu(a), where f,: I — Qy is the
canonical homomorphism induced by the canonical projection I — I/I,. Note that
for any a € I there exists an n with a € I,,. Hence we obtain fi(a) =0 for any k > n

and f is well-defined. By hypothesis, Q) is injective; thus there exists a homomorphism
g: R — @ such that g/I = f. But then

I

JI)Cg(R)CQ1®---®Qp for someneN,
from which it follows easily that I = I,,+1. Therefore R is Noetherian. ]
Unfortunately, the projective and flat cases are a little more complicated.

Definition B.7. A ring R is called left coherent if any finitely generated left ideal in
R is finitely related.

Theorem B.8. Let R be a ring. Then the following statements are equivalent:

(i) R is left coherent.
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B Limit Behavior of Flat, Projective and Injective Modules

(ii) The product of flat right R-modules is flat.
(iit) The product of any number of copies of R is flat as a right R-module.
Proof. [15, Thm. 2.1] O
In the general case of inverse limits, the following is known:
Theorem B.9. Let R be an integral domain. Then the following are equivalent:
(i) R is left coherent and w.dim(R) < 2.
(i) The inverse limit of flat modules is flat.
Proof. [35, Thm. 2.12] O

We remind the reader that w.dim(R) is the weak dimension which was defined in
Definition [A]]

Theorem B.10. Let R be a ring. Then the following are equivalent.
(i) Every descending chain of principal left ideals in R becomes stationary.

(ii) Every flat right R-module is projective.

If R satisfies these conditions, R is called right perfect.

Proof. [15, Thm. 3.2] O
Theorem B.11. Let R be a ring. Then the following statements are equivalent:

(i) R is left coherent and right perfect.

(ii) The product of projective right R-modules is projective.

(iii) The product of any number of copies of R is projective as a right R-module.
Proof. [15, Thm. 3.3] O
Proposition B.12. Let R be a commutative ring. Then the following are equivalent:

(i) R is Artinian.
(ii) R is coherent and perfect.
Proof. [15, Thm. 3.4] O

Corollary B.13. Let R be an integral domain. Then the following statements are
equivalent:

(i) R is Artinian and w.dim(R) < 2.

(i) Every inverse limit of projective modules is projective.
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homomorphism of topological groups
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restriction [25)]
tensor product
N
normalizer 14
O
orbit category
P
paracomplex

paramixed complex
profinite completion
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reduced group C*-algebra
restricted algebra
restriction homomorphism
ring

coherent

perfect

von Neumann regular

S
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semigroup
locally finite
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set
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smooth
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T

tensor adjoint pair of functors
totally disconnected
transfer map
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element

group
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weak dimension 119

Weyl group
reduced 161
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