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ALGEBRAIC kk-THEORY AND THE KH-ISOMORPHISM
CONJECTURE

E. ELLIS AND E. RODRIGUEZ CIRONE

ABSTRACT. We relate the Davis-Liick homology with coefficients in Weibel’s
homotopy K-theory to the equivariant algebraic kk-theory using homotopy
theory and adjointness theorems. We express the left hand side of the assembly
map for the KH-isomorphism conjecture introduced by Bartels-Liick in terms
of equivariant algebraic kk-groups.

1. INTRODUCTION

Algebraic kk-theory was introduced in [8] in order to show how methods from
K-theory of operator algebras can be applied in a completely algebraic setting. The
definition of algebraic kk-theory was motivated by the works [9] and [17] on Kas-
parov’s K K-theory introduced in [21]. An equivariant version of the algebraic kk-
theory was introduced in [13]. We can write a dictionary between Kasparov’s K K-
theory and algebraic kk-theory. Kasparov’s K K-theory of separable C*-algebras is
the major tool in noncommutative topology. It is a common generalization both of
topological K-homology and topological K-theory as an additive bivariant functor.
Let A and B be separable C*-algebras. The groups K K,(A, B) are defined such
that

KK.(C,B)~K'(B) and KK*(A,C)=K;}, (A).

Here KiOp(B) denotes the topological K-theory groups of B and Kj (A) the
K-homology groups of A. The Kasparov groups KK(A,B) = KKy(A, B) for
separable C*-algebras A and B form the set of morphisms A — B in a category
KK. The composition in KK is given by the Kasparov product. The category
KK admits a triangulated category structure and there is a canonical functor & :
C*-Alg — KK which is homotopy invariant, C*-stable and split-exact. Moreover,
k is universal for these properties. Similarly algebraic kk-theory is a bivariant K-
theory on Alg,, the category of algebras over a commutative ring ¢. For ¢-algebras
A and B the groups kk,.(A, B) are defined such that

kk. (¢, A) = KH, (A).

Here KH,(A) denotes Weibel’s homotopy K-theory groups. We can consider a
triangulated category kk whose objects are the f-algebras and whose morphisms
are the elements of kk(A, B) = kko(A, B). There exists a canonical functor j :

2020 Mathematics Subject Classification. 19D55, 55N91, 18N40, 19K35.

Key words and phrases. Bivariant algebraic K-theory, Equivariant homology, Homotopy K-
theory, Quillen model categories.

All authors were partially supported by grant ANII FCE-3-2018-1-148588. The first author is
partially supported by ANII, CSIC and PEDECIBA.

1


http://arxiv.org/abs/2205.04558v1

2 E. ELLIS AND E. RODRIGUEZ CIRONE

Alg, — kk such that j is stable with respect to matrices, polynomial homotopy
invariant and excisive. Moreover, j is universal for these properties.

Let G be a (discrete) group. The equivariant Kasparov’s K K-theory is a bi-
variant K-theory defined on G-C*-Alg, the category of separable C*-algebras with
an action by automorphisms of G. There exists a triangulated category K K¢ and
a functor j : G-C*-Alg — KK that is universal for the properties: stable with
respect to compact operators on ¢?(G x N), continuous homotopy invariant and
split exact. The equivariant algebraic kk-theory is a bivariant K-theory defined
in GAlg,, the category of f-algebras with an action of G. There exists a functor
j : GAlg, — kk© universal for the properties: G-stable, polynomial homotopy in-
variant and excisive. In the algebraic setting there are versions of the Green-Julg
Theorem, the adjointness between induction and restriction functors and the Baaj-
Skandalis duality. Let K be a finite group whose order is invertible in ¢ and let
A € KAlg,. The Green-Julg Theorem gives us a natural isomorphism

Ve kkE(A) S kk, (0, A x K) = KH, (A x K). (1.1)

Let H < . The adjunction between the induction and restriction functors gives
us a natural isomorphism

Grr : kkS(Ind$(B), A) = kk (B, Resf (A)), B e HAlg,, A € GAlg,. (1.2)

Let H be a finite subgroup of G with ﬁ € (. Notice that

Indf; () = £“/1) = P ¢.
G/H

Combining the isomorphisms (1.1) and (1.2) we obtain an isomorphism
¥ kEG (0G| A) = KH, (A x H).

Can we express KH, (A4 x G) as a kk®-group? If G is finite with ﬁ € ¢ the answer
is positive; see (1.1). In this paper we go deep into this question. We consider the
KH-isomorphism conjecture introduced in [3] and we write the left hand side of this
conjecture in terms of kk“-groups. One motivation to do this is to formulate in the
algebraic context techniques used in some proofs of the Baum-Connes conjecture
with coefficients.

The Baum-Connes conjecture with coefficients is formulated in [4]. Let G be a
discrete group and let A be a separable G-C*-algebra. Let Er;,(G) denote a model

for the classifying space of G with respect to the family of finite subgroups. The
Baum-Connes property is true for the pair (G, A) if the assembly map pc, a,

pG.a: KKE(Co(Erin(Q)),A) = colim KKS&(Cy(X),A) = KI°P(Ax @), (1.3)

is an isomorphism; here X runs over the directed set of G-compact subsets of
Erin(G). For more details about the Baum-Connes conjecture see [16].

We are looking for an assembly map similar to (1.3) with KH instead of K'P
and algebraic kk®-groups instead of Kasparov’s K K “-groups.

For discrete groups, the Baum-Connes conjecture can also be formulated using
homotopy theory through the Davis-Liick approach [11]. Write Sp for the category
of (simplicial) spectra. Let Or(G) denote the orbit category of G: its objects
are G/H with H a subgroup of G and its morphisms are G-equivariant maps
f:G/H — G/K. Recall that an Or(G)-spectrum E is a functor E : Or(G) — Sp.
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In [11], an equivariant homology theory is constructed for each Or(G)-spectrum E.
The homology theory H%(—;E) in the category of G-simplicial sets S¢ is defined
as follows:

HY(—E):S“ —»Sp,  HYX;E)=mapg(—, X)4 ®one) E(-).  (14)

Let F be a family of subgroups of G and let ExG be a model of the classifying
space of G with respect to F, i.e. a G-simplicial set such that

H | contractible if H € F,
(ErG) _{(ZJ if H¢F.

Let p : Ex(G) — * be the projection to the point. The assembly map associated
to (G, F,E) is the map

H%(p) : H“(Ex(G);E) = H®(x E). (1.5)

We remark that in the original construction of [11] topological spectra are used
instead of simplicial spectra. In our work we use that Sp is a combinatorial category
(see Lemma C.2) and that holds for simplicial spectra. In [7, Section 2] it is proved
that TopG is Quillen equivalent to S¢ and that it is equivalent to work with assembly
maps in the topological or in the simplicial setting. If E is the topological spectrum
K'W? and F = Fin then the assembly map (1.5) coincides with (1.3), see [22].

The KH-isomorphism conjecture was introduced in [3, Section 7]; see [23, Section
15.3] for the status of this conjecture. In this paper we use a particular Or(G)-
spectrum E that we proceed to describe. For a G-algebra B and G/H € Or(G),
we define an algebra R(B x G/H) that has the properties of being natural in G/H
and kk%-equivalent to B x H:; see Sections 3.1 and 3.2. Let K be the spectrum
representing kk-theory defined by Garkusha [14]; see Section C.2 for details. The
KH-isomorphism conjecture states that for 7 = Fin and

E: Or(G) —» Sp, E(G/H)=K(,R(BxG/H)), (1.6)
the assembly map (1.5) is an isomorphism. Note that
m(E(G/H)) = m.(K({,R(Bx G/H)) = kk.({,R(BxG/H)) =KH,.(B x H).

Let K% be the spectrum representing kk“-theory defined in [25]; see Section C.2
for details. The main theorem of this work is Theorem 6.6:

Theorem 1.7 (cf. Theorem 6.6). Let G be a group such that ﬁ € { for every
finite subgrup H < G. Let B be a G-algebra and E be the Or(G)-spectrum defined
in (1.6). Then

HC(ErinG;E) = colim K (X), B)

where X runs over the (G, Fin)-finite subcomplezes of ExinG.

The proof of Theorem 1.7 has two parts. Let Or(G, Fin) be the full subcategory
of Or(G) whose objects are G/H with H € Fin. We consider the Or(G, Fin)-
spectrum

F : Or(G, Fin) — Sp, F(G/H) =K%/ B),

which provides an homology theory on (G, Fin)-complexes, see details in [11]. A
(G, Fin)-complez is a G-simplicial set that is built from cells of the form G/H x A"
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with H € Fin. The first step in the proof of Theorem 1.7 is to prove that for every
(G, Fin)-complex Y we obtain:

| HO(Y;E) = HO(Y;F)] (1.8)

In order to prove the above, we construct in Theorem 5.35 a zig-zag of Or(G, Fin)-
spectra:

E(G/H)=K(A,R(BxG/H)) - - =K% (AG/H) B) =F(G/H)

The second step is to prove that

HS(Y;F) = colimyx K (¢(X) B) (1.9)

where Y is a (G, Fin)-complex and X C Y is (G, Fin)-finite. This is proved in
Lemma 6.4.

The paper is organized as follows. In Section 2 we recall the adjointness theorems
from [13]. Upon composing (1.1) and (1.2) we get an isomorphism

kkG(AC/H) B) =~ kk(A, B x H) (1.10)

for A € Alg, B € GAlg, and H a finite subgroup of G such that ﬁ € (. Along this
section we give explicit descriptions of the unit and counit of this adjunction; this
is summarized in Proposition 2.10. In Section 3 we define a triangulated functor
R(— x G/H) : kk — kk that is naturally isomorphic to the crossed product with
H. This allows us to replace the right-hand side of (1.10) by kk(A,R(B x G/H))
and consider it as a covariant functor on Or(G). In Section 4, we prove that the
isomorphism

kkC(ACG/H) B) =~ kk(A,R(B x G/H)) (1.11)

is natural in G/H; see Theorem 4.9. Moreover, we provide an explicit description
for the counit of this adjunction in Lemma 4.6. Section 5 is the technical core
of this work and is devoted to lifting the isomorphism (1.11) to a natural weak
equivalence of spectra. By Lemma 4.6, we can describe the isomorphism (1.11) as
the composite of the morphisms in the zig-zag (5.2). Upon replacing kk by K and
kkY by K¢ we obtain a zig-zag:

K(A,R(B x G/N)) ﬂKG(A(G/N), [R(B x G/N)](G/N))

TZ (1.12)

R
Flo/n). KE(AG/N) R [(B x G/N)E/MN)

K& (AG/N) Mg B)

Here the technical difficulties arise:

(1) How to consider the spectra on the right column as covariant functors
Or(G, Fin) — Sp (or replace them by ones)?

(2) Once the previous question has been addressed, are the morphisms in (1.12)
natural in G/N?

These issues are explained with greater detail in Section 5.1. In Section 5.2 we
introduce a more convenient notation, rewriting (1.12) as:

(—)® P R(Ce)
—_—

J(t) ——= M (t,t) <—— Ly(t, 1) K&(A®M, MgB) (1.13)
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In Sections 5.3 and 5.4 we show how defining Or(G, Fin)-spectra as objecwise
coends provides an answer to (1). In Section 5.5 we define a morphism ¢ of
Or(@G, Fin)-spectra that can be thought of as a convenient analogue to the mor-
phism (=)® in (1.13). In Section 5.6 we introduce a model structure on categories
of bifunctors that will allow us to build models for the homotopy coends of certain
morphisms of bifunctors. In Section 5.7 we gather the previous results and give an
answer to (2) in Theorem 5.35. In Section 6 we finally prove Theorem 1.7 and show
that the left-hand side of the assembly map for the K H-isomorphism conjecture
can be expressed in terms of equivariant algebraic kk-theory groups.

2. ADJOINT THEOREMS REVISITED

Throughout this text, ¢ will denote a commutative ring with unit and ® will
denote the tensor product over £. We will refer to f-algebras simply as algebras.
An algebra with an action of a group G will be called a G-algebra. The following
lemma will be useful later on.

Lemma 2.1 ([6, Proposition 2.2.6]). Let D be a category and let F : GAlg, — D
be an Mas-stable functor. Let B C C be an inclusion of G-algebras and let V € C be
an invertible element such that VB, BV~ C B and g-V =V for all g € G. Then
the formula ¢V (b) = VbV =1 defines a G-algebra homomorphism ¢V : B — B such
that F((bv) = ldF(B)

Proof. Tt is easily verified that g - V~! = V~! for all ¢ € G and that ¢ defines
a G-algebra homomorphism. The rest of the proof of [6, Proposition 2.2.6] carries
over verbatim. (]

If X is a set, we will write Mx for the algebra of finite matrices with coefficients
in ¢ that are indexed over X x X. Let S be a G-set and let |S| be its underlying
set. We will write Mg for the f-algebra Mg endowed with the G-action defined
by g-est = egsgt. For any B € GAlg,, we have an f-algebra isomorphism
Rsp:(Ms® B)xG — Mg ® (B x G) defined by:

RS7B((€S7t & b) X g) = €s5,9-1¢ oy (b A g)

This isomorphism is clearly natural in S with respect to injective morphisms of
G-sets and natural in B with respect to ¢-algebra homomorphisms.

Let Gy = G[[{*} and let ¢+ : £ — Mg, (respectively ' : Mg — Mg, ) be the
morphism induced by the inclusion {*} C G (resp. G C G,). Let B € GAlg,.
Recall from [13, (4.1.3)] that we have the following zig-zag of isomorphisms in kk®:

B—“> Mg, ® B<" Mg® B (2.2)

Let G be a group and let H C G be a finite subgroup of order n such that % el
By [13, Theorem 5.2.1] and [13, Theorem 6.14] we have an adjunction isomorphism

kkG (A B) =~ kk(A, B x H) (2.3)
for any A € Alg, and any B € GAlg,. For A € Alg,, let p,: A — AG/H) » H be
the algebra homomorphism defined by:

1
pala) =axyg X - Z h
heH
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Put na = j(pa) € kk(A, AG/H) x H). We will show that 14 is a unit for the
adjunction (2.3). For B € GAlg,, let v : (B x H)(¢/H) — Mg ® B be the
G-algebra homomorphism defined by:

Vp (03 ) xwr) = D eppn @ p(b) (2.4)
pewH

Let ep € kk@((B x H)(G/H) B) be the following composite in kk", where the
isomorphism on the right is given by the zig-zag (2.2):

(B x )G/ o g (2.5)
We will show that ep is a counit for the adjunction (2.3).
Lemma 2.6. For any B € GAlg, we have (eg X H) o npywn = idpug in kk.

Proof. 1t is easily verified that the following diagram in kk commutes, where all
the arrows are isomorphisms:

(Mg ®B) x H -+ (Mg, ® By w H<"— Bx H

(RG,B)*\L (RG#B)*‘L /

M|G|®(B><1H) Y M‘GH@(BXIH)

Thus, the isomorphism (Mg ® B) x H = B x H in kk induced by the zig-zag (2.2)

equals the composite:
J(R jle1,1®7)

(Mg®B)>4H M‘G‘@)(BNH)(—BXIH

To prove the lemma, it will be enough to show that the composite

O (B HY G s 1 22 (Mg @ BY 9 H 222 Mgy (B » H)

$BXH

BxH—

and the inclusion e; 1®? : B x H — Mg @ (B x H) induce the same morphism

in kk. Let T be the algebra of matrices with coefficients in B x H indexed by
G x G that have only finitely many nonzero coefficients in each column and each
row. Notice that I is a unital algebra that contains M ® (B x H) as a subalgebra.
Let V=73 coegq® (1 xg) €. We have:

[RGBo(wBXIH)ochNH b>4h Z ep7q® ><1phq_1)
quH

1
_ - -1
=V = D epa®bxh) |V
p,qeH

Moreover, % Z%qu €p,q 1s a conjugate of eq 1 in M|q|; see [13, Remark 3.1.11]. By
[6, Proposition 2.2.6], we have

j[RCTgBO (Vg X H)oppxn] :j(6111®?) :Bx H — M\G\ ® (B x H),

as we wanted to prove. ([

Lemma 2.7. For any A € Alg, we have € 4a/m) © [(nA)(G/H)] =id g m) in kkC.
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Proof. 1t is easily verified that the composite

4Gy (AGIH) s ) (C/H EACI o AL Y pp, @ AGTH)

is given by:
1 Z
a’X’u)H — E eu}p;u)q ® anH (28)

p,q€H
To prove the lemma, it suffices to show that the above formula induces the same
morphism as ¢ : AG/H) — Mg, ® ACTH) - (axwn) = €x,x ® aXwH, Upon applying
j¢ : GAlg, — kkC. Let A be the unitalization of A and let e, (A) be the set of
those matrices with coefficients in A, indexed over G4 x G4, that have finitely many

nozero coefficients in each row and each column. Then I'g, (A) is a G-algebra with
the usual matrix multiplication and the G-action defined by (9-a)z, := a

Moreover, we have inclusions of G-f-algebras as follows:

gfl.m)gfl,y.
_\G/H
Mg, @ ACTH C (Mg, ® A)°" € (FG+ (A))
The G-action on the right is described by
(9-/)tH) =g f(g~'tH),

where f: G/H — T'q, (A) is a function and g € G. We will show that there exists

an invertible V € (I'q, (A))G/H such that the following diagram commutes, where
the horizontal morphism is given by (2.8):

AG/H) Mg, ® A(G/H)
) l«bv (2.9)
Mg, ® A(G/H)

Once this is done, the result will follow by Lemma 2.1 since j¢ : GAlg, — kk© is
Ms-stable. For wH € G/H, define:

Vwr == Z (nT_lex,x + s x + ez,*) - Z %ex,y + Z €g,g € FG+ (A)
rewH r,ycwH geG\wH

Note that g - Viyg = Vywr for all g € G. We can picture Vi, g as a block diagonal
matrix having an identity block in the coordinates corresponding to g € G \ wH,
and the following block in the coordinates corresponding to elements of wH U {x}:

wH
n-1 _1 _1 _1 .,
n n n n
_1 n-1 _1 _1 4
n n n n |
|
wH 1 : oo
. . | .
1 1 n-1 _1 | q
n n n n
_1 _1 1 nzl g
n n n n |
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It is easily verified that V;z is invertible with inverse given by:

-1 ._ n—1 1 1 1 i
Vor = E (—n €rat yCixt ;ex,*) - E sery T E eg9 €Ta, (A)
rxewH z,ycwH geG\wH

Again, we can think of V_, hl( as a block diagonal matrix having an identity block

in the coordinates corresponding to g € G \ wH, and the following block in the
coordinates corresponding to elements of wH U {x}:

wH

n-1  _1 _1 _1 ;1
n n n n | n
1 a1 1 11
n n n no o, n

|
wH 1 : . oo
. . . | .
1 1 n—1 1 : 1
n n n n o, n
1 1 _1 n-1 !l
n n n n | n
_____________________ .

1 1 1 1

Define V*' : G/H — I'g, (A) by VF'(wH) := V54 Then V, V! € (T'q, (A)¢/H
are mutual inverses and

V(Mg, ® ACH) (Mg, @ Ay =1 C (Mg, @ AG/H),
Moreover, g -V =V for all g € G. An easy computation shows that the triangle
(2.9) commutes. This finishes the proof. O

Proposition 2.10 (cf. [13, Theorems 5.2.1 and 6.14]). Let G be a group and let
H C G be a finite subgroup of order n such that % € 0. Then the morphisms na €

kk(A, AG/H) 5o H) and ep € kkS((B x H)(G/H) B) defined above are respectively
the unit and the counit of an adjunction:

kkG(AC/H) B =~ kk(A, B x H) (2.11)
Proof. Tt follows immediately from Lemmas 2.6 and 2.7. O

3. CROSSED PRODUCT WITH G/H

We want to show that the adjunction (2.11) is natural in G/H. The first thing
to do is to replace the right-hand side by an actual functor on Or(G, Fin).

3.1. Non unital /-linear categories.

Definition 3.1. A non-unital £-linear category C consists of:
(1) a set of objects obC,
(2) an ¢-module C(x,y) for every z,y € obC, and
(3) ¢-module homomorphisms
0 C(y,2) @ Cla,y) = C(a,2) (3.2)
for every z,y, 2z € ob(C, that are associative in the obvious way.

Non-unital ¢-linear categories with only one object can be identified with (non-
unital) f-algebras. In the sequel, we will refer to non-unital ¢-linear categories
simply as £-linear categories.
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Definition 3.3. Let C and D be ¢-linear categories. An (-linear functor F': C — D
consists of a function F': obC — ob D together with {-module homorphisms

Fpy:C(z,y) = D(F(x), F(y)) (3.4)
that are compatible with the composition.

We will write Caty for the category whose objects are /-linear categories and
whose morphisms are ¢-linear functors.

Let C and D be ¢-linear categories. The tensor product C ® D is the ¢-linear
category with objects ob (C) ® ob (D) and such that:

(C®D)((c,d), (¢ d)) = C(c, &) © D(d, d)

Composition is defined in the usual way, using the composition laws in C and D
and the commutativity of the tensor product of £-modules.

We proceed to recall some definitions from [7, Section 3]. Let C be an ¢-linear
category. Put:

AC)= @ cly)
z,y€obC

If f € A(C), write f, , for its component in C(z,y). Then A(C) is an ¢-algebra with
multiplication given by

(gf)y,x = Z Gy,z © fz,z

z€eobC

Example 3.5. Let C and D be /-linear categories. It is easily verified that:
A(C® D)= AC) ® A(D)

Example 3.6. Let A € Alg,, let G be a group and let H be a subgroup. We can
regard A (A x G9(G/H)) as a subalgebra of Mg, p(A x G) using the inclusion
that sends a x g € Hom 4 ge () (wH,vH) to eymrum - (a X g).

A problem with A(C) is that it is not natural with respect to all £-linear functors,
but only with respect to those that are injective on objects; see [7, p.1231]. To fix
this, one defines the ¢-algebra R(C) [7, Section 3.4]. If M is an ¢-module, write
T(M) = @®,>1 M®" for the unaugmented tensor algebra. Put:

R(EC)=T(A(C))/{g® f—gof:fel(zy),geCllyz2) sy z€0bC}
This defines a functor R : Cat, — Alg,.

Remark 3.7. Let G be a group. One can define a G-category as an f-linear
category C such that the hom-modules C(x,y) are G-modules and the composition
law (3.2) is G-equivariant, endowing C(y, z) ® C(z,y) with the diagonal G-action.
If C and D are G-categories, a G-functor F' : C — D is an {-linear functor such that
the morphisms (3.4) are G-equivariant. These definitions give rise to a category
GCat, whose objects are G-categories and whose morphisms are G-functors.

If C is a G-category, then A(C) and R(C) are G-algebras in a natural way. Thus,
we have a functor R : GCat, — GAlg,.

Example 3.8. Let C be an ¢-linear category and D € Alg,. We claim that there
is a natural morphism:

R(C® D) — R(C)® D
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To see this, first note that there is an ¢-linear functor C — R(C) that takes f €
C(x,y) to the class in R(C) of f € C(z,y) C .A(C) C T(A(C)). Upon tensoring this
functor with D and then applying R(—), we get the desired morphism:
R(C®D) - R(R(C)®D)=R(C)®@ D (3.9)
If C is a G-category and D is a G-algebra, then (3.8) is a morphism of G-algebras.
Is C is an {-linear category, there is a morphism p : R(C) — A(C) induced by
multiplication in A(C).

Lemma 3.10 (cf. [7, Lemma 3.4.3]). Let C be an {-linear category (respectively a
G-category). Then the morphism

p:R(C) — A(C)
induces an isomorphism in kk (resp. in kk% ).
Proof. The proof of [7, Lemma 3.4.3] carries on verbatim in this setting,. O

Corollary 3.11. Let C € Caty and D € Alg, (resp. C € GCat; and D € GAlg,).
Then the morphism
R(C®D)—R(C)® D
of Example 3.8 is an isomorphism in kk (resp. in kk© ).
Proof. Tt is easily verified that the following diagram commutes in Alg, (resp. in
GAlg,):
R(C®D)——TR({C)® D

pl lp@idD

A(C ® D) —= A(C)® D

Indeed, it suffices to check commutativity on the generators f ® d, and this is
immediate. The result follows from Lemma 3.10. O

3.2. Crossed product with G/H. Fix G/H € Or(G) and write — x G/H for the
functor — x GY(G/H) : GAlg, — Cat,. We claim that the composite functor

GAlg, — | Caty R

J

Alg, kk (3.12)

factors through j¢ : GAlg, — kk©. To prove this, it suffices to show that it is ex-
cisive, homotopy invariant and G-stable [13, Theorem 4.1.1]. Homotopy invariance
and G-stability follow easily from the following.

Lemma 3.13. Let H be a subgroup of G and let wH € G/H. Write “H for the
conjugate uHu~*. Then the composite functor in (3.12) is naturally isomorphic to:

A j(Res (A) x “H). (3.14)

Proof. To ease notation, we will omit ResuGH throughout the proof and write A x“H
instead of Resc’(A) x “H. Let B € GAlg,. Consider B x “H C B x G/H as the
full subcategory whose only object is uH. Upon applying R to this inclusion, we
get an algebra homomorphism:

B x"“H =R(B x "H) — R (B x G/H)

Let vy be the image of this morphism in kk. Clearly, v, is a natural transfor-
mation from (3.14) to the composite (3.12). To finish the proof, we will show that
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vy 1s an isomorphism. We claim that there is an isomorphism « that fits in the
following commutative diagram in kk:

Bx"H —"" > R(BxG/H)

:lp

A(B x G/H)

‘€uH,uH Nla

Here, the bent arrow is induced by the inclusion into the (uH,uH )-coefficient and
it is an isomorphism by matrix invariance. It follows that v,y is an isomorphism
too. The isomorphism « is constructed as in the proof of [7, Lemma 3.2.6]. More
precisely, let s : G/H — G be a section of the projection such that s(uH) = wu.
Write g = s(gH) for g € G. For b € B and g € homge g/ m)(sH,tH) put:

albxg) = emem - (ut 1 (b) xut tgsut)

It is straightforward to verify that this formula defines an isomorphism of algebras
OZSA(BNG/H)—)M|G/H|(B><IUH). (I

Corollary 3.15 (cf. [13, Proposition 5.1.2 and Section 6]). The composite functor
(3.12) is homotopy invariant and G-stable.

Proof. Write F : GAlg, — kk for the functor F' = j(ResZ(—) x H). By Lemma
3.13 it suffices to show that F' is homotopy invariant and G-stable. By definition,
F is the composite:
H .
GAlg, —=¢  fralg, 20, g,

The functor j(— x H) is homotopy invariant and H-stable by [13, Proposition
5.1.2]. The functor Resg is easily seen to send homotopic morphisms in GAlg, to
homotopic morphisms in HAlg,. It follows that F' is homotopy invariant. Recall the
definition of G-stable functor from [13, Section 3.1]. Let (Wh, By) and (Ws, Ba)
be G-modules by locally finite automorphisms such that card(B;) < card(N) for
i=1,2 and let A be a G-algebra. Then (W, B1) and (W, By) are H-modules by
locally finite automorphisms and thus

Res (Endf (W) ® ResZ A — ResZ (Endf (W) @ Ws)) @ ResH A

0
(5 o)
becomes an isomorphism upon applying j(— x H). It follows that F' is G-stable. O

We still have to show that the composite (3.12) is excisive.

Construction 3.16. Let £ : A — B — C be an extension in GAlg, (that splits
in GMody). We will to construct a triangle in kk as follows, that is natural with
respect to morphisms of extensions:

Oexa/H
><1/R

Q(R(C x G/H)) (AxG/H)——=R(BxG/H)——R(C x G/H)
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Let vy : j(Res& (=) x H) — jR(— x G/H) be the natural isomorphism of Lemma,
3.13. Note that j(Resg (—) x H) is excisive, since Resg sends extensions in GAlg,
to extensions in HAlg, and j(— x H) : HAlg, — kk is excisive [13, Proposition
5.1.2]. To simplify notation, we omit explicit mention to j and Resg . For example,
we write A x H instead of j(ResZ (A) x H). We have the following commutative
diagram of solid arrows in kk, where the top row is a triangle:

OexH

O(C x H) AxH BxH———>CxH

Zl(l(l/H) NlVH NlVH ~‘/uH

QR(C % G/H)) — — = R(Ax G/H) ——=R(B x G/H) —=R(C x G/H)

Define Ocwa/r @ QUR(C x G/H)) — R(A x G/H) to be the dashed arrow that
makes the left square commute. Then the bottom row becomes a triangle too.
This triangle is clearly natural with respect to the extension £. These morphisms
Jg i/ make the composite (3.12) into an excisive homology theory.

Proposition 3.17. Let H be subgroup of G. Then there exists a unique triangulated
functor — x G/H : kk% — kk that makes the following diagram commute:

GAngMAIgE

ol I

kkC kk

—xG/H
Moreover, for every extension £ : A — B — C in GAlg, and every uH € G/H,
the following square in kk commutes

8£><HH

QC xH) — o A xuH
Q(uuH)l: Nl/yuH (3.18)
Og x
QR(C x G/H)) =2 R(A x G/H)

Proof. The functor composite functor (3.12) is homotopy invariant and G-stable
by Corollary 3.15. Moreover, endowed with the morphisms Jgy/p defined in
Construction 3.16, it becomes an excisive homology theory. Then the existence of
— x G/H : kk€ — kk follows from [13, Theorem 4.1.1].

To prove the assertion about (3.18), consider the following diagram in kk:

8£><HH

Q(C % “H) — 22" A se el

Q(UHH)\LZ N‘/VMH

Oexc/H
QR(C x G/H)) 2L R(A x G/H) (3.19)
Q(UH)I\L: N\L(VH)l

OexH

QCxH) —2 ~ AxH

The bottom square commutes by definition of J¢ ., ir; see Construction 3.16. Thus,
the commutativity of (3.18) is equivalent to that of the outer square in (3.19). We
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will see that the latter commutes since it is induced by a morphism of extensions
in Alg,. For D € GAlg,, let ¢, : D x“H — D x H be the algebra homomorphism
defined by ¢, (a x g) = u~(a) x u~Lgu. We have a morphism of extensions

AxYH ——=Bx"Y"H ——=(C x"H
l%’u l%’u \L‘Pu
AxH——-BxH——CxH

that induces a morphism of triangles in kk. In particular, there is a commutative
square in kk as follows:

Oe wu
Q(C x"H) —~ A xvH
Qj(«ﬂu)l ‘/j(@u)
Og

QCxH) — s AxH

This square turns out to be the outer square of (3.19). To see this, it suffices to
show that j(¢.) = (vg) ™! o vup or, equivalently, that

J(p)ovu oj(pu) =3j(p) o vun (3.20)
where p : R(Dx G/H) — A(D x G/H). Each side of (3.20) is induced by an
algebra homomorphism D x “H — A(D x G/H). We will show that both mor-
phisms are conjugate in Mg, p|(D »x G)—regarding A (D x G/H) as a subalgebra
of M|/ m)(D x G) with the inclusion of Example 3.6. A straightforward verification
shows that the left- and the right-hand sides of (3.20) are induced, respectively, by
the algebra homomorphisms A and p defined by:

Mdxg)=emgmg-(ut(d) xutgu)
p(d x g) = eun,um - (d % g)
Now put:

V= Z euvHﬂ,H-(lNU)EP‘G/H‘(.DNG)DM‘G/H‘(DXIG)
vHeG/H

It is easily seen that p =V - X - V~1. This proves the equality (3.20) and concludes
the proof of the proposition. O

Proposition 3.21. Let G be a group. Then every morphism G/H — G/K in
Or(Q) induces a (graded) natural transformation — x G/H — — x G/K of functors
kkS — kk. Moreover, these assemble into a functor — x — : kk® x Or(G) — kk.

Proof. Let f : G/H — G/K be a morphism in Or(G). Clearly, f induces a natural
transformation j o R(— x G/H) — j o R(— x G/K) of functors GAlg, — kk. We
will prove that this natural transformation is compatible with the excisive homology
theory structures. More precisely, let £ : A — B — C be an extension in GAlg,.
We will prove that the following square in kk commutes:

QR(C % G/H)) —Z R(A % G/H)
f*l lf* (3.22)
QR(C % G/K)) —Z R(A % G/K)
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Supose for a moment that this square commutes. Put &/ = (kk)! where I is the
interval category. Then f induces a functor vy : GAlg, — &/ defined by:

D (f: R(D x G/H) = R(D x G/K))

The commutativity of (3.22) implies that v, is a homotopy invariant and G-stable
S-functor [27, Definition 10.6]. Thus, it factors uniquely through kk¢ by universal
property of kk®; cf. [27, Theorem 10.15]:

G

GAlg, L~ kkC

|
| 3! vy
vy Y

o

The functor vy corresponds to the desired natural transformation. Let us now
show that (3.22) commutes. The morphism f : G/H — G/K is determined by
f(H) = uK for some u € G with H C uKu~". We have the following commutative
square of {-linear categories:

AxG/H —T ~ AxG/K

T T

AxH incl AxuKu!

The bottom arrow is an inclusion of algebras. The left and right arrows are the
inclusions of the full subcategories whose only objects are H and uK, respectively.
Upon applying j o R : Caty — kk the vertical arrows become isomorphisms and we
get:

fe = vur 0 j(incl) o (vy) ' : R(Ax G/H) — R(A x G/K)

Thus, the commutativity of (3.22) is equivalent to that of the outer square in the
following diagram in kk:

Oexa/H

Q(R(C x G/H)) R(AxG/H)

Qvg) | = | (vr)~ !

OexH

QCxH) —  ~ AxH

Qj(incl) j(incl)
QC xuKu™t) Deurcu! AxuKu?
Qvur) | = o | vuk
QR(C % G/K)) —Z R(A % G/K)

Here, the bottom and top squares commute by Proposition 3.17. The middle square
commutes because it fits into the morphism of triangles induced by the inclusion
H CuKul. O
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4. A NATURAL ADJUNCTION

Let G be a group and let H be a finite subgroup of G. Recall from Lemma 3.13
that there is a natural isomorphism vy : —x H — — x G/H of functors kk¢ — kk.

If ﬁ € ¢, we have isomorphisms

kkG(ACTH) B) =~ kk(A, B x H) = kk(A, R(B x G/H)), (4.1)

where the isomorphism on the right is induced by vy and the one on the left is that
of Proposition 2.10. In other words, there is an adjunction:

(=)C/H) gy — kkC: = x G/H (4.2)

We will show that this adjunction is natural in G/H. For the rest of this paper,
we assume that G satisfies the following property:

ﬁ € { for every H € Fin (4.3)

We will prove that for every morphism f : G/H — G/K € Or(G,Fin) the
following square commutes:

kk(A,R(B x G/H)) — kkC(AC/H) B)

f*l lf* (4.4)

kk(A, R(B x G/K)) — kkC(AC/K) B)

The commutativity of this square is not obvious a priori since the middle term of
(4.1) is not a functor on Or(G, Fin). Let a € kk(A,R(BxG/H)) and f: G/H —
G/K in Or(G, Fin). The commutativity of (4.4) is equivalent to that of the outer
square in the following diagram in kk, where e, g is the counit of (4.2):

G/ H) ca/n

A(G/H) [R(B x G/H)|\¢/™ B

A(f)] Tf* Téc/K (4'5)

A o [R(B 3 G/ H)] ) [R(B x G/K)| ¢/

o(G/K) fa

The square on the left clearly commutes. The commutativity of the square on the
right follows easily from the following result.

Lemma 4.6. Let G be a group satisfying (4.3). Then:
(1) For every G/H € Or(G, Fin) there is a G-functor

(o (Bx G/H)C/ — Mo ® B (4.7)

that sends (b X g)xsm € hom(uH,vH) = B @ LvHu |(G/H) to:

Z ep,pg @ p(b)

pEsHv—1
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(2) For any f : G/H — G/K in Or(G,Fin), the following square in GCaty

commutes:

(B x G/H)(G/H) LI Mg ® B

Tf* TCG/K (4.8)
(B x G/H)C/K) Lo (B GE)©/m)

(3) The counit eq g of the adjunction (4.2) fits into the following commutative
diagram in kk© :

R (B G/H)](G/H) COT.;.H R {(B “ G/H)(G/H)}

lR(Cc/H)
Mg ® B

€G/H Nl .
= | z1g-zag

B

Proof. Let us verify that (g g as defined in (1) is compatible with composition.
Let f1 = (b1 X g1)xsz € Hom(uH,vH) and fo = (by X g2)x:z € Hom(vH, wH).
We have

Joo fi = 0sm,em (b2ga(b1) ¥ g291)xeH

where 5, +m is Kronecker’s delta. Then:

Caru(foo fr) =bsmirr Y, €ppgag @ P(b2ga(br))

peEtHw =1

On the other hand, we have:

Corn(f)Sarm(F)={ Y. €qag ®alba) D eppg @p(b)

geEtHw™?! pEsHv—1

= Z €q.q92€p.pgr @ q(b2)p(b1)

pEsHv ™!
gEtHw !

= 0sH,H Z €q,09291 ® q(b2)(qg2)(b1)

geEtHw—1

The appearance of Kronecker’s delta in the last line is explained as follows: ¢gs €
tHv™! and p € sHv~! can be equal if and only if sH = tH. This shows that Ca/u
is indeed a well-defined functor.

Let us prove (2). The square commutes on objects since Mg ® B has only one
object. A morphism f: G/H — G/K is determined by f(H) = K with x such
that H C 2Kz~ ! Let (b x g)xsx € Hom(uH,vH). We have:

Co/r (e (0% g)xsk)) = Cayre (0% 9)Xsk)
= Z €p,pg @ P(b)

pEsK (vx)~1
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On the other hand, we have:

Cayu (f7 ((bx g)xsk)) = Cayn Z (b g)xim

tHe f~1(sK)

= Z Z €p,pg @ P(b)
tHef~1(sK)petHv—?!
= Z €p.pg ® (D)
pEsKz—1lv—1
Here, the last equality follows from the fact that sKz~!
f71(sK). This finishes the proof of (2).
Let us prove (3). It follows from (4.1) that the counit e,z of the adjunction (4.2)

equals e o [(vy) '] (G/H), where e is the counit of (2.11). Recall the definition
of ey from (2.5). Then eg/ g equals the following composite in kk:

is the disjoint union of

(G/H)

(vir)
[R(B G/H)](G/H)[i> (B x H)(G/H # Mg ® B

B

zig-zag
The statement in (3) now follows from the commutativity of the following diagram,
which is straightforward — indeed, the diagram commutes in Alg,:

[R(B x G/H))(“/H) <C220 R[(B x G/H)E/)]

(B x H)G/H) i Mg ® B

Here the diagonal morphism is the one induced by the inclusion
(B x H)¢/H) C (B xG/H)E/D
as the full subcategory on the object H. This finishes the proof. O
We collect the main results of this section in the following theorem.

Theorem 4.9. Let G be a group satisfying (4.3) and let H be a finite subgroup of
G. We have an adjunction

()G gk —— kkS : —x G/H

kkG(AC/H) BY =~ kk(A, R(B x G/H))
that is natural in G/H € Or(G, Fin). Moreover, the counit of this adjunction is
described by Lemma 4.6.

5. LIFTING THE ADJUNCTION TO SPECTRA

5.1. The primitive zig-zag. Let A € Alg,, B € GAlg, and G/N € Or(G, Fin).
By Theorem 4.9 we have an adjunction isomorphism

kkG(ACG/N) BY > kk(A, B x G/N) (5.1)

that is natural in G/N. Let K and K& be, respectively, the spectra representing kk-
theory and kk%-theory. These were defined in [14] and in [25]; see Section C.2 for
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details. We would like to lift the isomorphism (5.1) to a natural weak equivalence
of spectra:

K(A,R(B x G/N)) — — = KG(AG/N) B)

Here, we want the dashed arrow to represent a zig-zag of Or(G, Fin)-spectra in-
ducing the isomorphism (5.1) upon taking homotopy groups. As a starting point,
let us recall how to obtain this adjunction. By Lemma 4.6 (3), the isomorphism
(5.1) equals the following composite:

(=)@ G( A(G/N) (G/N)
kE(A, R(B x G/N)) o kG (AC/N) [R(B x G/N)E/N)
Cor. Zﬁ.llTlZ

R(a/n)
< e

G( A(G/N)
BRG(AGIN), M B) <=

“l

kkC(AC/N) M, B) = kkCG(AG/N) | B)

kkC (AC/N) R [(B x G/N)E/N]) (5.2)

The last two morphisms are easily lifted to spectra. Indeed, the G-stability zig-zag
(2.2) induces a zig-zag of weak equivalences that is clearly natural in G/N:

KY(ACE/N) MeB) —=KE(AC/N) Mg, B) <=—K%AE/N) B)

Lifting the rest of (5.2) is somewhat more delicate. If we simply replace groups by
spectra, we get:

K(A,R(B x G/N)) LG/N; K& (AG/N) [R(B G/N)](G/N))

Cor. :3A11T2 (5.3)

KE(AC/N)| N By <ee/x).

G( A(G/N) (G/N)
o KO(ACI, R[(B 1 G/N)EN])

This is what we call the primitive zig-zag. While the spectra on the left are covariant
functors on Or(G, Fin), this is not the case for those on the right. We should start
by replacing the latter by covariant functors on Or(G, Fin) if we expect a zig-zag
that is natural in G/N. In the following sections—taking the primitive zig-zag as
our model—we proceed to construct a zig-zag of spectra that depends covariantly
on G/N and that induces the isomorphism (5.1) upon taking homotopy groups.

5.2. Notation and preliminary definitions. To ease notation, the category
Or(G, Fin) will be denoted by O for the rest of this section. Its objects—the
orbit spaces corresponding to finite subgroups of G—will be denoted by letters 7,
s and t.

Let C be a category and T" be a small category. We will write B(T',C) for the
category CT""*T of bifunctors IT'°? x I' = C. Let f : T' — A be a functor between
small categories. Then we can restrict along f either of the variables of a bifunctor
A°? x A — C, or both of them, as shown by the following commutative diagram of
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categories:

B(A,C)LCAOPXF

Ny

CFopr fﬂ, B(F, C)

Here, f* denotes restriction of one of the variables (either the covariant or the
contravariant one) and f* denotes restriction of both variables.
Define functors J € Sp® and M, L € B(0,Sp)° by

J(t) :=K(A, R(B % t))
Li(s,7) := KE(AW R[(B x r)®)) (5.4)
M(s,r) := KY(AY, [R(B x 7))
for r,s,t € O. The kkC-equivalence R[(B x1)(*)] = [R(B x r)]**) of Corollary 3.11
induces, upon applying K& (A(t), —), a natural transformation ¢ : L — M that is

an objecwise weak equivalence of spectra. With this notation, the primitive zig-zag
(5.3) becomes:

(—)® P R(Ce)
—_—

J(t) ——= M (t,t) <—— Ly(t, 1) K&(A®M, MgB) (5.5)

5.3. Coends enter the game. Fix t € O. The commutativity of (4.8) suggests
that the morphism induced by R({;) in (5.5) could be replaced by a morphism from
a certain coend, as we proceed to explain. If f : r — s is a morphism in O, the
following square commutes by Lemma 4.6 (2):

(Bxr)") —~ Mz @ B
Tf* TCS
(B x 7)) Lo (B 5)®

Upon applying K&(A® R(—)), we get a commutative diagram:

Li(r,r) —= KG(AD, M B)

f*T Tcs (5.6)

Lyi(s,r) - Ly(s,s)

For reasons that will become clear later on (see Remark 5.16 and Lemma 5.30) we
will take coends over the slice category O; of orbit spaces over {. We will denote
by u; the forgetful functor O/, — O. Let now f : o — 8 be a morphism in Oy,
where o : 7 — t and 3 : s — t. Then (5.6) equals the square:

[(u)* L] (@, @) —Z= KE(AW, Mg B)

oo,k

[(u)* Le] (B, @) —L= [(uy)* Le] (B, B)
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By the universal property of the coend, there is a unique morphism ¢ making the
following triangle commute for all objects o : 7 — ¢ of O);:

fO/t (Ut)*Lt —<> ]KG(A(t)7 MGB)
canaT (57)
[(ue)* L] (e, @) ¢

Here the vertical morphism is the structural morphism into the coend corresponding
to a. In the next section we will prove that { depends covariantly on t € O.

5.4. Defining O-spectra as objectwise coends. Let us show that the mor-
phisms ¢ of (5.7) assemble, for varying ¢, into a morphism of O-spectra. We first
prove some preliminary lemmas.

Lemma 5.8. Let C be a cocomplete category, f: ' — A be a functor between small
categories and T € B(A,C). Then there is a unique morphism

[T — T 59)
making the following square in C commute, for every object ~v of T':
" ——— T

(*T)(v,y) =T(f(7), (7))

Here the vertical arrows are the structural morphisms into the coends. Moreover,
(5.9) is natural in T

Proof. This is immediate from the universal property of coends. O

Remark 5.10. For composable functors T’ LAS SandT e B(%,C), the
morphisms (5.9) clearly fit into the following commutative triangle:

[gofyT=[" T — [* g*T
Fr

Lemma 5.11. Let C be a cocomplete category and T' be a small category. Then
there is a functor € : B(I',C)' — C' described as follows.

(1) Let V be an object of B(T,C)', t e T+ V; € B(T',C). Fort € I', we have:
CV)(t) = [ )V
For a morphism f :t =t in T, €(V)(f) equals the composite:

1% 5.6
J"F/t (ut)*‘/} I fF/t (Ut)*‘/;f’ _ J"F/t f*(ut/)*‘/;f’ gl Ly (Ut/)*v;e/
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(2) For a morphism h:V — W in B(T,C)Y, the natural transformation ¢ (h)
has components:

fl"/t (Ut)*ht

fp/t (u)* Vi fp/t (ue)* Wy

Proof. The fact that the equalities in (1) indeed define a functor ¢’ (V') € C' boils
down to the naturality of (5.9) and Remark 5.10. The fact that € (h) is indeed a
natural transformation follows as well from the naturality of (5.9). O

Lemma 5.12. The morphism ¢ defined by (5.7) is a morphism of O-spectra.

Proof. The codomain of ( is clearly an O-spectrum. Its domain is an O-spectrum
as well; indeed, it is €(¢t — L) where % is the functor of Lemma 5.11. Let f : ¢t — ¢/
be a morphism in @. We claim that following square commutes:

fO/t (Ut)*Lt _<>_ KG(A(t), MGB)

fl Lf
[91 (up)* Ly —= KG(A®), M B)
Indeed, by the universal property of the coend, it suffices to show that the square
commutes when precomposed with the structural morphisms
o
[(ue)"Le] (@) — [77" (ue)* Ly
for every object o : r — t of Oy,. Upon precomposing with the latter we get the

following square, that clearly commutes:

KE (AW R[(B »r)"]) —L= KE(AW, Mg B)

fl lf
K (AW R [(B »r)"]) —2= KE(AW), My B)
This proves the lemma. (I

5.5. The morphism . In this section we define a morphism ¢ that will be part
of the natural zig-zag of Theorem 5.35. Let & : Sp© — B(0O,Sp) be the functor
that adds a constant contravariant variable, defined by

dp(s,m) = F(r) (5.13)

for F € Sp® and r,s € O. Let (u;)* : B(O,Sp) — Sp'@+"*C be the restriction
of the contravariant variable along the forgetful functor. Recall the definitions of
J € Sp® and M, € B(O,Sp) from (5.4). Define a morphism

O (ue)* 0y — (ug)* My (5.14)
as follows. For objects 7 of O and a: s — t of O, let
By ()" 85) () = [(ue) M) (at,7) (5.15)
be the following composition:

K(A,R(B x 1)) (ke K& (A [R(B x r)]®) e K (AW [R(B x r)]®)
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It is easily verified that ¢! is a natural transformation of bifunctors. Indeed, for
morphisms f : 7 — 7" in O and g : @ — o' in Oy, the following diagrams commute:

K(A, R(B x 1))

’
(=W Plat,r)

KE(AM, [R(B = 1)]")

/ (@)

KC(A® [R(B % 1)]*)) —L~

Remark 5.16. The definition of the components of ¢* (5.15) makes use of the
structural morphism « : s — ¢ and it is not clear how to define ¢* as a morphism
d7 — My in B(O,Sp). This is one of the reasons that motivated our choice of O,
as the indexing category for coends.

Construction 5.17. By Remark 5.25 we have, for each t € O, a pair of adjoint
functors:

(ug)r : SpOD"XO —= B(0O,Sp) : (us)* (5.18)

Let f : t — t' be a morphism in O and write f* : Sp(@)" >0 _ gp(@/)"x0O
for the restriction of the contravariant variable along f : O;; — O)p. Note that

f* o (up)* = (ur)* and consider the following diagram of solid arrows for F' € Sp©
and H € B(O, Sp):

B(O,Sp) ((up ) (up)*6p, H) — Sp'%) "> ((uyr)* 6, (up)*H)

|
[ J/f*
v o 0
B(O,Sp) ((ue)i(w)*6p, H) ——= Sp %" € ((w,)*6p, (ue)* H)
Let the dashed arrow complete the diagram to a commutative square. By the
Yoneda Lemma, the dashed arrow is induced by precomposition with a unique
morphism (u)i(ue)*dp — (up)i(up)*0p. The latter, for varying f, assemble into a

functor O — B(O,Sp), t — (u¢)1(ug)*dp. This construction is, moreover, clearly
natural in F', so that we get a functor:

Sp® —— B(0,Sp)°
Fr——- (t — (ut)g(ut)*ép)
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Remark 5.19. Let F € Sp®. Later on, it will be useful to have an explicit de-
scription of the functor O — B(O, Sp), t — (us)1(us)*dp mentioned in Construction
5.17. Let us first describe the bifunctor (u;)i(ut)*ép € B(O,Sp) for fixed t € O.
For r, s € O we have:

[(ue)(u) o) (s,r) = [T [(we)orl () = T F(r)

acO(s,t) O(s,t)

For a morphism f : r — 7/ in O, the induced morphism f. = [(us)i1(ut)*dF] (s, f)

equals the morphism:
1Hr»H: 1] For— I F6)
O(s,t) O(s,t)

For a morphism g : ' — s in O, the induced morphism ¢* = [(u)1(us)*0F] (g,7) is
the unique morphism making the following triangle commute for all 5 € O(s, t):

F(r)—""~ 1] F()

\ O(s,t)
o
cangog

[T 7o)
O(s’,t)

Now let h : ¢ — ' be a morphism in @. Then the components of the induced natural
transformation h, : (ut)1(ue)*0F — (ug )1(up )*dF are the unique morphisms making
the following triangle commute for all 5 € O(s, t):

F(r)—""~ T] F()

O(s,t)
B
canpop

[T 7

O(s,t")

Lemma 5.20. Fiz t € O and let ¢ : (us)*6; — (ug)*M; be the morphism in
Sp 90" %O defined in (5.14). Under the adjunction (5.18), ¢! corresponds to a
morphism ¢ : (ug)i(ug)*6; — My in B(O,Sp). Explicitly, for r,s € O, the com-
ponent @y ¢ [(ueh(ue)*85](s,7) — My(s,r) is the unique morphism making the
following triangle commute for every o € O(s,t):

H J(r) Pler), Mi(s,r)
O(s,t)

canaT

i
J(r) Pl

Then the latter, for varying t, assemble into a morphism in B(O,Sp)® —where the
domain of o is considered as an object of B(O,Sp)® as explained in Construction
5.17.
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Proof. Let f : t — t' be a morphism in O. We have to show that the following
square in B(O, Sp) commutes:

(ue)i(ug)* 0y —— M,

| lf*

(up )1 (g ) ¥ —2= My

By Remark 5.19, for r,s € O, we have [(u;)1(u:)*6s](s, 1) = [Lp(s 4 J(r). Thus, it
suffices to show that the following square commutes for r,s € O:

[T 70) —== Mi(s.m)
O(s,t)

f*l fe

H J(r) —2= My (s,r)
O(s,t")

By the universal property of the coproduct it suffices to show that this square
commutes when precomposed with every structural morphism into the coproduct
in the upper left corner. Let « € O(s,t). Upon precomposing the latter square
with cang : J(r) = [lo (4 J(r) we get:

1
P la,r)

J(r) ——= M(s,r)

\ lf*
S"?fo

e My (s,r)

Unravelling the definition of ¢F, this triangle becomes:

K(A,R(B x 1)) — s KG(AD, [R(B x 1)) 2> KE(AD [R(B » r)]))

()“”l lf* lf*

KE(A®), [R(B » r)]®)) Lo KG(AW) [R(B x r)]®) 22 KE(A®), [R(B x 1))

The square on the right clearly commutes. The one on the left commutes by Lemma
C.6. (]

5.6. Model structure on categories of bifunctors. Let C be a model category
and let T' be a small category. In this section, we endow B(T',C) with a model
structure that will allow us to build models for the homotopy coends of certain
morphisms of bifunctors. We will need these later on to define the morphisms
going backwards in the zig-zag of O-spectra of Theorem 5.35.

Proposition 5.21 ([24, Proposition A.2.8.2]). Let C be a combinatorial model
category and let T' be a small category. Then there exist two combinatorial model
structures on C':

e The injective model structure, denoted Cil;j,

cofibrations are defined objectwise.

where weak equivalences and
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r

e The projective model structure, denoted Cy,;,

fibrations are defined objectwise.

where weak equivalences and

We will always consider B(I', C) as a model category with the structure (Cil;;p)gmj
whenever this structure exists. The model structure on B(T', Sp) exists for any T’

by Lemma C.2 and Proposition 5.21.

Theorem 5.22 ([2, Theorem 4.1]). Let C be a model category and T' be a small
category such that the model structure on B(T',C) exists. Then the functor

MBI, c)=¢C (5.23)
is a left Quillen functor.

Proof. This is [2, Theorem 4.1]; we sketch the proof for completeness. For ¢ € C,
define R(c) : TP x I" — C by:

R(c)(s,r) == H ¢

a€el(r,s)
For morphisms f : 7 — r’and g : s’ — sinT, let f, and g* be the unique morphisms
making the following diagrams commute for all e € T'(/,s) and all 8 € I'(r, s'):

R(e)(s,r) — > R(e)(s,7")  R(e)(s,r) ——= R(e)(s',7)

lcana lcanﬁ
cangof cangop
& &

It is easily verified that R : C — C'" T is right adjoint to fr :CU"*T 5 C. Thus,
proving the theorem is equivalent to showing that

R:C— B(T,C)

preserves fibrations and trivial fibrations. Let ¢ — ¢’ be a (trivial) fibration in C.
To prove that R(c) — R(c) is a (trivial) fibration in B(T',C) = (Cil;gp)gmj, it suffices
to show that R(c)(—,r) — R(c)(—,r) is a (trivial) fibration in Cil;gp for every r € T.
But the latter holds since, for every r, there is a Quillen adjunction

ev, :C}:}p =2C:R(—)(—,r)
where ev, is the evaluation at r [2, Corollary 2.3 (iii)]. Indeed, this adjunction is
Quillen since ev,. clearly preserves cofibrations and trivial cofibrations. O

Lemma 5.24 ([24, Proposition A.2.8.7]). Let C be a model category and let f : T —
A be a functor. Then the restriction functor f* : C* — CT fits into the following
Quillen adjunctions, whenever the model structures in question exist:

(1) fr:ch.=ck.: f.

inj inj

(2) fi:CL . =2Ch i f*

proj proj

Remark 5.25. Let C be a category with small coproducts and let I' be a small
category. Fix ¢ € I' and let u; : I'); — I" be the forgetful functor. Then there is an
adjunction:

(ug)y : CT™ = T« (uy)*
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Moreover, the pushforward functor (u;); can be explicitely described as follows. For
s € I', we have:
[(w)Fl(s)= I  Flo
a€Hom(s,t)
For a morphism g : s — s in I, [(u)1F] (g) is the unique morphism making the
following squares commute, where the vertical arrows are the structural morphisms
into the coproducts:

H Fla) [(ue)1 Fl(g) H F(o)

a€Hom(s,t) a’€Hom(s’,t)

canﬁT Tcangog

F(B) F(Beog)

Lemma 5.26 (cf. [24, Lemma A.2.8.10]). Let C be a model category, T' be a small
category, fir t € I', and let uy : Uyy — I be the forgetful functor from the slice
category. Then the following adjunctions are Quillen adjunctions, whenever the
model structures in question exist:

F(g)

* — ol
(1) (ut) : Cpr;roj — Cp]ﬁoj : (ut)*
(2) (ug)r:CL/"" = CE: (uy)*

Proof. To prove (2) is a Quillen adjunction, let us show that (u:), preserves cofi-
brations and trivial cofibrations. Recall from Remark 5.25 that, for F e ¢(T/0)™
and s € I', we have:
[(we)Fl(s)= ] Flo)
a€el(s,t)
Let n: F — F’ be a morphism in CT/0)™. For s € T, (us)1(n)(s) is the coproduct
of the morphisms:
{n(a) : F(a) — F/(a)}aer(s,t)

If 1 is a cofibration (resp. a trivial cofibration) in Ci(npj/ t)op, the latter are cofibrations

(resp. trivial cofibrations) in C and, thus, (u;)i1(n)(s) is again a cofibration (resp.
trivial cofibration) in C. Since this holds for every s € T', it follows that (u)i(n) is
a cofibration (resp. a trivial cofibration) in Cil;:]-p. The proof of (1) is dual to that
of (2), using the fact that '

[(w)Fl(s) = [] Fle)
a€l(t,s)

for F € Ct/t and s € T. O

Lemma 5.27 ([24, Remark A.2.8.6]). Let F : C 2 D : U be a Quillen adjunction
of combinatorial model categories and let I' be a small category. Then composition
with F' and U determines a Quillen adjunction

FU:ch=Dp":U"
with respect to either the injective or the projective model structures.

Lemma 5.28. Let 0 : Spgmj — B(O,Sp) be the functor defined in (5.13). Then ¢
is a left Quillen functor.



ALGEBRAIC kk-THEORY AND THE KH-ISOMORPHISM CONJECTURE 27

Proof. Let const : Sp — Spi?l;p be the functor that sends a spectrum FE to the

constant functor on E. Then const is left Quillen since it clearly sends cofibrations
(resp. trivial cofibrations) to cofibrations (resp. trivial cofibrations) and it has a
right adjoint (taking limit). Note that we have:

op o
6 = (const)? : Spgmj — [Spo Lroj = B(0,Sp)

inj
Then § is left Quillen by Lemma 5.27. O

Lemma 5.29. Let C be a combinatorial model category, I' be a small category, fix
tel, and let uy : I'yy — T be the forgetful functor from the slice category. Then
the restriction on both variables

(ug)*: B(I',C) — B(I‘/t,C)
is a left Quillen functor.
Proof. Consider the following commutative square:

B(I,C) = (CT™)T W™ (crmyi

inj Jproj inj /proj

(WJ, (ue) l(m)*

[Cgr/twr CON {c@/t’“”r“ = B(I);,C)

m proj m proj

The horizontal morphisms are left Quillen by Lemma 5.26 (1) and the vertical
morphisms are left Quillen by Lemma 5.24 and Lemma 5.27. Then (u:)* is left
Quillen as well, for being the composite of left Quillen functors. O

5.7. The natural zig-zag. In this section we finally construct a zig-zag of O-
spectra inducing (5.1) upon taking homotopy groups. We begin with the following
lemma, that shows that every O-spectrum can be canonically described as an ob-
jectwise coend.

Lemma 5.30. Let § : Spsmj — B(0O,Sp) be the functor defined in (5.13). For
Fe Spo and t € O, the structural morphisms into the coends

F(t) = [(us)*8r] (ids, id;) — [V (ug)*6r (5.31)
are isomorphisms. Moreover, these are natural int € O and in F € Spo.
Proof. Fix t € O. Since (u;)*dr is constant in the contravariant variable, we have:
fO/t (ug)*6p =2 221(191/1: F(u(a))
Since idy is a final object of Oy, the structural morphism

F(1) = Flu(idy)) —> colim F(un ()

is an isomorphism. Combining the above we get the desired isomorphism:
F(t) — [ (uw)*br

It is easily verified that this is natural in ¢ and in F'. (I
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Lemma 5.32. Let F' € Sp© and fix t € O. Let (u) and (u;)* be the functors
that form the adjunction (5.18). Then there is a morphism of bifunctors (uy)*0p —
(ue)*(ue)(ue)*0p described as follows. For objects av:r —t and f: s —t of O,
the component corresponding to the pair (8, ) is the structural morphism into the
coproduct corresponding to B:

[(u)*or] (B,0) = F(r) —% T F(r) = [(ue)"(w)i(ue)*or] (B,0)  (5.33)

O(s,t)

Moreover, upon taking coend we get a morphism of spectra

SO () o ——= [ () (u)i(ue)*0r (5.34)
that is natural in t.

Proof. The fact that the morphisms (5.33) are natural in « and 3 is easily verified
using the explicit description of the bifunctor (u;)(u:)*dp given in Remark 5.19

Let us now prove that (5.34) is natural in t. Let h: ¢ — ¢’ be a morphism in O.
By the universal property of the coend, it suffices to show that the outer square in
the following diagram commutes for every a: r — ¢t in O);:

F(r) = [(ut)*or](a; @)

%
(5.34)

T () 8m ~Z20 1O () (g ()"0

) |-

, oo (5:39) o . N
S () op === [ (up)* () (uer)*Sp

Unravelling the definitions of h, (see Lemma 5.11 and Remark 5.19), it is straight-
forward to verify that both ways from F(r) to fo/t/ (ug)* (ug )1 (ugr)*0F in the dia-
gram above equal the composite:

F( _ COMhoa H F Canpon J"O/f/ (ut/)*(ut/)!(ut’)*5f«“
O(r,t")

This finishes the proof. (I

Theorem 5.35. Let q: Q = id and q: Q = id be, respectively, cofibrant replace-
ments in B(O,Sp) and Spgroj. Then we have a zig-zag of O-spectra as follows:

(5.34)

AR UT A —"— (ut)*0g., S () (ue)i(ur)* 05,

o

T (e QML) <2 [ (ue)* Que (u) 65 <= [ (ue)* Q(ue)r(ue) 655

SO (ue)* Q(Le) —— [ (uy)* Ly K(AD, M B)
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Moreover, upon identifying

K(A,R(B xt)) = J(t) (Sél) / (ue) 6

and then taking homotopy groups, this zig-zag induces the isomorphism (5.1).

Proof. Let us first show that the morphisms appearing in the zig-zag are indeed
natural in ¢. For (5.34) this is part of Lemma 5.32 and for ¢ it is Lemma 5.12. The
rest of the morphisms are natural in ¢ because they result from aplying the functor
% of Lemma 5.11 to appropriate morphisms in B(O, Sp)®.

The morphisms in the zig-zag labeled with ~ are indeed weak equivalences by
Ken Brown’s Lemma [18, Lemma 1.1.12]: they result from applying a left Quillen
functor to an appropriate weak equivalence between cofibrant objects. Here we
use that the functors ¢, (u;)* and fo/t are left Quillen by Lemmas 5.28, 5.29 and
Theorem 5.22 respectively.

The fact that the zig-zag induces (5.1) upon taking homotopy groups follows
from the commutativity of the following diagram of spectra.
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[K(AR(B x 1)) | e (1) o= [ ()0
q|2 q|2
QN e [ ()"0,
canid, (5.34)
IT 70 ~—2— I @& "2 [ (u)* (ue)i(ue)* 3,
YEO(t,t) yEO(t,t)
(_)(t) q|?
q |2
v [Quekbas] (8 % [ () Q(u ) (ue)* S5
q
@ q q
[Que)i85] (8, 8) ——> [/* (ug)* Q (ue): (us) *6.s
® ®
M(t,t) (QMy)(t,t) — s [V (u,)* Q(M,)
PR PR
(QLo)(tt) —— s [/ (u,)*Q(Ly)
P q q
Ly(t,1) . [ (wy)* Ly

¢
Gt

K& (A®, MgB)

Upon taking homotopy groups, the morphisms labeled with ~ in the diagram above
become isomorphisms and can be inverted. The zig-zag equals the morphism in the
top row followed by the composite of the morphisms in the rightmost column. By
Lemma 4.6 (3), the composite of the bent morphisms on the left equals, upon taking
homotopy groups, the isomorphism (5.1). O

6. EQUIVARIANT HOMOLOGY WITH COEFFICIENTS IN kkC-THEORY

Lemma 6.1. Let A be an algebra, B be a G-algebra and X be a (G, Fin)-complez.
Then there exists a morphism of spectra

ax : HA(X;K¢(AD), B)) - K¢ (AW B) (6.2)
that is natural in X and that is an isomorphism for X = G/H.

Proof. Let E : Or(G, Fin) — Sp be a functor and X be a (G, Fin)-complex. By
Lemma A.4, Lemma A.1 and the fact that coends and smash products commute
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with colimits, we have:

[roem)- [ x nmiem)

G/H H
%/ < colim G/K x A”) NE(G/H)
G/KxAm|X N

1

G/H
li K x AT ANE(G/H
[ lim (6K < AT AB(G/H)

G/H
li A" K NE(G/H
elim A [T G nB(G )

li A" A HC(G/K:E
G/f‘?xlAI%X + (G/K;E)

o li A" NE(G/K
G/I%C)XIAIE¢X + (G/K)

Thus, to construct the morphism (6.2) it suffices to define compatible morphisms
A" AKCG (AT B) — KY(AYXN), B) (6.3)
for every f: G/K x A™ — X. Define (6.3) as the composite:

(C.4)

A" AKCG(AG/F) By 0L KG(AG/KXA™ ) Lk

S KC (A(X), B)

The compatibility of these morphisms is immediate from the naturality of (C.4) in
G/K. To see that the induced morphism (6.2) is an isomorphism for X = G/H,
note that in this case the identity of X = G/H x A is a final object among those
G/K x A™ | X. Then, in this case, taking colimit over G/K x A™ | X boils down to
evaluating at the final object idg, g x a0 and the result follows from Lemma C.3. [J

Lemma 6.4. Let A be an algebra and B be a G-algebra. For every (G,Fin)-
complex Y there is a natural weak equivalence of spectra:
HE(Y;K¢(AD) B) &= colim K&(AX) B)
(G, Fin)-finite
Proof. For every (G, Fin)-complex Y we have that

Y~ colim X. (6.5)
XCY
(G, Fin)-finite
From Lemma 6.1 there exist morphims of spectra ax that are natural in X. Since
homology commutes with filtered colimits, we have a morphism of spectra induced
by the ax:
By = colimax : HA(Y;K(A), B)) — colim K%(AX)| B)
(G, Fin)-finite
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Let us prove that the morphism By is a weak equivalence. It suffices to show that
ax is a weak equivalence for every (G, Fin)-finite X. We are going to prove the
latter following these steps:

(a) X =G/H for H € Fin
) X =G/H x A™ for H € Finand n € N

(b
(c) X = |_|G/HZ- x A" for H; € Fin and m,n € N
(d

i=1
) X any (G, Fin)-finite complex
The first step is proved in Lemma 6.1. If X = G/H x A™ we obtain the following
diagram:

HG(G/H x A";K% (A7), B)) —— KC (AG/H*A") B

HY(G/H;K(AD), B)) K (A1), B)

The left vertical arrow is an equivalence by homotopy invariance of the equivari-
ant homology theory. The right vertical arrow is a weak equivalence because
AGTHXA") o AG/H) & AA" and by homotopy invariance of kkS(—, B).

Consider X = |_| G/H; x A™ and write E = K&(A("), B). Note that this step

i=1
follows from the previous one because:

HY(X;E) = P HS(G/H; x A™;E))
=1
kY (AN, B) = @D kkC (AC/HixA") )
=1
ax = Dag/H;xAn

Let us assume that ax is a weak equivalence for every (G, Fin)-finite X complex
of dimension n — 1. Consider X obtained as the following pushout diagram:

|i| G’/Ii[Z X OA" ——— n—1

]

|i| G/H; x A"

=1

X

By Lemma B.2, upon applying the functor A=) we obtain the following Milnor
square:

AW, G/Hix0A™) __ A(Xn-1)

| |

AllUi=y G/H:xA™) AX)
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Then

AU, G/H;x9A™

kkf(A(Ll?zl G/H; xOA")jB)

HE( ", G/H; x 0A",E)

O‘u?zl G/H;xA™ 6BO(anl

HE(U™, G/H; x A" E) & HE(X,,_1, B) —> kkG(AULL 6/H:XA") B @ khG(AX—), B)

HE(X,E) - kkG (AXO, B)

H*fl(l_l?:l G/HZ X 8An7 E) kkffl(fl(u?:1 G/HiX(?A")7 B)

The left column is given by Mayer-Vietoris sequence for H%(—;E) and the right
column is given by excision of kk; see Lemma B.5. By induction, QUr, G/H,xdAn
and ay, _, are isomorphisms. By step (c), « " G/H;xAn is an isomorphism. We
conclude by the Five Lemma that ax is an isomorphism. (Il

Theorem 6.6. Let G be a group satisfying (4.3). Let A be an algebra, B be a
G-algebra and 'Y be a (G, Fin)-complex. Then there is a natural isomorphism

HE(Y;K(A,R(B x —))) = colim kkG (A B)
(G, Fin)-finite

induced by a natural zig-zag of spectra.
Proof. Define E, F : Or(G, Fin) — Sp by:

E(G/N) =K(A4,R(B x G/N))

F(G/N)=K%AE/™N) B)
By Theorem 5.35, there is a zig-zag of Or(G, Fin)-spectra

E-->F (6.7)

that induces the isomorphism (5.1) upon taking homotopy groups. Moreover, the
morphisms in (6.7) going backwards are objectwise weak equivalences of spectra.
Let Y be a (G, Fin)-complex. After applying H%(Y; —) to (6.7) we get a zig zag
of spectra:

HE(Y;E)- - > HY(Y;F) (6.8)

Here the morphisms going backwards are weak equivalences by [11, Lemma 4.6].
Upon taking homotopy groups, we get an homomorphism:

HY(Y;E) — HZ(Y;F) (6.9)
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This morphism is clearly natural in Y. Moreover, we claim that it is an isomor-
phism. The assertion holds for Y = G/N since, in this case, it is the isomorphism
(5.1). Now continue as in the proof of Lemma 6.4: the case Y = G/H x A™ follows
from homotopy invariance and the general case follows from excision considering
the skeletal filtration of Y see also [11, Theorem 6.3 (2)]. Finally, combine (6.9)
with Lemma 6.4:

HE(VK(A, R(B 1 -)) Sk HE(VKE(AC), B) = colim  KEE(AX), B)

(G, Fin)-finite

This finishes the proof. O

APPENDIX A. G-SIMPLICIAL SETS

Let G be a group. We recall some definitions and properties of the G-simplicial
sets. A G-simplicial set X is a simplicial set with a (left) action of G. We write
SY for the category of G-simplicial sets with equivariant morphisms. Every G-
simplicial set X has a skeletal filtration such that the n-skeleton sk,, X is obtained
from sk, _1 X upon attaching cells of the form G/H x A™ for H € Or(G). Let F be
a nonempty family of subgroups of G closed under conjugation and subgroups — we
are interested in the family Fin of finite subgroups. A G-simplicial set X is called
a (G, F)-complex if X can be built from cells of the form G/H x A™ with H € F.
The (G, F)-complexes are the cofibrant objects for a certain model structure on
SY; see [7, Proposition 2.3]. A (G, F)-complex X is called (G, F)-finite if X can
be built from a finite number of cells of the form G/H x A™ with H € F. In the
rest of this section we gather some technical results that are used in Section 6.

Lemma A.1. Let G be a group and let S. C S denote the full subcategory of
connected simplicial sets. Let G/H,G/K € Or(G) and X,Y € S.. Then there is a
natural isomorphism:

homge (G/H x X,G/K xY) = homo, () (G/H,G/K) x homg(X,Y)

In other words, the full subcategory of S¢ whose objects are G/H x X with G/H €
Or(G) and X € S, is equivalent to the product category Or(G) x S..

Proof. Let f: G/H x X — G/K x Y be a morphism in S®. By connectedness,
there is a unique coset uK such that there exists a dashed arrow completing the
following diagram into a commutative square:

[Mx—21Iv

G/H G/K
cany T T Cany K
X--lt_sy

Call the dashed arrow h. Moreover, it follows from the equivariance of f that
g(tH) = tuK defines a morphism g : G/H — G/K. Conversely, every pair (g, h) €
homo,(q)(G/H,G/K) x homg(X,Y) defines a unique G-equivariant morphism f
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making the following squares commute for all ¢:

[Mx—-1Iv

G/H G/K

CtthT Tcang(tH)

X—h>Y

It is easily verified that both constructions are mutually inverse. (]

Lemma A.2. Let F be a family of subgroups of G and let : Y — X be a morphism
of G-simplicial sets. If X is a (G,F)-complex then'Y is a (G, F)-complex too.

Proof. Let o € Yy; it is easily verified that Stab(o) C Stab(¢(0)) € F. O

Lemma A.3. Let G be an infinite group, let H C G be a subgroup, let X be a
(G, Fin)-complex and let K be a finite simplicial set. Then every G-equivariant
morphism v : G/H x K — X ‘s proper, i.e. ¥~1(L) is a finite simplicial set for
every finite sub-simplicial set L C X.

Proof. First of all notice that H € Fin by Lemma A.2. Let L C X be a finite
simplicial set and suppose that ¢ ~!(L) is not finite. Then there is an infinite
number of non-degenerate simplices in ¢~*(L) C G/H x K. Since every non-
degenerate simplex of G/H x K has dimension < d := dim K, there exists 0 < p < d
such that there is an infinite number of non-degenerate p-simplices in ¢y~ *(L). Let
{gi,i € I} C G be a system of representatives for the cosets in G/H; notice that
I is infinite because H is finite. Every non-degenerate p-simplex of G/H x K is
of the form (g;H, o) for some ¢ € I and some non-degenerate p-simplex o of K.
Since K has finitely many non-degenerate p-simplices, there exist a non-degenerate
p-simplex o of K and an infinite subset .J C I such that {(g;H,0),i € J} C~1(L).
Then

{(9iH,0),i € J} C Ly.
Since L, is a finite set, replacing J by a smaller but still infinite subset, we can

assume without loss of generality that there is 7 € L, such that ¢(g;H,0) = 7 for
every ¢ € J. Fix ¢g € J. Then

giow(Ha U) = T/J(onHv U) =T= 1/)(ng, U) = glw(Hv U)

for every i € J and it follows that {g; 'gi,,i € J} C Stab(y(H, o)) € Fin; this is a
contradiction since J is infinite. O

Lemma A.4. Let G be a group, K C G be a subgroup and X be a G-simplicial
set. Then:
XK= colim (G/H x A™MK
G/HXA"X
Proof. There is a natural morphism:

colim (G/H x A™K — xK (A.5)

G/HxAM|X
Let us prove that it is surjective. Let o € (X%), = (X,)¥ and put H := Stab(o);
note that we have K C H. Let f : G/H x AP — X be the G-equivariant morphism
determined by (H,tp) — o. Since (H,ip) € (G/H x AP)X| we have that o =
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f¥(H,p), showing that o is in the image of (A.5). We still have to prove that
(A 5) is injective. Let us first show that every p-simplex of

1 G/H x A" A6

oy Slim, (G/H x )" (A.6)

is represented by one of the form (L, ,) € (G/LxAP)E. Let f: G/HxA™ — X be
a G-equivariant morphism and let (gH,7) be a p-simplex of (G/H x A™)%. Then
K C gHg ! and 7 = 7.(1p) for some non decreasing function 7 : [p] — [n]. The
commutativity of the following triangle implies that (¢H,7) and (gH, ;) represent
the same simplex of (A.6):

(gH,T) G/H x A™
I idXT* /
id X 74
(gH, tp) G/H x AP x)

Write L := gHg~! and note that there is a G-equivariant bijection 8 : G/H — G/L
determined by B(H) = g~'L. The commutativity of the following triangle implies
thata (gH,tp) and (L, t,) represent the same simplex of (A.6):

o(id X T4
(gH,1i,)  G/H x Ar 0™

I ﬂde ~ /
(L, tp) G/L x AP

Now let (L,t¢p) and (M,t,) represent two p-simplices of (A.6) having the same
image o € (X¥), under (A.5). Put S := Stab(s) and note that L, M C S. The
commutativity of the following diagram shows that (L,:¢,) and (M,¢,) represent
the same simplex of (A.5):

(L, 1) <NLxAﬂ\\\\\\
(S, tp) G/S x AP
(M, 1p) G/M x AP /
This finishes the proof. (I

APPENDIX B. A MAYER-VIETORIS SEQUENCE IN BIVARIANT ALGEBRAIC
K-THEORY

Definition B.1. A Milnor square of G-algebras is a pullback square
A——=B
Ll
C——=D

where f is surjective and has a G-linear section.
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Lemma B.2. Let A be an algebra. Let X be a finite (G, Fin)-complex and let X™
be the n-skeleton of X. Since X is a (G, Fin)-complex there is a pushout

LIr_, G/H; x OA™ — X"~

T .

|_|;-ﬂ:1 G/H; x A" ——— X"

of G-simplicial sets with H; € Fin for all i. Then all the morphisms appearing in
(B.3) are proper and this diagram induces a Milnor square of G-algebras:

A( ie1 G/HiX@A") A(Xn—l)

T T (B.4)

AU GrHixA™) _ A(x™)

Proof. The vertical morphisms in (B.3) are proper because they are inclusions of
simplicial sets; the horizontal morphisms in (B.3) are proper by Lemma A.3. Then
we can apply A(7) to get a commutative diagram of G-algebras like (B.4); it is easily
verified that this is a pullback of G-algebras. Write i : 9A™ — A" for the inclusion.
By [8, Lemma 3.1.2 and Proposition 3.1.3], the morphism i* : A2" — A%2" admits
a linear section. Then the left vertical morphism in (B.4) admits a G-linear section,
since it identifies with
Didyosny @i - @A/ @ A5 —y UG/ g 49"
by [7, 9.3.4]. O
Lemma B.5. Let E be a G-algebra. Then every Milnor square of G-algebras

A——B
C——=D

induces a long exact Mayer-Vietoris sequence:
kkS (D, E) —— kk¢ (B, E) ® kk%(C, E) — kk¢ (A, E) — kk¥ | (D, E)

Proof. Tt follows from excision in kk¢ [13, Theorem 4.1.1] and from the argument
explained in [10, Theorem 2.41]. O

ApPPENDIX C. THE MODEL CATEGORY OF SPECTRA AND SPECTRA
REPRESENTING BIVARIANT K-THEORY

C.1. The stable model category of spectra. In this section we recall the defi-
nition of the stable model category of spectra and discuss some of its properties.

Definition C.1 ([5, Definition 2.1]). A spectrum X is a sequence of pointed sim-
plicial sets X% X!, X2 ... together with pointed morphisms S* A X™ — X" +! for
all n, called bonding maps. Here, S* = A'/OA'. A morphism of spectra f: X =Y
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is a sequence of pointed morphisms f” : X™ — Y™ that commute with the bonding
maps:
Sl AX? — > Xn+1

Sl/\fnl/ lfn«kl

Sl AY" — > YnJrl
We write Sp for the category of spectra and morphisms of spectra.

We endow Sp with its stable model structure, which we proceed to describe; see
[5, Section 2] and [19, Section 3] for details:

e Let X be a spectrum and let m € Z. The m-th stable homotopy group of
X is defined as:

T (X) = co}cim T (XF)

A morphism of spectra f : X — Y is a weak equivalence if 7, (f) is an
isomorphism for all m € Z.

e A morphism of spectra f : X — Y is a fibration if f* : X" - Y" is a
fibration of simplicial sets for all n.

e A morphism of spectra is a cofibration if it has the left lifting property with
respect to trivial fibrations.

Lemma C.2. The stable model structure on Sp is combinatorial.

Proof. Recall from [12, Definition 2.1] that a model category is combinatorial if it is
cofibrantly generated and its underlying category is locally presentable. The stable
model structure on Sp is cofibrantly generated by [19, Definition 3.3 and Corollary
3.5]. We have to show that the underlying category is locally presentable. We claim
that Sp is locally finitely presentable. By [1, Theorem 1.11], to prove this claim we
have to show that Sp has a strong generator formed by finitely presentable objects.
By [1, Example 1.12], the set {A™ : m > 0} is a strong generator for S formed
by finitely presentable objects. Since the forgetful functor S. — S commutes with
filtered colimits, the latter is easily seen to imply that {A : m > 0} is a strong
generator for S, formed by finitely presentable objects. For n > 0, let F,, : S, — Sp
be the left adjoint to evaluation at n. Explicitely, for a pointed simplicial set X, let
F,,(X) be the spectrum whose level k is (S1)A*=" AX if k > n and * otherwise. The
bonding maps are the obvious ones. It is easily verified that {F, (A7) : m,n > 0}
is a strong generator for Sp formed by finitely presentable spectra. O

C.2. Bivariant K-theory spectra. In this section we recall the definitions of
spectra representing kk-theory [14, Theorem 9.8] and kk®-theory [25, Theorem
5.3.11].
Let C denote either Alg, or GAlg,. For two objects A and B of C, the bivariant
K -theory space of the pair (A, B) [26, Definition 4.10] is defined as the fibrant
simplicial set:
H (A, B) 1= colim Q" Ez*Home (J" 4, B%)

This definition is equivalent to the original one given in [14, Section 4]. By [14,
Theorem 5.1] there is a natural isomorphism of simplicial sets:

(A, B) = QX (JA,B)
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Thus, we have an Q-spectrum K(A, B) defined by the sequence:
H (A, B), #(JA,B), #(J*A,B), ...

The spectrum K (A, B) (denoted by K""'(A, B) in [14]) represents a universal bi-
variant K-theory introduced by Garkusha that is excisive, homotopy invariant but
matrix-unstable [14, Comparison Theorem B]. Different matrix-stabilizations can
be perfomed in order to obtain spectra representing kk- and kk®-theories:

(1) Stabilization by finite matrices. For two objects A and B of C put
K¢ (A, B) := colimK(A, M, B)

where the transition maps are induced by the inclusion M, B — M, 1B
into the upper left corner. These spectra represent a universal bivariant
K-theory that is excisive, homotopy invariant and stable by finite matrices
[14, Theorem 9.8]; see [14, Section 9] and [25, Section 5.1] for details.

(2) Stabilization by finite matrices indexed on an infinite set. Let X be an
infinite set. For two objects A and B of C put [25, Definition 5.2.21]:

Kx(A, B) = Kf(A, M/\/B)

The spectra Ky (A, B) represent a universal bivariant K-theory that is ex-
cisive, homotopy invariant and M x-stable [25, Theorem 5.2.22]. For any
X, Weibel’s homotopy K-theory KH is the functor represented by the base
ring ¢ [25, Theorem 5.2.20]. For X = N, this theory coincides with kk.

(3) G-stabilization. Let G be a group and let X = G x N. For two G-algebras
A and B put:

K (A, B) := Kx(MgA, Mg B)
These spectra represent kkC-theory [25, Theorem 5.3.11].

Lemma C.3 (cf. [25, Section 4.4]). Let Sy C S denote the full subcategory of
finite simplicial sets. Let G be a group, X be an infinite set, G/K € Or(G, Fin),
A,B € GAlg, and S € Sy. Then, for E € {K,K;,Ky,K%}, there is a morphism
of spectra

S, AE(AG/K) B) - E(AG/KXS) B) (C.4)
that is natural in A, B, G/K and S. Moreover, for S = A this is an isomorphism.

Proof. It suffices to prove the Lemma for E = K: the case E = Ky follows from this
upon taking colimit over the inclusions M,,B — M,,+1 B and the rest of the cases
follow from the latter upon replacing A and B with appropriate matrix algebras.

Let us prove the case E = K. We will define (C.4) levelwise. At level p > 0, we
have to define a morphism of simplicial sets:

Sy A (JP(ACTEN BY — o (JP(AG/EX9) B (C.5)

Let us describe it in dimension ¢ > 0. A g-simplex of S, A # (JP(AG/K)) B) is
represented by a pair (o,«) where o is a ¢-simplex of S and « is a ¢g-simplex of
H (JP(AG/K)) B). Let a be represented by a G-algebra homomorphism

a: JZH—U(A(G/K)) N Bﬁlvaq,BI”qu)



40 E. ELLIS AND E. RODRIGUEZ CIRONE

for some v, > 0. Then the morphism (C.5) sends the pair (o, «) to the g-simplex
of # (JP(AG/EXS)) B) represented by the following composite in GAlg,:

Jptv (A(G/KXS))

Jptv ((A(G/K))S)

\Lclas

e (a0

o

[B(vaAQ,aﬂxAQ)r

ia*

v q v q A1
{B(I X A1,0I" x A )}
T
i
BUXATXATOI X ATXAT)
kA

\Ldiag*
IV xA%,91° x A
B! xah

This clearly defines a morphism (C.5) that is natural in A, B, G/K and S. Let us
now show that (C.5) is an isomorphism for S = A°. First note that the classifying
map

clas : JPT ((A(G/K)>AO> N [JPJFU (A(G/K)HAO

is an isomorphism. Moreover, it follows from the naturality of x4 that the composite
diag™ o p1o 0* equals the obvious isomorphism:

v v A% » »
[Bg xA9.9I XAQ)} 2, BU"XATII"xAY)

T
Together, these observations imply that, for S = A® and making the obvious iden-

tifications, the morphism (C.5) is the identity of .# (J?(A(G/%)), B). This finishes
the proof. O

Lemma C.6. Let A and B be two G-algebras and let f: C — D be a morphism
of G-algebras. Then the following square of spectra commutes:

KG (A, B) —2° ~KG(A® C,B®C)

E

K9(A® D,B® D) ——~K¢(A®C,B®D)
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Proof. Unravelling the definitions of the spectra K&, Ky and K f, it suffices to show
that the following square commutes:

K(A,B) —2% ~K(A® C,B ()

on)| |

K(A® D,B® D) —~K(A® C,B® D)

At level p > 0 the latter is the following square of simplicial sets:

—®C

#(JPA,B) H(JP(A®C),B®C)
®Dl lf* (.7)
H#(JP(A® D), B® D)~ #(J'(A®C),B® D)

Let ¢ > 0. Write BS" 2" instead of BSIHXAQ’BAHXM) to ease notation. Let o be a

g-simplex of ¢ (JPA, B), represented by an algebra homomorphism « : JPT"4 —
B3"*A" for some n,r > 0. Consider the following commutative diagram of algebras:

Jp+n(A®C) clas Jern(A)(X)O a®id B;?nXAq®C—(B®O)TSnXAq
lﬂ’*”(id@f) lﬂ*“(id)@f lid@f l(id@f)fn“q
Jp+n(A®D) clas Jp+n(A) ®D Ot®id B’;‘anAq ®D . (B ®D)§71XAQ

The composite of the top morphisms followed by the rightmost vertical morphism
represents the g-simplex f.(a® C) of # (JP(A®C), B® D). The leftmost vertical
morphism followed by the composite of the bottom morphisms represents the g-
simplex f*(a ® D) of # (JP(A® C), B® D). The commutativity of the diagram
shows that f.(a ® C) = f*(a ® D) and, thus, that (C.7) commutes. O
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