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TRACE METHODS FOR EQUIVARIANT ALGEBRAIC K-THEORY
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ABSTRACT. In the past decades, one of the most fruitful approaches to the study of algebraic
K-theory has been trace methods, which construct and study trace maps from algebraic K-
theory to topological Hochschild homology and related invariants. In recent years, theories of
equivariant algebraic K-theory have emerged, but thus far few tools are available for the study
and computation of these theories. In this paper, we lay the foundations for a trace methods
approach to equivariant algebraic K-theory. For G a finite group, we construct a Dennis trace
map from equivariant algebraic K-theory to a G-equivariant version of topological Hochschild
homology; for G the trivial group this recovers the ordinary Dennis trace map. We show that
upon taking fixed points, this recovers the trace map of Adamyk—Gerhardt—Hess—Klang—Kong,
and gives a trace map from the fixed points of coarse equivariant A-theory to the free loop space.
We also establish important properties of equivariant topological Hochschild homology, such as
Morita invariance, and explain why it can be considered as a multiplicative norm.
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1. INTRODUCTION

Algebraic K-theory is a way of extracting interesting invariants from rings. While these invariants
can be difficult to compute in general, they carry a tremendous amount of information. For instance,
when R is a Dedekind domain the zeroth (reduced) algebraic K-group is isomorphic to the ideal class
group of R, and the higher algebraic K-groups encode even more number theoretic information. In
topology, initial interest in algebraic K-theory grew out of its relationship with geometric invariants
of manifolds. If M is a connected manifold the zeroth and first algebraic K-groups of the group
ring Z[m (M)] are the homes of geometric invariants of M, namely Wall’s finiteness obstruction and
Whitehead torsion.

In the 1990’s, new techniques from stable homotopy theory allowed for the definition of algebraic
K-theory for ring spectra. Let QM denote the based loop space of M; taking the suspension
spectrum yields a ring spectrum S[QM] = X(QM), and the algebraic K-theory of this ring
spectrum recovers the A-theory of M, denoted by A(M). The spectrum A(M) was first constructed
by Waldhausen [44], and plays a central role in the stable parametrized h-cobordism theorem [45].
One can think of the spectrum S[QM] as a topological enrichment of the group ring Z[m (M)], and
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this explains the presence of earlier geometric invariants in the algebraic K-groups of the group
ring.

A very successful approach to the study and computation of algebraic K-theory is through
trace methods, in which algebraic K-theory is approximated by topological versions of classical
invariants from homological algebra. One key such invariant is topological Hochschild homology
(THH), a topological analogue of the classical theory of Hochschild homology for algebras. For a
ring spectrum R there is a Dennis trace map

tr: K(R) — THH(R)

relating algebraic K-theory and topological Hochschild homology. From THH one can define topo-
logical cyclic homology (TC) [14, 41]. The Dennis trace factors through topological cyclic homology,
K(R) — TC(R). This cyclotomic trace is close to an equivalence in many situations (see, for in-
stance, [23, 26, 19]), giving an approach to algebraic K-theory which has been extremely fruitful.

Recent years have seen an explosion of interest in equivariant homotopy theory and equivariant
algebra. Roughly speaking, these fields study the homotopical invariants and structures of spaces
and spectra with an action by a compact Lie group. Given the central role of K-theory in much of
modern stable homotopy theory, a natural question to consider is the extent to which K-theoretic
tools can be applied to analyze equivariant multiplicative structures. Foundational work of Merling,
Barwick, Barwick—Glasman—Shah, and Malkiewich—Merling provides constructions of equivariant
algebraic K-theory G-spectra which serve this purpose [40, 6, 7, 34].

These G-spectra have many interesting applications. If F' C L is a Galois extension with Galois
group G, then we can consider the G-equivariant algebraic K-groups of L. These groups tie together
the algebraic K-groups of the fixed fields of L, and provide a collection of interesting operations
which compare the K-groups of different fixed fields [40]. When L is a number field, work of
Elmanto—Zhang relates the sizes of the equivariant algebraic K-groups to special values of certain
Artin L-functions [24].

In another direction, Malkiewich—Merling produce two versions of A-theory associated to a space
X with action by a finite group G. Both of these constructions produce a genuine G-spectrum whose
underlying spectrum is Waldhausen’s A(X). The first is denoted by Ag(X), known as genuine A-
theory, and is expected to fit into the equivariant parametrized h-cobordism theorem [34, 35, 27].
The second version of equivariant A-theory is called coarse A-theory, denoted AZ*™°(X). The fixed
points of this spectrum can be interpreted using the bivariant A-theory of Williams [46, 34].

One obstacle to further understanding equivariant algebraic K-theory is limited computational
tools. Recent work of Elmanto—Zhang [24] and Chan—Vogeli [18] makes significant computational
advances in this area, however these approaches have only been applied to the case of field exten-
sions. In a more general setting, it would be advantageous to have a trace methods approach to
the study of equivariant algebraic K-theory.

In recent years, several equivariant versions of topological Hochschild homology have emerged,
including Real topological Hochschild homology (THR), twisted topological Hochschild homology
(THH¢, ), and quaternionic topological Hochschild homology (THQ) [22, 5, 4]. Twisted topological
Hochschild homology, constructed by Angeltveit, Blumberg, Gerhardt, Hill, Lawson, and Mandell
[5], takes as input a Cp,-ring spectrum. In [2], the authors show that for a C,-ring spectrum R
there is a non-equivariant map from the fixed points of equivariant algebraic K-theory to twisted
THH:

K¢, (R)°" — THH¢, (R).
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It is conjectured in [2] that this map arises as the fixed points of an equivariant map from the
equivariant algebraic K-theory K¢, (R) to another equivariant form of topological Hochschild ho-
mology. In this work we prove a version of this conjecture, constructing the appropriate equivariant
version of THH, as well as an equivariant Dennis trace map.

Our approach to this conjecture is motivated by considering Hochschild constructions as equi-
variant norms. In the course of their work on the Kervaire invariant one problem, Hill, Hopkins,
and Ravenel [30] define multiplicative norm functors Ng from H-spectra to G-spectra, for H < G
finite groups. These functors now play a central role in equivariant homotopy theory and its ap-
plications. While the work in [30] is restricted to finite groups, norms to compact Lie groups have
been constructed in special cases in, for instance, [5, 3]. A more general framework for norms in
the compact Lie group setting is considered in [9].

In [5], it is shown that the ordinary THH of a ring spectrum A can be viewed as the norm from
the trivial group to S, THH(A) = NeS1 (A). Further, twisted THH for C),-ring spectra also arises
as an equivariant norm. Indeed, for a C),-ring spectrum R, THH¢, (R) = Ngi(R) In the current
work we define a norm from G-ring spectra to G x S'-spectra for a finite group G. We take this
norm as a definition of a new equivariant form of THH:

ETHH(R) := NS*5'(R).

For finite groups, the computability of the norm functors is aided by their compatibility with the
geometric fixed points functor ®X for subgroups K < G [30, 5]. An analogous relationship between
fixed points and norms is expected to hold in the setting of compact Lie groups [9]. We prove a
special case, giving a relationship between ETHH and twisted THH.

Theorem 1.1 (Theorem 3.8). Let R be a cofibrant C,-ring spectrum, and let A¢c, < C, x S*
denote the diagonal subgroup isomorphic to C,. There is an isomorphism of orthogonal C),-spectra
d2on ETHH(R) = THH¢, (R).

We also prove some foundational properties for ETHH.

Theorem 1.2 (Theorem 6.6 and Corollary 7.3). Equivariant topological Hochschild homology is
Morita invariant and satisfies additivity.

Having established these properties, we then turn to our main objective: developing the founda-
tions of trace methods for equivariant algebraic K-theory. The first step in this program is to define
a trace map from equivariant algebraic K-theory to an equivariant form of topological Hochschild
homology, lifting the non-equivariant trace map in [2]

Ke, (R)“" — THHc, (R).
We use Theorem 1.1 to show that this trace map can be lifted to a map of spectra with G-action.
We denote by eTHH a version of ETHH indexed on a trivial universe, rather than a complete one.
Theorem 1.3 (Corollary 8.6). Let R be a cofibrant ring G-spectrum. Then the ordinary Dennis
trace refines to an equivariant Dennis trace in the homotopy category of spectra with G-action
tr: % Kg(R) — ¢eTHH(R).

where V denotes a complete G-universe.

Forthcoming work of Marc Gotliboym addresses cyclotomic structures for equivariant topological

Hochschild homology, and the development of equivariant topological cyclic homology.
When G = C,,, this equivariant Dennis trace yields the desired lift of the trace map from [2].
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Theorem 1.4 (Theorem 8.12). Let R be a cofibrant C,-ring spectrum. Upon taking fized points of
the equivariant Dennis trace map of Theorem 1.3, we obtain the trace map

K¢, (R)“" — THH, (R)
of [2].

It is natural to wonder about whether the trace map of Theorem 1.3 refines to a map of genuine
G-spectra K¢(R) — ETHH(R). Changing universes to genuine G-spectra, this is a question about
whether the derived counit

¥~ (T3 Ka(R)® < Ka(R)
admits a section, where (—)¢ denotes cofibrant replacement in the category of spectra with G-action.
After taking fixed points, the map e admits a canonical section, and thus on fixed point there exist
trace maps
Kg(R)" — ETHH(R)?

for any subgroup H < G; see Remark 8.15. On the other hand, in Example 8.14 we show that
that the map € need not admit a section as genuine G-spectra; indeed it almost never will. To
summarize, while we can construct trace maps between the fixed points of equivariant algebraic
K-theory and the fixed points of ETHH(R), this approach does not refine all the way to a map of
genuine G-spectra. Since the equivariant algebraic K-theory of a G-ring spectrum depends only on
the category of perfect modules over the underlying ring with G-action, it is not surprising that it
does not naturally compare to ETHH, which is a construction that takes place in genuine G-spectra.

As an application, we show that the equivariant Dennis trace map yields trace maps from the
fixed points of both forms of equivariant A-theory to the free loop space.

Proposition 1.5 (Proposition 8.17). Let H < G. The equivariant Dennis trace map gives trace
maps

(Ao (XN 5 woo(Lx ), and  Ag(X)H — (LX),
in the homotopy category of spectra.

1.1. Organization. In Section 2 we recall necessary background, reviewing some foundations for
equivariant homotopy theory, equivariant algebraic K-theory, twisted topological Hochschild ho-
mology, and spectral categories. In Section 3 we define equivariant topological Hochschild homology
for G-ring spectra, and show that for a C),-ring spectrum, twisted THH can be recovered as the
geometric fixed points of ETHH. We define G-spectral categories in Section 4, and define ETHH of
a G-spectral category. In Section 5 we develop a theory of spectral Waldhausen G-categories. In
Section 6 we prove that ETHH is Morita invariant, and establish a Morita adjunction which will
be essential to the definition of our equivariant trace map. Another key ingredient for the equivari-
ant trace is the additivity of equivariant topological Hochschild homology, which is established in
Section 7. Finally, in Section 8, we define the equivariant Dennis trace, and prove that it lifts the
non-equivariant trace map from [2]. We also consider applications of the equivariant Dennis trace
to equivariant A-theory.
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2. BACKGROUND

2.1. Equivariant homotopy theory and norms. In this section we recall the basic homotopy
theory of orthogonal G-spectra. We refer the reader to [37] or [5, Section 2] for more details.
Throughout we fix a compact Lie group G.

Definition 2.1. A G-universe is a countably infinite dimensional real orthogonal G-representation
U such that

(1) the G-fixed points of U are infinite dimensional,
(2) every irreducible real orthogonal representation of G which is contained in U is contained
infinitely many times.
We call a G-universe U trivial if the G-action is trivial. We call a G-universe U complete if it
contains at least one copy of every irreducible real orthogonal G-representation.

We write T for the category of based G-spaces and based equivariant maps. This is a closed
symmetric monoidal category with the smash product and internal mapping spaces. A map in Tg
is a G-weak equivalence if the induced map on fixed points is a weak equivalence for all closed
subgroups H < G.

We write jg for the Tg-enriched category whose objects are finite dimensional representations
V' C U and morphisms J§ (V, W) given by the G-space of (possibly non-equivariant) linear isomor-

phisms V =N W, where the G-action is by conjugation. To make these based G-spaces we freely
add a disjoint base point to all morphism sets.

Definition 2.2. An orthogonal G-spectrum, indexed on a G-universe U, is a functor of Tg-enriched
categories F': jg — T together which choices of maps

ovw: FV)YASY = F(VaoWw)

which are natural, associative, and unital. A morphism of orthogonal G-spectra is a natural transfor-
mation of functors which commutes the maps oy 1. An orthogonal G-spectrum is an Q2-G-spectrum
if the maps

F(V) = QYFVaow)

adjoint to the maps oy, are all G-weak equivalences.

We write SpCU; for the category of orthogonal G-spectra indexed on the universe U. When the
universe U is complete we will often omit it from the notation and write simply Sp®. When G = e
is the trivial group we have the category of orthogonal spectra which we denote by Sp. Note when
U = R is the trivial G-universe that Spﬂ%o is isomorphic to the category of G-objects in Sp. We
refer to these as spectra with G-action.

For any universe U the category Spg is closed symmetric monoidal. We write A for the smash
product, F'(—, —) for the internal hom, and S for the equivariant sphere spectrum which acts as the
unit. There is a suspension functor X7 : T7¢ — Spg which sends a G-space X to the orthogonal
spectrum Y29 (X)(V) = SV A X. This functor is strong monoidal; in particular S = 3¢ (S5°).
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For two G-universes U and U’ we translate between U-spectra and U’-spectra by means of the
change of universe functors
Ig/: Sp§ — Spg,
defined on objects by
Iy (F)(W) = T§ (R", W) Aogm) F(R").
where n is the dimension of W. The next lemma records the necessary facts about these functors.

Lemma 2.3 ([37, Theorem 1.5]). Let U, V, and W be G-universes. The change of universe
functors satisfy the following:

(1) there is a natural isomorphism T} o £° = 359,

(2) there is a natural isomorphism I}/ o IT)f = I}V,

(3) IY is isomorphic to the identity functor,

(4) the functor IY is strong monoidal.

Remark 2.4. Properties (2) and (3) above imply the change of universe functors are equivalences
of categories. Nevertheless, each category of orthogonal G-spectra has a model structure for which
the change of universe functors are not Quillen equivalences.

Suppose that H < G is a closed subgroup. For any G-universe U we can forget the G-action to
an H-action and obtain an H-universe i7;U. Note that even when U is complete i7;U may fail to
be complete.

Definition 2.5. The restriction functor
it Sph — Spg]U
is given by
i (F)(V) = T (R, V) Ao i F(R")
where n is the dimension of V.

The restriction functor is strong monoidal and has both left and right adjoints. In particular,
restriction preserves both limits and colimits. Often it will be convenient to assume that i} is
landing in the category of H-spectra indexed on a complete universe. Following [37] we can do this
by post composition with a change of universe, although we will omit it from the notation.

2.1.1. Fized points. We will consider two kinds of fixed points functors in equivariant stable ho-
motopy theory. In both cases we will be particularly interested in fixed points with respect to a
normal subgroup H < G so that G/H is a group. In this case, for any G-universe U, the fixed
points U# have an action by G/H which makes U into a G/H-universe. Again, this may fail to
be complete even if U is complete.

To produce our fixed point functors we introduce an intermediate category JZ& whose objects
are sub-representations of a G-universe U and whose mappings spaces are the H-fixed points of
J(V,W). The category J& is naturally enriched in TE/H_ There are two enriched functors

Fix: 78— 7Y
p: Jom — T

where Fix (V) = VH and p(W) = W, treated as a G-space by pulling back along the quotient
G — G/H.
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For any F' € SplC}V7 the collection F (V) gives the objects of a functor J& — TG/H  We briefly
denote this functor by F'.

Definition 2.6. For a normal subgroup H < G the categorical fized points functor

(=)™ Spf — Spgi”

sends F € Sp& to p*(F). In particular, we have FH (V) = F(V)H.

The categorical fixed points are a natural construction which are used to define equivariant
homotopy groups. On the other hand, when the universe U is not trivial the categorical fixed points
do not have the property of extending fixed points of G-spaces. That is, (X X)H 2 2°(XH) for
a based G-space X. The desire for this property is the motivation for the geometric fized points.

Definition 2.7. For a normal subgroup H < G the geometric fized points functor

oH . Spg — Sp(U;é,H
is given by composing F' — F with left Kan extension along Fix.

Proposition 2.8 ([37, Proposition V.4.7], and [11, Theorem A.1]). For H a normal subgroup of G
both (—)H and ®¥ are lax monoidal functors. When either X orY is a cofibrant G-spectrum (in
the stable model structure, see below) the map ®(X) A ®H(Y) — ®H(X AY) is an isomorphism.

Remark 2.9. When U = R is the trivial G-universe note that J&, Jg,/u, and JY /Ij{ are the

same category and the functors p and Fix are both the identity. In particular, the geometric
and categorical fixed point functors agree for the trivial G-universe and are both strong monoidal
always.

2.1.2. The norm. In this subsection we restrict to G a finite group. In [30] the authors develop the
norm functor, a powerful tool for understanding equivariant spectra. We write

NG Spile — Sp]gm
for the functor which sends X to
MpX)= N X
yeG/H

where the product on the right is indexed by a choice of coset representatives. The group G acts
first on the cosets G/H and then has a residual H-action on the smash product terms.

Definition 2.10. Let G be a finite group and H a subgroup. Let U be a G-universe and V an
H-universe. The point-set norm functor N§ : Sp{f — Spg is the composite
TR AG Y,
SpY} —“— Sph~ — Sphe —— Sp§ -
The norm functor is strong monoidal and, in particular, it restricts to a functor on commutative
and associative algebras. In the commutative case the norm is left adjoint to the forgetful functor.

Proposition 2.11 ([30, Appendix B]). For any finite group G and subgroup H < G there is an
adjunction
u N e
Comm” —— Comm™.
‘H
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2.1.3. Homotopy theory of orthogonal G-spectra. In this subsection we outline the model structures
at play in this paper. To do so, we need to first define equivariant homotopy groups. Throughout
this section we fix a compact Lie group G and a G-universe U.

Definition 2.12. Let X € Spg. For any H < G and any integer n we define

H(x) = colimy 7 7, (QV X (V) H) n>0
| colimp—ncycp m((QFTX(V)H) n<0

where in either case the colimit is over finite dimensional sub-representations V < U.

As usual, a map of G-spectra induces a map on 72 for all n and H. We call amap X — Y a
stable equivalence if it induces an isomorphism on 7! for all n and H.

Proposition 2.13 ([37, Theorem II1.4.2]). There is a symmetric monoidal compactly generated
model structure, called the stable model structure, on Spg with weak equivalences the stable equiv-
alences. The fibrant objects are the -G -spectra.

Remark 2.14. When the universe U = R is a trivial G-universe recall that Spﬂc{’;c is isomorphic
to the category Fun(BG, Sp) of orthogonal spectra with G-action. This category is often given
the projective model structure, where weak equivalences are equivariant maps of spectra which are
underlying equivalences. With the projective model structure this is called the category of Borel
G-spectra. We will not make any use of Borel G-spectra in this paper. In particular, when we say
“a weak equivalence of spectra with G-action” we mean a map X — Y which induces equivalences
of spectra X — YH for all H < G.

The stable equivalences are also the weak equivalences in the positive complete stable model
structure for Spg [30, §B.4]. This model structure is convenient for working with multiplicative
structures and especially the norm.

Proposition 2.15 ([30, Proposition B.63]). There is a symmetric monoidal cofibrantly generated
model structure, called the positive complete stable model structure, on Spg with weak equivalences
the stable equivalences. All Q-G-spectra are fibrant. Additionally, the positive complete stable model
structure lifts to model structures on associative and commutative algebras in Spg with the same
weak equivalences and fibrations.

When X is a fibrant G-spectrum indexed on a complete G-universe we can also compute it’s
homotopy groups by taking fixed points.

Proposition 2.16 ([37, V.3.2]). Let X be a G-spectrum indexed on a complete universe which is

fibrant in either the stable or positive complete stable model structure. Then there is an isomorphism
H X) XH

Ty (X) = mn (XT).

n

Whenever we say that a ring orthogonal G-spectrum is cofibrant we mean that is cofibrant in the
positive complete stable model structure. This implies that the underlying G-spectrum is cofibrant
in the stable model structure.

The following propositions summarize all the necessary facts we need about the interplay between
the change of universe, fixed points, and norm functors and the homotopy theory of equivariant
spectra. The first proposition tells us that the adjunction of Proposition 2.11 is a Quillen adjunction.

Proposition 2.17. [31, Theorem 10.2.4] Let G be a finite group, H < G a subgroup, U a complete
G-universe, and V' a complete H-universe. Then the norm Ng: Sp{,v[ — Spg preserves cofibrations
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and weak equivalences between cofibrant objects. There is Quillen adjunction
u N G
Comm” —— Comm™.

H

Proposition 2.18 ([37]). For any G-universes U' < U there is a Quillen adjunction

—

TU
G Y, o G
SpU’ - SpU .
TU
U

The following proposition captures the interplay between geometric fixed points and equivariant
norms.

Proposition 2.19 ([30, Appendix B]). Let G be a finite group, H < G a subgroup, U a G-universe,
and V an H-universe. With the positive complete stable model structures, we have:

(1) when H is normal, ® : Spg — SpSQH preserves weak equivalences and cofibrations between
cofibrant objects,

(2) for a cofibrant H-spectrum X, there is an isomorphism ®7 X = @GNgX,

(3) if X is a cofibrant commutative orthogonal ring spectrum then there is an isomorphism
X 2 p¢NEX.

(4) [31, Proposition 9.11.11] if f: X — Y is a map of G-spectra such that ®H(f): ®H(X) —
®H(Y) is a stable equivalence of orthogonal spectra for all H < G then f is a stable
equivalence of orthogonal G-spectra,

We also recall the following result of Lewis.

Proposition 2.20 ([32, Corollary 2.5(b)]). If X is a cofibrant orthogonal G-spectrum indexed on
a trivial universe R>® and V' is a complete G-universe, then there is a stable equivalence of non-
equivariant spectra

(T (X))~ \/ (X )nwe )
(H)<G
where (H) runs over the conjugacy classes of subgroups of G and Wg(H) = Ng(H)/H is the Weyl
group.
Remark 2.21. In Proposition 2.20 above, note that the summand corresponding to H = G is
precisely X“. Hence, in the stable homotopy category, X¢ is always a retract of (Zy- (X))¢.

Finally we relate change of universe and fixed point constructions.

Proposition 2.22. Let H < G a normal group, and let U be a complete G-universe. If X is any
connected spectrum with G-action there is an isomorphism of G /H-spectra

o (I (X)) = T¥x (X )
indexed on the universe UM .
Proof. First, note that this result is true when X is a suspension spectrum with G-action, because
geometric fixed points commute with suspension spectra. Note also that in the case of suspension
spectra this isomorphism is natural in maps of G-spaces. The general case follows because every

connected spectrum is a colimit of suspension spectra, and change of universe and fixed points
commute with these colimits. O
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We end with a brief discussion of homotopy groups and the change of universe functor. Let Set®
denote the category of finite G-sets for a finite group G.

Definition 2.23. A G-coefficient system is a product preserving functor F': (SetG)Op — Ab. We
write Coeff for the category of G-coefficient systems and natural transformations.

Since the category Set® is generated under coproducts by the orbits G /H, the category (SetG)"p
is generated by the orbits G/H under products. Thus a coefficient system is entirely determined,
up to isomorphism, by its values on the orbits G/H and the maps between them.

Proposition 2.24. If X is an orthogonal G-spectrum indexed on a trivial G-universe then the
assignment G /H — w2 (X)) admits the structure of a coefficient system which we denote by ,, (X).

We obtain more structure when the universe is complete. Let A9 = Span(SetG) be the category
of spans in Set®. It has the same objects as Set®, but morphisms are given by isomorphism classes
of spans [X + A — Y]. Composition is given by pullback of spans. The Burnside category has
bi-products, given on objects by disjoint union of finite G-sets.

Definition 2.25. A Mackey functor is a product preserving functor F: A — Ab. We write
Mackg for the category of G-Mackey functors and natural transformations.

Proposition 2.26. If X is an orthogonal G-spectrum indexed on a complete G-universe then the
assignment G/H ~ 7l (X) is a G-Mackey functor which we denote by m, (X).

There is an embedding j: (Set®)°P — AS which is the identity on objects and sends a map

f: X =Y in Set® to the span Y Ix= X]. Since this functor preserves products, we see that
any Mackey functor M determines a coefficient system j*(M). The functor j*: Mackg — Coeff
has a left adjoint ji: Coeff — Mackg given by left Kan extension.

Example 2.27. Let M be the Cy-coefficient system which has M (Cs/C3) = M(Cy/e) = Z, with
trivial conjugation and identity restriction map. Using the universal mapping property of ji, one
sees that ji(M) can be depicted by the diagram

ZQ
(172)J/Ti2
Z

where j1(M)(C2/Cy) = Z2, ji(M)(Cz/e) = Z, and iy: Z — Z? is the inclusion of the second

component.

Proposition 2.28. If X is cofibrant connective G-spectrum indexed on a trivial G-universe R>
then
J1(mo (X)) 2 mo (T~ (X)).
If Y is any fibrant connective G-spectrum indexed on a complete G-universe V' then
5, (X)) = m, (Ty (X))
for alln > 0.

Proof. The homotopy category of G-spectra indexed on a complete G-universe can be presented
as the homotopy category of the co-category of functors Fun(AS;, Sp), where A% is the effective
Burnside co-category of [6]; see also [29, 20]. Similarly, the homotopy category of G-spectra indexed



Trace methods for equivariant algebraic K-theory 11

on a trivial G-universe can be presented as the homotopy category of the oo-category of functors
Fun((Set®)°P, Sp). Both of these identifications restrict to identifications on connective objects.

The effective Burnside oco-category has the property that its homotopy category is equivalent
to the ordinary category A¢ [6, 3.8]. The functor j: (SetG)Op — A% can be refined to a map
of oo-categories J: No((Set?)°P) — A%, where N, denotes the nerve, such that J induces j on
homotopy categories.

The derived change of universe functor is identified with the map induced on homotopy categories
by left Kan extension along .J. Thus its zero truncation can be identified with left Kan extension
on homotopy categories, which is left Kan extension along j, which is precisely the first claim. The
second statement follows from the fact that categorical fixed points and change of universe Igoo
commute on fibrant spectra since I@W is a right Quillen adjoint. O

2.2. Equivariant algebraic K-theory. We begin by reviewing Waldhausen’s construction of
algebraic K-theory. Recall that a Waldhausen category consists of a category C with a distinguished
zero object and two chosen classes of morphisms, called weak equivalences and cofibrations. These
collections of morphisms must both be closed under composition and contain all isomorphisms. We
require that the unique map 0 < A is always a cofibration. Finally, given a span X < A Ly
where t is a cofibration we must have that the pushout X Uy Y exists and the map X — X Uy Y
is a cofibration.

A functor F': C — D between Waldhausen categories is ezxact if it preserves the zero object,
cofibrations, weak equivalences, and pushouts along cofibrations. We write Wald for the category
of small Waldhausen categories and exact functors.

Given a Waldhausen category C, the S, construction of C is the simplicial set whose k-simplices
are composites

A071 — A072 — .. ~A0,k
in C where each map is a cofibration, together with choices of pushout squares

AO,i —> AO.,j
0—— Ai,j
For instance, we can visualize an element in S3C as a grid
0 —— Ag1 — Aoz —— Aos

L

0 —— A1 —— A3

|

0— A273

|

0

where any rectangle with top face in the first row and bottom left equal to 0 is a pushout. The face
maps d;: Sp(C) = Sp—1(C) for i > 0 are given by deleting the appropriate column and composing
horizontal maps. The zeroth face map deletes the first row. The degeneracy maps are given by
inserting an extra column which is equal to the one which precedes it.
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For any fixed k, S;(C) is not just a set but a category. The morphisms are given by collections
of map A;; — Aj; which makes the evident diagram of grids commute. In fact, Si(C) is itself
a Waldhausen category where the weak equivalences and cofibrations are just collections of maps
A — A;} ; where each constituent map is either a weak equivalence or a cofibration. We write
wSe(C) for the simplicial category where ob(wSk(C)) = ob(Sk(C)) but with only weak equivalences
as morphisms.

Definition 2.29. The algebraic K-theory of a Waldhausen category C is K(C) = QwSe(C)|.

The algebraic K-theory of a Waldhausen category is a group-like E-space, hence determines a
connective orthogonal spectrum via one of the many equivalent delooping machines [39)].

The S, construction is functorial in exact functors, hence an exact functor induces a map of
K-theory spectra K(F): K(C) — K (D).

We will also need a variant of the So construction which produces a symmetric spectrum instead
of an orthogonal spectrum. Since for any fixed k the category Si(C) is a Waldhausen category,
we can apply the Se-construction to obtain a simplicial Waldhausen category S, Sk (C). Allowing k
to vary as well, we obtain a bisimplicial category S, «(C). One can repeat this procedure, and for

all n we obtain an n-simplicial category Ssn).(C) called the iterated Se-construction. For any n,
SE") «(C) has an action from the symmetric group ¥,, obtained via permuting the simplicial indices.

If C is any Waldhausen category we can also define a simplicial Waldhausen category weC whose
k-simplices are the k-chains of weak equivalences in C; morphisms in this category are isomorphisms
of chains.

Definition 2.30. The symmetric spectrum K-theory of a Waldhausen category C is the symmetric
spectrum whose n-space is K™ (C) = Q\diag(w.SS?_?,,(C))L

The categories of orthogonal and symmetric spectra, with their respective stable model struc-
tures, are related by a Quillen equivalence

P
SPZ ——Sp
U
and these can be used to compare the two models of K-theory of a Waldhausen category.

Proposition 2.31 ([33, Theorem 3.11]). Let C be any Waldhausen category. There is a zig-zag of
stable equivalences between K(C) and PK™(C).

We now recall Malkiewich-Merling’s definition of equivariant algebraic K-theory from [34]. For
a finite group G we let BG denote the one object groupoid of G, and let Wald denote the category
of Waldhausen categories and exact functors.

Definition 2.32. A Waldhausen G-category is a a functor F': BG — Wald.

Explicitly, a Waldhausen G-category consists of a Waldhausen category C together with exact
functors g: C — C for all g € G such that ho g = hg and the map associated to the unit in G is the
identity functor.

Definition 2.33. Let £G denote the category with object set G and a unique morphism
hg: g — hg
for all g, h € G. This category has a natural right action by G given by ¢ - k = gk.
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If C is a Waldhausen G-category then the category of all functors and natural transformations
Fun(£G,C) is a Waldhausen G-category where the G-action is via conjugation of functors: (g -
F)(z) = gF(g~'x). Since this is still a Waldhausen category, we can apply the wS,-construction
to obtain a G-space.

Definition 2.34. The equivariant algebraic K-theory space of a Waldhausen G-category C is the
G-space
Kqg(C) := QwS, Fun(€G, C)|.

Malkiewich and Merling show this space is an infinite loop G-space, meaning that is admits
deloopings for all real orthogonal G-representations.

Theorem 2.35 ([34, Theorem 2.21)). For any Waldhausen G-category C, the equivariant algebraic
K -theory Kg(C) is an infinite loop G-space.

In particular, the equivariant algebraic K-theory determines a genuine G-spectrum.

Definition 2.36 (Malkiewich-Merling). The equivariant algebraic K-theory of a G-Waldhausen
category C is the genuine orthogonal G-spectrum determined, using the Guillou-May machine [28],
by the infinite loop G-space K¢ (C). We will denote this spectrum also by Kg(C), it will be clear
from context whether we are discussing a space or a genuine orthogonal G-spectrum.

2.3. Twisted topological Hochschild homology. Classically, topological Hochschild homology
plays a key role in the trace method approach to algebraic K-theory. In this section we recall the
definition of topological Hochschild homology (THH) for a ring spectrum, as well as an equivariant
variant: twisted topological Hochschild homology for C),-equivariant ring spectra, THH¢, (R). In
Section 3 we will develop another equivariant version of THH, denoted ETHH, which will also be
crucial to our trace method approach in the equivariant setting.

Classically, topological Hochschild homology is defined via a cyclic bar construction.

Definition 2.37. Let R be an associative orthogonal ring spectrum, and M an (R, R)-bimodule.
The cyclic bar construction with coefficients N&°(R; M), is a simplicial spectrum which in degree
qis RN A M.

Let p: RA M — M denote the left module structure map for M, and ¢ : M A R — M denote
the right module structure map. Then the face and degeneracy maps of N&¥“(R; M) are given as
follows:

1INV Ag) o7 (i=0
di=1{ IdM Ap AN 0 <i<yg
Id"N@=H A p 1i=q,
and
s; = 14"0FD A A TN :0<i<q.

Here, 7 rotates the first factor of R to the end. This yields a simplicial orthogonal spectrum
NJ(R; M).

Remark 2.38. The usual convention for the cyclic bar construction is to place the R-bimodule
M on the far left i.e. the ¢ simplices are M A R™?. Our choice to put the bimodule on the right
instead of the left is to keep our notation consistent with that of [12]. There, Blumberg—Mandell
consider an extension of the cyclic bar construction to spectral categories where the multiplication
maps used in the definition of the face maps are replaced by the categorical composition maps. In
this setting, the choice to put the bimodule on the right is in line with the usual convention that
function composition is read right-to-left instead of left-to-right.
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When M = R, considered as an (R, R)-bimodule, the cyclic bar construction is denoted N¢¥°(R).
Note that in this case the simplicial spectrum N¢¥°(R) is further a cyclic spectrum, and thus upon
realization has an action of S*.

Definition 2.39. For an associative ring spectrum R and an (R, R)-bimodule M, the topological
Hochschild homology of R with coefficients in M is

THH(R; M) := [N9(R; M)|.

When M = R we write
THH(R) := INJ*(R)|.

There is a also perspective on topological Hochschild homology via equivariant norms. As dis-
cussed in Section 2.1, Hill, Hopkins, and Ravenel developed multiplicative norm functors Ng from
H-spectra to G-spectra for H < G finite groups [30]. In [5], the authors extend this norm construc-
tion from finite groups to S*, defining a functor N "and showing that the cyclic bar construction is
a model for this equivariant norm. In particular for a ring spectrum R and a complete S'-universe
U,

NZ'(R) = T NG (R)|.
Thus, topological Hochschild homology is an equivariant norm. This norm model of THH lends itself

to generalizations. Indeed, in [5] the authors define a notion of C,-twisted topological Hochschild
homology of C),-ring spectra. For R a C),-ring spectrum,

THHc, (R) := N& (R).

n

There is a model for the norm Ngl as a twisted cyclic bar construction.

Definition 2.40. Let R be an associative orthogonal C),-ring spectrum indexed on the trivial
universe R*® and let o denote the generator e2™/™ of C,,. The C,,-twisted cyclic bar construction
N (R), is a simplicial Cp-spectrum which in degree ¢ is RN,

Let o, : RNa+Y) — RAaHD he the map which rotates the first factor to the end, and acts on
the new last factor by o~!. Then the face and degeneracy maps of Ng¥ ¢:Cn (R) are given as follows:

4 — (Id/‘\(q_l) A ) o ag 11=0
! Id™ A A AN L0 <i<yg,

and
s; = [N A nA 1/ e :0<i<q.

This yields a simplicial object N¢¥°(R). While this is not a cyclic object, it is a A%-object, in the
sense of Bokstedt-Hsiang-Madsen [14]. Thus, upon realization, it has an S'-action.

Definition 2.41. For U a complete S'-universe, and R a C,-ring spectrum indexed on U= i, U,
THHc, (R) := N&, (R) := T8 [N&¥eC (ZE7 R)|.

For more on twisted THH, see, for example, [5], [1], or [8].
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2.4. Spectral categories. In this section we briefly recall the definition of spectral categories, as
well as the cyclic bar construction in this setting. See [12], [16], or [17] for more details.

Definition 2.42. A spectral category C is a category enriched in orthogonal spectra. In more
detail, this consists of the data of

e for any two objects a,b € ob(C), a spectrum C(a, b),

e for any object a € ob(C), a unit map from the sphere spectrum to C(a, a), and

e for any three objects a,b,c¢ € ob(C), a strictly associative and unital composition map
C(b,c) NC(a,b) — C(a,c).

Example 2.43. Let R be an orthogonal ring spectrum. Then there is a spectral category Cr with
one object ® such that Cr(e,e) = R. The unit and composition maps are given by the unit and
multiplication maps of R, respectively.

Example 2.44. Let R be an orthogonal ring spectrum. There is a spectral category Modr whose
objects are right R-modules M and morphism spectra given by the internal hom Fr(M, M’). The
unit and composition are given by usual spectral enrichment of identity and composition.

Definition 2.45. We say that a spectral category C is pointwise cofibrant if all its mapping spectra
are cofibrant in the stable model structure on orthogonal spectra.

For example, if R is cofibrant as a spectrum, then Cp is pointwise cofibrant.

Definition 2.46. Let C,D be spectral categories. A functor of spectral categories associates to
each object a € ob(C) an object F(a) € ob(D), and to every a,b € ob(C) a map of spectra
F,p:C(a,b) = D(F(a), F(b)) which respects composition and units.

We denote by SpecCat the category whose objects are small spectral categories and whose
morphisms are spectral functors.

Definition 2.47. For a spectral category C, let C°P denote the spectral category with the same
objects as C, mapping spectra given by C°P(z,y) = C(y, x), and composition given by:

CP(y, z) ANCP(z,y) = C(z,y) AC(y, ) 7+ Cy. x) AC(z,y) = C(z,2) = CP(x, 2)
where o is the swap map and o is the composition map of C.

If C and D are two spectral categories, we can define a new spectral category D°P A C which has
objects ob(D) x ob(C). The morphisms are given by

(DOP A C)((dl, Cl), (dg, CQ)) = DOp(d1, dg) A C(C1, CQ) = D(dg, dl) A C(C1, Cg),

Definition 2.48. For C and D two spectral categories, a (C, D)-bimodule M is a spectral functor
M: D°° AC — Sp.

Explicitly, a (C, D)-bimodule consists of a collection of spectra M(d,c) for all objects (d,c) €
ob(D) x ob(C), together with structure maps

a: Cle,e) NM(d,e) ND(f,d) — M(f,e)
which are associative and unital with respect to the composition and units in C and D.

Definition 2.49. For a small spectral category C and a (C,C)-bimodule M, the cyclic bar con-
struction NgY“(C; M) is the simplicial spectrum with g-simplices
N M) = \/  Cleg—1,¢q) AC(cq—2,cq1) A+ AC(co, 1) A M(cq, co)

(co,c1,---,¢q)
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where the wedge is over all (¢ + 1)-tuples of objects ¢; € C. The zeroth face map cycles the leftmost
smash summand to the far right and then uses the right-module structure of M. The remaining
face maps are given by the composition in C and the left module structure of M.

When the bimodule M is C we will write Ng¥°(C). Note that in this case the cyclic bar construc-
tion is a cyclic object in the sense of Connes. When M = C, the geometric realization of the cyclic
bar construction has an S'-action. Let U be a complete S!-universe.

Definition 2.50. For a small spectral category C,
THH(C) = Z{=|NZ<(C; C)|.

3. EQUIVARIANT TOPOLOGICAL HOCHSCHILD HOMOLOGY

In this section introduce a version of topological Hochschild homology for genuine G-ring spectra,
for a finite group GG. We call this theory equivariant THH, denoted ETHH, and it will play a central
role in our trace methods approach to equivariant algebraic K-theory constructed later in the paper.

Aside from its place in the theory of trace maps, ETHH is also notable because it is a model for
a norm from G-spectra to G x S'-spectra. Since the introduction of norms for finite groups in [30],
norms have played a central role in equivariant homotopy theory. Despite this, the construction of
norms for compact Lie groups is in active development; see, for instance, [9].

Let U be a complete (G x S')-universe, and let V = (5LU.

Definition 3.1. Let G be a finite group. The equivariant THH of a genuine orthogonal ring
G-spectrum R is the G x S'-spectrum ETHH(R) := Ngxsl (R) := TYINJ(R)|.
Example 3.2. Let X be a based G-space such that X¥ is connected for all H < G. Then the
genuine equivariant suspension spectrum X (X ) is an associative G-ring spectrum and there is
a weak equivalence

ETHH(EZOQX ) ~ B8, 1 L(X) 4,
where £ denotes the free loop space. This equivalence follows from the fact that suspension spectrum
is strong monoidal, and therefore commutes with the cyclic bar construction. The space £(X) is
considered as a G x S'-space via the action of S* on itself and the action of G on X. Explicitly, if
f: St — X is a free loop then ((g,t) - f)(s) =g f(t71s).

Let R € Sp$ be a G-ring spectrum so that Z%7 (R) is a ring object in SpGe. The cyclic bar
construction of Iﬁm (R) is then an S'-object in Spﬂ%o . SpBG := Fun(BG, Sp) where BG is the one

object groupoid of G. In particular, this yields an object in (SpBG)BS1 = SpB(stl) = Spﬁésl.

Lemma 3.3. If R is a genuine orthogonal G-ring spectrum then there is an isomorphism of genuine
G x S'-spectra ETHH(R) = T4.. N (Z5™ (R))|.

Proof. Since change of universe is a strong monoidal equivalence of categories we have
T INQ(T (R))| = TE T ING(R)| = THNY°(R)|
where the second isomorphism uses Lemma 2.3. O

Remark 3.4. We will sometimes find it convenient to refer to the cyclic bar construction as a
spectrum with G x S'-action. We will denote this by eTHH. That is,

¢THH(R) = NJ¥*(Z35 ™ (R))|.

We next show that Ng S Jas the expected adjoint property of a norm, as in Proposition 2.17.
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Proposition 3.5. The functor NgX31 restricts to a functor

Gaxst, G Gx St
Ng : Commy; — Commy; .

Moreover, this functor is left adjoint to the forgetful functor if,: Commgxs1 — Commg, and this is

a Quillen adjunction, where the categories of commutative algebras are given the positive complete
stable model structures.

Proof. Since the change of universe functors are equivalences of categories it suffices to prove that
the functor which sends A € Comm$e to [N&°(4)] in Commﬂ%fs1 is left adjoint to the forgetful
functor. As in [5, Proposition 4.3], this follows from the observation that, as S'-objects in Commﬂ%o,
we can identify [NJ°(A)| with S ® A, the tensoring of A with the simplicial circle S considered as
a G-simplicial set with trivial action. The fact that this is a Quillen adjunction is immediate from
the fact that the forgetful functor preserves positive fibrations and positive acyclic fibrations. [

While ETHH is not a left adjoint on associative ring spectra, we note that it still preserve weak
equivalences between cofibrant objects.

Proposition 3.6. If f: R = S is a weak equivalence of ring orthogonal G-spectra which are
positive cofibrant then the induced map ETHH(f): ETHH(R) — ETHH(S) is a weak equivalence
of G x C,,-spectra for all n.

Proof. We will show that for all K < G x C,, we have a weak equivalence
K (ETHH(R)) — ®* (ETHH(S))
on all geometric fixed points, hence f is a weak equivalence by Proposition 2.19(4).

Since we are only interested in the G x C),-structure we may replace ETHH(R) with the spectrum
obtained by geometric realization of the n-th cyclic subdivision of N¢(R). After passing the change
of universe inside the geometric realization the g-simplices of this simplicial G-spectrum are

[q] — (Ng;;fn (R))/\(q+1)
and the map ETHH(R) — ETHH(S) is induced by the simplicial map given on ¢-simplices by the
smash product of the maps
GXCn(py. NJGXChn GxCp
Ngsi"(f): Nesa "(R) = Ng i (S).

These maps are weak equivalences between cofibrant objects, by Proposition 2.17, and thus the
smash product of these maps is also a weak equivalence between cofibrant objects. Applying any
geometric fixed points, and using Proposition 2.19(2), we see that the map ETHH(R) — ETHH(S)

is the realization of a levelwise equivalence between levelwise cofibrant simplicial G x C),-spectra
which proves the claim. O

If G = C,, = {o|o™), we fix the inclusion of C,, < S, which sends o to e>™/". Let A¢, be the
diagonal subgroup of C,, x S! isomorphic to C,. The goal for the remainder of this section is to
prove there is an equivalence of C,,-spectra:

THH¢, (R) ~ ®*¢» ETHH(R).
The spectrum on the right is a (C,, x S')/(A¢, )-spectrum. To make sense of this equivalence we
need to pick an isomorphism (C,, x S')/Ac, = S’ we pick the map (e2F7i/7 0%) s e(2hm/n=0)i,
This choice makes the inclusion
Crn 2 Cy x12((Cy x1)Ag,)/Ac, = (Cy x S /Ac, = 5
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the usual embedding C,, — S! and sends (1,0) to o~ 1.

Given a G-ring spectrum R, an (R, R)-bimodule M, and an element g € G we define the right-
twisted bimodule MY to be the (R, R)-bimodule with the same left R-action as M but with right
R-action given by

MARXZY MAR— M

where the unlabeled map is the original right R-action. The following lemma is helpful for computing

the geometric fixed points of ETHH(R). One can define the left-twisted bimodule 9 M analogously.

Lemma 3.7 (c.f. [5, Theorem 4.4]). Let R be an orthogonal Cy,-ring spectrum. There is an iso-
morphism of genuine (C,, x Cy,)-spectra

y Cn S ! ~ Cn Cn Cn Cn B

i, NG (R) 2 [N (NG (R), N& X (R) )]
where the right term is the cyclic bar construction with coefficients in a twisted bimodule.

Proof. The proof is almost identical that of [5, Theorem 4.4]. The result also follows from a more
general result, Lemma 4.23, proven below. O

Theorem 3.8. Let R be a positive cofibrant C,-ring spectrum. There is an isomorphism of orthog-
onal Cy,-spectra

d2cen ETHH(R) = THH¢, (R).
Proof. Using Lemma 3.7, we have
i, ®*°n ETHH(R) = ®20~if, . ETHH(R)
2 @A NV(NE ST (R), (NG (R) )
2 @8 NYENG ST (R), (NG (R) )
where the last spectrum is the realization of the simplicial spectrum obtained from the twisted bar

construction by applying geometric fixed points levelwise. The last isomorphism follows from [21,
Lemma 4.7]. The k-simplices of the resulting simplicial C,,-spectrum are

o pAk+1)

A(k+1) A(k+1)
(39) eder (NG (R)) = (@2 NG (R))

where the first isomorphism uses that geometric fixed points are strong monoidal on cofibrant
spectra and the second uses the norm diagonal, [5, Theorem 2.35].

Thus we have, up to isomorphism, a simplicial C,-spectrum with the same k-simplices as
Neye:Cn(R) which defines THH¢, (R). It remains to check that the face and degeneracy maps
are correct. Lax monoidality of geometric fixed points implies that the last k& face maps are given
by the multiplication of R, as expected. For the face map dy, it suffices to identify

©An (1,0): @B (NG (R)) — @5 (NG X (R))
with ¢"~1: R — R. This follows from the observations that the isomorphism (3.9) is an isomor-
phism of (C,, x Cy,)/(A¢, )-spectra, and that the isomorphism (C), x C,,)/(A¢, ) = Cp, x 1 identifies
(1,0) with oL, O
Example 3.10. Consider the case of R = ¥ QX from Example 3.2. There is an equivalence

ETHH(SFQX ) ~ 5%, o L(X) 4
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and so when G = C,, we can compute THH¢, by taking geometric fixed points of the suspension
of the free loop space. Since geometric fixed points commute with equivariant suspension spectra
we have
THHc, (5, (QX)1) = X% (L(X)7).
The Ag, -fixed points of £(X) can be computed as the twisted free loop space A% (X), the space
of paths ¢: I — X such that op(0) = ¢(1). This space is of interest because its homology is the
home for fixed point invariants such as the Reidemeister trace [36].

4. HOCHSCHILD HOMOLOGY THEORIES FOR (G-SPECTRAL CATEGORIES

Several modern constructions of the Dennis trace require extending the cyclic bar construction
from ring spectra to spectral categories, which can be thought of as ring spectra “with many
objects.” In this section, in order to facilitate the construction of the equivariant Dennis trace,
we introduce the notion of G-spectral categories. The notion of equivariant bimodules and ETHH
of G-spectral categories is studied. We also study the homotopy theory of G-spectral categories
by constructing a model structure on the category of G-spectral categories. This model structure
allows us to construct cofibrant replacements of G-spectral categories, a necessary technical step in
constructing a well defined Dennis trace.

Let SpecCat denote the category of spectral categories, as in Section 2.4.

Definition 4.1. A G-spectral category is a functor
BG — SpecCat.
A morphism of G-spectral categories is a natural transformation of functors.
Explicitly, a G-spectral category C consists of
(1) A collection of objects obC together with an assignment
g: obC — obC

for each g € G, such that h o g = hg.
(2) For each pair of objects x,y € obC, an orthogonal spectrum C(z,y) and a map of spectra

g: Cz,y) = Clgz, gy)-
for each g € G, such that h o g = hg.
(3) A unit map 7,: S — C(z, z) for each x € obC, such that g o n, = 1y,.
(4) For each triple of objects z,y, 2 a composition map

o: C(y,z) NC(z,y) — C(x, 2),

which is unital and associative, and such that the diagram
A
Cly, ) AC(z,y) == Cgy, 92) A Clge, gy)
C(z,2) ————— Clgz,92)
commutes for all choices of ¢, x,vy, z.

Example 4.2. Let R be a ring spectrum with G-action. There is a G-spectral category Cr with a
single object @ and morphism spectrum Cr(e, ) = R. The composition is given by the multiplication
R AR — R and the maps g: R — R are given by the G-action on R.
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Example 4.3. Recall from Example 2.44 that for an orthogonal ring spectrum R the category
Modpg of right R-modules is a spectral category. If R has a G-action then Modg is a G-spectral
category with G-action defined as follows. For a right R-module M the R-module gM = M 9 s
the spectrum M with R-action map

1/\g*1
MANR——MANR—M
where the second map is the action of R on M. The morphism spectra are given by
Modg(M,N) = Fr(M,N)

where the right hand side is the internal mapping spectrum of right R-modules.
For g € G the maps on morphism spectra

1

g: Fr(M,N) — Fp(M9 N9 )

arise as follows: if f: M — N is a map of spectra which is also a map of right R-modules, then
a straightforward diagram chase shows that the same map of spectra f: M 97" 5 N9 ' is also a
map of right R-modules (recall that M and M 9" have the same underlying spectrum). Thus the
underlying set of right R-modules maps M — N and R-module maps MY ' 5 N9 are the same.
To make this precise, on morphism spectra one translates the above argument into the argument
that the canonical map ¢: Fr(M,N) — F(M,N) = F(M9 ',N9 ') equalizes the maps which
define Fr(M¢ ' N9 "), hence ¢ factors as Fr(M,N) % Fr(M9 ' N9 ') — F(M,N). We note
that if M = M9 " and N = N9 ', the map g : Fr(M,N) — Fr(M9 ', N9 ") must be the identity,
by the universal property of the equalizer.

Example 4.4. A right module M over a ring spectrum R is called perfect if it is contained in the
smallest thick subcategory of Modpg containing R. We will write Perfp for the spectral category of
perfect right R-modules. To see that Perfy is a G-spectral category it suffices to observe that if P
is a perfect right R-module then gP = P9 is also perfect.

To see this, note that if P is perfect, then gP is in the smallest thick subcategory of Modpg
containing gR = R9"". But there is an isomorphism of right R-modules gR = R given by the
mutually inverse maps g~': R — (gR) and g: (gR) — R and so gP must also be perfect.

Remark 4.5. The examples above can, of course, be carried out for left modules and left perfect
modules, respectively. Indeed the G-action in this case is actually a bit more natural. The reason
for spelling out the case of right modules instead of left modules is that right modules play a more
central role in our study of Morita equivalences in Section 6.

Later we will need to understand the interaction between mapping objects and the action of G
on Modg. We record these interactions in a few lemmas.

Lemma 4.6. Let R be a ring orthogonal spectrum with G-action. For any right R-modules M and
N we have a natural bijection

1

Mod (M9, N) <+ Modg(M, N9 ).

1

Moreover, there is a canonical isomorphism of mapping spectra Fr(M9,N) = Fr(M, N9 )
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Proof. The elements in the first mapping set consist of maps of spectra f: M — N such that the
diagram

MAR 2% M AR M, 0

] I

NAR an
commutes, where o denotes a module action map. Given such a map f, the diagram
M AR — M
1Ag
fAl MAR f

|#m

NAR——— NAR——— N
1Ag an

must also commute; the right side is the first diagram and the left side commutes because the smash
product is monoidal. But the outside of the second diagram is exactly the data of a morphism in
Modg (M, Ngfl) so these morphism sets consists of the same maps of spectra. The result about
mapping spectra is essentially the same with the added difficulty of needing to work with the
mapping adjunctions. We leave the details to the reader. O

Lemma 4.7. Let R be an orthogonal ring spectrum with G-action. For any right R-module M we
consider Fr(M, R) as a left R-module via the left R-module structure of R. There is an isomorphism
of R-module spectra 9Fr(M, R) = Fr(M,9R).

Proof. Explicitly, the left R-module structure on Fr(M, R) is given by the adjunct of the composite

1Aev

RAFR(M,R)AM "5 RAREL R

where ev is the evaluation map and p is the multiplication on R. Note that the diagram

RAFr(M,R)AM 2% RAR

lg/\l/\l lg/\l

RAFr(M,R)AM 2% RAR "5 R

commutes. Since the two ways of going around the diagram represent the adjuncts of the left
R-module structure maps on Fr(M,9 R) and 9Fr(M, R) respectively these module structure maps
are the same. O

To study the category of G-spectral categories, we introduce the notion of a G-spectral functor.

Definition 4.8. If C and D are G-spectral categories then a G-spectral functor F: C — D is a
natural transformation of functors BG — SpecCat.
Explicitly, a G-spectral functor F': C — D consists of the following data:
(1) for every = € obC, an object F'(z) € obD,
(2) for every pair of objects x,y € obC, a map of spectra
F: C(x,y) = D(F(x), F(y))

which respects composition on the nose,
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(3) for every g € G, F(gc) = gF(c) and the diagram

C(x,y) ———— Clgx, gy)

Jr |z

D(F(x), F(y)) —— D(F(gz), F(gy))
commutes for all z,y € ob(C).

Definition 4.9. For a G-spectral category C, let C°P denote the G-spectral category with the same
objects as C, mapping spectra given by C°P(z,y) = C(y, x), and composition given by:

CP(y, 2) ACP(z,y) = C(2,y) AC(y, &) 7> Cy,2) AC(2,y) = C(2,2) = CP(a, 2)
where ¢ is the swap map and o is the composition map of C.

If C and D are two G-spectral categories we can define a new G-spectral category D°P A C which
has objects ob(D) x ob(C), and g acts diagonally. The morphisms are given by

(D°P AC)((dy, 1), (da,c2)) = DP(dy, da) AC(ey, ) = D(da,di) AC(ct, ca),
and the map
g: (D AC)((dy, 1), (da, c2)) = (D AC)(g(dy, c1), g(da, c2))
is the map
gAg:D(da,di) ANC(er,ca) = D(gda, gdi) AC(ger, gea).

We now define equivariant bimodules over G-spectral categories (C,D). Recall that a non-
equivariant (C, D)-bimodule is spectral functor D°P A C — Sp. This entails the existence of maps
of spectra

a: Cle,e) NM(d,e) ND(f,d) — M(f,e)

which are compatible with the units and strictly associative with the compositions of C and D.

Definition 4.10. For C and D two G-spectral categories, an equivariant (C, D)-bimodule M is a
spectral functor M : D°P A C — Sp, with designated maps

g: M(z,y) = M(gz, gy)
such that that h o g = hg for all h,g € G, and the map e is the identity. We further require that
the diagram

C(c,e) A M(d,c) AND(f,d) ——— M(f,e)

lg/\g/\g lg

C(gc, ge) N M(gd, gc) ND(gf, gd) —— M(gf,ge)

commutes for all choices of a,b,c,d,e, f and g € G. A map of equivariant bimodules is a natural
transformation of spectral functors. We denote the category of equivariant (C,D)-bimodules by
Bimodg(C, D).

Example 4.11. Any G-spectral category C is an equivariant bimodule over itself via the canonical
functor C°P A C — Sp which sends a pair (z,y) to C(z,y).
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Example 4.12. Let R be a ring spectrum with G-action, let Cg be the single object G-spectral
category associated to R, and let D be any G-spectral category. A (D, Cgr)-bimodule consists of a
spectrum M (d) = M(e,d) for all d € D, together with maps

M(d) % M(gd)

M(d) AR M(d)

D(d,d') A M(d) 2 M(d')
for all g € G and d’ € D such that the diagrams

M(d) AR 225 M(gd) AR D(d, d') A M(d) 2% D(gd, gd') A M(gd)
[ [ | |
M(d) —L— M(gd) M(d) ——L——— M(gd")

commute. The map « turns M(d) into a right R-module for all d € D. A quick diagram chase shows
that the commutativity of the left diagram is equivalent to the claim that the map g: M(d) —
M(gd)9 is a map of right R-modules for all g € G. Thus we see that a (D, Cg)-bimodule consists of
a spectral functor D — Modg together which choices of isomorphisms ¢g: M(d) — M (gd)Y in Modg
for all g € G such that the right diagram above commutes. Similarly, a (Cgr, D)-bimodule can be
described as a spectral functor A': D°P — g Mod together with isomorphisms g: N'(d) — 9N (gd)
in g Mod for all g € G.

Definition 4.13. For an abelian group G with g € G, G-spectral categories C and D, and M a
(C, D)-bimodule, we define a new (C, D)-bimodule M9 by the composite

M9 D A ¢ LN per p ¢ My g,
The designated map
h: MI(x,y) — M9 (hx, hy)
is the map
MI(z,y) = M(gz,y) = M(hgx, hy) = M (hx, hy),
where the last equality holds because G is abelian.

We now define the cyclic bar construction for a G-spectral category.

Definition 4.14. For a small G-spectral category C and a (C,C)-bimodule M, the cyclic bar
construction Ng¥°(C; M) is the simplicial spectrum with G-action with g-simplices

NYeCsM) = \/  Cleg-1,¢q) ACleg-2,¢9-1) A+ AClco, 1) A M(cq, co)
(007017""04)

where the wedge is over all (¢ + 1)-tuples of objects ¢; € C. The action of G is given as follows: the
summand corresponding to (co,...cq) is sent to the summand (gco, gei, . . . geg) via the map

Cleqg1,¢q) N -+- NC(co,c1) A M(cq, co) EISAR Clgcq—1,9¢cq) N --- AC(gco, ge1) A M(geq, gco)-

The zeroth face map cycles the leftmost smash summand to the far right and then uses the right-
module structure of M. The remaining face maps are given by the composition in C and the left
module structure of M. When the bimodule M is C we will write Ng”°(C). Note that in this case
the cyclic bar construction is a cyclic object in the sense of Connes.
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Since the cyclic bar construction N¢&¥°(C) of a G-spectral category C is a cyclic object in spectra
with G-action, its geometric realization is naturally a spectrum with G x S'-action. Let I/ be a
complete G x S'-universe.

Definition 4.15. The equivariant THH of a G-spectral category C is the genuine G x S*-spectrum
ETHH(C) := ZH.. N9 (C)].
We will sometimes find it convenient to refer to the cyclic bar construction as a spectrum with
G x S action. As in Remark 3.4, we denote it by ETHH(C) := |[Ng&¥°(C)|.
Let V = itU be the complete G-universe obtained by restricting U.

Definition 4.16. For C a G-spectral category, and M a (C,C)-bimodule, we define the ETHH of
C with coefficients in M to be the G-spectrum

ETHH(C; M) = Y IN%¥(C; M)|.

When G = C,, we are also able to define a version of twisted THH for C,,-spectral categories.
Let Ac, C C,, x C,, be the diagonal copy of C,,, and consider A¢, as a subgroup of C" x S! via
the usual embedding of C,, into S'. As above we use the fixed isomorphism of groups

(Cn X Sl)/ACn, =
via the map (e2F74/" 0%) i e(2k™/n=0)i Note that this isomorphism sends (1,0) to o~ .

Definition 4.17. For a C,-spectral category C, we define the C),-twisted topological Hochschild
homology of C to be the S'-spectrum

THH, (C) := > ETHH(C).

Note that we have defined C,,-twisted THH so that the analog of Theorem 3.8 in the setting of
C-spectral categories is true by definition. That is, when C is the one object spectral category of
a Cp-ring spectrum this agrees with the definition of twisted THH from [5]. The advantage of this
approach is that THH¢, (C) is automatically an S-spectrum. The following reassuring proposition
says that twisted THH could have been obtained by a twisted cyclic bar construction.

Proposition 4.18. Suppose that C is a Cy,-spectral category. There is an isomorphism of spectra
with C,,-action

—1
NG¥e(e)|Bem = INge(C,c7 ).

ic,
Changing universe and applying Proposition 2.22 yields a version of the above for ETHH.
Corollary 4.19. Suppose that C is a C,,-spectral category. There is an isomorphism of C,-spectra
it, THHg, (C) = ETHH(C;C” ).
where o is the chosen generator of C,,.

Before proving Proposition 4.18 we need a version of Lemma 3.7. This requires a brief diversion
to set up some notation. For a C,-spectral category C and any r > 1 we let C" denote the
Cy-spectral category of [16, Definition 7.4] with objects r-tuples (c1,...,¢;) of objects in C and
morphism spectra

CN ((ay,...,ar), (b1,...,b.)

I
-
aQ
£
s
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Note that in addition to the cyclic action of C, on the objects of C*", we have maps of morphism
spectra

CM ((a, . an), (01, br)) = C (s« s @re1)y (Bry . boy))

given by rotating smash summands. The following lemma is immediate from checking the defini-
tions.

Lemma 4.20. The assignment C — C"" is a functor from C,,-spectral categories to Cy, x C,.-spectral
categories.

For the remainder of this section we focus on the case r = n, so that C\" is a (C,, x C),)-spectral
category. For any a € C let @ = (a,0a,...,0" ta) € C"". Then for any a,b € C we have

CA"ab /\Caaab

The subgroup Ao, < C, x C, acts on the spectrum C""(a, b)7 where the generator (o,0) acts
according to

n—1
(4.21) c(@,b) = /\Coaa —>/\C(ai_ o) 2% /\Caaa

where the first map is a cychc rotation and the second uses the structure maps
o:C(c" ta,0""b) — C(c'a,a'd).
Proposition 4.22. For any a,b € C, we have
C\"(@,b)An = C(a,b).

Proof. The spectra C(o'a,o'b) and C(a,b) are isomorphic via the map ¢®. Thus one can rewrite

cAT(a,B) as the smash product of C(a,b) with itself n-times. With this identification the maps
(4.21) become just cyclic permutations. Thus there is an isomorphism of C,,-spectra

c"(@,b) = AS"C(a, b)
and the result is immediate upon taking fixed points. O

The construction C — C”" is functioning like a norm in this context. The next lemma is a
generalization of Lemma 3.7 for C,,-spectral categories.

Lemma 4.23. There is an isomorphism

Ng(O)] 2 [NFE(Ch™, () ).

+ 3k
e, xc,

Proof. Since N&¥° (C) is a cyclic object in spectra with Cy,-action, its realization is isomorphic, as
a spectrum with C,, x Cp-action, to the realization of its subdivision sd,,N¢*“(C). Hence it suffices
to show an isomorphism of simplicial spectra with C}, x C,-action

sd,NJ¥e(C) = Ngre(e™, (")),
Fix a k and let ky = k + 1. The k-simplices of sd,,N¢'(C) are given by
(4.24) \/ C(Cnky—1+Cnky) A== ANC(c1, c2) AC(cni, 1)

(017---Cn,k+)
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while the k-simplices of N&¥¢(C"", (C/")(1:)) are given by

(425) \/  Claj_y,ap) AC(af_y,ap) A--- AC(af,at) AC(af, ag) AC(af, ag) A+ AC(ap ™", af)
(do,..,dk)

where the @; = (a},...a?

™) are objects in C"". Note that the last n-terms of this smash product
are unlike the other terms because the superscripts in the source and target are offset by one; this
shift is precisely because we took a bar construction in the twisted bimodule (C*™)(*:).

The isomorphism between (4.25) and (4.24) is given by sending the summand corresponding to

(do,...,dx) in (4.25) to the summand

1 1 1 1 2 2 n n
(a03a13a2a sy Qp, Ay A7y e e 7ak—1aak)

in (4.24). With this choice the tensor summands are identical up to a reordering isomorphism which
is canonical up to isomorphism because the smash product is symmetric monoidal. Moreover, it is
a straightforward, albeit tedious, exercise to see that the face maps in either simplicial spectrum
are identified under this reordering. O

proof of Proposition 4.18. After applying Lemma 4.23 it suffices to show there is an isomorphism
|Niyc(c/\n7 (C/\n)(l,a))|Acn ~ |Nsyc(cvca)"

To show this, note that we can commute the fixed point functor through geometric realization and
so we may instead produce an isomorphism of simplicial spectra with C),-action

NgE(Cn, (€N Aen = NE(C, €7).

The k-simplices on the left are given by

(4.26) \/  CMMak-v, ) A AC (G, dr) A (CN) B (G, dp).
(@os-»a1)
Since Ag,, is permuting the tuples (dy, .. ., dx), our first task is to figure out which tuples are fixed.
The action of Ag, on (dy,...,dx) is determined by
(o,0) - (do,...,dr) = (bg,...,bk)
with b; = (0al,0al,0a2,...,0a?" ). If a summand is going to be fixed under the A¢, -action then
it must be a summand corresponding to a tuple (dy, .. .,dx) where for all i
Eil- = EL\Z = (aia O'ai,0'2ai, e ,Unilai)

for some a; € C. It follows that the k-simplices of N&¥¢(C ™, (C/")(1:9))Aen are isomorphic to

A~ ~ An (o~ o~ AnN(Lo) (o~ = Acn
\V (€ (@r1,ak) A+ ACN (@0, a1) A (C) ) (@, do)

(ao;---,axr)

where the wedge is now over any (k + 1)-tuples in C. Using the strong monoidality of fixed points,
this is isomorphic to

— Ac,
/(€ (@r1,@0)) 7 A A(CN (G0, 1) A (cA"(anflak,aO))

(a0, ak)
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where in the last term we used the observation that (1,0)-a@ = o™ la for any a € C. Observing

that the action of A¢, on C""(a,b) is precisely (4.21), we apply Proposition 4.22 and see that the
k-simplices are
\/ C(ak,l,ak)/\-~-/\C(ao,al)/\C(U_lak,ao)
(ao;...,ax)
as desired. Since the face maps are given entirely in terms of the composition structures of C,
monoidality of fixed points implies that the face maps are those of N&°(C,C% ). O

4.1. Fixed points of the cyclic nerve. In this subsection we compute the H-fixed points of the
cyclic bar construction N¢¥(C; M) for a G-spectral category C and (C,C)-bimodule M. As a first
step, note that if ¢,d € C are H-fixed then the structure maps

h:C(e,d) — C(he, hd) = C(c, d)

make C(c,d) a spectrum with H-action. We define a spectral category C¥ whose objects are the
H-fixed objects of C and whose morphism spectra are C*(c,d) = C(c,d)". The composition laws
are obtained using the lax monoidality of categorical fixed points (Proposition 2.8).

For a (C,C)-bimodule M we also see that M(c, d) is spectrum with H-action whenever ¢ and d
are H-fixed. We obtain a (C*,CH)-bimodule M defined by M*(c,d) = M(c,d)".

Example 4.27. Let C = Modp be the category of right modules over a ring orthogonal spectrum
R with G-action. This is a G-spectral category as described in Example 4.3. We consider C as a
bimodule over itself, i.e. C(M, N) = Fr(M, N) is the internal mapping spectrum. When M and N
are H-fixed for some H < G we have that Fr(M, N) = Fr(M", N") for all h € H and the action of
H on this spectrum is trivial. In particular, the spectrum (Modg)H (M, N) is just Fr(M, N) again.
The same remarks carry over verbatim if we replace Modg with Perfg, the G-spectral category of
perfect right R-modules.

Proposition 4.28. Suppose that C is a spectral G-category. For H a subgroup of G there is an
isomorphism of simplicial spectra

NEE(Cs M) = Nge(e!T; M)
where the fized points on the left are computed levelwise.
Proof. Before taking H-fixed points the ¢g-simplices on the left are given by
N M) = \/  Cleg—1,¢q) AC(cq—ay cq1) A+ AC(co, 1) A M(cq, co).-
(co,c1,-.-5¢q)

Since H acts first by permuting tuples (co, ..., ¢q), we see that the H-fixed points of the g-simplices
must be
(NZVC(C,M))H = \/ (C(CQ*lch) /\C(CQ—Q,qul) /\-~-/\C(CO’01) /\M(quco))H
(cosCtseesy cq)E(CH)a+1

The result now follows from the fact that H-fixed points of spectra with G-action are strong
monoidal. That is, these fixed points are isomorphic to

N;yC(CH; M) = \/ CH(cqo1,cq) NCH (cqen,cqo1) Ao ACH(co,c1) A MH (cy, co).

(co,c1,...5cq)E(CH)IFE
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Since the face and degeneracy maps in the cyclic nerve come from the composition laws in C and
CH and composition in the latter is defined using the monoidality of fixed points, we see that these
maps assemble into an isomorphism of simplicial spectra. O

4.2. A model structure on G-spectral categories. Given a G-spectral functor F': C — D there
is an induced map F¥: CH — D for any subgroup H < G.

Definition 4.29. We say that F' is a weak equivalence of G-spectral categories if it is a bijection
on objects and all the functors F¥ induced equivalences on morphism spectra.

In this section we observe that these weak equivalences are the weak equivalences of a model
structure on the category of G-spectral categories. We use this observation to produce useful exam-
ples of G-spectral categories which are sufficiently cofibrant for our purposes. We begin by recalling
the following useful observation, which follows from a result of Schwede—Shipley [42, Proposition
6.3].

Proposition 4.30. The category SpecCat of spectral categories and spectral functors forms a cofi-
brantly generated model category where the weak equivalences are spectral functors which induce a
bijection on objects and stable equivalences on morphism spectra. If C is cofibrant in this model
structure, it has cofibrant morphism spectra.

Since the category of G-spectral categories is just Fun(BG, SpecCat) we could obtain a model
structure on G-spectral categories using the projective model structure, but the weak equivalences
would be incorrect. Instead, we need a “more genuine” model structure. For a finite group G, let
Og denote the orbit category of G. We consider the category of presheaves Fun(O¢, SpecCat) with
the projective model structure.

Any G-spectral category C determines a functor i,(C): OF — SpecCat which is defined by
i.(C)(G/H) = CH. If K < H then there is a functor Cf — CX which is the inclusion on objects.
The functor i,: Fun(BG, SpecCat) — Fun(OJ, SpecCat) has a left adjoint which sends a functor
F: O — SpecCat to F(G/e), which has an action by G since OF (G/e,G/e) = G. To produce
the desired model structure on G-spectral categories, we use a result of Stephan [43]; see also [13].

Theorem 4.31. The category of G-spectral categories Fun(BG, SpecCat) has a cofibrantly gen-
erated model structure right induced by i,: Fun(BG, SpecCat) — Fun(Og, SpecCat). The weak
equivalences are those of Definition 4.29. If C is a cofibrant object in this model structure then C*
s a pointwise cofibrant spectral category for all H.

Proof. We use Proposition 2.6 of [43]. Fixed points of spectra with G-action commute with pushouts
and with directed colimits along cofibrations, and therefore the first two conditions of the proposition
hold. For a spectral category C and a G-set G/ K, the tensor G/K®C € Fun(BG, SpecCat) is defined
using an indexed wedge product, which implies that the third condition of the proposition is satisfied
as well. Therefore this right-induced model structure exists and is cofibrantly generated as in
Proposition 2.6 of [43]. It remains to show that if C is a cofibrant object in this model structure, then
CH is a pointwise cofibrant spectral category for all H. It suffices to show that if ¢ is a generating
cofibration in Fun(BG, SpecCat), then ¢! is a cofibration of spectral categories for all H < G. As
in the proof of Proposition 2.6 of [43], the generating cofibrations in Fun(BG, SpecCat) are of the
form G/K @ f, where f is a generating cofibration in SpecCat. Thus (G/K @ f) = (G/K)® @ f,
which is a wedge of cofibrations and therefore a cofibration. O
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Notation 4.32. If C is a G-spectral category then we write QC for a cofibrant replacement in the
model structure of the theorem.

It is not clear whether or not the realization of the cyclic nerve of a cofibrant G-spectral category
is a cofibrant spectrum with G-action. On the other hand, it has the property of being flat, in the
sense that smashing with it is homotopical. There are additional conditions under which |N&¥°(C)|
is a cofibrant spectrum with G-action.

Definition 4.33. We say that a G-spectral category C is G-pointwise cofibrant if for all H < G
and all H-fixed pairs of objects ¢,d € C the mapping H-spectrum C(c,d) is a cofibrant spectrum
with H-action.

Example 4.34. If R is a cofibrant spectrum with G-action then Cp is G-pointwise cofibrant.

Proposition 4.35. If C is G-pointwise cofibrant then [N&°(C)| is a cofibrant spectrum with G-
action

Proof. Tt suffices to check that the cyclic nerve is a levelwise cofibrant spectrum with G-action. The
k-simplices are
\/  Clek—1,cx) A+ AClco, 1) AC(ck, co)
(co,--sCk)
The collection of (k+1)-tuples (co, . .., cx) is a G-set, and we may pick representatives (cf), . . ., ct) for
all the G-orbits. Let H; be the stabilizer of the tuple (cb, .. ., CL), then we have that the k-simplices
decompose as

\/G+ NH; (C(C?cfl’ C}c) ARRENA C(Céch A C(CZ,CE)))

where C(cj,_y,¢;) A--- AC(ch,c}) AC(c}, ch) is considered as a spectrum with Hj-action as all ¢
must be H;-fixed. Since C is G-pointwise cofibrant, this spectrum with H;-action is a cofibrant
spectrum with H;-action. Since induction preserves cofibrancy we observe that the k-simplices are
a wedge of cofibrant spectra with G-action hence are cofibrant. O

Corollary 4.36. Suppose C is a G-spectral category which is either cofibrant or G-pointwise cofi-
brant. Then for any weak equivalence X — Y of spectra with G-action the map [NJ(C)| A X —
INJC(C)|AY is also a weak equivalence.

Proof. When C is G-pointwise cofibrant this follows from the fact that [N¢¥(C)| is cofibrant. WHen
C is cofibrant it suffices to check that |NJ°(C)|¥ is cofibrant for all H < G. This follows from
Proposition 4.28 and the fact that CH is a pointwise cofibrant spectral category. O

Furthermore, weak equivalences of cofibrant G-spectral categories induce weak equivalences on
cyclic bar constructions.

Proposition 4.37. Let F': C — D be a weak equivalence of G-spectral categories, where C and D
are either cofibrant or G-pointwise cofibrant. Then F' induces a weak equivalence

INJ(C)| ~ INJ“(D)|
of spectra with G-action.

Proof. We prove the case when C is cofibrant, the other case is essentially the same. By Proposition
4.28, INJC(O)|H = |INJ°(CH)|. By Theorem 4.31, since C and D are cofibrant, for any H-fixed
objects ¢,c € C we have that C(c,c') and D(F(c), F(c'))H are cofibrant spectra. Furthermore,
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FH induces a weak equivalence between these cofibrant spectra. Therefore each level of the cyclic
bar constructions [N&Y(CH)| and [N$Y(DH)| consists of smash products of cofibrant spectra. Thus
FH induces a weak equivalence on the H-fixed points of [N¢°(C)| and |N¢¥“(D)|, and therefore a
weak equivalence of spectra with G-action. O

When C is cofibrant we can identify maps of bimodules which induce stable equivalences on cyclic
nerves.

Definition 4.38. For C a G-spectral category, a map f: M — N of (C,C)-bimodules is a weak
equivalence if for all H < G it induces a weak equivalence of spectra M (c,d) — N (¢, d) for all
H-fixed pairs (¢, d) of objects in C.

Remark 4.39. Let ¢ Bimode denote the category of equivariant (C,C)-bimodules. One could
proceed as in [42, Proposition 6.1] to show that ¢ Bimodc is a model category with weak equivalences
as defined above. For our purposes, we only need to know what the weak equivalences are and we
write Ho(¢ Bimodc) for the associated homotopy category.

Corollary 4.40. Let C be a G-spectral category and let a: M — N be a weak equivalence of (C,C)-
bimodules. If C is cofibrant or G-pointwise cofibrant then « induces a weak equivalence of spectra

with G-action [N (C; M)| ~ [NJZ(C; N)|.

Proof. We prove the case when C is cofibrant, the other case is essentially the same. By definition,
it suffices to check that the map induced by a gives a weak equivalence of spectra on H-fixed
points for all H < G. Commuting the fixed points through the geometric realization and applying
Proposition 4.28 we see that the induced map on H-fixed points is the map |[N&°(CH, MH)| —
INSYC(CH, NH)|. Since C is cofibrant the spectral category C¥ is pointwise cofibrant, and this is a
weak equivalence by [10, Theorem 6.4]. O

5. SPECTRAL WALDHAUSEN (G-CATEGORIES

Our eventual goal is to construct an equivariant version of the Dennis trace connecting algebraic
K-theory and THH. In order to construct this comparison map we must address the fact that the
inputs to these theories, Waldhausen and spectral categories, respectively, are not the same. To
bridge this gap we follow the approach of [17] and develop a theory of spectral Waldhausen G-
categories, which have enough structure to define both equivariant algebraic K-theory and ETHH.

Definition 5.1. Let Cy be a pointed category (i.e. a category with a zero object, which implies
that it is enriched over pointed sets). We define its suspension category 3°°Cy to be the spectral
category with the same objects as Cy, mapping spectra given by the suspension spectra of the
mapping sets of Cy, and composition induced by the composition in Cy.

Definition 5.2. A base category of a spectral category C is a pair (Co, F' : ¥°°Cy — C), where Cy
is a pointed category and F': ¥*°Cy — C is a spectral functor which is the identity on objects.

Example 5.3. Let C be a spectral category. Take Cy to have the same objects as C. For objects a, b,
take the mappings set Cy(a, b) to be the 0-space of the mapping spectrum C(a, b) given the discrete
topology. Then the maps Xdiscrete — X for any space X and Y (0) — Y for any spectrum
Y give Cy the structure of a base category for the spectral category C. We denote this functor
can: X*°Cy — C.

Definition 5.4 ([16], Definition 3.9). A spectral Waldhausen category is a spectral category C
together with a base category Cy, where Cy has a Waldhausen structure. This data is subject to
the conditions:
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(1) The zero object of Cy is also a zero object for C.
(2) Every weak equivalence ¢ — ¢’ in Cp induces stable equivalences of orthogonal spectra

C(d,d) — C(c,d), C(d,c)—C(d,c).

(3) Let i : a — b be a cofibration in Cy. Then every pushout square
a b
c d

Cle,a) —==C(e,b) Cla,e) <— C(b, e)

L

C(e,c) —=C(e,d) C(c,e) <——C(d,e)

i
LN

R

induces homotopy pushouts squares

Definition 5.5. A functor of spectral Waldhausen categories F': (C,Co) — (D, Dy) consists of an
exact functor Fy : Cg — Dy and a spectral functor F' : C — D such that the diagram

$0C, 22 s,

L,

c—*% .p

commutes.

In [16], the authors construct a Dennis trace map K(Cy) — THH(C).

For the purposes of algebraic K-theory, it is instrumental to define a spectral Waldhausen cate-
gory of perfect R-modules, for R an orthogonal ring spectrum. Due to the technical requirements
placed on spectral Waldhausen categories, it will be helpful to pass through EKMM spectra [25].
Let us write S-Mod for the category of EKMM spectra. Recall there is a symmetric monoidal
Quillen adjunction (N, N¥)

N
_—
Sp R; S—Mod

relating EKMM spectra to orthogonal spectra. Note that both N and N are lax monoidal.

If R is a cofibrant orthogonal ring spectrum and N and M are cofibrant right R-modules then
the mapping spectrum Fr(M, N) need not be fibrant. We use the adjunction N - Nf to produce
homotopically well behaved mapping spectra N*Fyg(NM,NN). This spectrum is always fibrant
since all EKMM spectra are fibrant and N¥ is a right Quillen adjoint.

The following is the key example in this section.

Example 5.6 ([17] 3.8-3.12, 5.2). If R is an orthogonal ring spectrum whose underlying spectrum
is cofibrant, there is a spectral Waldhausen category stPerf rp whose base category is the Waldhausen
category Perf g of perfect cofibrant R-module spectra. Take the objects of stPerfr to be the perfect
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cofibrant modules over R. For objects P, P’ of stPerfpr, define stPerfr (P, P’) to be the orthogonal
spectrum Nf Fiyg (NP, NP’). The spectral functor £ Perfr — stPerfr is given by the adjoint of

NS, Perf p(P, P') 25 £y Perfp(P, P') 22y soe - Perfyp(NP,NP') " Fyp(NP,NP')

where can is as in Example 5.3. All EKMM spectra are fibrant, and N* is a right Quillen adjoint,
so all mapping spectra in this category are fibrant.

Remark 5.7. Later we will need a comparison of stPerfr and the more natural spectral category
Perfi defined in Example 4.4. One can give a spectral functor Perfr — stPerfg, which is the
identity on objects, but for technical reasons we would like a map which goes the other way. It
seems difficult to construct such a functor directly, however it is straightforward to construct a
functor

Q: StPeI‘fR — MOdNuNR

which sends an object P to N|NP. On morphisms, we use the map
N Fygr(NP,NQ) — Frenp(N'NP,N'NQ)
which comes from the fact that N¥ is lax monoidal.

Example 5.8 ([16], 3.7 and 3.12). If (C,Cp) is a spectral Waldhausen category and I is a small cate-
gory, then there is a spectral Waldhausen structure on the functor categories (Fun(Z,C), Fun(Z,Cy)).

This functor category construction is useful for applying the Se-construction to spectral Wald-
hausen categories. Denote by [k] the category {0 — 1 — ... = k}. If (C,Cp) is a spectral Waldhausen
category, consider SxCy as a subcategory of the functor category Fun([k] x [k],Co) as in Definition
5.8 (and the discussion that follows it) of [17].

Proposition 5.9 ([17]). Let (C,Coy) be a spectral Waldhausen category. Take SiC to be the full
subcategory of Fun([k] x [k],C) spanned by the objects of SpCo. Then (SkC,SiCo) is a spectral
Waldhausen category. Furthermore, as k wvaries, this defines a simplicial object in SpWaldCat,

(SeC, SeCo).

The functor category construction also gives a spectral Waldhausen category of weak equivalences
in (C, Co)

Proposition 5.10 ([17], Definition 5.6). Let (C,Cq) be a spectral Waldhausen category. Denote by
wiCo the full subcategory of Fun([k],Co) spanned by the functors that take each morphism in [k] to a
weak equivalence in Cy. Denote by wiC the full subcategory of Fun([k],C) spanned by the objects of
wiCo. Then (wiC,wiCo) is a spectral Waldhausen category. Furthermore, as k varies, this defines
a simplicial object in SpWaldCat, (weC,weCo).

Remark 5.11. We can also iterate the S, construction as is Definition 2.30. Letting S,(C?) ,C=
Sk, .Sk, C, we therefore obtain a multisimplicial object (w.SS")C, w.SS")CO) in SpWaldCat, whose
(ko ..., kn) level is (kaS,(fn)__,knC,kaS,(f?___’knCo).

We will next define Waldhausen G-categories and spectral Waldhausen G-categories. Recall that
Malkiewich—Merling define a notion of Waldhausen G-categories.
Definition 5.12 ([34], Section 2.3). Let WaldCat denote the category of Waldhausen categories
and exact functors. A Waldhausen G-category is a functor

BG — WaldCat.
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Example 5.13. If R is an orthogonal G-ring spectrum whose underlying spectrum is cofibrant,
then Perfp as defined in Example 5.6 inherits the structure of a Waldhausen G-category. The
G-action sends a right R-module P to the g-twisted right R-module P9

Example 5.14 ([34], Section 2.3). If C is a Waldhausen G-category, then Fun(£G,C) is a Wald-
hausen G-category with G-action given by conjugation. That is, if F': EG — C is any functor then
we define (g- F)(h) = gF (g7 h).

We now define spectral Waldhausen G-categories. Let SpWaldCat denote the category of spectral
Waldhausen categories.

Definition 5.15. A spectral Waldhausen G-category is a functor
BG — SpWaldCat.

Note that if C is a spectral Waldhausen G-category, then the base category Cp is a Waldhausen
G-category and the spectral category C is a G-spectral category.

Example 5.16. Let R be an orthogonal ring spectrum with G-action, and denote g: R — R the
action of an element g € G on R. Then stPerfr obtains a G-action which sends a right R-module
P to the g-twisted right R-module P9 . Applying N to the map g: Fr(P,Q) — Fr(P9 ', Q9 ")
from Example 4.3 yields a map
(5.17) Fur(NP,NQ) — Fyr((NP)Y ,(NQ)? )
where we abuse notation slightly and write g: NR — NR for the map obtained by applying N to
g: R — R. Applying N to (5.17) gives the action of G on the mapping spectra of stPerf .

This G-action is via functors of spectral Waldhausen categories, as in Definition 5.5. This implies
that stPerfg is a spectral Waldhausen G-category. Its base category, Perfg, is then a Waldhausen
G-category.

Example 5.18. If (C,Cy) is a spectral Waldhausen G-category, there is a spectral Waldhausen
G-category Fun(EG, C) with base category Fun(£G,Cp). This is because Sections 4 and 5 of [17]
construct a functor

Fun(—, —) : Cat®® x SpWaldCat — SpWaldCat.
If the base category of C is Cy, then the base category of Fun([,C) is Fun(Z,Cp). The functoriality of
this construction ensures that elements of G act by exact functors, so that Fun(£G,C) is a spectral
Waldhausen G-category.

We therefore obtain a spectral Waldhausen G-category Fun(EG, stPerfr), whose base category
is Fun(EG, Perfg).

Example 5.19. The S, and w, constructions of Proposition 5.9 and Proposition 5.10 respect
G-actions, giving S, and w, constructions for spectral Waldhausen G-categories. Applying these
constructions to Fun(€G,C) will be especially useful in section 8.

6. MORITA ADJUNCTIONS

One of the essential properties of topological Hochschild homology is that it is Morita invariant.
In this section we develop a theory of Morita adjunctions and Morita equivalences for G-spectral
categories and show that ETHH is Morita invariant. The results in this section are used in the
construction of the Dennis trace to produce maps on ETHH.

Let C, D, and £ be three G-spectral categories and let N' and M be (C, £)- and (D, C)-bimodules
respectively.
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Definition 6.1. The two-sided bar construction of M, C, and N, written B(M;C,N), is the
(D, £)-bimodule which sends (e, d) € £°P A D to the realization of the simplicial spectrum

\/M(cq, d) ANC(cq—1,¢q) N+ ANC(co,c1) AN (e, co)
where the wedge is over (g + 1)-tuples (co,...,¢q) of objects in C.

One should think about the two-sided bar construction as a way to tensor (C,€&)- and (D,C)-
bimodules together over C. To illustrate this further, suppose R is a ring spectrum with G-action
which is cofibrant, write Cr for the one object G-spectral category associated to R, and suppose
M and N are (Cgr,Cr)-bimodules, i.e. (R, R)-bimodules in spectra. Then the simplicial object
underlying the two-sided bar construction is exactly the usual two-sided bar resolution of M Ar N.
In particular, its geometric realization is exactly the left derived smash product of M and N over
R.

Note that when N = R, and R is cofibrant, we get an equivalence B(M; R; R) ~ M A% R ~ M.
The next lemma says that the analogous statement is true for arbitrary G-spectral categories.

Lemma 6.2 (Two Sided Bar Lemma, [12, Lemma 1.40]). Let C, D, and £ be G-spectral categories
and let M and N be a (D,C) and (C, E)-bimodules respectively. There are weak equivalences
B(M;C;C) = M
B(C;C;N) = N
of (D,C) and (C, E)-bimodules respectively.

Proof. The maps
M(cq,d) NC(cqg1,¢q) N--- AC(e,co) = M(e,d)

given by composition assemble into a map of simplicial spectra with G-action from B(M;C;C) to the
constant simplicial object on M (e, d). We call this the composition map. Taking realizations gives
a map on bimodules, which we immediately see is compatible with the G-actions. It is classical (see,
for instance, [38, Proposition 9.8]) that the composition map admits a section which is essentially
given by the inclusion of many identity morphisms. Moreover, one checks that the composition
map and the section form a homotopy equivalence after geometric realization.

If d and e are H-fixed for some H < G, then both the composition map and the section are
H-equivariant, thus the homotopy equivalence descends to fixed points and this map is a weak
equivalence of bimodules. O

Corollary 6.3 (Dennis—Waldhausen—Morita argument, [12, Proposition 1.39]). Let C and D be
small G-spectral categories and let N' and M be (C,D) and (D,C)-bimodules, respectively. Then
there are natural isomorphisms of spectra with G-action

INJ(C; BIN; D; M))| = ING(D; BIM; C; )|
and hence isomorphisms
ETHH(C; B(N; D; M)) = ETHH(D; B(M;C; N))
Proof. The proof is identical to that of [12, Proposition 1.39]. O

The above corollary gives a quick proof of Morita invariance for ETHH.
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Definition 6.4. A Morita adjunction between two G-spectral categories C and D is a pair (N - M)
where AV is a (C, D)-bimodule, M is a (D, C)-bimodule, and morphisms

n: D — B(M;C;N)
e: BWW;D; M) — C.

in the homotopy categories Ho(pBimodp) and Ho(¢Bimod¢) which satisfy the triangle identities.
A Morita adjunction is called a Morita equivalence if in addition the maps 1 and € are equivalences.

Suppose we have a Morita adjunction (N 4 M) between G-spectral categories C and D which
are either cofibrant or G-pointwise cofibrant. While 1 and e are only defined in the homotopy
category, the cofibrancy assumptions on C and D allow us to apply Corollary 4.40 to obtain a map
INJ(D)| — INJ(C)| in the homotopy category of spectra with G-action given by the composite

N(D; D) = N&(D; B(M; € N)) = NP°(C; BIN; D; M)) = N (C5C)
where the isomorphism comes from Corollary 6.3.

Notation 6.5. We will call a Morita adjunction (N M) as above a Morita adjunction from D
to C to emphasize the direction of the induced map on cyclic nerves.

By Remarks 7.6 and 7.9 of [16], using n-fold subdivision, this is a map in the homotopy category
of spectra with G x Cj-action for every n. When (N - M) is a Morita equivalence the maps
7« and €, are isomorphisms, hence this map is an isomorphism. If, in addition, C and D are G-
pointwise cofibrant, applying the change of universe functor computes ETHH and we obtain Morita
invariance.

Theorem 6.6. IfC and D are G-pointwise cofibrant G-spectral categories and (N - M) is a Morita
equivalence then there is a natural isomorphism ETHH(C) = ETHH(D) in the homotopy category
of spectra with (G x C,,)-action for any n.

Let R be a cofibrant orthogonal ring spectrum with G-action. Our next goal is to construct
a Morita adjunction from Fun(EG, stPerfr) to Cgr. Non-equivariantly this adjunction is a Morita
equivalence, but that will not be the case here. Nevertheless, the adjunction is sufficient to produce
the morphism on ETHH that we need to produce the equivariant Dennis trace.

Recall that Cp is the one object (call it ) G-spectral category with morphisms Cr(e,®) = R and
stPerfr is the G-spectral category of perfect right R-modules from Example 5.6. Recall that the
objects of stPerfg are cofibrant perfect right R-modules and the morphism spectra are given by

stPerfz (P, P') = N* Modyg(NP,NP)

for any objects P and P’ € stPerfg. Finally, for any G-spectral category C we will need the functor
G-spectral category Fun(£G,C) constructed in Example 5.18.

Proposition 6.7. Let C be a small, cofibrant G-spectral category. Let D = QFun(EG,C) where Q
denotes a cofibrant replacement in the model structure of Theorem 4.31. Then there is a Morita
adjunction (N 4 M) from QFun(EG,C) to C.

Proof. There is a constant spectral functor C — Fun(€G,C), and because C is cofibrant this lifts
to a functor f: C — D which, on objects, is given by the constant spectral functor. Given any
object © € D, we obtain an object ©(1) € C, though we should note that this assignment is not a
G-spectral functor since it is not G-equivariant on the nose.
Define a (C, D)-bimodule N by
N(O,¢c) =C(©(1),¢)
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and a (D, C)-bimodule M by
M(c,0) =C(c,0(1)).
To see that N is a spectral functor observe that it is the composite

eviAid

QFUH((C:G, C)Op ANC — Fun(gG7 C)Op AC s COP A C C(—,—) Sp

where the unlabeled map is the map which witnesses ) as a cofibrant replacement in G-spectral
categories and ev; is the evaluation at 1 map. This map is, by definition, a spectral functor although
not a G-spectral functor.

For the structure maps, for any g € G we need to produce maps

C(O(1),¢) = N(©,¢) = N(g-©,9¢) = C(90(97"), gc)
and

C(c,0(1)) = M(c, ©) = M(gc, g - ©) = C(ge, gO(g7))-
To construct these, first observe that part of the structure of © is a chosen isomorphism ©(1) &
©(g~1). With this, we have maps

C(6(1),c) = C(O(g7),0)
C(e,0(1)) = C(c,0(97"))
which give the structure maps.
The bar construction B(M;C;N) is the (D, D)-bimodule whose value on a pair (0, V) is the
realization of the simplicial spectrum with g-simplices
\/  Cleg, W(1)) AC(cg-1,¢q) A+ AClco, 1) AC(O(1), o).

(007--<7Cq)

(90(g7"), gc)

I
2 C(ge.gO(g™h)

If we pick ¢ = --- = ©(1) then we have an evident map
C(O(1),T(1)) =C(OQ), (1) ASA---AS—=C(O(1),T(1)) AC(O(1),0(1)) A--- AC(O(1),0(1))

where the unlabeled map is the smash product of the identity on C(©(1),¥(1)) with the unit
maps S — C(0(1),0(1)). This assembles into a map from the constant simplicial spectrum on
C(©(1),%(1)), and taking geometric realization yields a map C(©(1),¥(1)) — B(M;C;N)(O,¥).
The map 7 is, evaluated at the pair (©, ¥), the composite

D(0,¥) =5 C(0(1), (1)) = B(M;C;N) (0, D).

The bar construction B(N;D; M) is given at the pair (x,y) € obC x obC by the realization of
the simplicial spectrum with g-simplices

\/  C(04(1),9) AD(Oy1,0,) A+ AClz,, 60(1)).
(©1,...,04)

Applying the evaluation maps D(0,-1,0;) — C(0;-1(1),0,(1)) followed by the composition yields
a map to the constant simplicial spectrum on C(z,y) and geometrically realizing gives the (z,y)-
component of the map e.

Checking the triangle identities is essentially immediate, since the map 7 is given by including
identity morphisms and € is given by composition. O

Proposition 6.8. Let R be a cofibrant ring G-spectrum, let Cying be the one object G-spectral
category whose morphism spectrum is N|NR, and let Dr = QstPerfr be a cofibrant replacement of
the G-spectral category of perfect right R-modules. There is Morita adjunction from Dr to Cning-
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Proof. By Example 4.12, a (Cytng, Dr)-bimodule is a spectral functor N': DY — ning Mod to-
gether with isomorphisms

N(P) =N (gP)
for all g € G. Similarly, a (Dg,Cying)-bimodule consists of a spectral functor M: D — Modying
with isomorphisms

M(P) = M(gP)’
for all g € G. In this case, we take N'(P) = Fysnp(N*NP,N*NR) and M(P) = N*NP. To see these
are spectral functors, observe that A is the composite

op
QStPerf%p — stPerf?%p Q—> NtNR MOdOp — NENR Mod

where 2 is the functor from Remark 5.7 and the unlabeled functor is given by taking duals.
The functor M is the composite

Q stPerfgp — stPerfp LN Modying -

By definition, gP = P9 ', so (¢P)¢ = P. Since N'N is a functor, we have g - (NYNP)9 = N!NP
so the identity provides the structure isomorphism for M. For N, we have

9 Fusng (9N'NP, N*NR) & Frenr(gN'NP, IN'NR) & Fing(NINPY ' NINRY ) 2 Fyng(N'NP,N'NR)

by Lemma 4.6 and Lemma 4.7 and we take these as our structure isomorphisms.
The bar construction B(M; Cyiyg;N) is the (Dg, Dr)-bimodule whose value on a pair of perfect
right R-modules (P, P') is the realization of the simplicial spectrum whose ¢-simplices are

N'NP ANFNRA - - AN*NR A Fyenp(N*NP', N NR).
Since N is lax monoidal there is a map to the simplicial spectrum with g-simplices
Nf (NPANRA --- ANRA Fyr(NP',NR))

This complex is N* applied to the two-sided bar resolution of NP Ang Fir(NP',NR), and be-
cause NP’ is cofibrant and perfect the realization is isomorphic, in the homotopy category, to
NfFyp(NP',NP) = stPerfg(P, P') = Dr(P, P'). This isomorphism gives the map 7.

The bar construction B(N;Dg; M) is the (Cntng,Cning)-bimodule which is the realization of
the simplicial spectrum with g-simplices

\  Fung(N'NP,, N'NR) AN*Fyp(NPy_1,NP,) A ... N*Fyp(NPy, NPy ) A N'NP.

We can bring the N* functors inside the function spectra, since NF is monoidal, and then the
composition and evaluation functors provide a map from this simplicial spectrum to the constant
simplicial spectrum at N*NR, and realizing this map gives the map e.

Checking the triangle identities amounts to the observation that the derived tensor-hom adjunc-
tion in the homotopy category of R-modules is indeed an adjunction. O

Remark 6.9. In the non-equivariant story of Morita invariance one can construct a Morita equiv-
alence from Cg to stPerfp via the functor Cr — stPerfr which sends the single object in Cr to R.
We note that this is not a G-spectral functor as g- R = Ry # R. Thus this approach does not
work in this setting.
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Let QR = N'NR be a cofibrant replacement in the positive complete stable model structure on
orthogonal G-ring spectra. By restriction of scalars we have a spectral functor

MOdNnNR — MOdQR

which is a stable equivalence on all morphism spectra. Using this restriction functor, we can lift the
Morita adjunction of Proposition 6.8 to a Morita adjunction from Dr = @ stPerfr to Cor. This
has the advantage that now the source is cofibrant and the target is G-pointwise cofibrant.

Lemma 6.10. If R is a cofibrant orthogonal ring spectrum with G-action then there is a weak
equivalence of G-spectral categories Cp — Cqr.

Proof. We may assume without loss of generality that the cofibrant replacement map QR ~» N*NR
is an acyclic fibration. Since R is cofibrant, it follows that the unit map R — NENR lifts to a ring
map R — QR. By the two-of-three property this map is a weak equivalence, and induces a weak
equivalence of one-object G-spectral categories. O

Proposition 6.11. For any cofibrant ring spectrum with G-action R, there is a Morita map
INS(QFun(EG, QstPerfr))| — INJ°(R)|

in the homotopy category of spectrum with G-action, which restricts to an isomorphism in the
non-equivariant homotopy category.

Proof. Using Proposition 6.7, Proposition 6.8, and the discussion which follows we have Morita
maps

INS“(QFun(EG, Q stPerfr))| — |N&(Q stPerfr)|
and
INJ(@stPerfr)| — [N (QR)

and composition in the homotopy category gives the claimed map. It is an isomorphism of un-
derlying homotopy types because both Morita adjunctions are Morita equivalences on underlying
spectra.

To get to [N&“(R)| we apply the lemma and Proposition 4.37 to see there is an isomorphism
INY“(QR)| = INJ(R)| in the homotopy category. O

7. ADDITIVITY FOR EQUIVARIANT TOPOLOGICAL HOCHSCHILD HOMOLOGY

One of the fundamental theorems of topological Hochschild homology is the additivity theorem,
which mimics Waldhausen’s additivity theorem for algebraic K-theory. In this section we give a ver-
sion of this result for equivariant topological Hochschild homology which is used in the construction
of the Dennis trace in Section 8.

For any 1 < j <nand 1 <i; < kj, there is a map €i;: C— Sij which sends an object ¢ to the
object (Aqp) in Sy, C with Ay, = ¢ whenever a < i; and b > i, all other A, the zero objects, and
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all maps are either identities or zero maps. For example, if k; = 3 and i; = 2, e2(c) is the diagram

0 0

|

0——r

O <——— 0O

|

O O— 00

Using degeneracy maps liberally, we obtain a functor f;,: C — Si,C — S, ]i?) k, C. Note that this
functor is evidently equivariant.

Theorem 7.1 (cf. [17, Theorem 7.6]). The maps f;; induce an equivalence of spectra with G-action
VoINS S NG (w81, )]

1<i; <k;
1<j<n

for any spectral G-category C.

Proof. We need to show that the map in the theorem statement is an equivalence after taking
H-fixed points for all H < G. First, observe that the wedge on the left is a wedge of spectra with
G-action, and hence we are considering the map

H H H
VoINS = NS, S, 01
1<i;<k; 1<i; <k,
1<j<n 1<j<n
Since fixed points of finite group actions commute with geometric realizations and smash products,
we apply Proposition 4.28, and see that this map is equivalent to

\/ IN@ET)] = [NC((wg, S5 C)T)].
1<, <k;
1<j<n

Finally, since the wy, S,(c?) %, 1s a subcategory of a functor category, we can commute the fixed

points inside the iterated S, construction and the map becomes

\V/INGeEm)] S NS ((wr, Sy, (€]
1<i;<k;
1<j<n
and this is an equivalence by the additivity theorem for the spectral Waldhausen category C; see
[17, Theorem 7.6]. a

Remark 7.2. Since the map in Theorem 7.1 is induced by maps of spectral Waldhausen categories
we obtain for free that it is a map of cyclotomic spectra. In particular, it is a map of S'-equivariant
objects in spectra with G-action. Moreover, if H < S! is any finite subgroup this map remains an
equivalence upon taking H-fixed points since a map of cyclotomic spectra is an equivalence if and
only if it is an equivalence on underlying spectra [11, Proposition 5.5].

By changing universes, we can now deduce additivity for ETHH.
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Corollary 7.3. If C is G-pointwise cofibrant, then the maps Iﬂ%oofij induce an equivalence of
genuine orthogonal G-spectra

\/ ETHH(C) = ETHH(wy,, S\ , C).

1§ij§kj shm
1<j<n
Proof. The change of universe functor Z¥.. preserves weak equivalences between cofibrant objects.
If C is G-pointwise cofibrant, both sides of the equivalence in Theorem 7.1 are cofibrant, and
therefore the equivalence is preserved by the change of universe functor. O

We will also need a slightly more refined version of this theorem when G = C,, = (o | o™)
is a cyclic subgroup. We write Fa., for the family of subgroups of C), x S! which contains all
subgroups of the form H x 1, 1 x C,,, and K < A¢,, where A¢, is the diagonal copy of C), in
C,, x S'. The family FAc, determines the Fa, -stable model structure on orthogonal spectra with
(Cn, x SY)-action where weak equivalences are those maps which induces isomorphisms on 7. for
all subgroups I' € Fa.  [37, Theorem IV.6.5]. We call such a map an Fa., -stable equivalence.

Theorem 7.4. The maps f;; induce an Fa, -stable equivalence of spectra with (Cy, x S1)-action

\/ INE)] S NS (wn, S,

1<i; <k;
1<j<n

C)l

n

for any C,,-spectral category C. In particular, it induces a stable equivalence on fized points with
respect to any subgroup of Cy, x S* of the form H x 1, 1 x Cp,, or K < Ag,, .

Proof. This map is an equivalence of spectra with (C,, x 1)-action by the previous theorem. It is
an equivalence of spectra with (1 x S*)-action by Remark 7.2. Thus it suffices to check that this
map remains an equivalence upon taking fixed points with respect to subgroups of the diagonal
subgroup. We will check that it remains an equivalence after taking A¢, -fixed points. Since every
subgroup of the diagonal is also diagonal the case of proper subgroups of A¢, is essentially the
same.

When we take A¢, fixed points we obtain, via Proposition 4.18, the map

-1 ~ n n ot
\/ INE(C,eT )] S N (wy SEY L (w, S €7
1<i;<k;
1<j<n

which, is an equivalence by the twisted additivity theorem [16, Theorem 5.9].

8. AN EQUIVARIANT DENNIS TRACE

In this section, we will define a Dennis trace map from equivariant algebraic K-theory to e THH,
where eTHH(C) = |[NJ¥“(C)|. We first recall the definition of equivariant algebraic K-theory. If R
is a G-ring orthogonal spectrum, we consider the Waldhausen G-category Perfp of perfect right
R-modules, as in Example 5.13.

Definition 8.1 ([34]). The equivariant algebraic K-theory of a G-ring spectrum R is the genuine
orthogonal G-spectrum Kg(R) obtained in [34] as the equivariant delooping of the G-infinite loop
space QwSe Fun(EG, Perfg)].
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We will prove that the underlying spectrum with G-action of Kq(R) has a trace map to
eTHH(R) = |NJ(R)|. More generally,

Theorem 8.2. For any spectral Waldhausen G-category (C,Cq) there is an equivariant Dennis trace
map in the homotopy category of orthogonal spectra with G-action

tr: 7% Kq(Co) — eTHH(Q Fun(EG, C))
which recovers the usual Dennis trace when G = e.

The construction of this trace map follows the strategy of Section 7 of [17].

Proof. Suppose that (C,Cp) is a spectral Waldhausen G-category. To reduce notational clutter we
let (D, Dy) = (QFun(€EG,C),Fun(EG,Cy)). For any object d € Dy there is a unit map

S 1% D(d, d).
Putting these maps together we obtain a map

2%obDy = \/ § % \/ D(d,d) — [N(D)|
deDy d€Do

where the last map is the inclusion of the 0-skeleton. Replacing D with weSMD we obtain, for any
(n+ 1)-tuple (ko; k1,...,kn), a map

(8.3) E“obkaS,iT?m,knDo — [N (wy, S,ﬁ?,)_“’k D)|

which assembles into a map of multisimplicial orthogonal spectra with G-action.
Using Theorem 7.1, together with the map (8.3), we have a zigzag of orthogonal spectra with
G-action
S%0bwi, S\ . Do — [NO“(wy, Sy D)< \/  INg“(D)|

1<i; <k;
1<j<n

which assembles into a zigzag of multisimplicial orthogonal spectra with G-action. Note that the
right hand side is just the smash product of |[NJ¥“(D)| with the n-fold smash product of the simplicial
circle:

\V  INGUD)| = (80" A INFE(D)).

1<i;<k;
1<j<n

Now fixing n, we take geometric realizations to obtain a zigzag
(8.4)  |Z®0bweS{" Fun(EG, Co)| — [N (we SS™Q Fun(EG, €))| < T"|NY¥°(Q Fun(EG, C))|

of spectra with G-action. As n varies this is a symmetric spectrum object in orthogonal spectra
with G-action. Such objects are called bispectra in [17]. The salient feature that we need is that
there are two Quillen equivalences

a S . Pyio a
Spgre —— Bispectrag <T’ SPRe
S

and Py;0 0 £, = id. Denoting by Spg’;}m the category of symmetric spectra with G-action, there
is also a similar adjunction

oo
Sbi .
Sp%m —— Bispectrag.
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If we denote by Pso the prolongation functor from symmetric spectra with G-action to orthog-
onal spectra with G-action, we have Py;0 o X%}, = Pso. In the zigzag 8.4, as n varies, the

left hand term is X%, K™ (Co), where K2/ (Co) denotes the symmetric spectrum with G-action

whose nt" space is \obw.Ssn) Fun(€G,Cp)|. As n varies, the right hand term of the zigzag 8.4 is
2 INS(QFun(EG,C))|. Applying Py;0, we thus obtain a trace map

PsoK&™(Co) — INY(Q Fun(EG, C))|.

By Proposition 2.23 and Remark 2.24 of [34], Pso K¢¥™ (Co) ~ I3~ K (Co) as orthogonal spectra
with G-action. Therefore, passing to the homotopy category, we obtain a trace map

tr: 7% Kq(Co) — [N9(Q Fun(EG, C))|.

When G = e, this restricts to the construction of the Dennis trace of [17], and therefore recovers
the usual Dennis trace.
O

Remark 8.5. Suppose that G = C,, and consider Z% K¢, (Co) as a C, x S'-spectrum with trivial
Sl-action. Let Ag, denote the diagonal subgroup Ag, < C, x C,, < C,, x S*. Since the additivity
map is a A¢, -equivariant equivalence, it follows that the trace map above is A¢, -equivariant.

Corollary 8.6. If R is a cofibrant G-ring spectrum, there is an equivariant Dennis trace map in
the homotopy category of orthogonal spectra with G-action

trp: T Kg(R) — ¢THH(R)
which recovers the usual Dennis trace when G = e.

Proof. Take (C,Cp) to be the spectral Waldhausen G-category (Q stPerfg, Perfr). Then Theorem
8.2 gives the Dennis trace map Kg(R) — |N&J(Q Fun(EG, Q stPerfg)| in the homotopy category
of orthogonal spectra with G-action. To get trg : 735 Kg(R) — |[N&°(R)|, postcompose with the
map |N&“(QFun(EG, Q stPerfr)| — |N&J°(R)| = ¢eTHH(R) given by the Morita map of Proposition
6.11. O

We now show how our equivariant Dennis trace recovers the trace map K¢, (R)¢» — THH¢, (R)
from [2] for a C),-ring spectrum R. To do this, recall the category of G-twisted R-modules.

Definition 8.7. Let (C,®,1) be a symmetric monoidal category and let R be a monoid in C with
left G-action. That is, for all ¢ € G there are monoid maps g: R — R in C which are strictly
associative and unital. A G-twisted right R-module is a left G-object M in C together with a right
R-module structure a: M ® R — M such that the diagram

M®@R —"—> M
ot |
M®R—> M
commutes. We denote the category of G-twisted right R-modules by Mod(R)g.

Lemma 8.8. Let (C,®,1) be a symmetric monoidal category and let R be a monoid in C with left
G-action. Let Mod(R) denote the category of right R-modules. Then there is an equivalence of
categories between Fun(£G, Mod(R))¢ and the category Mod(R)g.
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Proof. An object F € Fun(£G,Mod(R)) consists of a collection of R-modules F(g) for all g € G
together with choices of R-module isomorphisms

dng: F(h) = Flg)
for all g, h. These ¢y, 4 satisfy the relations ¢, , = idp(g) and ¢y © ¢n g = ¢pk for any g, h, k € G.
Specializing to h = 1 we obtain isomorphisms ¢, = ¢1 g F(1) =Ny (g) such that the diagram

F) o R 2% P o R

(8'9) lal lag

F(1) —2— F(g)

commutes, where oy : F(g) ® R — F(g) is the R-action map.
The G-action is given by: (z- F)(g) = F(z~'g)®  with structure morphisms
i gt F@ )™ = Fla™g)"
If F' is G-fixed that means that for any z,g € G we have an equality of R-modules
F(z™'g)" " = F(g)

and hence, there is an equality of underlying objects in C, F(z~1g) = F(g). Taking x = g, this
yields an equality of R-modules F'(1)9 F(g), hence the diagram

(1
F()®@ R —=— F(9) ® R —=25 F(g)
(8.10) 189~ l l:
F1)®R F(1)

commutes.

Define a G-action on F'(1), in C, by F(1) Pa, F(g) = F(1). We emphasize that this is an action
in C, but not in the category of R-modules. Indeed, we claim that F'(1) is a G-twisted R-module.
To see this, we need to show that the diagram

1
FA)oR -2 Flg)o R —= F(1)@R 22 F1) o R

.| 2 b

(1) F(g) = FQ) ——=—— F(1)
)-

bg

commutes. This follows from the commutativity of the diagrams (8.9) and (8.10
ment F — F(1) is a function on objects

Fun(£G, Mod(R))Y — Mod(R)¢

Thus the assign-

and this is functorial in maps.
We now show that U(F) = F(1) is an equivalence of categories by constructing an inverse.
—1

Suppose that M is a G-twisted R-module. Define a functor Fys: EG — Mod(R) by Fa(g) = M9
The structure map ¢p 4: M = M9 is the map in C given by acting by gh~!. This functor is
G-fixed since, by definition, Fys(z71g)* = Fy(1)? ' = Fp(g).
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Let ®(M) = Fy. Since W(Fy)(1) = M, and since ¢4 is multiplication by ¢! we see that
U o ® is the identity on Mod(R)g. On the other hand, given an arbitrary G-fixed functor B: EG —
Mod(R) observe that there is a natural isomorphism Fpq) =5 B which is given component-wise by
the identity
B(1) =B(g'9)’ = Blg).
Checking this is a well defined natural transformation is straightforward, hence ® o ¥ is naturally
isomorphic to the identity and these functors are mutually inverse equivalences. O

Remark 8.11. If D C Mod(R) is any full subcategory then the equivalence above restricts to an
equivalence of categories between Fun(EG, D) and G-twisted R-modules which are in objects in D.
This applies, in particular, when R is a ring spectrum and D is the category of perfect R-modules.
Furthermore, in that case, ® and ¥ are both exact functors of Waldhausen categories, and therefore
this equivalence of categories gives an equivalence on algebraic K-theory.

Theorem 8.12. Let R be a cofibrant Cy,-ring spectrum. Upon taking fixed points of the equivariant
Dennis trace map of Corollary 8.6, we obtain the trace map

Kc,(R)“" — THHc, (R)
of 2.
Proof. Since the change of universe to a smaller universe is a right adjoint, it commutes with lim-
its, and thus K¢, (R)“" = (I¥ K¢, (R))". Considering I K¢, (R) as a C,, x S'-spectrum
with trivial S'-action, we have (I K¢, (R))“" = (I§ K¢, (R))A¢», which is equivalent to
(IP’SOKng(R))ACn. The prolongation functor Py;o commutes with fixed points of finite group

actions (one can check this using the formula above Proposition A.7 in [17]), therefore the trace
map on the fixed points comes from the zigzag

5% 0bwe SS™ Fun(£C,, Perf g)|Acn —— [N&(w, S8™ Q Fun(£C,,, Q stPerfg))|Aen

(E™INS(Q Fun(£C,,, Q stPerfg))|)Acn
Identifying the A¢, -fixed points of the cyclic bar construction with the twisted cyclic bar con-

struction as in Proposition 4.18, and commuting the fixed points past the suspension spectrum and
the weSe-construction, we obtain

\Eooobw.SSm) (Fun(EC,, Perfg)cn)| —— |Ng¥:Cn (w.SEm)Q Fun(EC,, Q stPerfR))|

1

Y7 NGO (Q Fun(EC,, Q stPerfg))|.

As in Proposition 6.11, the Morita map |NJ°(Q Fun(EC,,, QstPerfg))| — |NJ(R)| is an equiv-
alence of spectra, and the same is true for the twisted cyclic bar constructions. Therefore we can
replace Q Fun(€C,,, @ stPerfr) above with R. Identifying Fun(EC,,, Perfz)“" with the category
Perf(R)¢, of Cp-twisted perfect R-modules as in Lemma 8.8 or Proposition 4.8 of [40], we obtain

5% 0bwe SS™ (Perf(R) ¢, )| = [NY©Cn (w, S5™ Q Fun(£C,,, Q stPerf )| <= ™ |NICr(R))|
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Applying prolongation to this zigzag recovers the twisted Dennis trace
K(Perf(R)c, ) — [N (R)|

of Definition 6.16 of [16]. This is how the trace map K¢, (R)“» — THH¢, (R) in [2] was defined,
which concludes the proof.
(]

Interestingly enough, if R is a genuine G-spectrum the trace map of Corollary 8.6 does not refine
in general to a trace map of genuine G-spectra K¢ (R) — ETHH(R). Note that our trace map of
spectra with G-action in the homotopy category gives an honest trace map from the cofibrant re-
placement (15 Kg(R))® to the cyclic bar construction, and therefore (after changing to a complete
universe) a trace map

(8.13) T4 (T Kg(R))® = THTY- (T8 Kg(R))© — ETHH(R)
but the map
T¥e (T8 Ko (R))® — T¥- T8 Ka(R) = Kg(R)

does not admit a section, as the following example shows.

Example 8.14. We consider an example where the map of genuine G-spectra
e: T (T% " Kg(R))®) — Kg(R)

cannot admit a section. We will do this by showing that the map of Cs-Mackey functors induced
by € admits no section. Let G = Cy and R = F,, with its standard Galois action.

First, note that because change of universe preserves equivalences of underlying spectra we have
that e is an underlying equivalence. Thus any section of ¢ would necessarily be an underlying
equivalence. We claim there is no map of Cy-spectra which runs anti-parallel to ¢ and is an
underlying equivalence.

To prove this claim, we compute homotopy Mackey functors. By [40, Theorem 1.2 (4)] we have

7§ (Ke, (Fy)) & Ko(Fy) = Z
7o (K, (Fs)) = Ko(Fy) = Z
and this is precisely the coefficient system M considered in Example 2.27. By Proposition 2.28

we can compute the source of € to be the Mackey functor j(M) from Example 2.27. On 7g, any
section of ¢ would be a map of Mackey functors of the form

z —1 7

el

L—m 2

where f is some group homomorphism and iy: Z — Z? is the inclusion of the second component.
But this would require f(2) = (0,£1), which is impossible since 1 is not 2-divisible in Z.

Remark 8.15. As noted in Remark 2.21, there is a map
Ka(R)9 = (T} Ka(R))Y = (I¥~(I§ Ka(R)))¢

in the homotopy category of spectra which is the inclusion of a retract. Extending along the map
(8.13), we obtain a trace map
Kg(R)Y — ETHH(R)®
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on the level of fixed point spectra for any genuine cofibrant G-ring spectrum.

We end with applications of the equivariant Dennis trace to equivariant A-theory.

8.1. Applications to equivariant A-theory. We now show how our trace map gives a map from
the fixed points of equivariant A-theory to the free loop space. Malkiewich-Merling [34] define
two versions of equivariant A-theory: coarse equivariant A-theory A*'"°(X), whose fixed points
are related to bivariant A-theory, and genuine equivariant A-theory Ag(X), which is related to
the equivariant parametrized stable h-cobordism theorem. In forthcoming work of the first-named
author, Calle, Chedalavada, and Mejia, it is shown that the coarse A-theory spectrum of a G-space
X is equivalent to the equivariant algebraic K-theory of X% (QX)4.

Proposition 8.16 ([15]). For any finite group G and any G-connected based G-space X there is
an isomorphism in the equivariant stable homotopy category

AGT(X) = Ko (55 (2X) 1)

In particular, our equivariant Dennis trace yields a map in the homotopy category of spectra
with G-action

TET ARese(X) — e THH(Z™(QX) 1) ~ (LX),

Non-equivariantly this map plays an important role in computations of A-theory, as well as the
proof of a piece of the parametrized stable h-cobordism theorem [45, 14]. Taking fixed points, we
obtain for every H < G a map in the homotopy category of spectra

(Aggse (X)) = (I5™ Agese (X)) — (82(£X) ) = 52 (£XH)..

In particular, since the fixed points of coarse A-theory give bivariant A-theory, we obtain a trace
map from bivariant A-theory to the free loop space.

With an eye toward the equivariant parametrized stable h-cobordism theorem, it is natural to
wonder about such a map for genuine A-theory. In [34], it is shown that there is a comparison map

Ag(X) — AF*™(X).
On fixed points, postcomposition with our Dennis trace yields
Ag(X)H — oo (LxH),.
To summarize,

Proposition 8.17. Let H < G. The equivariant Dennis trace map of Theorem 8.6 gives trace
maps
(Ao (XN - 2o(Lx ), and  Ag(X)H — Z®( LX),
in the homotopy category of spectra.
Remark 8.18. We conjecture that the trace map Ag(X) — (LX), arises from a genuine

equivariant trace map Ag(X) — ETHH(XF (QX)4) ~ XX, o1 (LX) 4. Indeed, by the tom Dieck
splitting, for any H < G,

(%oxsl(‘CX)+)H: \/ ET(EX)hHWH(H’)
(H")<H

whose H' = H summand is X (LX)H = £ (LXH),.
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