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Preface

Introduction

Topological Hochschild homology (THH) of a “ring up to homotopy” has, after its
existence and even some calculations had been conjectured by Goodwillie in the
1980’s, appeared in several guises. Bokstedt, who gave the first rigorous definition
in [Bo], used an ad hoc construction on (simplicial) functors with smash products,
since a strictly symmetric monoidal model for the stable homotopy category was
not yet available. The construction of such categories via S-modules in [EKMM],
symmetric spectra in [HSS] and later via orthogonal spectra in [MMSS] has brought
forward various alternative versions that follow Goodwillies original idea of just
mimicking algebra more closely.

In particular, THH of a ring spectrum in either of the above categories can
be defined as the realization of a simplicial object closely resembling the algebraic
Hochschild complex where one uses the symmetric monoidal smash product instead
of the algebraic tensor product. These constructions have been carried out and
studied by the authors of [EKMM] in terms of S-algebras, by Shipley in the cate-
gory of symmetric ring spectra in [Sh] and more recently by Kro in the context of
orthogonal ring spectra in his thesis [Kr].

For the case of S-algebras in the sense of [EKMM], it is possible to encode the
same data via the categorical tensor with the circle group S* (cf. [MSV, A]). How-
ever, care has to be taken: Already in [EKMM, IX.3.9] the authors remark that, for
a commutative S-algebra A, the categorical tensor A® S!, which canonically inherits
an S'-action from the second factor, does not necessarily have the right equivari-
ant homotopy type. This is particularly crucial since the S!'-equivariant structure
of THH(A), that was already present in Bokstedt’s model, is the key ingredient in
Bokstedt, Hsiang and Madsen’s definition of Topological Cyclic homology (TC).

Recently efforts have been made to generalize the above and study iterated or
higher versions of both THH and TC of commutative ring spectra (e.g. [BCD,
CDD, Schl, BM]). Especially for these applications it is essential to have a model
for THH at hand that generalizes easily, while at the same time displaying the correct
equivariant structure. In [BCD] the authors address this by defining a topological



analogue of the Loday functor from algebra (cf. [L89]) in the style of Bokstedt’s
definition. This functor Ay (A) produces THH when evaluated at X = S', and the
equivariant structure necessary for calculating TC is the one induced by functoriality.
The much richer equivariant structure on evaluations of A_A on tori, leading to
Higher Topological Hochschild and Cyclic homology, has been investigated closely
in [BCD] and [CDD]. However, the construction of the Loday functor in [BCD] is,
due to the setting of simplicial functors, rather complicated and in particular a lot
of work has to be done to actually achieve functoriality.

The main goal of this thesis is to define and study the properties of a topological
Loday functor in a more accessible framework of spectra, for which we chose the
orthogonal spectra of [MMSS]. The main reason for this choice is that we have to
deal with the equivariant structure, for which the category of equivariant orthogonal
spectra of [MM], together with Kro’s exposition, forms a convenient basis.

However, the classical model structures on commutative orthogonal ring spectra
are not quite flexible enough for our purposes. To remedy this, we will develop the
convenient S-model structures as the main results of the first half of the thesis, both
in a non equivariant setting and taking actions of compact Lie groups into account
(cf. Theorems 1.3.28,1.3.29,2.3.37 and 2.3.38). This will then allow us to verify that
the following rather simple definition is appropriate:

Definition 1 (cf. 3.2.1). The Loday functor A_(—) on S-cofibrant commutative
orthogonal ring spectra is the categorical tensor.

In particular, for discrete input, the Loday functor specializes to the fundamental
example of the smash powers of commutative ring spectra mentioned in the title (cf.
3.2.5). We completely describe the equivariant structure of such smash powers in
terms of their geometric fixed points in Theorem 3.4.26. This result, together with
its non discrete analogue Theorem 3.4.48, forms the basis for the verifications that
our Loday functor indeed allows the study of higher analogues of THH and TC in
the sense of [BCD| and [CDD] in Section 3.6.

A key technical tool used in our construction of the S-model structures is the
Assembling Theorem B.2.8, which we formulate and prove in the appendix. It is
one of many instances throughout the thesis where we take advantage of so called
semi-free objects. Such objects have appeared in the context of symmetric spectra
in [S] and [ShO4], but to the authors knowledge a general treatment is given for the
first time in this thesis (cf. Subsections 2.2.2 and B.2).

Organization

The thesis is organized as follows. We begin Chapter 1 with a recollection of the
definition and elementary categorical properties of orthogonal spectra, before we de-



fine the semi-free objects and investigate their properties more closely in Subsection
1.2.2. We continue with a review of the classical model structures from [MMSS],
before we construct the convenient S-model structure for orthogonal spectra in Sec-
tion 1.3. The model structure is extended to commutative orthogonal ring spectra
in 1.3.4.

Chapter 2 is laid out parallel to the first, in the equivariant context. We again
start with recalling definitions before we spend some time on the semi-free equiv-
ariant spectra in Subsection 2.2.2, as they will play crucial roles in most of what
follows. We briefly collect some technical results about change of universe and
change of group functors as well as the classical model structures for equivariant
spectra from [MM]. The construction of the equivariant S-model structure is then
given in Section 2.3, and we pass to equivariant commutative ring spectra in 2.3.4.

Chapter 3 begins with a description of the algebraic Loday functor and the
categorical tensors for commutative orthogonal ring spectra that form the motivation
for our definition of several versions of topological Loday functors in Section 3.2. We
then recall definitions and elementary properties for geometric fixed points, before
turning to the fixed points of smash powers of different types of cells in 3.3.2, 3.3.3
and 3.3.5. We prove the existence of an equivariant cellular filtration on smash
powers of S-cofibrant spectra in 3.4.2, and use it to study geometric fixed points
of general smash powers in 3.4.26. Subsection 3.4.3 contains the generalization to
non discrete versions of the Loday functor, before we briefly review homotopical
properties in 3.5. Together these allow us to both compare our construction to that
of [BCD] in subsection 3.5.2; and also study the higher analogues of THH and TC
in section 3.6.

The appendix is split into 3 parts. Part A collects some of the category theory
we use heavily throughout the thesis, it focuses especially on the enriched theory.
Part B deals with model categories, and we in particular restate some of the less
commonly used definitions and properties. We collect what we need from unstable
homotopy theory in B.1.1, and from the theory of simplicial objects in B.1.2. All of
the results in either of these subsections must be well known, but can be hard to find
in the literature. In Section B.2 we give the constructions necessary to state and
prove the assembling Theorem B.2.8, which underlies the level model structures in
Chapters 1 and 2. In Part C we collect results from non stable equivariant homotopy
theory which seem to be even harder to find in the literature, in particular if one
is interested in formulations in terms of model categories. In Section C.2 we give a
brief account of Illman’s triangulation theorems, which are crucial for a lot of model
theoretic work with compact Lie groups.
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Chapter 1

Orthogonal Spectra

1.1 Introduction

Orthogonal spectra were first defined in [MMSS] in terms of diagram spaces, i.e.
functors from certain diagram categories to spaces. Already there, several equivalent
definitions were introduced and by now there exist even more descriptions that are
commonly used. For the purpose of this overview, let us work with the structurally
easiest definition:

Definition 1.1.1. An orthogonal spectrum X, consists of a sequence of spaces
{ X }nen, often called the levels of X, together with the following extra structure:

e For each n € N, an action of the orthogonal group O,, on the n'" space X,,.

e For each n € N, a structure map o,: X,AS* — X, .1, such that for any
n,m € N, the iterated structure map

Ontm—10...0(cn AS™1)

X,AS™ —> X, AS'A ... AS! Xosthot1 —= Xom

is an O,, X O,,-equivariant map.

Here, and everywhere throughout this thesis unless we explicitly state otherwise,
space means a based, compactly generated weak Hausdorff space (e.g. [St]), and
maps are assumed to be continuous. Actions of (topological) groups are implied to
be basepoint preserving and continuous (cf. A.2.19). The spheres S™ are equipped
with an action of O,, by viewing them as the one-point compactifications (R™)* of
the vector spaces R", which we always think of as being equipped with the standard
basis and inner product. The action of O,, x O,, on X,,,, is by inclusion of (n, m)-
block matrices into O, .



CHAPTER 1. ORTHOGONAL SPECTRA

Definition 1.1.2. A morphism f : X — Y of orthogonal spectra is a sequence of
maps {fn: X, — Y, }nen such that all the diagrams

X AST—I5 oy g (1.1.3)

fn+1
Xn+1 Yn+1

commute.
The category of orthogonal spectra together with these morphisms will be denoted
by Sp°©.

Example 1.1.4 (The Sphere Spectrum). The sphere spectrum S is the orthogonal
spectrum given in level n by the n-sphere

S, 1= 5",

with the action of the O,, as above by viewing S™ as the one-point compactification
of R™. For the structure maps o,: S"AS! — S™"! we once and for all chose linear
isometries R* @ R = R"*! for all natural numbers and again take their one-point
compactifications.

Example 1.1.5 (Suspension Spectra). Let A be a space. The suspension spectrum
3> A of A is given by
(XCA), := ANS™,

i.e. the levelwise smash product of A with S, and the structure maps inherited from
S. Note that the commutativity of the diagrams (1.1.3) implies that a morphism
YA — Y of spectra is the same as a map A — Y| of spaces, i.e. we have a natural
isomorphism

SPP(B7AY) = T(AY). (1.1.6)

The category Sp® of orthogonal spectra admits rich extra structure. Categori-
cally, it has been shown to be closed symmetric monoidal in [MMSS, 1.7], and hence
it permits the study of monoid objects, usually called orthogonal ring spectra, as
well as algebras and modules over such. The suspension functor above is a spe-
cific example of a rather big class of functors linking Sp® with various categories of
spaces. We will review these properties and constructions throughout this section,
while also providing definitions of some equivalent categories of orthogonal spectra.
Moving towards homotopy theory, the suspension spectrum functor again serves as
a nice motivation, as the following definition provides an extension of the well known
stable homotopy groups of spaces through postcomposition:

10



1.1. INTRODUCTION

Definition 1.1.7. For an orthogonal spectrum X and k € Z, define the homotopy
groups m(X) as the colimit

(X)) = colim 7y, (X,),
along the maps

—AS?t 1 Ox
7Tk+an - 7Tk:+n+1Xn/\S — 7Tk+n+1Xn+1-

A map of spectra is called m,-isomorphism if it induces isomorphisms on all such
homotopy groups.

This definition does not make use of the orthogonal group actions on the X;, and
indeed in [MMSS, 0.1] the authors show that there is an equivalence between the
homotopy categories of orthogonal spectra, obtained by formally inverting the m,-
isomorphisms, and the stable homotopy category SHC of classical sequential spectra
(e.g. [BF]). More precisely the following theorem holds:

Theorem 1.1.8. [MMSS, 9.2, 10.4, 12.6] The category Sp° is a cofibrantly gen-
erated, stable, proper, monoidal, topological model category with respect to the m,-
isomorphisms, q-cofibrations and q-fibrations. The forgetful functor is the right ad-
joint of a Quillen equivalence to the classical stable model structure on sequential
spectra.

We will review some results leading up to this theorem which will then be adapted
in our construction of the so called S-model structure on orthogonal spectra (1.3.10).
This model structure turns out to have similar favourable properties in addition to
being “convenient” when lifting model structures to commutative orthogonal ring
spectra — both in the literal, and in the technical sense of Theorem 1.3.29.

11
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1.2 Recollections

1.2.1 Definition(s)

Since having different viewpoints available to us will prove advantageous, we are
going to recall definitions for several equivalent categories of orthogonal spectra as
well as translations between them. A lot of this discussion can be extracted from
the above mentioned [MMSS], though we lean our exposition in a slightly different
direction.

To begin with, note that the enrichment of the category 7 of spaces over itself
(A.2.13) also gives Sp® the structure of a topological category A.2.15:

Definition 1.2.1. The category Sp® of orthogonal spectra is enriched (cf. A.2)
over (7,A,SY), by topologizing the set Sp®(X,Y) as the subspace of the product
[I,en 7 (X, Y,) in T, containing those sequences of maps that make the diagrams
(1.1.3) commute.

It is also tensored and cotensored (cf. A.2.24) over spaces by using the levelwise
smash product and function space on spaces, i.e.

Definition 1.2.2. For a spectrum X and a space A define the tensor or smash
product ANX as the spectrum

(ANX),, == ANX,,

and the structure maps induced from X.
The cotensor or function spectrum A X := F(A, X) is the spectrum

F(A X)), =T(A X,),
also with the structure maps induced from X.

The second definition of orthogonal spectra we give is in terms of S-modules.
Here the term module is to be understood as an object with a right action of a
monoid in some monoidal category (cf. A.1.16). To be precise consider the following
definition.

Definition 1.2.3. An orthogonal sequence or orthogonal space X is a sequence
{ X }nen of spaces with an action of O,, on X,,. A morphism of orthogonal sequences
is a sequence of appropriately equivariant maps. Denote the category of orthogonal
sequences by IT.

As above, I'7T inherits a topological enrichment from 7 via the product

IT(XY) =[] 0.T(X,.Yy),

neN

12
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where the O,, 7 denote the categories of spaces with O,-action (cf. A.2.19).
The category I7T is closed symmetric monoidal in the following way:

Definition 1.2.4. Let X = {X,} and Y = {Y,,} be orthogonal sequences, their
tensor product X ® Y is the sequence given by

<X®Y)n = \/ On+/\OpXOq(Xp/\}/;1),

ptg=n

where the subscript + to O,, denotes an added disjoint basepoint and each of the the
wedge factors is the O,-space created from the O, x O, -space by induction along
the inclusion of (p x ¢)-block matrices (cf. C.1.5).

The tensor product is associative by repeatedly using the associativity isomor-
phisms for the smash product of spaces and the symmetry isomorphisms for the
coproduct of spaces. It is also symmetric via the natural isomorphism induced on
wedge summands by:

On+/\op><qup/\}/;1 — On+/\oq><opY:1/\Xp
(A,z,y) = (ATyp,y, ),

where T, , is the orthogonal block matrix ( ]? ]Iop ) that shuffies the first ¢ past the
q

last p coordinates. A unit object is given by the orthogonal sequence {S%, *, *, ...},
that has just the basepoint in all levels except zero, where it is S°.

Definition 1.2.5. Given an orthogonal sequence Y in I7, its m-fold shift is the
orthogonal sequence sh,, Y with
(shy, V), = Yoin.

The O,-action is via inclusion of lower right block matrices, hence the whole se-
quence sh,, Y has an action of O,,, using the levelwise inclusion of upper left block
matrices.

This allows us to identify the internal Hom functor of I7 as the function se-
quence F(X,Y’), which is defined as

F(X,Y )y = IT(X,sh, Y), (1.2.6)

where the O,,-action on sh,, Y gives the required action on F(X,Y),,.

13
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Remark 1.2.7. In the spirit of Example 1.1.5, we can embed the category of spaces as
those sequences that have just a basepoint in all levels except 0. Denote the image
of a space A under this functor by A*. The analogue of the natural isomorphism
1.1.6 then gives

IT(A*, X) = T(A, Xy), (1.2.8)

and we can use this in combination with the closed symmetric monoidal structure
on IT to define tensors and cotensors over 7. Just as for spectra, these turn out to
be levelwise.

Remark 1.2.9. One can identify the category I7 of orthogonal sequences as above
with the 7 -category [I,7] of continuous functors I — 7, where I is the category
with one object for each natural number, morphism spaces I(n,n) = O, and
I(n,m) = % for n # m. Then [ is strict monoidal with product (— + —) and sym-
metric via the continuous natural isomorphism 7,, = 7, , € O,4,. The symmetric
monoidal structure on I'7 described above is an example of the one constructed in

IMMSS, §21].

Remark 1.2.10. This interpretation of I7as an enriched functor category, allows
us to reinterpret equation (1.2.8) as a special case of an evaluation adjunction, cf.
1.2.26.

Example 1.2.11 (The Sphere Sequence). Forgetting the structure maps of the
sphere spectrum S yields an orthogonal sequence, which we denote by the same
symbol. This sphere sequence is a commutative monoid in /7, where the unit map
is the identity in level 0 and the inclusion of the basepoint everywhere else. The
multiplication map is given on wedge summands by:

0, MNo,x0,([R))TAR)T — (R™)F
(A, v,w) — (A(v+w)).

Note that without the addition of the T, , in the definition of the symmetry mor-
phism above, the sphere spectrum would not be a commutative monoid.

The following lemma is then immediately verified by comparing the explicit
Definition 1.2.4 with (1.1.3)

Lemma 1.2.12. The category Sp® is equivalent to the category of right S-modules
in IT. The equivalence is T -enriched, i.e. through continuous functors.

This in particular implies, that Sp® is itself closed symmetric monoidal by A.1.16.
Formally we denote the resulting monoidal product and internal Hom functor by
As and Fg, but we will usually drop the index S when the context is clear.

Another alternative definition of orthogonal spectra is as a category of continuous
functors itself. The appropriate diagram category is the following:

14
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Definition 1.2.13. Let O be the topological category with the same objects as [
and morphism spaces given by

O(n,n +m) := Opym, N0, 5™,

if m > 0 and just a basepoint otherwise. Composition is then given by inclusion of
upper left block matrices and matrix multiplication on one factor and induced by
the isomorphisms S™AS™ = S™+m on the other.

Remark 1.2.14. The notation is consistent in the sense that the endomorphism spaces
O(n,n) are given by the orthogonal groups O,. Both ways of writing these have
their benefits, which will become more obvious in the next paragraphs, where we
discuss coordinate free spectra. For convenience, we will abbreviate [O,7] as O7 .

Lemma 1.2.15. There is an equivalence of categories Sp° = OT, where OT is
the category of continuous functors O — T and continuous natural transformations
between them.

Proof. This is a special case of Theorem [MMSS, 2.2]. The appropriate functors are
given in the following way:
Let X be an orthogonal spectrum in the sense of Definition 1.1.1. Then X defines
a continuous functor by setting X (n) := X, for objects n € O and using the map
adjoint to the composition

t.
Xn/\on+m+/\0msm g On+m+/\Xn+m Eﬁ) n+m

on morphisms.

Both the inverse equivalence and the construction of natural transformations from

morphisms of spectra are immediate. O

In the discussion of orthogonal spectra and orthogonal sequences so far, the vec-
tor spaces R™ have played a pivotal role. This can be interpreted as a choice of basis
for any given finite dimensional vector space, which is of course non canonical. This
choice makes some computations easier, for example when dealing with homotopy
groups of spectra (e.g. 1.3.11) or when describing the explicit formulas for the tensor
product (1.2.4). However, it is also often helpful to be able to avoid it. This is done
via the so called coordinate free orthogonal spectra, another category equivalent to
Sp®. These could again be studied analogous to 1.1.1, but we chose to present the
approach via functor categories:

Definition 1.2.16. Let Z denote the topological category of all finite dimensional
euclidean vector spaces, and linear isometries between them.

Similarly, let O be the category with the same objects but morphism spaces con-
structed in the following way:

15
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Construction 1.2.17. For V and W finite dimensional euclidean vector spaces denote
by L(V,W) the space of linear isometric embeddings of V' into W, and note that
LV, W) =Z(V,W) if the dimensions of V' and W are equal. Let E(V,W) be the
subbundle of the trivial W-bundle over £(V, W) given by all points

{(f,w) € LV,W) x Ww € f(V)"},

i.e. where w is in the orthogonal complement of the image of f in W.
Define O(V, W) as the Thom space of £(V, W), obtained by one-point compacti-
fication at each fiber and gluing together all the added infinity points. Note that
E(V, W) is empty if dim W < dim V', hence O(V, W) is just a basepoint in that case.
Define composition in O as the continuous map:
oW, U)NO(V, W) — OV, U)
(9,u), (f,w) — (g0 f,g(w)+u),

and the identity maps as (idy,0) in O(V, V).

Lemma 1.2.18. For any particular choice of isometric embedding i : V — W, such
that W =i(V) @ V' is an orthogonal direct sum, there is an isomorphism

O(V,W) 2 Oy, No,,S".

Proof. Let f be an isometric embedding V' — W, then there exists a lift gy,

v—L-w,
4

i i

%

which is a self isometry of W. Define the desired isomorphism via:

O(V,W) — Ow,No,,S"
(f,w) = (95,97 'w).

This is well defined, since the choice of lift only changes the image up to the action
of an element of Oy+. Note that

[9,w] = (g o, g(w))

gives a well defined inverse. ]

16
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Remark 1.2.19. In particular, we can consider the category O as the full subcate-
gory of O, containing the objects n = R", equipped with the standard basis, the
standard scalar product, and the standard inclusions R® — R"*!. Similarly I is a
full subcategory of Z. In both cases the subcategories are skeleta. Hence from now
on, we will not differentiate the notation for morphism spaces and always use the
symbols O respectively Z.

Remark 1.2.20. Note that all non trivial morphisms in O between vector spaces of
the same dimension are isomorphisms. Also, the composition maps

OV, W)NO(U,V) — O(U, W)
factor through the quotient map
OV, W)NO(U,V) — O(V,W)ho,O(U, V) — O(U,W),

where the quotient is taken along the diagonal action by postcomposition respec-
tively precomposition with the inverse. Here the latter map is an isomorphism if
and only if dimU = dimV or dimV = dim W.

Definition 1.2.21. Define the category O7 of coordinate free orthogonal spectra as
the category [O, 7] of continuous functors O — 7 and continuous natural transfor-
mations between them.

Remark 1.2.22. Since O is in particular a skeleton of O, we immediately get an
equivalence of categories

07 = O7.

The right adjoint is the restriction to levels R", and the left adjoint is given by
the left Kan extension (cf. A.2.3), which in this case specializes to evaluating an
orthogonal spectrum X in O7 at any vector space V:

Xy := OR",V)Ao, Xn,
where n is the dimension of V. The generalized structure maps, i.e. the maps
OV, W)NXy — Xw,
are then given by the following compositions:
OV, W)ANXy ——=O(V,W)ANOR™,V)Ao, X, (1.2.23)

O(R™, W)Nho, X,
OR™, W)Ao,, OR™", R™) Ao, X,
(id, o)

Xw — OR™ W)Ao,, Xm

17



CHAPTER 1. ORTHOGONAL SPECTRA

where again n = dim V', m = dim W, the first vertical map is composition in O,
the second one is induced by the isomorphism from Remark 1.2.20, and o is the
structure map of X.

Remark 1.2.24. In particular for a coordinate free orthogonal spectrum X, and for
V and W two euclidean vector spaces of the same dimension, there is an Oyy-
equivariant natural isomorphism

Xw =2 OV, W)ho, Xy.

1.2.2 Free and Semi-Free Spectra

In this subsection we generalize the suspension spectra of Example 1.1.5. This will
be done in two different ways. The first is via free spectra which had already been
discussed in [MMSS], and were put to great use in, for example, the construction
of (stable) model structures. The second method, via semi-free spectra is less well
studied. Analogues in the case of symmetric spectra have been studied by Schwede
in [S], and also featured prominently in Shipley’s constructions in [Sh04].

However, a detailed analysis of a more general, or even just the orthogonal case,
has to the author’s knowledge not been carried out before. We again chose to elab-
orate on the approach via functor categories, as it seems to generalize best to the
equivariant case, studied in later sections. A more general approach will also be
discussed in the Appendix (B.2), where we state some properties for more general
categories.

For now, let V' be a finite dimensional euclidean vector space and consider the
following diagram of 7 -categories:

*

Oy

TN

o T,

7z

where « is the trivial 7-category with one object, say V (cf. A.2.3). It is included
into Oy, the 7-category with again only one object V', but endomorphism space
given by Oy . This one is included into Z as the full subcategory containing the
vector space V. As before, 7 is included as a subcategory of O. Then an orthogonal
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spectrum X, viewed as a functor X: O — 7, naturally defines underlying functors
out of x, Oy and 7 by restriction, or rather precomposition with the above inclusions.
These precompositions therefore define 7-functors

CVV

|

OT — 17 —= 0y T —= [x, 7] —T, (1.2.25)

assigning to a spectrum X its underlying orthogonal sequence, the Oy-space Xy
and the underlying space Xy, respectively. All of the functors in diagram 1.2.25
have left adjoints. For the case of V' = {0}, these are exactly the functors

oo

or P rr o= T,

N

EOO

studied above in 1.1.5 and 1.2.7.
In general we denote the respective left adjoints in the following way:

]:v(_)

— —HNO
or EE 1 0,7 <0

N

gv(_)

T (1.2.26)

Formally, the existence of the left adjoints is proved using (topological) left Kan
extensions (cf. A.2.3). Since we will make excessive use of these functors however,
we will also provide the explicit formulas:

Definition 1.2.27. Let V be a finite dimensional euclidean vector space, let A € T
be a space. Then the free orthogonal spectrum Fy, A is given in a level W by

(FvA)w = O(V,IW)AA,

with the structure maps induced by composition in O.
This assignment with the obvious extension to maps in 7 yields a functor

F,: T — OT.

19



CHAPTER 1. ORTHOGONAL SPECTRA

Remark 1.2.28. Note that for a chosen embedding V — V @ V' = W this is
isomorphic to

(FyAw = Ow Ao, ANSY,
using Lemma 1.2.18.
The other instance of >*° above generalizes to the semi-free case in the following

way:

Definition 1.2.29. Let V' be a finite dimensional euclidean vector space, let K € Oy 7T
be a space with Oy-action. Then the sems free orthogonal spectrum G,, K is defined
in a level W via

Gy K)w = O(V,W)Ao, K,

where the action of Oy on O(V, W) is by precomposition and diagonal on the smash
product. The structure maps are induced by composition in O. As in the free case,
this defines a functor

Gy : OyT — OT.
Remark 1.2.30. Again using Lemma 1.2.18, an isometric embedding
VeVeV =W
yields an isomorphism
(G K)w = Ow Aoyxo, KNS

Remark 1.2.31. As indicated by the diagram 1.2.26 above, the free and semi-free
spectrum functors factor through Z7, i.e. we have natural isomorphisms

Fo(-) =2 Fp(-)®S
and
Gv(=) = Gy(—-) @S,

with the free respectively semi-free orthogonal sequence functors FE and G given
by replacing O(V, W) with Z(V, W) in Definitions 1.2.27 and 1.2.29. Note that the
free and semi-free sequences FEA and GLK have basepoints in all levels W not
isomorphic to V.

Remark 1.2.32. The other factorization indicated in diagram 1.2.26 is also immedi-
ately obvious in the spacewise definitions. There is a natural isomorphism

Fi(=) = Gy(Oy 1),

Hence free spectra are in particular semi-free.

20



1.2. RECOLLECTIONS

Finally, if the reader wants to escape the language of Kan-extensions completely,
the following lemma is a necessary exercise.

Lemma 1.2.33. The two diagrams 1.2.25 and 1.2.26 indeed display adjoint con-
tinuous functors, using the above definitions of the free and semi-free spectra. In
particular there are natural isomorphisms

OT(G K, Z) = OyT (K, Zy)

and
OT(F,L,Z)=T(L,Zy).

Proof. This can actually be checked using only the explicit description of the inter-
nal hom object and monoidal product in Z7 (1.2.4), respectively O7 (1.2.12), the
definitions in 1.2.27 and the translation to the coordinate free world in 1.2.22. [

One of the most important properties of (semi-) free spectra, is that it is easy
to calculate their smash products with other spectra and in particular with each
other. The following proposition makes this precise, and using Remark 1.2.31 also
generalizes Lemma [MMSS, 1.8]. It is analogous to Lemma [S, 1.4.5-6] in the case
of symmetric spectra.

Proposition 1.2.34. Let V and W be finite dimensional euclidean vector spaces,
K € OyT and L € Ow7T. Then there is a natural isomorphism

Gy KNGy, L = gV@W(OV@W/\OVXOWK/\L)'

Proof. We begin by showing the analogue for orthogonal sequences. Let Y € I7,
then there are continuous natural isomorphisms

IT(GvK @ Gy L,Y) IT(GLK, F(GLL,Y))

OyvT (K, F(GH L, Y)v)

OyvT (K, IT(GE L,shy Y))

Ov7 (K,OwT (L, Yvaew))

(Oy x Ow)T (KAL, Yyaw)

Ovew7 (Ovew Aoy xow KAL, Yyaw).

111 1R

12

IT(Gyow (Ovew Aoy xow KAL),Y)

Hence the proposition holds for sequences, by the Yoneda lemma. Then the result
for spectra is implied by the fact that the definition of the smash product of modules
gives a natural isomorphism of spectra

(X2SNs(Y ®S) 2 (XRY)®S,
together with Remark 1.2.31. ]
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Before studying more general smash products, we give another useful property
for semi-free spectra, which has no immediate analogue in the free case:

Proposition 1.2.35. Let V and W be euclidean vector spaces of the same finite
dimension. Then for K € OyT, there is a natural isomorphism between semi-free
spectra

Gy K = Gy (O(V,W)Ao, K).

Proof. Note that O(V, W)Ao,, K is the evaluation (G, K ) by Remark 1.2.24. Again
we compare the defining right adjoints. Let Z be any orthogonal spectrum:

I

OT(G K, Z) = OyT(K,Zy)
OwT(O(V, W)ho, K, O(V, W) Ao, Zy)
OwT(O(V, W)ho, K, Z)

OT (G O(V,W)ho, K, Z)

[rae

I

Here the isomorphism in the second line is immediate after choice of basis, but
the actual choice has no influence on the map. For the third line one uses the
isomorphism given by the generalized structure maps (cf. Remarks 1.2.22, 1.2.24).

]

This allows us to state the following proposition in terms of coordinatized or-
thogonal spectra, saving us the definition of the coordinate free smash product of
sequences via the Kan extension.

Proposition 1.2.36. The smash product of a semi-free spectrum G, K with an or-
thogonal spectrum X 1is given in level m by

(gnK/\X)m = Om/\OnXOm,nK/\Xm—na

whenever m > n, and just a basepoint in lower levels. The structure maps are
induced from those of X and the O,,-action is by multiplication on the left factor.

Proof. Again we use that G, KAsX = GZK ® X, where the structure maps, or S-
module structure of the right spectrum are induced only from X. We evaluate the
tensor product according to Definition 1.2.4 to get the result. ]

Corollary 1.2.37. The smash product of a semi-free spectrum G, K with an or-
thogonal spectrum X is given in level W =V & V' by

(Gy KAX)w = OwAoy, <o, KAXy,
and just a basepoint in levels which V' does not embed into isometrically.
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Another property differentiating semi-free spectra from free ones is the following:

Lemma 1.2.38. Let G be a (topological) group. Then a (continuous) action of G on
a semi-free spectrum G, K is equivalent to a (continuous) action on K. Moreover,
the levelwise orbit spectrum [Gy, K] is isomorphic to G, (Kg).

Proof. An action of G on a spectrum is the same as a map of (topological) monoids
G — OT(G,K,G,K). By the defining adjunction for semi-free spectra that is the
same as a map G — Oy T (K, K). To check the statement about orbits, recall that
the action of GG is through maps of spectra, i.e. in particular through Oy -equivariant
maps on K. That is the Oy~ and G-actions on K commute, and on levels W we get
the isomorphisms

Gy Kwla = [O(V,W)ho, Klc = [O(V,W)AK|o,xa = OV, W)Ao, (Kg).

In the light of our later treatment of G-equivariant spectra, one should note that
neither V' nor W are considered to have actions of GG here, i.e. they are both trivial
G-representations. ]

Remark 1.2.39. Note that semi-free spectra with actions of GG are often more natu-
rally indexed on non-trivial representations. However, Proposition 1.2.35 allows us
to change the euclidean space used for the indexing as desired, without changing
the underlying spectrum. For example consider the spectrum

X =G KNGy K = Gy [Ovevioy <o, KAK].

There are many different combinations of Ys-actions on the smash factors that are
possible. The one we are (usually) interested in is the one that comes from the
symmetry isomorphism for the smash product. Before applying Lemma 1.2.38 we
should switch indexing from the non trivial >s-representation V' @ V' to an isomor-
phic vector space W on which 35 acts trivially. Then Proposition 1.2.35 gives the
isomorphism

X = QW(O(V oV, W>/\0V><0VK/\K)>

where the Oyp-action commutes with the Ys-action, hence we can calculate the
orbits as in Lemma 1.2.38. It is then clear that the correct »s-action to consider on

OvevAo, xo, KAK

is by permuting factors of KAK and by multiplying with the block permutation
matrix from the right, i.e. by precomposition on Oy gy .

Later, considering the smash product as an equivariant spectrum, we can get around
this change of indexing, and then the action on Oygy will be by conjugation (cf.
3.3.39).
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Remark 1.2.40. Considerations like these are our main reason for using the coordi-
nate free notation as often as possible. The author himself finds it almost impossible
to keep track of the correct actions using the language of Sp® or even O7.

There are several other categorical constructions on orthogonal spectra that
would warrant a longer discussion. We will not present more details here, as the
presented material will suffice for our purposes in this thesis. However, the au-
thor hopes to get the opportunity to study twisted smash products analogous to
Schwede’s exposition for the symmetric case in [S, 4.5] in future work. In particular
understanding the effect on homotopy groups in relation to an orthogonal version
of the monoid M of injective self-maps of N (cf. [S, 1.6.1]) would simplify technical
results like 1.3.11 and 2.3.29 significantly. For a detailed analysis of these one would,
for example, require more discussion about the shift functors sh,, of 1.2.4, its spec-
trum level analogues and various left adjoints associated to these. Another aspect
that we have completely neglected here, is that all the functors in diagram 1.2.25
also have right adjoints, i.e. there are cofree and cosemi-free spectra and sequences.

Remark 1.2.41 (Enrichment). So far, all categories discussed in the previous sec-
tions have been viewed as 7 -categories, and this will continue to be our usual view-
point. However, as closed symmetric monoidal categories, the categories Z7 and
OT of orthogonal sequences and spectra are naturally enriched over themselves (cf.
A.2.13). Additionally, the functor ev,(—) from above is strong symmetric monoidal
and transports the enrichment of O7 over itself into the 7 -enrichment, i.e. the
relation

Fs(X,Y)o =2 OT(X,Y)

holds for all orthogonal spectra X and Y. In an analogous way, we can use the
(semi-)free functor F, = G, = £ to view 7 as enriched over O7.

1.2.3 Model Structures

The homotopical properties of the category Sp® of orthogonal spectra have been
studied in [MMSS]. The authors construct various model structures, and several of
these will play central roles in the further discussions in this thesis. We will recall
the necessary definitions and useful properties of these structures in this section,
following the exposition in [MMSS, §6-9]

Definition 1.2.42. Let f : X — Y be a morphism of orthogonal spectra.

(i) fis a level equivalence if f, : X, — Y, is a weak equivalence in 7 for all n € N.

(i) f is a level fibration if f, : X, — Y, is a Serre fibration, i.e. a fibration in 7°
for all n € N.
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(iii) f is a g-cofibration if f satisfies the left lifting property with respect to all maps
that are level acyclic fibrations, i.e. maps that are both level equivalences and
level fibrations.

Recall the sets I and J that formed the generating cofibrations for the Quillen
model structure on 7 (B.1.23). Let FI be the set of all maps F,i of orthogonal
spectra with n € N and ¢ € I, and FJ the analogue construction. Using these
definitons, we can state Theorem [MMSS, 6.3]:

Theorem 1.2.43. The category Sp° of orthogonal spectra is a compactly generated
proper topological model category with respect to the level equivalences, level fibra-
tions, and q-cofibrations. The sets F1 and FJ are the generating q-cofibrations and
acyclic q-cofibrations, respectively.

Just as in the case of spaces, it is often convenient to also keep the h-cofibrations
in mind B.1.14. Note that an h-cofibration of orthogonal spectra is a levelwise
h-cofibration of spaces. In particular, Corollary B.1.29 implies the following:

Corollary 1.2.44. If all involved spectra are well based in each level, then the gen-
eralized cube Lemma B.1.7 and the generalized cobase change Lemma B.1.5 hold for
(levelwise) h-cofibrations and level homotopy equivalences as well as for (levelwise)
h-cofibrations and level weak equivalences of spectra.

Remark 1.2.45. Note that as in B.1.29, we can even relax the assumption of the
spectra being well based slightly.

Recall the definition of the homotopy groups of an orthogonal spectrum and
me-tsomorphisms from 1.1.7. The following is a collection of properties of m,-
isomorphisms that we will use throughout:

Proposition 1.2.46. [MMSS, 7.4,9.10], paraphrased

(i) For a based CW complex A, the functor —AA on orthogonal spectra preserves
Ty-tsomorphisms.

(i) A morphism of orthogonal spectra is a w.-isomorphism if and only if its suspen-
sion is. The natural map n: X — QXX is a w.-isomorphism for all orthogonal
spectra X .

(11i) The homotopy groups of a wedge of orthogonal spectra are the direct sums of the
homotopy groups of the wedge summands, hence a wedge of mw,-isomorphisms
1S a Ty-150morphism.

(iv) Cobase changes of maps that are m.-isomorphisms and levelwise h-cofibrations
are my-1somorphisms.
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(v) The generalized cobase change and cube lemmas (B.1.5,B.1.7) hold for all or-
thogonal spectra, (levelwise) h-cofibrations and w.-isomorphisms.

(vi) If X is the colimit of a sequence of h-cofibrations X,, — X,41, each of which
1S a Te-1somorphism, then the map from the initial term Xo into X is a m,-
isomorphism.

(vii) For any morphism f: X — Y of orthogonal spectra, there are natural long
exact sequences

c = mg(Ff) = m(X) = m(X) = ma(Ff) — -

c—= (X)) = (YY) = 1 (CF) = mga(X) — -

where F'f and Cf denote the (levelwise) homotopy fiber and cofiber of f. The
natural map Ff — QC'f is a w,-isomorphism.

In [MMSS, §9] the stable model structure for orthogonal spectra is constructed
by adding generating acyclic cofibrations to the level structure from Theorem 1.2.43,
so as to include the m,-isomorphisms as weak equivalences. Alternatively one could
think of this as Bousfield localization at the class of m,-isomorphisms, but the extra
control about the generating acyclic cofibrations proves helpful in several places. In
particular, since we are going to reuse the specific maps going into the construction,
we recall some details:

Definition 1.2.47. Let A, : ;5" — F,5° be the map adjoint to the inclusion
S'— 0,41, Mo, S°AS,
sending the sphere to the copy indexed by the identity in O, 1.

Definition 1.2.48. Once again recall the sets of generating cofibrations of spaces I
and of generating level acyclic cofibrations FJ from above. Factor all the maps A\,
via the mapping cylinder as A\, = r, o k, with k,, : F,, ;S L' — MM\, a g-cofibration
and r, a deformation retraction. We define K,, to be the set of pushout product
maps of the form k,[J: with ¢ € I. Let K be the union of FJ with the sets K, for
n € N.

Definition 1.2.49. A ¢-fibration of orthogonal spectra is a map that has the lifting
property with respect to K, hence with respect to all maps that are g-cofibrations
and 7,-isomorphisms.

The g-fibrations can be characterized more explicitly:
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Lemma 1.2.50. [MMSS, 9.5] A map p : E — B of orthogonal spectra is a q-
fibration, if and only if it is a level fibration and the diagrams

E,—2>QF, (1.2.51)

Pn i iQpn+l

Bn ? QBn+1

are homotopy pullbacks for every n > 0.

Definition 1.2.52. An orthogonal spectrum F' is an ()-spectrum, if all the maps
o: F, — QF,., are weak equivalences.

Corollary 1.2.53. The map F' — x 1is is a q-fibration if and only if F' is an Q-
spectrum.

Then the following theorem combines [MMSS, 9.2,12.5 and 12.6 | :

Theorem 1.2.54. The category Sp® of orthogonal spectra is a compactly gener-
ated stable proper topological model category with respect to the m,-isomorphisms,
q-cofibrations and q-fibrations. The sets of generating cofibrations and generating
acyclic cofibrations are given by FI and K, respectively. This model structure sat-
i1sfies the pushout product axiom and the monoid axiom.

This model structure is lifted to categories of orthogonal ring spectra and mod-
ules and algebras over such in §12 of [MMSS], following the general treatment of
such questions from [SS]. To move towards categories of commutative orthogonal
ring spectra, however, some more work is needed, and in particular one requires
a positive variation of the stable model structure, which is constructed in [MMSS,
§14]. The generating sets of cofibrations F"I, F*J and K are therefore defined
by excluding all maps that require the use of F, from their absolute counterparts
(cf. 1.2.43 and 1.2.48).

Definition 1.2.55. Let f be a map of orthogonal spectra:

(i) f is a positive level fibration, if f, is a Serre fibration for all n > 0.

(ii) f is a positive level equivalence, if f, is a weak equivalence for all n > 0.
(iii) f is a positive q-cofibration if it is a g-cofibration and fj is a homeomorphism.
(iv) f is a positive g-fibration if it has the right lifting property with respect to all

maps that are positive g-cofibrations and m,-isomorphisms.
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Theorem 1.2.56. [MMSS, 14.1] The category Sp° of orthogonal spectra is a com-
pactly generated proper topological model category with respect to the positive level
equivalences, positive level fibrations and positive q-cofibrations. The sets FI and
FtJ are the generating sets of cofibrations and acyclic cofibrations, respectively.

Theorem 1.2.57. [MMSS, 14.2] The category Sp° of orthogonal spectra is a com-
pactly generated stable proper topological model category with respect to the -
isomorphisms, positive q-fibrations and positive q-cofibrations. The sets FT1 and
K™ are the generating sets of cofibrations and acyclic cofibrations, respectively. This
model structure satisfies the pushout product axiom an the monoid axiom.

Recall the functor E that creates free commutative ring spectra, i.e. commutative
S-algebras from A.1.19.

Theorem 1.2.58. [MMSS, 15.1] The category of commutative orthogonal ring spec-
tra is a compactly generated proper topological model category with fibrations and
weak equivalences created in the positive stable model structure of Sp®. The sets
EF*I and EK™ are the generating sets of cofibrations and acyclic cofibrations, re-
spectively.

Theorem 1.2.59. [MMSS, 15.2] Let R be a commutative orthogonal ring spectrum
The category of commutative R-algebras is a compactly generated proper topological
model category whose weak equivalences, fibrations and cofibrations created in the
category of commutative orthogonal ring spectra.
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1.3 The Convenient Model Structure

In this section, we define a model structure on the category of commutative orthog-
onal ring spectra which is convenient in the sense that cofibrant objects are already
cofibrant as underlying orthogonal spectra. The existence of such a structure has
already been hinted at in [Sh04], where an analogue for symmetric spectra is dis-
cussed. The differences and, in particular, difficulties that come up when working
in the topological world of orthogonal spectra as opposed to the simplicial setup of
symmetric spectra, warrant a more detailed discussion.

We begin on space level, where we have to consider some more equivariant homotopy
theory before we can get started:

1.3.1 Mixed Model Structures for G-spaces

Let G be a compact Lie group, for example the orthogonal group Oy of a finite
dimensional euclidean vector space V. There are various accounts of the homotopy
theory of G-spaces available, we review what we need here in the Appendix C, where
we give more detailed references.

Recall the naive and genuine model structures on the category G7T of G-spaces
from C.1.8. For our purposes we want a mix between these two model structures,
analogous to [Sh04, 1.3]:

Definition 1.3.1. A map in G7 is called a mized cofibration if it is a genuine
cofibration. It is called a mized equivalence if it is a naive weak equivalence. A
mixed fibration is a map that has the right lifting property with respect to all mixed
cofibrations that are also mixed equivalences.

Theorem 1.3.2. The mixed fibrations, cofibrations and equivalences give a com-
pactly generated model structure on G7T.

Proof. Recall the sets I and Jg for the generating (acyclic) cofibrations for the gen-
uine model structure from C.1.8. We will have to add additional acyclic cofibrations:
Let H be a closed subgroup of GG. Consider the projection

TH - (G X H EH)+ — <G/H)+,
which is a naive weak equivalence. Factor 7y via the mapping cylinder M7y as a
naively acyclic genuine cofibration jg followed by a G-deformation retraction rg.
Then we can define the set of generating acyclic mixed cofibrations as:

Jam = Ja U {]HDZ,H CG,ie ]G}'

We check the conditions from [H, 2.1.19]. Obviously, every map in Ig or Jg, is
an h-cofibration. Also, every map in Jg, is in Ig—cof and a weak equivalence,
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because the genuine model structure satisfied the pushout product axiom (C.2.7)
and Lemma C.1.10(ii). This kind of maps(h-cofibration and naive weak equivalence)
is preserved under the cell complex construction. Therefore we immediately get,
that Ig—inj C Jg,,—inj. Since every map in I—inj is a genuine, thus naive, weak
equivalence, the only thing that remains is to show that any map that is both in
Jem—inj and a naive weak equivalence is already in /g—inj.

For a map f: X — Y it is equivalent to be in Jg,,—inj and that f is both a genuine
fibration and that it has the right lifting property with respect to all the maps jg[li
above. By adjointness B.1.12 the latter condition is equivalent to ho(jy, f) having
the right lifting property with respect to I for all subgroups H. But since the
genuine model structure is G-topological (cf. C.2.7) this is equivalent to Mo(ju, f)
being a genuine weak equivalence if f already was a genuine fibration. Recall that
the defining diagram for hg(jy, f) is given by the lower part of the diagram

T (G/H+> X) \
|

Ta (M, X) T (YY)
WA\ J/N
P TG (M?TH,Y>

| |
‘IG ((G Xy EH)_;,_,X)H(.Tg((G Xy EH)+,Y)

Here the two upper vertical maps are genuine weak equivalences because ry was
a G-homotopy equivalence. The lower right vertical map is a genuine fibration,
because jg is a genuine cofibration.

Now let f be in Jg,—inj, i.e. a naive weak equivalence, such that "7 is a weak
equivalence. Passing to G-fixed points in the above diagram then yields:
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Hence for all subgroups H of G, the restriction to fixed points f is a weak equiv-
alence by the two out of three property and right properness of the standard model
structure on spaces. But this exactly says that f is also a genuine equivalence, hence
in /—inj. [

Remark 1.3.3. Note that this mized model structure is not an instance of the mixing
of model structures described in [C, Theorem 2.1]. Applying Cole’s method would
yield a mixed structure that uses the naive weak equivalences and the genuine fi-
brations.

1.3.2 Level Structures

We will use semi-free spectra to assemble a model structure on orthogonal spectra
that makes use of the mixed model structures in each level. Note that in order
to use Theorem B.2.8, we have to restrict to a proper set of levels, i.e. a small
full subcategory of O (cf. B.2.5). The reader might want to think of the explicit
skeleton O, but we rather fix some unspecified small subcategory OV equivalent
to O, in order to get used to some of the notation that will be necessary in the
equivariant case (cf. 2.3). Call a vector space V a level if it is an object of OV, and
say that a property applies levelwise, if it applies for all V in OV.

Definition 1.3.4. A morphism f : X — Y of orthogonal spectra is called a level
maxed fibration, if for each level V| the map fy : Xy — Yy is a mixed fibration of
Oy -spaces. It is called an S-cofibration if it has the left lifting property with respect
to level mixed fibrations that are also level equivalences.

Proposition 1.3.5. The S-cofibrations, level mixed fibrations and level equivalences
give a compactly generated model structure on Sp©.

Proof. We check the prerequisites of Theorem B.2.21: The mixed model structures
on Oy-spaces are cofibrantly generated by construction and satisfy the cofibration
hypothesis B.1.31.
As in B.2.6 define

GI1:=JGvIo, GJ:=J G Joym

vev vev

What is left to check, is that the set GJ consists entirely of level equivalences: For
f: X — Y amixed acyclic cofibration of Oy-spaces and W =V @ V' another level,

(Gy f)w is the map:

OW+/\OV XOV,X/\SVI — OW+/\OV X()V/Y/\SV/.
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Before factoring out the diagonal action of Oy x Oy, this is exactly the map
OwAfASY,

hence a weak equivalence by C.1.10(ii) and a genuine cofibration by Illman’s tri-
angulation theorem C.2.2 together with C.2.7(ii). Since Oy x Oy acts freely on
source and target, C.1.10(iv) gives that they are naively cofibrant as Oy x Oy-
spaces. Finally C.1.10(iii) and Ken Browns Lemma ([H, 1.1.12]) imply that taking
the Oy x Oy orbits preserves weak equivalences between naively cofibrant Oy x Oy~
spaces. O]

As with the standard level model structure, there is a positive variation of the
S-model structure:

Definition 1.3.6. A morphism f: X — Y of orthogonal spectra is called a positive
mized fibration, if for each level V' with dim(V') # 0, the map fi: Xy — Yy is a
mixed fibration of Oy -spaces. It is called a positive S-cofibration if it has the left
lifting property with respect to positive mixed fibrations that are also positive level
equivalences.

Note that the positive S-cofibrations are exactly the S-cofibrations, that are
isomorphisms in level 0.

Proposition 1.3.7. The positive S-cofibrations, positive mized fibrations and posi-
tive level equivalences give a compactly generated model structure on Sp°. The sets
of generating (acyclic) cofibrations are GtI and G*J, respectively.

Proof. Define GTI as the subset of GI using only non-trivial levels V', and anal-
ogous for GTJ. The proof of Proposition 1.3.5 holds verbatim, if we replace the
mixed model structure on Og-spaces (or spaces), by the one where every map is a
fibration and weak equivalence, so that only isomorphisms are cofibrations. This
model structure is cofibrantly generated by an empty set of cofibrations. O

1.3.3 Stable Structures

As in the classical case, we want to localize the level model structures to obtain
stable counterparts. Recall the A-maps, that were already used for this purpose in
the classical case 1.2.47. Here we use the coordinate free variation:

Definition 1.3.8. For finite dimensional euclidean vector spaces V' and W, define
M FrawSY — FySY to be the map adjoint to the inclusion

SW — O(V, V ) W) = OV@W+/\0WSW,
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that corresponds to the inclusion at the identity factor after choosing the embedding
V — V @& W indicated by the notation.

Factor the maps Ay through the mapping cylinder as ryw o kyw. Then denote
the set of all kywJi with V and W in V and i in FI = GI' by K. For the case of
the positive structures, form the analogous set Kt by excluding those kyy/[Ji where
V' is trivial.

Definition 1.3.9. A morphism of orthogonal spectrum is a (positive) S-fibration, if
it has the right lifting property with respect to all (positive) S-cofibrations that are
also m,-isomorphisms.

Proposition 1.3.10. The category Sp° of orthogonal spectra admits a compactly
generated proper topological monoidal model structure where the cofibrations are
given by the (positive) S-cofibrations, the fibrations are the (positive) S-fibrations
and the weak equivalences are given by the m.-isomorphisms. This (positive) S-
model structure satisfies the monoid axiom.

Proof. We again use [H, 2.1.19], treating the absolute (i.e. not positive) case in
detail. The positive variation follows similarly, and we point out the differences.
The generating cofibrations are given by SI := GI whereas the acyclic cofibrations
are generated by SJ := GJ U K. Use the positive variations of the sets for the
positive structure to define StI and S*.J. Since every map in K is a g-cofibration it
has the left lifting property with respect to level acyclic level fibrations, thus with
respect to all level acyclic level genuine fibrations, and is therefore in SI—cof. Thus
we already have SJ—cof C SI—cof and SI—inj C SJ—inj.

Since every map in SJ is also both an h-cofibration and a 7,-isomorphism, every
map in SJ—cell is a m,-isomorphism (cf. 1.2.46). Every map in SI—inj is a level
equivalence, thus a m,-isomorphism. Finally, note that any map in SJ—inj is a ¢-
fibration since FJ C GJ. Therefore, if it is also a m,-isomorphism, it is an acyclic
g-fibration, hence an acyclic level fibration, hence in particular in GJ—inj and a
level equivalence. But then it is already in GI—inj = SI—inj by the level structure.

For the pushout product axiom one can quickly check, that SICISI C SI and
that SICIGJ C GJ by using that the semi-free spectrum functors and smashing
with (orbit-) spaces preserve pushouts, and again using the property C.1.10(ii) as
well as 1.2.34. It remains to show, that maps in SICIK are m,-isomorphisms. So let
1:A— BinSIland k: C' — D in K. Since the maps in K are g-cofibrations and -
isomorphisms, and since the stable model structure on orthogonal spectra satisfies
the monoid axiom, the top and bottom maps in the following pushout diagram are
me-isomorphisms, therefore the cobase change is, since the left vertical map is an
h-cofibration. Thus the pushout product is a m,-isomorphism via the two out of
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three property.

\{
BAD

The pushout product axiom also implies that the model structure is topological
by using that the tensor with a space is the same as the smash product with the
corresponding suspension spectrum. Since S-cofibrations are h-cofibrations and S-
fibrations are level fibrations, properness follows from [MMSS, 9.10]. The unit axiom
for monoidal model categories is satisfied in the absolute case because the sphere
spectrum S is cofibrant there. To show it in the positive case, we use Ken Brown’s
Lemma ([H, 1.1.12]) and the monoid axiom: Since smashing with an arbitrary space
sends acyclic cofibrations between cofibrant objects to weak equivalences, it pre-
serves the m,-isomorphism between the sphere spectrum and its positive hence ab-
solute cofibrant replacement. Finally the monoid axiom itself can be proved as in
[IMMSS, 12.5], using the following Proposition. ]

Proposition 1.3.11. S-cofibrant spectra are flat, in the sense that for any S-
cofibrant spectrum X, the functor X A\ — preserves m,-isomorphisms.

Proof. Because we have to calculate homotopy groups, we will prove this proposi-
tion in O7, i.e. restrict ourselves to those levels of an orthogonal spectrum, that
are indexed by the euclidean spaces R", abbreviated by the natural number n (cf.
1.2.22).

Since smashing with any spectrum preserves cofiber sequences, and by the long
exact sequence for homotopy groups 1.2.46(vi), it suffices to show that if Z is an
orthogonal spectrum with 7,(Z) = 0, then also 7m.(XAZ) = 0. Since smashing with
Z preserves the cell complex construction, we can further reduce to the case where
X is either the source or the target of one of the generating S-cofibrations, i.e. X
is of the form G, [0/}, AS¥] or G, [0n/, AD%]. Since G, [0y, AK,] is equal to
g, [OV o JJ AK, and since we know that smashing with a cofibrant space preserves
m.-isomorphisms it suffices to show that G, [On/ o +] AZ has trivial homotopy groups,
if Z did.

Recall that

(gn |:On/H+} /\Z)ner = On+m+/\0n><0m (OVH+/\Zm)
O”+m/H+/\OmZm7

12

where the structure maps are the composite of the structure map of Z with the
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upper left block) inclusion of O,,,, — O,,+n+1 and the projection to the quotient:
+ +m+ J
Onim/yy Aoy ZnASY 2% Onn /Ao Zg 1 2o Ontmtdy  NO oy Zmet -

The homotopy groups of G, [OT/H Jr]/\Z are therefore calculated via the following
colimit:

\L(poinc)*
040X
T (O"+W/H+/\Om Zm) — Tx+1 (O"‘*"“/H_‘./\Om Zm+1)
i(poinc)*

o 0400
7r*+1( ntmt L g N0, Zm+1) —_—

We can add more edges to this diagram without changing the colimit, because
cofinal sequential colimits commute:

o 0402 o 00X o ox0%
71'*( n+'m/H+/\omZm) _— 7T*+1( "’+m/H+/\07an+1) _— 7T*+2( "’+m/H+/\07an+2) _—

l(poine)* l(poine)*

o 0405 o 00X
7T*+1( "’+m+1/H+/\Om+1 Zm+1) E— 7T*+2( n+m+1/H+/\om+1 Zm+2) _—

i (poinc)«

(1.3.12)
Here, taking the colimit along a line calculates the (shifted) homotopy groups of
an orthogonal spectrum On»+m/; Ao, Z which is defined in the following way:

(O"“”/HJr/\OmZ)k = Ontn/ i1 N0 Ltk

where the structure maps are inherited from Z. Thus if we show that spectra of this
type have trivial homotopy groups, we are done.
We know that Ont+m/%; is a free (right) O,, space, since H is a subgroup of upper
left n-block matrices in O,,,. Therefore it is not only genuinely but also naively
cofibrant as an O,,-space, i.e. in the cell complex structure of On+m/; appear only
free cells. Both levelwise smash product with spaces and taking levelwise O,,-
orbits commute with (levelwise) colimits hence with the cell complex construction.
Therefore we can finally reduce to showing that (I'p, Ao, Z)-cell complexes are
acyclic, where I, ~where the generating naive cofibrations on O,,-spaces.

So suppose that * = Xy — X; — ... — Xj is the cellular filtration of On+n/3; .,
and use induction on this filtration. From the cell structure we get the gluing
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diagrams of spectra:

SP N0, Mo, Z — XilNo,. Z SPINZ —— X;No, 2
p r 10L I
D+/\Om+/\OmZHXi+1/\OmZ D+/\Z*>Xi+1/\omz.

(1.3.13)
Then as Z was acyclic, so are the two spectra in the left columns of the squares.
Therefore the top horizontal maps are m,-isomorphisms, hence so are the bottom
maps since the left vertical maps are h-cofibrations. Thus X;,1AZ is acyclic, too. [

Proposition 1.3.14. The identity functor on the category of orthogonal spectra Sp®
gives a monoidal Quillen equivalence from the usual (positive) stable model structure
to the (positive) stable S-model structure.

Proof. Since any g-cofibration is an S-cofibration, the identity functor preserves
cofibrations. Since the weak equivalences are the same in both model structures, it
also preserves acyclic cofibrations and detects and preserves weak equivalences. The
identity trivially satisfies all other properties of monoidal Quillen functors. ]

Note that Proposition 1.3.10 allows us to use Theorem [SS, 4.1] so that for R an
orthogonal ring spectrum, we get absolute and positive R-model structures on the
categories of R-modules and if R is commutative on (associative) R-algebras.

Theorem 1.3.15. Let R be an orthogonal ring spectrum.

(i) The category of left R-modules is a compactly generated proper model category
with respect to the m.-isomorphisms and the underlying (positive) S-fibrations.
The sets of generating cofibrations and acyclic cofibrations are RASI (RASTI)
and RASJ (RASTJ).

(i1) If R is S-cofibrant, then the forgetful functor from R-modules to orthogonal
spectra preserves cofibrations. Hence every cofibrant R-module is cofibrant as
an orthogonal spectrum.

(i1i) Let R be commutative. The model structures of (i) are monoidal and satisfy
the monotid aziom.

(iv) Let R be commutative. The category of R-algebras is a compactly generated
right proper model category with respect to the m,-isomorphisms and the un-
derlying (positive) S-fibrations. The sets of generating cofibrations and acyclic

cofibrations are RAAST (RAASTI) and RAASJ (RAASTJ), where A is the
free associative algebra functor from A.1.19.
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(v) Let R be commutative. Every cofibration of R-algebras whose source is (posi-
tive) cofibrant as an R-module is also a cofibration of R-modules. In particular,
every cofibrant R-algebra is cofibrant as an R-module.

All the above model structures are Quillen equivalent to the classical ones from
[MMSS, 12.1] via the identity functor as in 1.5.14.

Proof. Except for the properness statements, parts (i),(¢i7) and (iv) (v) are implied
by [SS, 4.1]. For part (i) and the properness use that the necessary (co-)limits are
computed in the underlying category of orthogonal spectra. ]

Note that a positive analogue to (i7) and (v) in this theorem is not implied by [SS,
4.1], since the sphere spectrum is not positive S-cofibrant. In the next section, we
will deal with the lifting of the positive S-model structure to commutative orthogonal
ring spectra, and in particular give versions of these statements in Theorem 1.3.29.

1.3.4 Extension to Commutative Ring Spectra

From now on, except when explicitly stated otherwise, we only work with the positive
S-model structure. In particular we drop the adjective positive when talking about
S-cofibrations or S-cofibrant objects. To lift the S-model structure to commutative
orthogonal ring spectra, we want to mimic the methods from [MMSS, §15]. The basic
idea is to apply Lemma [SS, 2.3] to the free commutative ring spectrum functor E
(cf. A.1.19). In particular we check that ESTI and ES™J both satisfy the cofibration
hypothesis (B.1.31) to cover the smallness prerequisites, and that all the maps in
EST J-cell are actually weak equivalences.

For the latter, we first consider the following two lemmas, which are the analogues
of [MMSS, 15.5] and [EKMM, III 5.1].

Lemma 1.3.16. Let Y be an orthogonal spectrum and let X = G, [K/\ <0V/H)+]7
for K a based CW -complex and V' a non trivial euclidean space. Then the quotient
map

¢ (ESiiAs, XM)AY — XEAY

15 a level homotopy equivalence.

Proof. We rewrite the target of ¢ in the following way:

XEAY = Gyai [Over Aoy (KAO/4,)" ] AY.

i

Here ¥; acts on the smash product Oye:  Ar1.0, (K/\O‘//H+)Ai diagonally, by per-
muting the copies of KAOv/;  and by multiplication from the right with block-
permutation matrices on Oys:. Letting ¥; act on [[,Oy by conjugation with the
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block permutation matrices, we can then rewrite the orbit space in terms of the
semi-direct product of [[,Oy and %;:

[Ov@i+/\HiOV (K/\OV/HJr)M} v OV®i+/\H¢0v>@i (K/\OV/HJr)M

2

~ A1
& OV@i+/\HiH>42iK ‘

using the fact that Oy acted trivially on K. Now let W = V® @ V' be another
level. Corollary 1.2.37 implies that

(XQEAY)W = OWJ’,/\(HiH)qu)XOV/K/\i/\YV/.
In a similar way we see that

where ¥; acts diagonally on E¥; x Oy,. The desired quotient map is now induced
by ¢: EX; x Oy — Oy . Since Oy is a free (J[,Oy x X;) x Oy~ space, the theorems
C.2.2 and C.2.3 give, that § is weak equivalence between naive ([[,Oy % ;) x Oy-
equivariant cell-complexes, i.e. a ([[,Oy % ;) x Oy -homotopy equivalence. Equiv-
ariant homotopy equivalences are preserved by smashing with any space, and yield
homotopy equivalences after passing to orbits with respect to subgroups. O

Lemma 1.3.17. Let X be a positive S-cofibrant orthogonal spectrum. Then the
quotient map ' ‘
q: EXi Ag, XM — Xé\z

1S G Ty-18s0morphism.

Proof. We proceed by induction on i and a ¥;-equivariant cellular filtration of X"\,
The traditional reference for this in the case of free cells and external smash products
is [BMMS, p. 37-38|, however, some translation work needs to be done in order
to apply their result to our case. We will instead use the filtration introduced by
Theorem 3.4.22. For the induction start ¢ = 1, the statement is trivially true. Hence
let us assume it holds for all j < ¢ and that X is built from A by attaching a single
cell G, [Dﬁ/\OV/H JJ, where A is itself positively cofibrant. Then Theorem 3.4.22
states that X"\ is built from A" by attaching induced cells of the form

n— Uy i—i
2wz (QWS+ 1/\OW/PJr) T AANCD)

|

YiNs, x5, (ngi/\OW/PQM ANAN=I)
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(cf. 3.4.24), with cofiber SiAs,xs, , (G STACH/p, )" AAN=). Both ESAs, —
and taking >;-orbits preserve cofiber sequences, hence ¢ induces maps of long exact
sequences of homotopy groups (cf. 1.2.46). Thus, for the induction step, it suffices
to show that the map

n Nj i—J n N i—j
ESils,xx; (QWS+/\0W/P+) I AANGT) |:(gWS+/\OW/P+) T AAN j)]E'XE‘f'

is a m,-isomorphism. We use that £'Y; is 3 x3;_ j-equivariantly homotopy equivalent
to EX; x EY;_; to factor this map as:

EXjhs, (GwSinow/p,) " ABS jAs, AN
gNAid

AJ .
[gwsi/\OW/P_i_} ZZ’ /\Ezi_j/\gi_]. ANI
id AGA id

Nj Ni—j
Gy SN0/, ) AAYT

Here the first map is a level homotopy equivalence by Lemma 1.3.16. The second

map is a m,-isomorphism by the induction hypothesis and Proposition 1.3.11, using

that the spectrum [QWSiAOW/ b +] ;] is S-cofibrant by the following proposition. [J
J

Proposition 1.3.18. Let V' be a non-trivial vector space and let X = Gy, [K NOv/}; |
for K either S™ or D™ and H some closed subgroup of Oy. Then the orthogonal
spectrum XQ’ 18 S-cofibrant. In particular the inclusion S — EX is an S-cofibration.

Proof. We assume K is a sphere, the case for a disc is similar. The i-fold smash

Since the action on a semi-free spectrum Gy, L is adjoint to an action on L (1.2.38),

it suffices to show that
i +d5

is a genuine Oyei-complex. We prove this using Illman’s triangulation theorem

(C.2.2):

(G577 )™ = Gy

i
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Since Oy=i operates transitively on OV@/Hi 1, the Oywi-orbit space of M is given by
(545, Then the proof of Illman’s triangulation Theorem C.2.4 implies that this
space admits a triangulation where the conjugacy class of the stabilizer subgroups
Stab, C ¥; is constant on the open simplices, i.e. the Y;-isotropy type is constant
on open simplices.

We claim that this triangulation also has the property that the Oysi-isotropy type
is constant on open simplices. Let z = [(s, [4])] be an element of M in the preimage
of [s] € (S%)s,. Then an element B € Oye: is in Stab, if and only if BA =
Aho with h € [[,H and o € Stab, C ;. Hence Stab, is exactly the subgroup
A(]],H Stabs) A1, i.e. the Oymi-isotropy type is constant on the open simplices.
Hence C.2.2 implies that M is a genuine Oy=:-complex.

Note that in particular the case K = DY i.e. DT = D% = S° is allowed here. [

Corollary 1.3.19. Let X be Gy, [KA(Ov/%). ], for K a based CW -complex and
V' a euclidean space, then the functor EXA(—) on orthogonal spectra preserves m,-
1somorphisms.

Proof. Smashing with X preserves m,-isomorphisms by 1.3.11. Since E%; is a free
Y.;-cell complex, so does E¥; Ax,(—). Now we can apply Lemma 1.3.16 for each
wedge summand in EX. O]

Corollary 1.3.20. The functor E preserves m,-isomorphisms between S-cofibrant
orthogonal spectra. In particular, each map in EJ is a m.-isomorphism.

Proof. Tterated use of the pushout product axiom for the S-model structure 1.3.10
implies that the i-fold smash power of an acyclic cofibration between S-cofibrant
spectra is an acyclic cofibration. Both E¥,; Ay, (—) and taking wedges preserve
me-isomorphisms hence Ken Brown’s Lemma gives the result. O

We will need to calculate realizations of simplicial objects and some other specific
colimits in the category of commutative orthogonal ring spectra. Recall Proposition
3.1.13 and the following lemma from [MMSS], that allow us to do so in the underlying
category of spectra:

Lemma 1.3.21 ([MMSS, 15.11]). Let {R; — Ri+1} be a sequence of maps of com-
mutative orthogonal ring spectra that are h-cofibrations of orthogonal spectra. Then
the underlying orthogonal spectrum of the colimit of the sequence in commutative
orthogonal ring spectra is the colimit of the sequence computed in the category of
orthogonal spectra.

The following Proposition is inspired by Lemma 15.9 in [MMSS], it deals with
the other part of the cofibration hypothesis for ESTI and brings us closer to the
convenience property 1.3.29.
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Proposition 1.3.22. Let f: X — Y be a wedge of maps in STI and let EX — R
be a map of commutative orthogonal ring spectra. Then the cobase change j: R —
RAexEY is an underlying h-cofibration of spectra. If smashing with R additionally
preserves S-cofibrations, j is even an S-cofibration.

Proof. As in the proof of [MMSS, 15.9], we identify the inclusion S? — D7*! of
spaces with the realization of the inclusion of O-simplices of the simplicial space
B.(S%,S5%,5°% (cf. B.1.36). Its g simplices are given by a wedge of ¢ + 1 copies
of S" with S°, with degeneracy maps the inclusions of wedge summands and face
maps induced from folding maps S} VvV ST — S, respectively the collapse map
StV 8% — SO for the last face in each simplicial level. Note that both the smash
product with an Oy-orbit and the semi-free functors G, preserve colimits and ten-
sors, hence the simplicial realization. Thus we can express f analogously as the
inclusion of 0-simplices of the simplicial orthogonal spectrum B,(X, X,T'), where
X = VG, SPA (OV/Hi)+ and T' = \/, Gy, S°A (OV/Hi)+' Applying E, takes co-
products to smash products, fold maps to multiplication maps, and inclusions of
the basepoints to unit maps of commutative orthogonal ring spectra. It also pre-
serves tensors over U, i.e. sends XAA, to X ® A, hence it sends the realization of
B.(X, X, T) to the realization of the bar construction B,(EX, EX,ET) as defined in
B.1.51. Finally, since we can compute geometric realizations in terms of the under-
lying spectra (3.1.13), and since smashing with R commutes with this realization,
we can identify

RAsxEY = RAgxB(EX,EX,ET) = B(R,EX,ET). (1.3.23)

We look at B.(R,EX,ET) in more detail: R includes into the O-simplices RAET as
a wedge summand, i.e. via an h-cofibration. All the other wedge summands are of

the form
Ak

0
Bn <gViS /\OV/Hi'i‘)Zk ’
hence they are S-cofibrant if smashing with R preserves S-cofibrations by 1.3.18.
Then in particular RAET is S-cofibrant and the inclusion of R is an S-cofibration.

The degeneracy maps are given by inclusions
RAEX)MAET = RA(EX) ASA(EX )" "AET — RA(EX) T AET.

Therefore the inclusion of degenerate simplices (B.1.42) is in each level ¢ given by

the map
RA(S — EX)HHIART,

which is an h-cofibration because S — EX is an inclusion of a wedge summand.
Furthermore 1.3.18 states that S — EX is an S-cofibration. Hence by the pushout
product axiom, the inclusion of degenerate simplices is an S-cofibration if smashing
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with R preserves S-cofibrations. Hence the bar construction is hA-proper, and even S-
proper for the stronger assumption on R. The result then follows using Proposition
B.1.46. [

Remark 1.3.24. Note that particular examples of ring spectra R that preserve posi-
tive S-cofibrations under the smash product are all R that are (absolute) S-cofibrant.
This includes the very important case of the sphere spectrum S.

Corollary 1.3.25 ([MMSS, 15.9]). The set ESTI of maps of commutative orthog-
onal ring spectra satisfies the cofibration hypothesis. Since it consists of ESI-cell
complezes, so does ESTJ.

Lemma 1.3.26 ([MMSS, 15.12]). Let i: R — R’ be an S-cofibration of commuta-
tive orthogonal ring spectra. Then the functor (—=)ArR' on commutative R-algebras
preserves Ty-isomorphisms.

Proof. Assume inductively that ¢ is a cobase change of a wedge of maps in ES™/.
Then as in 1.3.23 we can identify (—)AgrR’ with an appropriate B(—, EX,ET).
This functor preserves 7,-isomorphisms by B.1.47, since the bar construction is h-
proper. O]

Finally we get the analogue of [MMSS, 15.4], using the same proof as in the
classical case (cf. [MMSS, p. 490]):

Proposition 1.3.27. Every relative ESJ-cell complex is a m,-isomorphism.

This once more allows us to use Lemma [SS, 2.3], and we obtain the S-model
structure for commutative orthogonal ring spectra:

Theorem 1.3.28. The underlying positive S-fibrations and m,-isomorphisms give a
compactly generated proper topological model structure on the category of commuta-
tive orthogonal ring spectra. The generating (acyclic) cofibrations are given by the
sets ESTI and ESTJ, respectively.

Again the identity functor gives a Quillen equivalence to the classical model structure
from [MMSS, 15.1].

We call cofibrant objects in this model structure simply S-cofibrant, inspired by
the following Theorem, which is implied by the second statement of Proposition
1.3.22, and provides the main motivation for the constructions in this section:

Theorem 1.3.29. The S-model structure on commutative orthogonal ring spectra is
“convenient”, i.e. if & is a commutative orthogonal ring spectrum that is S-cofibrant,
it is already (positive) S-cofibrant as an orthogonal spectrum.

Even slightly more is true:
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Theorem 1.3.30. Let f: R — R’ be a map of commutative orthogonal ring spectra,
that is a cofibration in the model structure of Theorem 1.3.28. If the smash product
with R preserves S-cofibrations of orthogonal spectra, then f is an underlying S-
cofibration.

Proof. Reduce to the case of a EST I-cell complex. Induction on the cellular filtration
and the stronger second statement of Proposition 1.3.22 give the result. O

Theorem 1.3.31. For a commutative orthogonal ring spectrum R, the S-model
structure induces a compactly generated proper topological model structure on com-
mutative R-algebras. This R-model structure is convenient with respect to the R-
model structure on R-modules from Theorem 1.3.15(7).

The identity functor on commutative R-algebras induces a Quillen equivalence to the
classical model structure of [MMSS, 15.2].

Proof. We can use [DS, 3.10]. An analogue of Theorem 1.3.29 is then immediate,
since the free commutative R-algebra functor Ep satisfies Ex(—) = RAE(—), and
thus any cofibration of commutative R-algebras is an underlying R-cofibration. [J
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Chapter 2

Equivariant Orthogonal Spectra

2.1 Introduction

This chapter mirrors Chapter 1 on orthogonal spectra in an equivariant setting. We
once again begin with introducing notation and recalling basic results. We loosely
follow the approach from [MM], where the equivariant orthogonal spectra were first
defined. Other good references include [Kr] and [S11].

Summing up section 1.2.1, we have described several equivalent categories of
orthogonal spectra: Sp©, functor categories O7 and OT as well as S-modules in
I7T or I7. For the equivariant case, there are even more variations, only some
of which will be mentioned here. Again, our main focus will be on the functorial
approach analogous to 1.2.21, but we start once again with a down to earth version
that serves as a good basis for the intuition.

Throughout the whole section, let G € 7 be a topological group. At a later stage
we will usually restrict to compact Lie- or discrete groups, but in this categorical
part this is not yet necessary.

Definition 2.1.1. A G-equivariant orthogonal spectrum is an orthogonal spectrum
X, with a continuous action of G, i.e. a morphism G — Sp®(X, X) of monoids in

in7.

Similar naive ways of looking at equivariant spectra have come up before, but
have in other contexts been found insufficient in capturing all the desired (homotopy
theoretical) information. However, orthogonal spectra have a distinctive advantage
in that regard, which is expressed in the following construction:

Construction 2.1.2. Given a G-equivariant orthogonal spectrum X, and an orthog-
onal representation V' of GG, we can define the evaluation of X at V', as the G-space
Xy analogous to 1.2.22 via:

XV = O(R",V)Aoan, (213)
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where n is the dimension of V. The action of GG is then diagonal on the smash
product, with O(R™, V') inheriting an action via postcomposition from the action of

GonV.

Hence, even though X a priori only contains information at trivial represen-
tations, the actions of the orthogonal groups allow us to study X at any finite
dimensional orthogonal representation.

Example 2.1.4 (The Sphere Spectrum revisited). Recall the orthogonal spectrum
S from 1.2.11, and equip it with the “trivial” G-action. Then for all n, G acts
trivially on the evaluation Sg» = S™. However, this equivariant sphere spectrum is
far from trivial at more general representations. By 2.1.3 we have

Sy = O(R™,V)Ao, S™,

for n the dimension of an orthogonal representation V' of G. The GG action on Sy is
by postcomposition with the action on V' on the first factor, which by the definition
of the O,-action on S™ gives a (G-equivariant homeomorphism

Sy = sV

to the representation sphere SV, i.e. the one-point compactification of V with the
induced G-action.

As this example shows, a lot more equivariant information is hidden in the datum
of a G-equivariant spectrum than might be obvious at first glance. The ability to
unwrap this information will prove instrumental in various instances, in particular
when studying(equivariant) homotopical properties. In the following sections, we
will give definitions for several equivalent categories of G-equivariant orthogonal
spectra which will shed more light on the above, and, as in the non equivariant case
of 1.2.2, allow us to state some of the more technical properties needed throughout.

As in Chapter 1, we will then go on to recall classical results on the stable
homotopy theory of G-equivariant orthogonal spectra, before we adapt the methods
from Section 1.3, and construct the equivariant S-model structure in 2.3.27. We
want to highlight that, contrary to the classical model structures described in [MM]
(cf. 2.2.46), the cofibrations in the equivariant S-model structure are independent
from the choice of G-universe (2.2.3,2.3.15), which is a consequence of the twisting
and untwisting Propositions 2.3.9 and 2.3.6. Both of these appear for the first time
in this thesis, and should be seen as analogues of formula (2.1.3) that allow some
level of control over fixed point spaces of the levels.
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2.2 More Recollections

2.2.1 Definition(s)

One of the first things we should address, is that we did not actually define mor-
phisms of G-equivariant orthogonal spectra in the previous section. The reason for
this is that there are actually two equally important different notions of morphisms,
forming categories enriched over GT or 7, respectively.

Definition 2.2.1. Let X and Y be G-equivariant orthogonal spectra. The mor-
phism space Sp®(X,Y) inherits a G action by conjugation. We define the mor-
phism G-space Sp9(X,Y) € GT as SpR(X,Y) = Sp°(X,Y), and it is immedi-
ate that under the conjugation action, composition is in fact G-equivariant. This
gives a GT-category of G-equivariant orthogonal spectra SpS. The G-fixed cate-
gory of Sp§ is denoted by GSp®, which is a 7-category, as usual. The morphisms
GSPP(X,Y) = Sp2(X, Y)Y exactly correspond to the G-equivariant morphisms of
spectra with G-action.

Remark 2.2.2. As mentioned above, there are various different viewpoints on this.
For example a map of monoids G, — Sp®(X, X) in 7 is of course the same as a
continuous functor from the one object category with morphism space G to Sp°.
Hence as in A.2.8 we can form the enriched functor category |G, Sp®] which turns
out to be equivalent to Sp§. That is, morphisms in Spf correspond to natural
transformations of functors, whereas morphisms in GSp® are only the G-natural
transformations.

Similarly observe that the defining adjunctions of the tensor in orthogonal spectra
1.2.2 and the suspension spectrum functor > give natural isomorphisms

T<G+7 SpO(X> X)) = SpO(GJr/\X? X) = SpO(ZOOG+/\X7 X)

Hence an action map p: G4 — Sp°(X, X) is adjoint to some ji: S*°G AX — X,
and the fact that p is a map of monoids exactly translates to X being a module
over the orthogonal ring spectrum Sig) := G, via . Then morphisms in Sp§
correspond to mere spectrum morphisms between Sig-modules, whereas morphisms
in GSp® correspond to honest module maps.

Finally in the light of Definition 2.1.1, an action of G on an orthogonal spectrum
consists of actions of G on each level R", such that the structure maps o are G-
equivariant. Then morphisms in Sp§ are morphisms of spectra that are Oy, but
not necessarily G-equivariant in each level R"™.

We welcome the reader to pick his favourite out of the above models for his
own intuition, however the author has found the approach analogous to 1.2.21 most
powerful in dealing with the later theory. Hence following [MM], we construct the
equivariant analogue of the category O in the equivariant context:
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Definition 2.2.3. Let Og be the topological G category with objects all finite
dimensional orthogonal G-representations and morphism G-spaces given by

Ou(V,W) == O(V, W),

where the G-actions are given by the conjugation action through the G-actions on
V and W.

To be explicit once, let (V,¢: G — Oy ) and (W,9: G — Oy ) be finite dimensional
orthogonal G-representations. Then the space O(V, W) has elements of the form
(f,w) with f:V — W an isometric embedding and w an element of the orthogonal
complement of the image of f in W. The group G acts on O(V, W) by mapping

g, (f,w) — (¥(g) o fodlg™), Y(g)w).

Remark 2.2.4. Of course we could similarly define Z; as an analogue to 1.2.3.

Analogous to the non equivariant case, we can then define equivariant spectra
as functors:

Definition 2.2.5. A G-equivariant orthogonal spectrum X is a continuous G-functor,

i.e. a GT-enriched functor
X:0q — Tg.

Denote the GT-category [Og, T of such functors and their (not necessarily equiv-
ariant) natural transformations by Og7. The G-fixed category of only the G-
equivariant natural transformations [Og, T¢]¢ will be written as GOT .

Proposition 2.2.6. The GT-categories Sp& and OgT are equivalent, and hence so
are their G-fized categories GSp® and GOT .

Proof. We give GT-functors in both directions. Let X : Og — T4 be a GT-functor.
Restricting to the trivial representations R in O yields an orthogonal spectrum
consisting of G-spaces X,, € Tg. We need to check that the levelwise G-actions fit
together into an action on the spectrum, i.e. that all structure maps X, AS™™" —
X,, are G-equivariant, or equivalently that the adjoint

OR"™,R™) — Ta(Xn, Xin)

is. This latter formulation is exactly what it meant for X to be a GT-functor. On
morphisms, an (equivariant) natural transformation X — Y between GT-functors
by definition consists of (G-equivariant) maps S° — Tg(Xy,Yy) for all V € Og,
sending the non-basepoint to oy : Xy, — Yy, such that the diagram

Xy LYV

o

Xw == Yw
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is commutative for all f € Og(V,W). Restriction to the trivial representations thus
defines a morphism of spectra, which is equivariant if the transformation was.

In the other direction, for X and Y orthogonal spectra with G-action, we already
know how to evaluate them at general elements of Og by 2.1.2; so we only need to
check that the generalized structure maps from 1.2.22 actually yield a GT-functor,
i.e. that the composites

Oc(V,W) = OV, W) — Te(Xv,Yv)

are G-equivariant. The adjoint of the latter map is made explicit in the diagram
1.2.23, and all involved maps there are G-equivariant, using the conjugation G-action
on all the morphism spaces. Similarly one checks that (equivariant) morphisms of
spectra yield (equivariant) natural transformations.

Composing these two constructions in one way gives the identity functor on Spg.
On the other hand the fact that the natural isomorphisms

Og(wf, W)/\()WXW
Oc(R™, W)Ao,, Oc(W.R™) Aoy, Xw
Oc(R™, W)No,, Xm

2

Xw

I

I

are (G-equivariant then shows that the two categories are equivalent. O

Remark 2.2.7. Mixing results from the non equivariant case with the ideas from
A.2.27, we see that Spg is tensored and cotensored over GT. Tensors and cotensors
are calculated levelwise as in the non equivariant case, with the G-action on smash
products always being diagonal, and by conjugation on mapping spaces. We get the
defining GT-natural isomorphisms

Ta(D, SP(X.Y)) = SI(DAX,Y) = S(X, F(D,Y))

for tensors A and cotensors F. Again analogous to Example A.2.27, taking the
G-fixed points of the spaces above yields

GT(D,Spa(X,Y)) = GSp?(DAX,Y) = GS° (X, F(D,Y)),
hence for D having trivial G-action when considering D € T C Tg,
GT(D,GSpP (X,Y)) = GSp° (DAX,Y) = GSp° (X, F(D,Y)).

That is GSp® is tensored and cotensored over 7.

Even more can be taken from the non equivariant case, without extra work:
Note that given X and Y orthogonal spectra with G-action, their smash product
XAY inherits a diagonal G-action. We can compatibly equip their internal function
spectrum with a conjugation G-action. This can be made explicit in terms of the
formulas 1.2.4 and 1.2.6, but we will only need the following

49



CHAPTER 2. EQUIVARIANT ORTHOGONAL SPECTRA

Corollary 2.2.8. The categories Spg and GSp® are closed symmetric monoidal,
with smash products and function spaces calculated in Sp®, equipped with the diag-
onal or conjugation G-action, respectively.

Remark 2.2.9. Our choice of presentation for the definition of the smash product via
IT, respectively the induced tensor on the module category, has the advantage that
it is very explicit, and in particular when just dealing with non equivariant spectra
it provides a very helpful intuition. However, since we mainly deal with coordinate
free versions of (equivariant) spectra, respectively (enriched) functor categories we
should also give the equivalent formulation in these terms. The non equivariant
case is discussed in detail in [MMSS, §21] based on the more general statement of
D, §3,4]. We give the key steps in the construction:

Let (D, ®) be a skeletally small category enriched over GT whose underlying cat-
egory (cf. A.2.12) is symmetric monoidal, and let X and Y be enriched functors
D — GT. They define an external smash product

XAY: DxD — Tg.
(d,d/) = Xd/\}/;l/

Define the (internal) smash product as the GT-enriched left Kan extension
A := Lang(—A—): D — Tg.
In particular, by [K, 4.25], we can write the smash product pointwise as the coend

(d,d")eDxD
(XAY), = / D(d@d,e)AXgN\Yy.

Note that in the cases D = Og, and in particular in the non equivariant case for
G the trivial group, this definition agrees with the one given above up to canonical
natural isomophism. The fact that the definition given here indeed gives a closed
symmetric monoidal structure on the underlying category of [D,GT] in the more
general case can be checked by applying the enriched Kan-extension to the coherence
diagrams for D, using the fact that the Kan-extension is natural in all its inputs,
together with the fact that T itself was closed symmetric monoidal.

Note that as in [MMSS, 3.3, 23.1-6], for i: D — D’ a strong symmetric monoidal
functor, the functor U;: [D,Tg] — [D’, Tg] defined by precomposition is lax sym-
metric monoidal with respect to the smash product defined above. Its left adjoint,
again defined in terms of the enriched left Kan-extension is even strong symmetric
monoidal.
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2.2.2 Free and Semi-Free equivariant Spectra

Identifying Spg with the enriched functor category Og7 allows us to once more
study free and semi-free functors. Again the free case is well documented in the
literature as it has featured prominently in the constructions of [MM], whereas the
semi-free case makes its first appearance in this thesis. Since these are central to
our work, we again take some time to be explicit.

Consider for V' some finite dimensional G-representation the following diagram of
GT-categories:

*

Oy

| T

o T,

where % is the trivial GT-category with one object, say V' and morphism G-space
SO Tt is included into Oy, the GT-category with again only one object V, but
endomorphism space given by Oy, with the conjugation G-action. Further include
Oy as a full subcategory of Og. Then as in the non equivariant case, an orthogonal
spectrum X, viewed as a functor X : Og — T, naturally defines underlying functors
out of x, Oy and Z by precomposition with the above inclusions.

Once more there is a commuting diagram of functors

evV

1%

0T —= OyT —= [, T] —T, (2.2.10)

GVV

with the corresponding diagram of left adjoints given by the enriched left Kan-
extensions

FE(-)
OT o7 OvT <55, T (2.2.11)

Again we can easily compute the defining Kan-extension explicitly to get the fol-
lowing description of Fg:

Definition 2.2.12. Let V be a finite dimensional G-representation, let A € T4 be
a G-space. Then the free orthogonal G-spectrum FG A is given in a level W by

(FE AW == Oa(V,W)AA,
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with the diagonal G-action, and the structure maps induced by composition in Og.
This assignment, with the obvious extension to maps in 7, yields a functor

FG:Tg— 0T,

Since they do not differ on objects, we will denote the restriction to G-fixed categories
FG: GT — GOT in the same way.

The semi-free case is of course similar, but it is worthwhile to first take a closer
look at the source category: By definition, an object of [Oy,Ts] is a GT-functor
Oy — TJg, i.e. a space K with a continuous action of both G and Oy, such that
the map

OV - (‘TG(K7 K)
is G-equivariant, i.e. such that the two actions are compatible in the following sense:
g(A(g7'k)) = (gAg )k forall Ac Oy, g€ Gand k € K, (2.2.13)

where the left side only uses the actions on K, whereas on the right side, we first
act with ¢ on A by conjugation, and then let the result act on k. Replacing k& by gk’
in 2.2.13, we see that an object of [Oy, T¢] is the same as a space with a continuous
action of the semi-direct product OyxG. Recall that the multiplication on OyxG
is defined as follows:
(A,9)(B,h) = (A(gBg™"), gh).

Then morphisms in [Oy, T are continuous maps that are Oy-, but not necessarily
G-equivariant, so that the morphism spaces again inherit G-actions by conjugation.
The G-fixed category of [Oy, Tg] has only those morphisms that are both Oy- and
G-equivariant, i.e. it is isomorphic to the category OyxG7T of OyxG-spaces. This
discussion signifies the importance of the study of semi-direct products for the theory
of equivariant orthogonal spectra and we will have to investigate specific properties
of spaces with Oy x G-actions at several places throughout this thesis. Examples
include the twisting and untwisting Propositions 2.3.9 and 2.3.6 and Subsection
3.3.3, where we look at fixed points and orbits of OyxG-spaces.

Definition 2.2.14. Let V be a finite dimensional G-representation and let K €
OyxGT. Then the semi free orthogonal spectrum GSK is defined in a level W via

(GyK)w = OV, W)Ao, K,

where the action of Oy on the smash product is diagonal and on O(V, W) by pre-
composition. The G-action is similarly diagonal on the smash product and by con-
jugation on O(V,W). The structure maps, and hence the Oy, action, are induced
by postcomposition in Og. As in the free case, this defines a functor

GG Oy, Ta] — OcT.
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Again we make no difference in notation when passing to G-fixed categories and still

write Q‘C/": OyxGT — GOT.

Remark 2.2.15. Note that the GT-enriched adjunction yields adjunctions on G-fixed
categories, i.e the natural isomorphisms

OcT (GEK,Y) =[Oy, T5|(K, Yy)
in G7 yield natural isomorphisms
GOT(GSK,Y) = OyxGT(K,Yy),

such that the objects GG K have appropriate universal properties in both settings.

Remark 2.2.16. Note that forgetting the G-actions, the underlying spectrum of a
semi-free G-spectrum G& K is G, K, i.e. again semi-free, generated by the underlying
Oy -space of the OyxG-space K. The analogue statement holds for free G-spectra.
Compare to 1.2.38.

Therefore, if the target category is clear, we will often drop the superscript from
both F¢ and G¢.
The following results are the analogues of 1.2.34 — 1.2.38, and will similarly prove
helpful in several calculations:

Proposition 2.2.17. Let V and W be finite dimensional G-representations, K €
OyxGT and L € OwxGT. Then there is a natural isomorphism

Gy KNGy L = Gyaw (OvewAoy, xow KAL),
where the G-action on V@& W and KAL s diagonal.

Proof. Since the smash product in Og7 is calculated in OT, it suffices to check that
the diagonal action on the smash product is the one described in the proposition. [

Proposition 2.2.18. Let V and W be G-representations of the same finite dimen-
sion. Then for K € OyxGT, there is a natural isomorphism between semi-free
spectra

Gy K =Gy (O(V,W)ho, K).

Proof. The proof is exactly as that of 1.2.35, after one checks that the natural
isomorphisms used there are all G-equivariant. O

Proposition 2.2.19. The smash product of a semi-free G-spectrum G, K with an
orthogonal G-spectrum X is given in level W =2V & V' by

(Gy KAX)w = OwAoyxo,, KAXyr,

and just a basepoint in levels W which V' does not embed into isometrically. The
G-action on the right space is again diagonal on all three smash factors, through the
conjugation action on the first.
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Proof. Again this is proven by identifying the diagonal G-actions on smash products
in 1.2.37. [

Proposition 2.2.20. Let I' be another (topological) group. Then a (continuous)
action of T on a semi-free G-spectrum GG K € GOT is equivalent to a (continuous)
action of I' on the Oyx G-space K, and the levelwise orbit spectrum [ggK}F 18
isomorphic to G, (Kr).

Proof. This again follows exactly as in 1.2.38 because we assumed that the action of
' is categorical, implying that I' acts through G-equivariant maps, i.e. the actions
of A and G commute. ]

2.2.3 Universes

Traditionally, choices of universe have played a big role in stable equivariant homo-
topy theory. Working with orthogonal spectra, however, the universes move to the
background, at least for the categorical viewpoint. We recall some of the definitions,
so that we can make exact statements about where the choice of universe matters
(and where it does not).

Definition 2.2.21. A G-universe U is a sum of countably many copies of each or-
thogonal G-representation in some set of irreducible G-representations, that includes
the trivial representation. We say that U is complete if it contains all irreducible
representations, and that it istrivial if it contains only trivial representations.

Definition 2.2.22. Given a G-universe U, define O% to be the full subcategory of
Og, containing only those objects V', that are subspaces of 4. Then analogous to
Definition 2.2.5, let O%4T be the category of G-functors from O% to Tg.

Lemma 2.2.23. For any choicel of G-universe, the GT-category OLT is equivalent
to OgT

Proof. The inclusion of categories t: O% — Og defines a functor U,: OgT — OUT
by precomposition. This functor has a left adjoint we denote by P, and because ¢ is
the inclusion of a full subcategory the composition U,P, is naturally isomorphic to
the identity functor. Since O% in particular contains all trivial representations R™,
the formula for evaluation at a general representation 2.1.2 shows that the functor
pair is an equivalence of categories. O]

Similarly we could talk about indexing collections instead of universes:

Definition 2.2.24. Let V be a collection of finite dimensional euclidean G-representations.
Call V good, if it contains the trivial one dimensional representation and is closed
under direct sums.
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Definition 2.2.25. Let U be a G-universe. An indezxing G-space in U is a finite
dimensional sub-G-space of U, with the restricted inner product making it an orthog-
onal G-representation. Define V(i) to be the good collection of all G-representations
that are isomorphic to indexing G-spaces in U.

Similarly one can produce a G-universe out of a given good collection of G-
representations. Note that if U was complete, then V(Uf) is the collection of all finite
dimensional euclidean G-representation.

Definition 2.2.26. Given a collection V, define O}, to be the full subcategory of
O¢, containing only those objects V', that are elements of V. Then analogous to
Definition 2.2.5, let O57 be the category of G-functors from OF to Tg.

Again all the categories defined from good collections in this way are equivalent
analogous to 2.2.23. Sometimes it is worthwhile to consider similar constructions for
collections of G-representations that are not good in the sense of 2.2.24, in particular
the following example will come up in our study of geometric fixed points of smash
powers:

Example 2.2.27. Let G be a non-trivial finite group, X a finite free G-set (e.g.

X = G), and let V be the collection of objects of the full subcategory Of® of O

containing all finite dimensional X-regular G-representations, that is representations

of the form V ® Ry for V' € Og. Then in particular Op® is not good because it

only contains representations with dimensions a multiple of the order of X. As in

2.2.26, we can form the category of X -regular orthogonal spectra O5%T . Again, the
5 — Og defines a pair of adjoint functors

inclusion i: O
P, : (’)gg’]’ S 07U,

as above, which still has the property U;,P; = id, but is not an equivalence of
categories. However, we can as in 2.2.14 define free and semi-free functors for O;*7.
Then the fact that for W in OF* we can factor the inclusion Oy — OS*T — Og
implies the commutativity of the diagram

gw(_)

oT

OET 0,7

P; g

of left adjoints to the respective precomposition functors. In particular we get the
following natural isomorphism between semi-free functors:

Gt 2 UP,Gy? =2 UGy (2.2.28)

Note that we only used that Of® was a full subcategory, so one could easily generalize
the formula 2.2.28.
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2.2.4 Model structures

Let for the rest of the section G' be a compact Lie group. We recall the results
on model structures for G-equivariant orthogonal spectra as well as some technical
properties and tools from [MM]. The model structures on equivariant orthogonal
spectra constructed in [MM, III], depend heavily on a background choice of G-
universe that underlies the definition of the equivariant orthogonal spectra [MM,
I1.2.6]. However, Theorem [MM, V.1.7] validates our viewpoint of not changing
the underlying category (as was originally done in [MM, II]). Still, to give exact
statements, fix some choice of universe & and a GT-skeleton sk O of sk O% C Og
throughout this subsection. We call objects of sk O levels, and say that some
property applies levelwise, whenever it holds for all levels V.

Recall the genuine model structure on GT from C.1.8, and in particular the sets I
and Jg of generating cofibrations and acyclic cofibrations, respectively.

Definition 2.2.29. Let f: X — Y be a morphism of orthogonal G-spectra.

(i) f is a level equivalence if fy : Xy — Yy is a genuine equivalence in G7T for all

levels V.

(i) fis a level fibration if fy : Xyy — Yy is a genuine fibration in GT for all levels

V.

(iii) f is a g-cofibration if f satisfies the left lifting property with respect to all maps
that are both level equivalences and level fibrations.

Let FIg be the set of all maps F,4 with V' some level and 7 in I, and FJg
the analogous construction. Then the following theorem is a combination of [MM,

IV.4.6] and [MM, V.1.7]:

Theorem 2.2.30. The category GOT of orthogonal G-spectra is a cofibrantly gen-
erated proper G-topological model category with respect to the level equivalences,
level fibrations and q-cofibrations. The sets Flg and FJg are the generating q-
cofibrations and level acyclic g-cofibrations, respectively.

Once more, we give a list of homotopical properties we use throughout. Again,
orthogonal G-spectra X are called well based if the levels Xy, are well based G-spaces
for all levels V.

Lemma 2.2.31. If all involved spectra are well based, then the generalized cube
lemma and the generalized cobase change lemma hold for levelwise h-cofibrations
and levelwise G-homotopy equivalences as well as for levelwise h-cofibrations and
level equivalences.

Remark 2.2.32. As in B.1.29, one can slightly relax the well-based assumption.
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Definition 2.2.33. For an orthogonal G-spectrum X, k € Z and H a subgroup of
G, define the homotopy groups mi (X) as the colimit

HX COhchu 7Tk<Qva)H if & > 0
T =
g colimprcy ey mo(QV B X)) E i k<0

Remark 2.2.34. cf. [Kr, 3.3.3] Note that this definition depends on the choice of
universe . To be precise, it depends on the choice of U only up to H-equivalence:
Let ¢: V — W be an H-equivariant isometry between levels. Then the vertical
maps in the diagram

SV*f>XV

% 2

SW i> XW

are H-equivariant homeomorphisms, and hence there is a homeomorphism between
(QV X)) and (2" Xy )| sending a map f to the unique g that makes the diagram
commute. The same argument works when one replaces SV by SV-R* in the dia-
grams, i.e. for negatively indexed homotopy groups.

Similarly, for U cofinal in another G-universe U’, i.e. if there is a G-equivariant
embedding U — U’ such that every indexing space in U’ is a G-equivariant subspace
of an indexing space in U, a map of G-spectra is a m,-isomorphism with respect to
U, if and only if it is so with respect to U'.

Definition 2.2.35. Let f : X — Y be a map of orthogonal G-spectra. Then f is
an 7, -isomorphism if for all (closed) subgroups H of G and k € Z the induced map

foml X - ally
is an isomorphism.

Again, this definition of course depends on the choice of universe. In cases where
the group G in question is ambiguous, we will sometimes introduce a superscript
and write 7&-isomorphism. Similarly, for 5# a family of subgroups of G, we write

7/ -isomorphism for maps that induce isomorphisms on 7 for all H € 7.

Definition 2.2.36. An orthogonal G-spectrum X is an (2-spectrum, if for all levels
V and W, the map
o: XV — QWXV@W

adjoint to the structure map is a genuine G-equivalence.

Proposition 2.2.37. /MM, II1.9.3] Let f: X — Y be a map of Q-spectra and let
I be a closed family of subgroups of G. If T (f) is an isomorphism for all H € 32,
then (fv) is a weak equivalence for all levels V.

In particular if f is a w.-isomorphism, then f is a level equivalence.
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The following technical properties of 7,-isomorphisms will be used heavily through-
out our work:

Proposition 2.2.38. MM, I11.3.3, 3.5-3.11, 4.13, paraphrased]
(i) A level equivalence of orthogonal G-spectra is a m,-isomorphism.

(ii) For a genuine G-cell complex A, the functor —A\A on orthogonal spectra pre-
serves my-isomorphisms.

(11i) A morphism f of orthogonal G-spectra is a m.-isomorphism if and only if any
of its equivariant suspensions, i.e. LV f for some level V, is. The natural map
n: X — QVEVX is a m,-isomorphism for all orthogonal spectra X .

(iv) The homotopy groups of a wedge of orthogonal G-spectra are the direct sums of
the homotopy groups of the wedge summands, hence a wedge of T,-isomorphisms
1S @ Ty-18s0morphism.

(v) Cobase changes of maps that are mw.-isomorphisms and levelwise h-cofibrations
are my-1somorphisms.

(vi) The generalized cobase change and cube lemmas (B.1.5,B.1.7) hold for all or-
thogonal G-spectra, levelwise h-cofibrations and m,-isomorphisms.

(vii) If X is the colimit of a sequence of h-cofibrations X,, — X,41, each of which
1S a me-1somorphism, then the map from the initial term Xo into X is a m,-
isomorphism.

(viii) For any morphism f: X — Y of orthogonal G-spectra and any H C G, there
are natural long exact sequences

o Ty (F) = Ty(X) = 1(X) = s (Ff) = o

c—= mg(X) = m(Y) = m(Cf) = ma(X) — -

where F'f and C'f denote the (levelwise) homotopy fiber and cofiber of f. The
natural map Ff — QC'f is a w,-isomorphism.

9

All the above statements also hold with w,-isomorphisms replaced by 7% -isomorphisms
for some family A of (closed) subgroups of G.

Again the level model structures are localized at the 7, isomorphisms to get

stable structures, cf. [MM, 3.4]. The following maps play the role analogue to
1.2.47 in the non equivariant case:
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Definition 2.2.39. For V and W in Og, let Ay, : FyguS" — Fy,S° be the map
adjoint to the inclusion

SW — OVEBW+/\OV><OWSO/\SW>
sending the sphere to the copy indexed by the identity in Oy ap .
Lemma 2.2.40. /MM, II1.4.5] The maps A\y,w are m.-isomorphisms.

Definition 2.2.41. Once again recall the sets I5 of generating cofibrations for G-
spaces, and FJ of generating level acyclic cofibrations of orthogonal G-spectra from
above. Factor all the maps Ay via the mapping cylinder as Ay = ryw o kyw,
with 7w a deformation retraction. If source and target of Ay, are g-cofibrant (e.g.
if V- and W are levels), then kv is a g-cofibration. Let K¢ be the union of FJg
and the set of all maps of the form i[lkyy with ¢ € I and V' and W levels.

Definition 2.2.42. A ¢-fibration of orthogonal G-spectra is a map that has the
lifting property with respect to all maps that are g-cofibrations and 7,-isomorphisms.

Again there is a characterization analogous to 1.2.50

Lemma 2.2.43. /MM, /.8] A map p: E — B satisfies the right lifting property with
respect to K¢ if and only if p is a level fibration and the diagrams

Ey —2= OV Ey w (2.2.44)

pvl iQPV+W

By —= Q% By w

are homotopy pullbacks for all levels V' and W, that is the map from Ey to the
pullback is a genuine equivalence of G-spaces.

Corollary 2.2.45. The map F' — x has the right lifting property with respect to
Kg, if and only if F' is an Q-spectrum.

Then the following theorem combines [MM, 111.4.2,111.7.4, 7.5 and IV 6.5]:

Theorem 2.2.46. The category GOT is a stable compactly generated proper G-
topological model category with respect to the mw,-isomorphisms, q-fibrations and q-
cofibrations. The sets Flg and Kg are the generating cofibrations and acyclic cofi-
brations, respectively. This model structure satisfies the pushout product and the
monoid axiom.

An important fact is that this model structure is not just stable, but also equiv-
ariantly stable in the following sense:
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Theorem 2.2.47. [MM, III.4.14] For any V in U, the functor pair (XY, QV) is a
self Quillen equivalence of GOT , with respect to the model structure from 2.2.46.

This model structure is lifted to categories of orthogonal ring spectra and mod-
ules and algebras over such in [MMSS, I11.7], following the general treatment of such
questions from [SS]. Again when trying to lift this model structure to commutative
orthogonal G-ring spectra, we have to consider positive variations of the definitions
above. Note that in the equivariant context, positive encodes a stricter condition
than non equivariantly: The generating sets of cofibrations FIg, F*Jg and K}
are therefore defined by excluding all maps that require the use of F,, with V¢ =0
from their absolute counterparts (cf. 2.2.29 and 2.2.41).

Definition 2.2.48. Let f be a map of orthogonal G-spectra:
(i) f is a positive level fibration, if fi is a genuine fibration for all V' with V¢ # 0.

(ii) f is a positive level equivalence, if fi, is a genuine equivalence for all V' with
V& £0.

(iii) f is a positive g-cofibration if it is a g-cofibration and fy is a homeomorphism
for all V with V¢ = 0.

(iv) f is a positive q-fibration if it has the right lifting property with respect to all
maps that are positive g-cofibrations and m,-isomorphisms.

Theorem 2.2.49. [MMSS] The category GSp® of orthogonal spectra is a compactly
generated proper topological model category with respect to the positive level equiva-
lences, positive level fibrations and positive q-cofibrations. The sets FTIg and F*Jg
are the generating sets of cofibrations and acyclic cofibrations, respectively.

Theorem 2.2.50. [MM, 5.3,7.4,7.5] The category GSp® of orthogonal G-spectra
1s a compactly generated stable proper topological model category with respect to the
Te-1somorphisms, positive q-fibrations and positive q-cofibrations. The sets FT1g
and K/, are the generating sets of cofibrations and acyclic cofibrations, respectively.
This model structure satisfies the pushout product axiom an the monoid axiom.

Again recall the functor E from A.1.19.

Theorem 2.2.51. [MM, 8.1] The category of commutative orthogonal G-ring spec-
tra is a compactly generated proper topological model category with fibrations and
weak equivalences are created in the positive stable model structure of GSp®. The
sets EF I and EK/, are the generating sets of cofibrations and acyclic cofibrations,
respectively.
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Theorem 2.2.52. Let R be a commutative orthogonal ring spectrum The category of
commutative R-algebras is a compactly generated proper topological model category
whose weak equivalences, fibrations and cofibrations created in the model structure
2.2.46 for the category of commutative orthogonal G-ring spectra.

2.2.5 Change of Groups

Just as in the case of the change of universe, the change of groups in the context of
orthogonal G-spectra is severely simplified by the formula for evaluating a spectrum
at general representations 2.1.2:

Definition 2.2.53. Let X be an orthogonal G-spectrum, and let V be any H-
representation of dimension n for i: H C G the inclusion of a subgroup. Then the
evaluation of X at V', is the H-space

XV = OH(Rn, V)/\Oan,

where the action of H is diagonal on the smash product, by postcomposition on the
first factor and through the inclusion i on X,, (C.1.4).

Hence again, even though a G-spectrum classically only contains information
for H-representations that are restrictions of G-representations, an orthogonal G-
spectrum already carries all necessary equivariant information. Of course we should
assemble the levelwise information into a functor.

Definition 2.2.54. Let i: H — G be the inclusion of a subgroup. Then the as-
signment (i*X)y := Xy for all H-representations V' gives the object part of the
restriction functor

" GOT — HOT.

On morphisms one checks easily that the maps on levels R™ induce morphisms of
H-spectra, which are compatible via the natural isomorphisms 2.1.2.

Remark 2.2.55. Note that for V' an H-representation which is the restriction of a
G-representation, i.e. V = ¢*W  we have H-equivariant homeomorphisms

(X )y 22 i*(Xw).

Remark 2.2.56. Considering the different enrichments, we can consider Og7 as
an HTJ-enriched category by transporting the GT-enrichment along the space level
restriction functor, which is strong symmetric monoidal (cf. A.2.9). Doing so, the
functor ¢* becomes an H7 -functor Og7 — Opy7, whose H-fixed point functor is
the one in Definition 2.2.54.
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The functor ¢* has both a left and a right adjoint, the latter of which will not be
used in our work, so we omit a formal definition.

Definition 2.2.57. Let Y be an orthogonal H-spectrum. Then the induced G-
spectrum G AgY is the orthogonal G-spectrum given by

(GiAuY )y = Gy AgYiv,
with the (G equivariant) structure maps given as the composite
Oc(V,WINGAgYirv) = GoAy(i*Oq(V, W)AYy)
G+AH(0H(i*V, Z*W)/\Y;*V)
G—l—/\HY;*W)

1%

l

where the first first isomorphism is an instance of C.1.6, and the last map is the
structure map of the H-spectrum Y.

Remark 2.2.58. Again, viewing GO7T as an HTJ-category, this even gives an enriched
functor.

The interactions of these change of group functors with the model structures
from the previous section are well documented in [MM, V.2]. We will only repeat
the ones that we explicitly use throughout. Let G be a compact Lie group and H a
closed subgroup.

Lemma 2.2.59. [MM, V.2.2] The restriction functori*: GOT — HOT “preserves
Te-1somorphisms”.

This looks innocent, but of course we should make the statement precise in terms
of the involved choice of universes. So to be specific let Ug be a G-universe such
that i*Ug is cofinal in an H-universe Uy, that is, any finite dimensional subspace V'
of Uy can be H-equivariantly embedded into a subspace of +*Uc.

Lemma 2.2.60. The restriction functor i* sends ©%-isomorphisms defined in terms
of the universe Ug to mH -isomorphisms defined in terms of the universe Uy .

Here we implicitly used Remark 2.2.34. Under the same assumption the following
statement about the left adjoint is immediate:

Lemma 2.2.61. The induction functor Gy Ay (—) maps levelwise H-homotopy equiv-
alences to levelwise G-homotopy equivalences.

Similarly, if we additionally assume that Uy is even H-isomorphic to ¢*Ug, we
get the following lemma:

Lemma 2.2.62. The induction functor Gy Ap(—) “preserves (acyclic) q-cofibrations”,
i.e. sends (acyclic) q-cofibrations defined in terms of Uy to acyclic g-cofibrations de-
fined in terms of Ug.
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2.3 Equivariant Convenient Model Structures

In this section we give analogues to the convenient model structure from Theorem
1.3.28 in the case of equivariant orthogonal (commutative ring) spectra. The non
equivariant case will serve as a blueprint for the constructions. Let again for the
whole section GG denote a compact Lie group.

2.3.1 More Mixed Model Structures

Recall the evaluation G-functors from G-spectra to OyxG7, and their left adjoints
the semi free G-spectrum functors from Definition 2.2.14. Analogous to 1.3.5 we
want to construct a model structure on GSp® by lifting a family of model structures
on the various categories OyxG7 along the functors G, .

For each orthogonal G-representation V', we therefore consider the genuine model
structure on OyxG7 as in C.1.8. Recall that the generating (acyclic) cofibrations
were given by the sets

loyar = {l (8" x Oy G/H)+ — (D™ x Oyx G/H>+7 n>0, H closed}

JowcT = {2'0: (D" x OvxGrny (D" x [0,1] x OvXG ), n>0, H closed} .

We abbreviate the notation by writing Iy := Io, a7 and Jy := Jo,«a7 instead.
Also recall that for any closed family % of subgroups of Oyx G (cf. C.1.1), the
F-equivalences are defined as those maps that are weak equivalences on H fixed
points, for all H in .% (C.1.12). Similar to the mixed model structure we constructed
on general G-spaces, we want to construct model structures that are a mix between
the genuine and a more naive structure on Oy x G-spaces. Compared to the struc-
ture above, we in the end want to relax the requirements on weak equivalences to
exactly allow for maps that are naive Oy - but genuine G-equivalences. The precise
statement is the following theorem:

Theorem 2.3.1. Let % be a closed family of closed subgroups of OyxG. The cat-
egory OyxGT has a compactly generated model category structure with cofibrations
the genuine cofibrations and weak equivalences the % -equivalences.

Proof. Recall the universal .#-space E.% from C.1.18. Let H be a subgroup of
Oy x G that is not in .#. Then as in 1.3.2 consider the projection

mi: (OvxG xy EF), — (Ov*G ),

which is a .%-equivalence (C.1.19). Factor 7y = ry o jy via the mapping cylinder
Mry as an Z-acyclic genuine cofibration jg, followed by an Oy x G-deformation
retraction ry. Then define the new set of generating acyclic mixed cofibrations as

Jvm = Jy U {jHDZ,Z ely, H ¢ g}
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The proof is then the same as the one of Theorem 1.3.2, if we substitute naive
equivalence by .%-equivalences, and use that the .%-model structure is G-topological
(C.1.13), instead of the fact that naive weak equivalences induce equivalences on
homotopy fixed points. The new reference for closure properties of .%-equivalences
is C.1.16. As it is the main point of complication, we show again that any map that
is both in Jy ,,—inj and a naive weak equivalence is already in /;—inj: For a map
f X — Y it is equivalent to be in Jy,,—inj and that f is both a genuine fibration
and that it has the right lifting property with respect to all the maps jy[i from
above. By adjointness B.1.12 the latter condition is equivalent to ho(jy, f) having
the right lifting property with respect to I for H not in .%. But since the genuine
model structure is OyxG-topological (cf. C.2.7) this is equivalent to Mo(jm, f) being
a genuine weak equivalence if f already was a genuine fibration. Again the defining
diagram for Mo(jy, f) is given by the lower part of the diagram

Toyxa (OVX G/HJHX) \\\

ToyxG (Mmpg, X) ToyxG (OV” Sy Y)
hoGg.f) \L
P Toyxg (Mg, Y)

| |

Toyxc (Ovx G x g EF) 4, X) —— Toyxa (OvxG xg EF), ,Y).

In the situation we are interested in f is in Jy,,—inj and a .#-equivalence, such
that also the lower horizontal map is a Oy x G-equivalence since OyxG Xy E.Z is
a #-complex. Passing to OyxG-fixed points in the above diagram then yields that
the maps f¥ are also weak equivalences for all H not in .%, that is f is already a
genuine Oy x G weak equivalence, hence in Iy —inj. ]

Note the following fact from the proof:

Corollary 2.3.2. A map f: E — B is a fibration in the model structure of 2.3.1 if it
is a genuine OyxG-fibration, and the maps Mo (ju, f) are genuine weak equivalences
of G-spaces for all P ¢ F .

Remark 2.3.3. Several variations on the family .%# will be important for us. Of most
immediate use will be the family of subgroups which generate Oy -free orbits:

Free = {P C OyxG, s.t. Oy G/p is Oy-free}
= {P COyxG, st. P#(Ae) for A#idy}
= {P C OyxG, s.t. pry: P — G is injective}.
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We usually do not indicate the specific G-representation V' in the notation for the

families; where confusion is possible, we add the superscript .ZY..

2.3.2 Level Structures

In this section, we aim to use Theorem B.2.8 to assemble these various mixed model
structures to a mixed level model structure on G equivariant orthogonal spectra.
We will, however, begin with some more details about the cofibrations, weak equiv-
alences and fibrations that will form the assembled structure.

Definition 2.3.4. A morphism of orthogonal G-spectra is an S-cofibration, if it
has the left lifting property with respect to those morphisms that are levelwise
equivalences and fibrations in the model structures of Theorem 2.3.1, with respect
to the families % ..

It is important to notice that levelwise .%.. equivalences are not the same as
level equivalences in the sense of 2.2.29. The following definition and subsequent
corollaries will make the difference more obvious:

Definition 2.3.5. A morphism f : X — Y is a strong level equivalence (fibration)
if for all (closed) subgroups i: H—G the restriction (i*f) to H-spectra has the
property that for all H-representations W, the map (i*f)y is an H-equivalence
(fibration).

An orthogonal G-spectrum X is a strong Q-spectrum if for all (closed) subgroups
i: H—G the restriction (i*f) to H-spectra has the property that for all H-re-
presentations V and W, the adjoint structure map 7: Xy — QW Xy is an H-
equivalence.

In particular the definitions of strong level equivalences, fibrations and (2-spectra
are independent of the choice of universe. Comparisons to these strong types of maps
will be very useful when proving the model category axioms in Theorems 2.3.13 and
2.3.27. The core idea lies in the following two propositions, which should be seen as
analogues of the formulas for evaluating a spectrum at any G-representation, now
also including fixed points. For more information on the semi-direct product see
also Subsection 3.3.3, which gives a good intuition of why one needs to take care
when passing to fixed points.

Proposition 2.3.6 (Untwisting). Let X be an orthogonal G-spectrum and let (V, ¢: G —
Ov) a G-representation. Then for any subgroup P € ZY . there is a subgroup

ree’

i: H— G, a group homomorphism v: H — P and an H-representation V' of the
same dimension as V', such that there is an isomorphism

P (Xv) = (@ X))y

of H-spaces. In particular X{7 = (i*X)¥,. This isomorphism is natural in X.

65



CHAPTER 2. EQUIVARIANT ORTHOGONAL SPECTRA

Proof. Since the Oy-action on Oy G/ p is free, the group homomorphism
P 0pxG 2 G
is injective. We denote the image of P in GG by H. There is a splitting
¢:H = P— OyxG

of the projection to G, and we denote (h) := (Op, h) € P C OyxG. In particular
because v is a group homomorphism we get the following relations on the elements
Oh of OV:

Oy = O Oni(9) .

The same relations then guarantee, that the map ¢ : H — Oy, h — Opo(h) is a
group homomorphism. In particular we get a (new) H representation (V, ), which
we denote by V’. Now consider the isomorphisms from 2.1.2:

Xy = O(V,V)Ao, Xy (2.3.7)

(i* X))y =2 O(V, V) Ao, Xy

We need to check H-equivariance, so let us take a closer look at the actions:
Let [(f,z)] be an element in ¥*(O(V,V)Ao,Xv), then h € H acts through o,
ie. by sending [(f,x)] to [(Ond(h)fed(h)~t hx)]. Similarly, considering [(f,z)]
as an element of O(V,V')Ao, Xv, the action of h takes it to [(¢(h)fo(h)~!, hx)).
Hence by construction of ¢, the “identity map” sending [(f,x)] to [(f,z)] is an H-
homeomorphism from * Xy to (i*X )y under the identifications 2.3.7. Naturality
in X is immediate from the construction. ]

Corollary 2.3.8. Strong level equivalences are levelwise oo -equivalences and strong
level fibrations are levelwise Fee-fibrations.

Proposition 2.3.9 (Twisting). Let X be an orthogonal G-spectrum, (W, p: G —
Ow) an n-dimensional G-representation and i: H — G a subgroup. For any n-
dimensional H-representation (V,¢: H — Oy and any subgroup K C H, there is a
(continuous) homomorphism ¢: K = L C OwxG, such that L is in ZY. and there
s an isomorphism

(" X)v =" (Xw)

of K-spaces. In particular X{ = (i*X)¥. This isomorphism is natural in X.

Proof. We chose bases for V and W in order to identify the orthogonal groups
Oy and Oy . Different choices of bases will in the end yield potentially different
subgroups L, but we are only concerned with the existence. It is enough to show
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the statement for K = H, since we can restrict X to a K-spectrum first. Again
consider

(i"X)v = O(W,V)Aoy, Xw (2.3.10)
Xw = O(W,W)Ao,, Xw.

Similar to the untwisting case, we look at the H-actions: For [(f,z)] in (i*X)y,
an element h € H sends it to [(#(h)fe(h)™!, ha)]. On elements [(f,x)] of Xy, an
element (A,g) € OwxG operates by sending it to [(Ap(g)fe(g)~t, gx)]. Hence
defining ¢ : H — Oy G as

ho ((h)p(h)~™", h)

yields the desired H-isomorphism (i*X)y = ¢*(X,). Naturality in X is again
immediate from the construction. O

Corollary 2.3.11. For all n > 0 choose a G-representation V,, of dimension n.
Morphisms that are Fee-equivalences (fibrations) in all levels V,,, are strong level
equivalences (fibrations).

Corollary 2.3.12. In particular, strong level equivalences and levelwise Fq.-equivalences
are the same.

Theorem 2.3.13. The S-cofibrations and strong level equivalences give a com-
pactly generated G-topological model category structure on the category GSp® of
G-equivariant orthogonal spectra.

Proof. We use the Assembling Theorem B.2.8. Proposition B.2.10 shows that the
resulting structure is G-topological. The sets of generating cofibrations are

GI ::{ U gva} and gJ::{ U QVJVm}.

VeOs VeOs

To apply Theorem B.2.8 we need to check that the maps in GJ are actually level-
wise Free-equivalences. So let Gf : G, X — G,Y a generating acyclic cofibration,
ie. f: X — Y is a generating acyclic mixed cofibration, in particular a genuine
cofibration between genuine cofibrant Oy xG-spaces, that is .%..-acyclic. We prove
that Gy, f is a strong level equivalence. In particular, let first H = G, and W any
G-representation. Then fy, is the map

fwl Og(‘/, W)/\OVXV — O(V, W)/\OVYV-

Before passing to the Oy-orbits, this is the map O(V,W)Afy, which is a Fee-
equivalence between Ze.-cell complexes, by Lemma C.2.7(i) and (iii). Therefore
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B.1.3 implies that it is even a Oy x G-homotopy equivalence, and hence a G-
equivalence after passing to Oy-orbits.

Let now ¢: H — G be an inclusion of a closed subgroup and j the corresponding
inclusion Oyx H — OyxG. Then 2.1.2 shows that for any Oy x G-space K, the
H-spectra i*(GSK) and GH\,j* K are isomorphic. Since j*X — j*Y is again a £ Y-

equivalence between genuinely cofibrant Oyx H-spaces, the same argument as in the
above case of H = GG shows that f is even a strong level equivalence. [

Again note the following immediate consequence of the description of the fibra-
tions in the Assembling Theorem B.2.8, and Corollary 2.3.2:

Corollary 2.3.14. Any fibration in the model structure of Theorem 2.3.13 is a
genuine Oy x G-fibration in each level, in particular a genwine G-fibration in each
level, and a strong level fibration by 2.3.9.

Finally we record the following property:

Lemma 2.3.15. The definition of S-cofibrations is independent from the choice of
ungverse.

Proof. By the proof of 2.3.13, the g-cofibrations are exactly retracts of GI-cell com-
plexes. For any n chose a G-representation V;, of dimension n (for example the trivial
one). We show that any GI-cell complex is already a |J Gy, Iy,-complex. Indeed, let
dim(WW') = n and let

G = G (¥ x OWN Gy G (DF x OvxG oy,

be in GI. By 2.2.18, it suffices to show that
OwxdG
Oa(W, Vo) Aoy "W S/ b,

is a genuine Oy, x G-complex. Before passing to the orbits, this is the space
Oc(W, V,)A(Owx G) 1, which is a genuine PP x ((Oy, x Oy) x G)-complex by
C.2.4, hence the result follows. O

Corollary 2.3.16. The model structure in Theorem 2.3.13 is independent from the
choice of universe.

Again we can consider positive variations of this model structure analogous to
1.3.7, keep in mind, that in the equivariant setting a level V' is called positive, if the
dimension of the fixed point space V¢ is positive.

Similar to [MM, IV.6], one can restrict attention to a specific closed family .77 of
subgroups of G. To do so, we only have to adapt the definition of the families %,
in 2.3.3, and accordingly the definition of appropriately strong level equivalences.
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Definition 2.3.17. Let 4 be a closed family of subgroups of G. For a represen-
tation V of G define the closed family .Z7 of subgroups of OyxG as the intersection
of Free N F 5, where 7, contains exactly those subgroups whose image under the

projection to G is in J7.

Definition 2.3.18. A morphism f : X — Y is an J-strong level equivalence if for
all subgroups H € J the restriction (i*f) to H-spectra has the property that for
all H-representations W, the map (i* f)w is an H-equivalence.

Then the assembling theorem B.2.8 implies the following analogue to 2.3.13

Theorem 2.3.19. The S-cofibrations and ¢ -strong level equivalences give a com-
pactly generated G-topological model structure on the category GSp® of equivariant
orthogonal spectra.

Proof. The only thing we need to check, is that J#-strong level equivalences are
levelwise %7 -equivalences, and that the proposed generating acyclic cofibrations
coming from the assembling theorem are indeed .77-strong level equivalences. Both
are proved in the exact same way as above, together with the fact that the Twisting
and Untwisting propositions 2.3.9 and 2.3.6 respect the property that the projection

of a subgroup to the second factor is in 7. ]

Again this model structure is independent of the choice of universe.

2.3.3 Stable Structures

We construct stable versions of the S-model structures analogous to [MM, III1.4].
Unless explicitly stated otherwise, all m,-isomorphisms are with respect to a com-
plete universe. Just as in the case of the usual stable model structure on orthogonal
G-spectra, we have to add more generating acyclic cofibrations.

Definition 2.3.20. For all closed subgroups iH — G and H-representations V' and
W, define
Miw = FllgwS™ — FFS°.

We induce up to G-spectra, setting )\ﬁw = G+/\H)\{/I7W. Then as in the classical
case, factor Aﬁw via the mapping cylinder as )\‘G,W = ryw o kyw and let SJ be the
union of G.J and the set of all maps of the form :Uky w with i € Gy1y = Fyly. For the
positive case, exclude those ky .y where V' does not contain a trivial H-representation
of dimension at least 1.

Lemma 2.3.21. For all H-representations V. and W as above, the map kyw is an
S-cofibration and a mw.-isomorphism.
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Proof. We begin by showing that source and target of )\‘G/W are SIg-cofibrant, which
implies the first part of the statement since the level structure is (G-) topological.
Since source and target of )\I‘}fw are SIy-cofibrant, 2.3.15 implies that it suffices
to show that the inducing up functor G, Ag(—) sends morphisms in G, Ig. to
SI-cell complexes. By comparison of the respective right adjoints, we get natural
isomorphisms

G AEGE K 2 G (G A K) 22 Gra(Ornx G Ao K.

Since the space level restriction functor preserves genuine fibrations, its left adjoint
preserves genuine cell complexes.

For the second part, using a cofibrant approximation functor (—)¢ for the classi-
cal level model structure on HO7T with respect to the H-universe containing the
restricted G-representations. We get a diagram of H-spectra

(FowS" ) — (FVS)

N

H w v.w H Q0
FvawS FiS°,

in which the top horizontal map is a m,-isomorphism between g-cofibrant H-spectra,
and the vertical maps are levelwise genuine H-equivalences between levelwise gen-
uine Oyx H-complexes, hence H-homotopy equivalences. Applying the inducing up
functor to this diagram yields that )\‘C}Y’W is a m,-isomorphism by 2.2.61 and 2.2.62. [J

As usual for this kind of discussion, we need a characterization of the right lifting
property with respect to SJ:

Proposition 2.3.22. A morphism p : E — B of orthogonal G-spectra has the
right lifting property with respect to SJ (STJ), if and only if it is a fibration in the
(positive) level structure of Theorem 2.3.13, and the diagrams
(i*E)y —2= QU E)yew (2.3.23)
(i*P)Vl \LQW(i*p)VGBW
(i*B)v —= QY (" B)vaw

are homotopy pullbacks for all closed subgroups H C G and H-representations V'
and W (which do contain trivial sub-H -representations, i.e. are positive).

Proof. Since SJ contains G.J, any map that has the right lifting property with
respect to SJ is a fibration in the level S-model structure. Additionally by the
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adjunctions A.2.32, it has the lifting property with respect to all the maps iOky,yy,
if and only if the maps OgT (ky,yy, p.) are genuine acyclic fibrations in GT. Since
kyw is an S-cofibration, Og7T (kyy, p«) is always a genuine fibration because the
level structure is G-topological. Since ry i was a levelwise G-homotopy equivalence,
OcT (K, ps) is a genuine weak equivalence if and only if OgT (AJ )", ps) is.
Finally use the defining adjunctions to identify the diagram in the proposition. [J

Corollary 2.3.24. If the morphism E — % has the right lifting property with respect
to SJ (STJ), then E is a strong (positive) Q-spectrum, in particular for all closed
subgroups i : H — G, i*E is a (positive) H-Q-spectrum.

Proposition 2.3.25. A m.-isomorphism between strong (positive) Q2-spectra is a
strong (positive) level equivalence.

Proof. Since for all subgroups 7: H — G the functor ¢* preserves m,-isomorphisms
by 2.2.60, this is a direct consequence of 2.2.37. O

Definition 2.3.26. A morphism of orthogonal G-spectra is an S-fibration if it has
the right lifting property with respect to all morphisms that are S-cofibrations and
T4-isomorphisms.

Theorem 2.3.27. The category GSp® of orthogonal G-spectra is a proper monoidal
model category with respect to the m.-isomorphisms, (positive) S-fibrations and (pos-
itive) S-cofibrations. This (positive) S-model structure satisfies the monoid aziom.

Proof. The proof is similar to the classical case of [MM, I11.4.2] and the non equivari-
ant case of 1.3.10. The generating cofibrations and acyclic cofibrations are given by
SI := GI and SJ, respectively STI and ST.J for the positive case. All the maps in S.J
are in SI—cof and m,-isomorphisms, in particular also h-cofibrations, so that every
map in SJ—cell is a 7,-isomorphism. We have to check, that every map p € SJ—inj
that is a m.-isomorphism is already in S/—inj. By the level model structure and
Theorem 2.3.8 it suffices to show that p is a strong level equivalence. Since p has the
right lifting property with respect to SI it is in particular a levelwise %, fibration,
i.e. a strong level fibration by Corollary 2.3.11. Thus it suffices to prove that the
(levelwise) fiber F'

F—F

l J

p

*— B
is strong level acyclic, by the long exact sequences of homotopy groups for all (strong)
levels. But F' — x is again a m,-isomorphism (2.2.38(viii)) and inherits the right

lifting property with respect to SJ. Hence F' is a strong (2-spectrum and therefore
strong level acyclic by 2.3.25.
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The new reference for properness is [MM, II1.4.13]. The pushout product axiom fol-
lows from the fact that m,-isomorphisms are preserved both under the smash product
with h-cofibrant spaces and under cobase change along h-cofibrations, together with
the following proposition. The monoid axiom is similar to the non equivariant case
implied by Proposition 2.3.29. O]

Proposition 2.3.28. SILISI C SI—cell.

Proof. Let
OyxG n— n OyxG m— m
Gy (O G, A[s"" = D) and Gy (OW*Cry, A[s" — D"])
be maps in GI. Then their pushout product is isomorphic to:

gV@W (OV@W+/\OV><OWOV>4 G/HH_/\OWN G/H2+/\ [Sn—l—m—l N Dn+m}> .

Since as a left adjoint, smashing with a space preserves colimits, it suffices to show
that

OVEBWJr/\OvXOVt/OV>4 G/HH/\OWN G/H2+

is a genuine Oy g x G-cell complex. As a Oygwx G-space, this is isomorphic to

OV@W X (G X G)/Hl y H2 ’
+

where H; X Hy acts on Oygw X (G x G) from the right via:

. . Jig~! 0 . .
[(A7g7g/)‘(‘]17,]17<]27]2)] =A ( g 10g g/J2g/—1 > agjlag,]2

So the manifold Oygw x (G x G), has an action by OyewxG x (H; X H)° and
is hence triangulable as an Oygwx G x (H; x Hy)°P-complex by [II83, 7.1]. Since
taking orbits preserves colimits, so is

OV@W b (G X G)/Hl « Hy.-
+

Finally, since Oyawx G X (Hy X Hy) orbit types are triangulable as Oygwx G-
complexes by C.2.5, it is genuinely cofibrant as desired.
O

Proposition 2.3.29. S-cofibrant equivariant spectra are flat, in the sense that for
any S-cofibrant G-spectrum X, the functor X N— preserves equivariant m,-isomorphisms.
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Proof. Let Z be a G-spectrum with trivial equivariant stable homotopy groups.
Using the same arguments as in the proof of the non equivariant case (cf. Proposition
1.3.11), we can reduce to showing that QVOVN G/H+/\Z is still acyclic. Using
Theorem [MM, 3.6] to replace Z by its shift by an arbitrary G-representation W =
V @ V' and again following the non equivariant case yields that we can reduce to
showing that the levelwise smash product

<OV®V’+/\OV OVN G/H+) /\OV/ Z

is still acyclic. The left space is a Oy/°? x G-complex by C.2.4, and like in the non
equivariant case, the right action by Oy is free. Then again a cell induction, this
time using Theorem [MM, II1.3.11], gives the desired result. O

Once again we can restrict attention to a closed family of subgroups of GG, all the
results above hold with the 7,-isomorphisms replaced by 77 -isomorphisms so that
we get:

Theorem 2.3.30. The category GSp® of orthogonal G-spectra is a proper monoidal
model category with respect to the ¥ -isomorphisms, (positive) S -fibrations and
(positive) S-cofibrations. This (positive) S”-model structure satisfies the monoid
azriom.

Proposition 2.3.31. The identity functor on the category of equivariant orthogonal
spectra gives a monoidal Quillen equivalence from the classical (positive) stable model
structure to the (positive) stable S” -model structure.

Proof. Since any g-cofibration is an S-cofibration, the identity functor preserves
cofibrations. Since the weak equivalences are the same in both model structures, it
also preserves acyclic cofibrations and detects and preserves weak equivalences. The
identity trivially satisfies all other properties of monoidal Quillen functors. [

Remark 2.3.32. The same proof implies a similar statement for the (positive) S -
model structure and the “classical” (positive) stable #-model structure on GOT
from [MM, IV.6.5].

Analogous to 1.3.15 we use Theorem [SS, 4.1] to lift the (positive) S-model
structures to categories of modules and algebras:

Theorem 2.3.33. Let R be an orthogonal ring G-spectrum.

(i) The category of left R-modules is a compactly generated proper model category
with respect to the m,-isomorphisms and the underlying (positive) S-fibrations.
The sets of generating cofibrations and acyclic cofibrations are RASI (RASTI ),
and RAStJ (RASTJ).
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(i1) If R is S-cofibrant, then the forgetful functor from R-modules to orthogonal
spectra preserves cofibrations. Hence every cofibrant R-module is cofibrant as
an orthogonal spectrum.

(11i) Let R be commutative. The model structures of (i) are monoidal and satisfy
the monoid azxiom.

(iv) Let R be commutative. The category of R-algebras is a compactly generated
right proper model category with respect to the m.-isomorphisms and the un-
derlying (positive) S-fibrations. The sets of generating cofibrations and acyclic
cofibrations are RAASI (RANASTI) and RAASJ (RAASTJT).

(v) Let R be commutative. Every cofibration of R-algebras whose source is (posi-
tive) cofibrant as an R-module is also a cofibration of R-modules. In particular,
every cofibrant R-algebra is cofibrant as an R-module.

All the above model structures are Quillen equivalent to the classical ones from [MM,
II1.7.6] via the identity functor as in 2.3.31, and admit variations for closed families
FC of subgroups of G.

As in the classical case, we will deal with the lift to commutative algebras in a
separate section.

2.3.4 Extension to Commutative Ring Spectra

As usual, we only work with the positive S- or positive S”-model structure in this
section, to keep notation simpler, we will not indicate the choice of closed family in
the notation. Generally we will be rather brief, as most of the discussion is analogous
to section 1.3.4, and the discussion in the classical case from [MM, II1.8]. Once again
we start with the technical lemmas analogous to 1.3.16 and 1.3.17:

Lemma 2.3.34. LetY be an orthogonal G-spectrum and let X be G, [(OVNCVH)Jr /\K} ,
for K a based CW -complex and V& # 0. Then the quotient map

q: (ESipAs, XM)AY — XEAY
15 an eventual level G-equivalence, hence an equivariant m,-isomorphism.

Proof. We prove that ¢ is a G-equivalence in all levels W =, V¥ @ V', There the
target of qu is given by:

N .
{OWJF/\HonoV, (OVM G/H+> /\KM/\YV,}

PP
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Before taking ¥; orbits this is isomorphic as an Oy,x G-space to
<0W><1GXi/ H> /\OV/K/\i/\Y‘//
+

in a similar way as in the proof of the pushout product axiom in Theorem 2.3.28.
Here, the group ¥; acts diagonally on the first three factors, via multiplying with
block permutation matrices induced by permuting V-summands from the right on
the first, and by permuting (smash) factors on the second and third. Under this
identification, we can rewrite the orbit space as

Oyprx G“;A{ }KM/\YV/.

(IT H x5;)xOys

Doing the same for its source, we see that the map ¢ comes from taking the

A = ([TH®™ x %;) x Oy-orbits of the map of T := G x {(H H® x %;) x Oy |-

spaces ' ' ' '
qA: EZZ’+/\OW>4 GXZ/\KM/\YV/ — Ow>4 GXZ/\KM/\YV/,

that collapses E'Y;. Note that EY; is ['-homotopy equivalent to F.%, where .% is the
family of subgroups that intersect trivially with ¥;. Since OyxG*" is an .%-complex,

q is a I'-homotopy equivalence, hence qy = ‘]/A is a G-homotopy equivalence as
desired. ]

Lemma 2.3.35. Let X a positive S-cofibrant G-spectrum. Then the quotient map
q: ESi A, XN — X{
1S a my-1somorphism.

Proof. The proof is exactly as the one of Lemma 1.3.17 when one replaces Oy, by
OwxG. The new reference for the very last step is the following proposition. ]

Proposition 2.3.36. Let V' contain a positive dimensional trivial G-representation
and let X = G, [K NOv*C/y | for K either S™ or D" and H some closed subgroup of
OyxG. Then the orthogonal spectrum Xg’ 18 S-cofibrant. In particular the inclusion
S — EX s an S-cofibration.

Proof. We make the case of K a disc explicit this time, the argument for spheres is
similar. The i-fold smash power of X is the spectrum

' M ; g (X
<gV[DT/\OV>4 G/H]) o~ gV@i DT/\ OyeixG /H i
‘ +
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Here the actions on Oya:ixG*? are again as in the proof of Proposition 2.3.28, with
an additional action of ¥J; from the right on Oye: and permuting factors of G. Hence
it suffices to show that

. X1
Diz/\ Ov>4 G /H I
‘ +5,

is a Oyeix G-complex. Again this follows from C.2.5,C.2.2 and C.2.6, using that
Oy eixG*" is a manifold with an action of

[':= (Oyai X G) x (HHOP X X)),

)

and that D™ is a ¥;- and hence also a I'-complex. O

From here on, the arguments from the non equivariant case apply verbatim. We
omit listing all the intermediate statements in their equivariant formulations, and
only give the final results:

Theorem 2.3.37. The underlying positive S-fibrations and m,-isomorphisms give a
compactly generated proper topological model structure on the category of commu-
tative orthogonal G-ring spectra. The generating (acyclic) cofibrations are given by
the sets ESTI and ESTJ, respectively.

Again the identity functor gives a Quillen equivalence to the classical model structure
from [MM, I11.8.1].

As usual, we call cofibrant objects in this model structure simply S-cofibrant,
inspired by the following Theorem:

Theorem 2.3.38. The S-model structure on commutative orthogonal ring G-spectra
is “convenient”, i.e. if E is a commutative orthogonal G-ring spectrum that is S-
cofibrant, it is already (positive) S-cofibrant as a G-equivariant orthogonal spectrum.

As in the non equivariant case, even slightly more is true:

Theorem 2.3.39. Let f: R — R’ be a map of commutative orthogonal G-ring
spectra, that is a cofibration in the model structure of Theorem 2.3.37. If the smash
product with R preserves S-cofibrations of equivariant orthogonal spectra, then f is
an underlying S-cofibration.

Finally we can again change the underlying base ring:
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Theorem 2.3.40. For a commutative orthogonal G-ring spectrum R, the S-model
structure induces a compactly generated proper topological model structure on com-
mutative R-algebras. This R-model structure is convenient with respect to the R-
model structure on R-modules from Theorem 2.3.33(i).

The identity functor on commutative R-algebras induces a Quillen equivalence to the
classical model structure one would get by applying [DS, 3.10] to the structure from
[MM, III.8.1].

7






Chapter 3

Smash Powers and the Loday
Functor

3.1 Introduction

3.1.1 Hochschild Homology

Hochschild Homology, since it was defined by Hochschild for the case of algebras
over fields in 1944 ([HH]), vas adapted to various more general contexts and has
proven a valuable tool both in algebra, topology and geometry. We will be very
brief in recalling some basics, not touching on most of the rich theory that follows.
A very readable and thorough introduction can for example be found in Loday’s
book on Cyclic Homology [L], where in particular everything that follows here can
be extracted from. We shall focus on the commutative setting, and will always
assume that the coefficients are the commutative algebra itself. Let for the whole
section R denote a commutative unital ground ring, and denote the tensor product
over R simply by ®.

Definition 3.1.1. Let A be a commutative R-algebra. Hochschild Homology of A
is the homology H H(A) of the chain complex

!
A® A ® AR A

|

A® A ® A

I

A ® A

|
A
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with differential

where for ¢ < n the b; are given by
bi(ag, ..., a,) = (ag,...,a;.Qi11,. .., a),
and the final b, by
bu(ag, ..., a,) = (ap.ao, a1 ..., Gp_1).

Loday realized that this definition could be seen as a special case of a functorial
construction on R-algebras (cf. [L89, 4.2]):

Definition 3.1.2. Let Fin be the category of finite sets and R¢ 41, the category of
commutative R-algebras. Define the algebraic Loday Functor

Ay (=): Fin x Reag — Realg,

on objects as the iterated tensor product

| X| — times

On morphisms (f,¢) : (X, A) — (Y, B) by

(fa d))(az)zeX = H ¢(ax) )

f(@)=y yey
where the product over an empty indexing set is to be understood as the unit in R.

Remark 3.1.3. Note that we really use that A is a commutative R-algebra when
defining the functor from Fin. If we would restrict to the category of finite sets
and isomorphisms, the same formulas would give a functor with input mere R-
modules. Extending to non surjective maps requires a unit map of some sort, and
non injective but at least monotonous maps between ordered sets would only require
an associative multiplication.

It is this formula that we emulate in the topological setting of commutative
orthogonal ring spectra, where we construct a continuous analogue to the Loday
functor. One application of this topological Loday functor, is a convenient definition
of topological Hochschild homology in the same spirit as the following definition:
The algebraic Loday functor gives an explicit example of functors for which we can
define Hochschild homology:
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Definition 3.1.4. Let F': Fin — R 4, be a functor. Define its Hochschild homology
HH(F) as the homology of the simplicial algebra

st .. F
AP = Fin — R 4g.

Then immediately, inspection of the defining chain complex yields that Hochschild
homology of commutative algebras is the same as Hochschild homology of the Loday
functor:

HH(A) = HH(AH)A). (3.1.5)

3.1.2 Tensors in Commutative Orthogonal Ring Spectra

Before we move on to a more thorough discussion of the topological Loday functor
from the Introduction (Definition 1), we have to state some results about the tensor
in the category of commutative orthogonal ring spectra (cf. A.2.24). The results
and methods are the orthogonal spectrum analogues of those in [EKMM, VIL.3].

We have already seen, that the category Sp® is tensored and cotensored over 7
in Remark 1.2.2. That the analogue is true for the associated categories of modules,
algebras and commutative algebras, i.e. for orthogonal ring spectra, commutative
ring spectra as well as modules and algebras over such, is an entirely categorical
argument:

Theorem 3.1.6. [EKMM, VII 2.10],[MMSS, 5.1] Let C be a topologically complete
and cocomplete category and let M : € — C be a continuous monad that preserves re-
flexive coequalizers. Then the category CIM| of M-algebras is topologically bicomplete
with limits and cotensors created in C.

This is used in two different settings. For categories of R-modules, for R an
orthogonal ring spectrum, the defining monad is just the smash product with R,
which as a left adjoint satisfies the prerequisite of the theorem. In particular since
(enriched) left adjoints preserve (enriched) colimits, we get the slightly stronger

Corollary 3.1.7. Let R be an orthogonal ring spectrum, then the category of R-
modules is topologically bicomplete with limits, colimits, tensors and cotensors cal-
culated in the category Sp°.

The other situation we want to apply Theorem 3.1.6 to, is the case of algebras
and, even more important, commutative algebras. One particular point where we
have to be careful is that in order to make correct sense of the forgetful functor
being topologically enriched, one should not use the category 7 for the enrichment.
This stems from the fact, that the trivial map between underlying spectra of two
ring spectra is almost never a map of ring spectra. Hence whenever we speak of a
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topological enrichment where ring spectra are involved, we will mean an enrichment
over the category U of unbased spaces, and transport all the 7 enrichments via the
forgetful lax monoidal U-functor 7 — U. (cf. A.2.15). Within this interpretation,
Theorem 3.1.6 still holds, and the following result allows us to apply it:

Theorem 3.1.8. [EKMM, I1.7.2],[MMSS, 5.2] Let C be a cocomplete closed sym-
metric monoidal category. Then the monads that define monoids and commutative
monotds in C preserve reflerive coequalizers.

Corollary 3.1.9. Let R be a commutative orthogonal ring spectrum (e.g. R =S),
then the category of (commutative) R-algebras is topologically bicomplete with limits
and cotensors created in R-modules.

We will not review the proofs of these, but instead focus on the the part of
the theory that will help us compute tensors and cotensors. Obviously the case of
cotensors is simply:

Corollary 3.1.10. Let R be a commutative orthogonal ring spectrum (e.g. R =),
then in categories of R-modules and (commutative) R-algebras limits and cotensors
are created in orthogonal spectra.

For the case of tensors, the result that will be most useful to us is the analogue to
[EKMM, VIL.3.4]. In the following let always R denote a commutative orthogonal
ring spectrum as above, and let € denote either one of the categories of R-modules,
R-algebras or commutative R-algebras.

Theorem 3.1.11. Let A be an object of C and X, a simplicial space. There is a
natural isomorphism

A®e|X.| 2 |A®e X.|

in C. Here the realization on the right side is to be understood in the category of
orthogonal spectra.

This is a consequence of the following two results, which are the orthogonal
spectrum versions of [EKMM, VII.3.2, VII.3.3]:

Proposition 3.1.12. Let A be an object of C and X, a simplicial space. There is
a natural isomorphism

A®e | Xi| 2 |A®e Xile,

where the realization on the right side is in C.

Proof. As in [EKMM, VIL.3.2|, this is done by comparing the right adjoints of
the realization functors (cf. B.1.38) and using the defining adjunctions of tensors
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and cotensors (cf. A.2.24). Let B be some object of €, then we have natural
isomorphisms

I

C(A®e |X.|,B) = U(|X.],C(A, B))
SUX., A th (A, B))
SU(X.,C(A, A the B))
sC((A®e X)., A the B)

C(|(A ®e X).le, B),

111l

I

so the Yoneda-lemma gives the result. O]

Proposition 3.1.13. Let A, be a simplicial object of C, then we have a natural
1somorphism

Ade = AL,

Proof. We should first describe how the realization |A,| = |A,|s,0 is an object of €
again. We treat the case of commutative orthogonal ring spectra over R = S, all the
others are similar. For the unit morphism S — |A.| view S as [S,|, the realization of
the constant simplicial spectrum, and use that since the simplicial structure maps of
A, are ring maps, the collection of unit maps of the A, gives a map of simplicial ring
spectra S, — A, which induces a map on realizations. For the multiplication, first
recall that the geometric realization is defined as a coend (B.1.37). Since coends and
tensors in orthogonal spectra are defined levelwise, we have a natural isomorphism
| Ay = |(As)v| in each level V. Recall the coend definition of the smash product of
orthogonal spectra and the fact that for simplicial spaces the realization commutes
with both the smash product and the inducing up functor. The Fubini theorem for
coends ([McL, IX.8]) then implies a natural isomorphism of spectra

|AL AL 22 |ANA,

Here the latter smash product is calculated separately in each simplicial level. Hence
the multiplication maps of the A, induce multiplication maps on the realization. It
is tedious, but not too hard to verify the associativity, unitality, commutativity and
coherence conditions, and we omit more details here.

Going back to the proof, we continue as in case of (commutative) S-algebras in the
EKMM setting. For (commutative) orthogonal ring spectra A and B and a space X
we claim that a morphism A®eX — B of ring spectra determines and is determined

by a morphism of spectra
A® X = ANX, — B,

such that for all points x € X the map
A ANS 2% ANX, — B
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is a map of ring spectra. To see this take a look at the defining adjunctions
€(A @ X, B) 2U(X, C(A, B)) — U(X,SP(A, B)) = SP(ANX., B),

where the middle arrow is induced by the faithful (!) forgetful functor € — Sp°.
Note that this is the point where the enrichment over U instead of 7 proves handy,
since otherwise we would have to be very careful with trivial maps here.

Given a simplicial object A, in € a morphism g € C(|A.|, B) is completely deter-
mined by a morphism of spectra f € Sp°(|A,|, B), which by B.1.38 is adjoint to a
morphism of simplicial spectra f € sSp°(A., A Ms,e B). For each simplicial level
¢, the morphism f, is adjoint to a morphism of spectra fq: Ay Qg0 AT — B that is
pointwise a morphism of ring spectra. As we saw above, these exactly correspond
to algebra morphisms ﬁq: A, ®e A? — B, whose adjoints fit together into a map
of simplicial ring spectra h € sC(A, A e B). Altogether we defined a natural
isomorphism

C(|A«l, B) = sC(A., A the B),

i.e. we showed that |A,| and |A.|e have the same right adjoint. This proves the
proposition. O]

The immense usefulness of Theorem 3.1.11 stems from the fact, that for dis-
crete spaces X, tensors A ®e X are easily computable in any topologically enriched
category:

Proposition 3.1.14. Let D be a category which is enriched and tensored over either
T orU. Let A be an object of D and X a discrete space in U. Then there is a
continuous natural isomorphism

A®X§HA.
X

Proof. We use the defining universal properties of tensors and coproducts. Let B
be some object of D, we have natural isomorphisms

D(A® X,B) = T(X,D(4,B))

zeX

~ [[D4,B)
D(]] A B).

I

Hence the topological Yoneda lemma gives the desired continuous natural isomor-
phism. In the case that the enrichment is only over U, the adjunctions are completely
analogous. [
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In the case we are most interested in, using Lemma A.1.18, we get

Corollary 3.1.15. Let A be a commutative orthogonal ring spectrum, X a discrete
space, then there is a (continuous) natural isomorphism

A X = A
X

between the tensor of A with X and the X -fold smash power of A, i.e. the X-fold
smash product of A with itself.

This is the main point of motivation for the translation from the algebraic case
which we present in the next subsection.
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3.2 The Loday Functor

Let R be a commutative orthogonal ring spectrum, i.e. a commutative S-algebra in
SpP. Let A be a commutative R-algebra, and let X be a space. The aim of this
section is to give a functorial model for the X-fold derived smash product over R of
A with itself. For the case where both A is connective and R is the sphere spectrum
itself, a similar construction has been carried out in the world of I'-spaces in [BCD,
Section 4]. The construction we give is much simpler than the one presented in op.
cit., so it will be crucial to study its properties in detail, so as to make sure, that
we indeed capture all the desired homotopy theoretic information. In particular the
equivariant homotopy type, when X is equipped with an action of some (compact
Lie-) group G, will require some care.

Let throughout the whole section, R denote a commutative orthogonal ring spec-
trum, for example the sphere spectrum R = S. Denote by R, the category of
commutative R-algebras. The fundamental definition of this chapter is the analogue
of Definition 1 in the Introduction:

Definition 3.2.1. The Loday functor Af_)(—) : U X Re a1g — Reayg 1s the continuous
bifunctor

A§ (A=A D Reag X-

The functoriality and continuity in both variables is inherent in the definition
of the categorical tensor (cf. A.2.24). We will generally leave out the superscript
and just write Ax(A) if R = S. As in the algebraic case we can extend the realm
of definition in the second variable, by restricting the first (cf. Remark 3.1.3). We
will describe these extensions in more detail, as they will help us with actually
evaluating the Loday functor. Let Raq be the category of modules over R and
Fin; the category of finite sets and isomorphisms between them.

Definition 3.2.2. Define the Loday functor Fin; X Raoq — Raoq On Objects via

AR(A) == AAgp...ARA.
_/_/
| X |-fold
Functoriality in A is then immediate from the functoriality of A g, whereas functorial-

ity in X makes use of the shuffle permutation induced by the symmetry isomorphism
for Ag.

This can be extended further: Let Set;, be the category of Sets and injections
and let R,a0q be the category of unital R-modules, or R-modules under R, i.e.
modules M with a distinguished map of R-modules ¢3;: R — M.
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Definition 3.2.3. Define the Loday functor Set;, X Ryrod — Rurod ON Objects via

AR (A):= colim A%(A),

FCX,FEFin
and on inclusions i: I — J of finite sets as follows:
id A L
Af(A) = NA= \NAng AR ASAAAZHM)
I I J\I J

To allow for non injective maps, we have to move to the category of (unital)
associative R-algebras R 4. Let also Setoq be the category of ordered sets.

Definition 3.2.4. Define the Loday functor Setoq X Rz — R.aig 00 objects as in
3.2.2. The functoriality along non injective order preserving maps f : X — Y then
uses the multiplication map of the algebra on smash factors whose index is mapped
to the same element:

o= ARA AR A,

R
/\yEY Affl(y)A

where the multiplication out of an empty smash product is to be understood as
the unit map, and the smash factors have to be kept in the order induced from X,
respectively Y.

In the light of Proposition 3.1.14, we see that by embedding the various categories
of sets above as discrete spaces in U and by forgetting parts of the structures of
commutative R-algebras, all of the definitions above agree, whenever several of them
make sense. For the case of infinite discrete X we need to assume that the unit map
of A is an h-cofibration, so that the colimit in Definition 3.2.2 is the same when
calculated in the underlying category of spectra. In particular the final version,
analogous to Definition 3.1.2 in the algebraic case is the following:

Definition 3.2.5. The discrete Loday functor Set x Rca, — Recaig is defined on

objects via
AR = N\NAa=T]A
X X

where the coproduct is in Reag. On morphisms f : X — Y of sets, define Af(A)
via

foo= AEA AEA,

R
/\yEY Af‘l(y)A
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where the first map in the composite reshuffles the smash factors using the symmetry
isomorphism. The choice of shuffle then does not influence the multiplication in the
second map, since A was strictly commutative.

Finally note that Proposition 3.1.11 implies the following lemma:

Lemma 3.2.6. For X the realization |Y,| of a simplicial space Y, and A a commu-
tative R-algebra, there is a natural isomorphism

R ~ [AR
Ax(A) = Ay, (A)],
where the realization on the right is in orthogonal spectra.

Remark 3.2.7. For a morphism ¢ : R — S of commutative orthogonal ring spectra,
we get adjoint pairs of functors between the categories of R-, respectively S-modules,
-algebras and commutative S-algebras. All the left adjoints are given by induction,
i.e. using SAg(—), which is strong monoidal and preserves tensors, hence commutes
with all versions of the Loday functor from above. The respective right adjoint
functors do in general not exhibit similar properties.

Note that since all group actions are through isomorphisms, a (continuous) action
of a (topological) group G on X induces (continuous) actions on the targets of the
Loday functor by precomposition as follows

ARA

G —A(X, X) —C(ARA, AL A),

where (A, €) is any of the pairs of categories for which we defined the Loday functor
above and A € €. In this light, we can for each of the above definitions and any
(topological) group G consider equivariant analogues

Ay(=): [GLA] x € =[G, €.

As already discussed in the Introduction, it is crucial to investigate the equivari-
ant properties of these Loday functors, to make sure that they are usable for our
applications. The next sections will be devoted to this topic.
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3.3 Fixed Points of Cells

We are interested in equivariant structures that actions of a compact Lie group G
on the space X that we use as input for the Loday functor induce on the output.
As usual in equivariant homotopy theory, this implies studying the associated fixed
point spectra. In our case, there is another version of fixed points which is much
more amenable to computation. We recall the definitions and some of the relations
between the two versions from [MM, V.4]. Since we want to work with the S-model
structure (1.3.28) for commutative orthogonal ring spectra we will have to extend
the classical results to a bigger class of (cofibrant) spectra throughout the following
sections.

3.3.1 Fixed Point Spectra

For a closed normal subgroup N of G, consider the short exact sequence E of
compact Lie-groups:
E: 1-N—-G>J—1,

where € denotes the projection on N-orbits.
Similar to the case of equivariant spaces C.1, where N-fixed points of G-spaces

inherit J-actions, we want to consider fixed point functors GSp® — JSp®, or rather
GOT — JOT.

Remark 3.3.1. Note that for subgroups H that are not necessarily normal, we can
first restrict the G-actions to the normalizer Ny of H in G before taking fixed points,
to get a functor

GSp® — NySp© — Wy Sp°,

to spectra with actions of the Weyl group Wy = N H/ .
We give two different notions of N-fixed point spectra in JOT for a given G-

spectrum, both constructions make use of an intermediate category:

Definition 3.3.2. In the above situation denote by O the J-category with objects
the same as Og, but where the morphisms are given by

OE(Va W) = OG<V> W>N7

i.e. the N-fixed points of the morphism space in Oy, which are exactly the N-
equivariant morphisms.

Define two categories of E-spectra: The JT-category of J7-functors [Og,7;| de-
noted as Og7, and its J-fixed 7 -category FO7T i.e. continuous J-functors O — 7
and (J-) natural transformations (cf. A.2.8).
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As for all our previous examples of such enriched functor categories, we can con-
sider appropriate evaluation functors and their left adjoints, the free and semi-free
E-spectra given by enriched left Kan extensions (cf. 2.2.14). One can define a closed
symmetric monoidal structure on Og7, but the approach analogous to 1.2.4 is not
particularly enlightening in this case. Thus we will from now on use the definition
of the smash product in terms of the (enriched) left Kan extension as in Remark
2.2.9.

Remark 3.3.3. Careful: The category Or7 depends on the choice of G-universe!
An E-spectrum X € Og7 is not completely determined by its evaluations at trivial
representations if IV is not trivial. In particular a formula computing the evaluation
at V' from the evaluation at V' analogous to (2.1.2) requires an N-equivariant isom-
etry between V and V’. We will unless otherwise stated use a complete G-universe,
i.e consider O as the N-fixed category of Og. For some of the more technical
properties of the fixed point functors, however, we need to be able to change this
point of view (cf. 3.3.52). We will then indicate the universe via the superscript
oY,
The first step in the definition of the fixed point functors is the following:

Definition 3.3.4. The levelwise N -fized point functor
FixV: GOT — EOT

assigns to a G-spectrum X the E-spectrum Fix" X, where [Fix"¥ X]y is given by Xy
for every finite dimensional G-representation V. This indeed gives an E-spectrum,
since for V and W G-representations, the structure maps

XY NOp(V, W) — X3
are restrictions of the structure maps for X to N-fixed points.

Remark 3.3.5. If one wants to view this functor as enriched, i.e. between Og7 and
OgT one needs to make them enriched over the same category first. In particular
one could take the N-fixed category of Og7, from where the above assignment
immediately gives a J7 -functor. Since all model category theoretic considerations
happen in the G-fixed categories, we will not make use of this point of view however,
so Definition 3.3.4 is good enough for our purposes.

Remark 3.3.6. The functor Fix" is lax symmetric monoidal. Indeed, by the universal
properties of the left Kan-extension that defines the smash products (cf. 2.2.9) there
is a natural isomorphism

OgT(X/\}/, X/\Y) = [OG x Ogq, Tg] (X/_\}/, (X/\Y) o EB)
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Which in particular says that for any level V @& W, the identity map of X AY deter-
mines morphisms

XUAYEY — (XA

on N-fixed points. The universal property of the smash product in Og7 assembles
these into a morphism

Fix¥ X AFixVY — Fix (XAY).

Note that the unit object for the smash product in Ox7T is F&S° = Fix"'s.

To define the fixed point functors, we need to close the gap between ESp®
and JSp®. Since these are both defined as categories of J-functors to 77, functors
between their source categories will do the trick. In particular consider the following;:

Definition 3.3.7. Let v: O; — Ofg be given on objects by

V. OJ — OE
W — W

and on morphisms by

O;(V,V') — Og(eV, eV,
(fis) — (f,e"s)=([,s)

where f: V — V' is an isometric embedding and s an element in the orthogonal
complement of f(V).

Definition 3.3.8. Let ¢: O — O be given on objects by

¢ 0 — Oy
V o— VN

and on morphisms by

Op(W,W') — O;(WN Ww™).
(g,t) — (9",1)

Since Op(W, W') = Og(W, W)V the isometry g as above indeed maps the N-fixed
points of W into those of W’. Similarly ¢ is indeed in W'V,
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Both of these functors give “pullback” functors on Og- or Oj-spectra by precom-
position:

Ul,i OET — OJT
Y Yov
U, Y]w = Yew

!

[U¢Z OJT — OET
X = Xoo
[Ud)X]V — XvN

Remark 3.3.9. Note that ¢ o v =id, and hence U, o Uy = id.

Since 7 is enriched and bicomplete over itself, enriched left Kan extensions exist
and provide left adjoints to both of these functors (cf. A.2.34). We denote them by
P, and Py, respectively. Similarly there exist right adjoints to U, and U, but we
will not make use of these.

We can finally define the fixed point functors:

Definition 3.3.10. Define the categorical N -fized point functor
(=)V: GS° — JSp°

as the composition (—)V := U, oFix", and define the geometric N-fized point functor
V. GSp° — JSp°

as the composition ®V := Py o Fix".

Remark 3.3.11. The name categorical is validated by the fact that the categorical
fixed point functor is indeed the same as taking the categorical limit of the functor
N — G — Sp© that defines the N-action on an orthogonal G-spectrum (cf. 2.1.1), as
is easily checked on trivial representations. In particular, the categorical fixed point
functor does not depend on the choice of universe. Note that since the categorical
fixed point functor is lax monoidal, we can view the category GO7T as enriched over
OT, with the G-fixed point spectrum of the internal function spectrum as morphism
object. From this viewpoint the fixed-point functor is then also the enriched right
adjoint of the functor €*, that equips a J-spectrum with the trivial G-action. Since
we rarely work with the spectral enrichment this viewpoint is not of particular
importance for us, except for the helpful Lemma 3.3.45

Remark 3.3.12. Note that this definition of the geometric fixed point ®VX for a
G-spectrum X is the one introduced by Mandell and May in [MM, V.4.3]. However,
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this does not generally agree with the classical definition in terms of the categorical
fixed points (XAE.Z)N, see e.g. [LMS, I1.9]. Up to weak equivalence the two
concepts agree for sufficiently cofibrant G-spectra X. We will go into more detail in
subsection 3.5, where we in particular losen the cofibrancy condition far enough to
apply to equivariant spectra in the image of the Loday functor.

Remark 3.3.9 gives a comparison map between the two fixed point functors:

Definition 3.3.13. Let v: X" — ®" X be the natural map of J-spectra

o

T

U, Fix" X U, U,PyFix¥ X —= P,Fix" X —> N X,

induced by the adjunction unit 7: id — UyPy.

The difference between (—)" and ®" is usually significant. We will recall more
of the technicalities from [MM, V.4] in 3.5, before we give an exact statement in
Proposition 3.5.15, after we loosen the cofibrancy conditions from the classical case
in 3.5.11.

Remark 3.3.14. Note that this emphasizes the dependence of EOT and ® on the
choice of universe, since in particular for a G-universe U containing only trivial N-
representations, it is easily seen that the functor ¢ is an equivalence and hence the
functor ®;) is naturally isomorphic to (—)" via the natural map + from above.

Before going into more detail though, we will list properties of the fixed point
functors and study their interaction with free spectra, which forms the basis for
computations on fixed points of smash powers.

Proposition 3.3.15. [MM, III.1.6] The geometric fived point functor ® preserves
coproducts, pushouts along h-cofibrations, sequential colimits along h-cofibra-tions
and tensors with spaces.

Proof. The functor Fix"¥ preserves these by C.1.2. Since P4 is a continuous left
adjoint, the result follows. ]

Proposition 3.3.16. [MM, IV.4.5] For any finite dimensional G-representation V
and any G-space K, there is a natural isomorphism of J-spectra

FinKN = OV FUK.

Proof. Recall that FZK is given in level W by Og(V, W)AK where G acts diagonally
on the smash product, by conjugation on the morphism space and on K via its G-
space structure. Thus (FGK)Y, = Og(V, W)NAKYN = Og(V, W)AKY, and hence

FixV F¢K = FEKN. (3.3.17)
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The next step is showing that P4 L is isomorphic to .7-"{/7. ~ L, so for any J-spectrum
Z take a look at the morphism space:

JOT(P,FEL,Z) = EOT(FEL,U,Z)
— (L, Zyw) > JOT(FlyL.7)

Hence the Yoneda lemma gives the desired natural isomorphism. Summing up, the
functors F7 and F;/, have the same right adjoint to 77, and are therefore naturally
isomorphic. [

Corollary 3.3.18. c¢f. [MM, IV.4.5] The geometric fized point functor preserves
q-cofibrations and acyclic q-cofibrations.

Proposition 3.3.19. [MM, IV.4.7] The functor ® is lax monoidal and for q-
cofibrant orthogonal G-spectra X and Y the natural (equivariant) morphism of J-
spectra

a: OV XAGYY — &N (XAY),

s an isomorphism.

Both the proof of the acyclic part of 3.3.18 and the second half of 3.3.19 rely
on a good understanding of a cellular filtration of the [J-product of cellular maps,
respectively the smash product of cellular objects. It seems hard to actually find
these explicitly spelled out in the literature, but since we are going to have to work
with such filtrations in more detail later, we will give some more details on the proofs
at the end of Subsection 3.4.1. First, we will investigate the geometric fixed points
of the spectra appearing as smash powers of generating cofibrations, and some more
specialised cells.

Of course, motivated by the discrete Loday functor from 3.2.5, the examples of
G-spectra where we are most interested in calculating geometric fixed points, are
smash powers of orthogonal spectra. We begin with studying the fixed points of
free and semi-free spectra before we move to more general spectra 3.3.5, and general
cofibrant spectra in Section 3.4.

3.3.2 Free Cells

Let us begin by investigating what happens in the case of free spectra. For X a
finite discrete set with an action of a discrete group G, the discrete Loday functor
Ax sends an orthogonal spectrum A to its X-fold smash power A"X. As in Remark
1.2.39, the action of G on X induces an action on Ax(A) by permuting the smash
factors using the symmetry isomorphism for the smash product in O7 .
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Lemma 3.3.20. For X a finite discrete G-set, K € T a space and A = F,K a free
orthogonal spectrum, there is a natural isomorphism of G-spectra

AX(A) = (-FVK)AX = «E%XKAX,

where G acts on the vector space VX by permuting summands and on the spectrum
(F, K)™X and the space K™* by permuting smash factors.

Proof. Recall the symmetry isomorphism for orthogonal spectra induced by 1.2.4.
Evaluated at a trivial representation R”, (1.2.34) gives the isomorphism

(FyK)px =2 O(VEX RMHAK™,

where the permutation of smash factors translates to permuting smash factors
of K"* and precomposing with the appropriate block-permutation matrices on
O(V®X,R™). Thus the description of FJ,x from 2.2.12 gives the desired result. [

In combination with 3.3.16 we get:

Proposition 3.3.21. For X a finite discrete G-set, N a normal subgroup of G, K €
T a space and A = F\, K a free orthogonal spectrum, there is a natural isomorphism
of J-spectra

Q)NAX (A) = FJ@XN K/\XN = AXN (A)7

where Xy s the orbit J-space of X factoring out the N -action.

Proof. The only thing left to do is that the N-fixed point spaces of V& and K"*
are indeed J-isomorphic to V®XN respectively K”"X~. Specifying the actions on
elements makes this immediate. [

Remark 3.3.22. This proposition serves as a good starting point for calculating
geometric fixed points of smash powers of general g-cofibrant orthogonal spectra.
This has for example been studied in the special case of G a cyclic group by Kro in
[Kr, 3.10.1] and Hill, Hopkins and Ravenel in [HRR, B.96]. However, since we are
ultimately interested in evaluating the Loday functor on commutative ring spectra,
we would rather not have to apply g-cofibrant approximation. In particular since
the classical stable model structure does not satisfy the convenience property of
1.3.29, a g-cofibrant replacement of an orthogonal ring spectrum is in general only
E instead of strictly commutative. To remedy this, we first study smash powers
of semi-free spectra and later generalize to S-cofibrant spectra.
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3.3.3 Semi-Free Cells

Orbits and Fixed Points for semi-direct Products

Throughout our work, actions of groups that are semi-direct products appear in
various places. In particular every level Ay of an orthogonal G-spectrum A is
equipped with an action of the semi-direct product Oy x G. We will recall a few
elementary properties, before investigating the more complicated interactions of the
orbit and fixed point functors that play a role in computing the fixed points of smash
powers in Proposition 3.3.37. To begin with we restate the definition, in order to
fix some notation:

Definition 3.3.23. Let (G, -, e) € 7 be a topological group acting on another group
(O,.,E) € T through automorphisms, i.e. via a group homomorphism ¢: G —
Aut(O). For g € G denote ¢, := ¢(g). Then the semi-direct product O x G is the
product space O x G equipped with the multiplication defined by

(OXxG)x(OxG) — (0OxG)
(4,9),(B,h) = (Agy(B),g-h)

It is usually far to cumbersome to explicitly write the signs “” and “.” for the
of G and O, so we often omit them. The following properties are elementary:

Lemma 3.3.24. (i) Mapping A € O to (A,e) € O x G embeds O as a (closed)
normal subgroup.

(11) Mapping g € G to (E,g) € O x G embeds G as a closed subgroup.

(i1i) For A € O and g € G, the following elements of the semi-direct product are
equal:

(6g(A),€) = (E,9)(A,e)(E,g)

(v) G is normal in O x G if and only if ¢ is trivial, i.e. the semi-direct product is
actually the direct product.

(v) The projection pry: OXG — G to the second factor is a group homomorphism.

Motivated by the first three points in the lemma, we will often drop ¢ from the
notation as well, and instead use gAg~' = ¢,(A).

Lemma 3.3.25. Let Z € T be a space with an action of the semi-direct product
O x G, and denote for z € Z its stabilizer by Stab, C O x G. Then the action of
O on Z is free (away from the basepoint), if and only if for any point z € Z (except
the basepoint), the projection to the second factor pry: Stab, — G is injective.
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Proof. Note that, for z € Z, its stabilizer under the restricted action is
Stab? = Stab, N(O x {e}).

Recall that an action is free (away from the basepoint) if and only if the stabilizers
for all elements (except the basepoint) are trivial. O

For any space Z with an action of the semi-direct product, its orbit space Zp
inherits an action of G since O was normal in O x G. We want to investigate in
how far taking such O-orbits commutes with taking fixed points with respect to
subgroups of G.

Proposition 3.3.26. Let G be a group acting on another group O by group homo-
morphisms. Let Z be a space with compatible actions of both O and G, i.e. Z a
O x G-space. Further assume that O acts freely on Z (away from the basepoint).
Then the canonical map from the quotient of the fized points into the fixed points of
the quotient

ZG/OG - [Z/O}G (3.3.27)

18 1njective.

a
Proof. Assume [z] and [z3] in z /(¢ map to the same element in the target, i.e.
21 = Az, for some A in O. Then for any g in G we have

Az =21 = gz1 = gAz = (gAg )92 = (9Ag ") z.

But since the O action on Z was free, this implies that A = gAg~! for all g € G,
i.e. A€ 0% and therefore [21] = [2). O

Surjectivity can not be guaranteed in this generality, as the following example
illustrates:

Example 3.3.28. Let Z = S(C), the unit circle in C, with some disjoint basepoint.
Let O = Z4 and G = Z5 such that the action of the non trivial element in G maps an
element of O to its inverse. In particular O x G is the Dihedral group D4. Then O
acts freely on S(C) through rotations by 90 degrees, G acts by complex conjugation,
and one checks that the actions compatibly fit together into an action of D4. Take
a closer look at source and target of the map (3.3.27):

Note that O% is the subgroup of self inverse elements Z, C Zy, i.e. generated by the
rotation by 180 degrees. The G-fixed point space (S(C))% has 2 points which are in
the same O%-orbit, i.e. the source of (3.3.27) contains only one point. On the other
hand, taking orbits first, we see that Z/O is isomorphic to S(C), with the action of
G again given by complex conjugation, i.e. target of (3.3.27) consists of 2 points,
such that the map can not be surjective.

97



CHAPTER 3. SMASH POWERS AND THE LODAY FUNCTOR

The intuition behind the failure in surjectivity is that there are “diagonal” copies
of G in O x G, and points with isotropy type of such a diagonal copy contribute to
the target of (3.3.27) but not to the source. Motivated by this, we will give a formal
sufficient condition for the surjectivity of (3.3.27). First, consider the simple case of
only one O x G-orbit, and take a closer look at the target space:

Lemma 3.3.29. Let in the setup of Proposition 3.3.26 the space Z consist of single
O-free O x G-orbit, i.e. Z = O x G/P for some (closed) subgroup P of OxG. Then

(Z/O)G contains at most one element, and is non empty if and only if the projection
pry @ P — G to the second factor is an isomorphism.

Proof. The projection is injective by 3.3.25. Hence Z/O i G/pr2 p as G-spaces,
and the latter has exactly one G-fixed point if and only if pr,(P) = G, and is empty
otherwise. ]

On the other hand, the following elementary fact gives a characterization of the
source:

Lemma 3.3.30. Let H € T be a group with subgroups P and G. Then the space
G
(H/p> 1s mon empty, if and only if G is subconjugate to G.

In particular the fixed point space is a quotient of the subspace of all those elements
h € H, that conjugate G into P.

Proof. Let hP be a point in the orbit space. Then hP is G-fixed, if and only if for
all ¢ € G we have ghP = hP, or equivalently h='gh € P. O

Proposition 3.3.31. If Z is a genuinely cofibrant O xG-space, such that for all orbit
types P appearing in the cell-decomposition of Z, the projection to the second factor
pro(P) = G is an isomorphism, if and only if P is subconjugate to {E}xG C Ox G,
then the map (3.3.27) is an isomorphism.

Proof. Note that both taking fixed points and taking orbits preserves the cell-
complex construction by C.1.2. Hence the natural map (3.3.27) induces a natural
isomorphism of cell diagrams, hence an isomorphism on the transfinite composi-
tion. O

Corollary 3.3.32. If O x G has the property, that subgroups P are isomorphic
to G along the projection to the second factor if and only if they are subconjugate
to G, then for any genuinely cofibrant O x G-space the natural map (3.3.27) is an
1somorphism.
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Example 3.3.33. Note that 3.3.28 gives a non-example of this. In particular, the
semi-direct product D4 has a subgroup P of order 2 generated by (2,1) € Z, x Zs
which acts on S(C) via the reflection with respect to the imaginary axis. Note
that since this element is in the center of D, the subgroup it generates can not be
conjugate to G. In particular, since S(C) has two P-fixed points, an equivariant cell

decomposition will have to use a cell of type O x G/ P +/\So.
The main example we want to apply Corollary 3.3.32 to is the following:

Example 3.3.34. Let GG be a discrete group, X a discrete G-space and let V' be a
finite dimensional G-representation. Let in the above notation O = [[,Oy with G
acting by permuting the factors. Then the conditions of Corollary 3.3.32 are satis-
fied by the semi-direct product [[,Oy x G:

Indeed, consider a subgroup P with pry(P) = G and let
Yv: G — PCOxG
9 — ({Al}eex.9)

be the inverse of pr,. Looking at the multiplication in O x G, the fact that ¢ is a
group homomorphism, i.e. 1(gh) = ({A%}.cx, gh) gives formulas

AgAL =A% Vg heG, zeX (3.3.35)

Now chose a system of representatives R for the G-orbits in X. Let B ={B,} € O

be the element given by
B, = By := Aﬁ717

where x = hr is the unique presentation of z with h € G and r € R. Combining the
formulas above gives us that for any ({A%}, g) € P, we have:

({B:}, e){AL}, 9)({ B}, e) ™ = ({AY TA7 Y, 9)({Bo}e)™!
= ({A"9} 9)({Au},e)?
= (A H(Ag ) )

(E.g) = ({A9(A 91} g)

Hence P is subconjugate to {e} x G via B € O and therefore taking O-orbits
commutes with taking G-fixed points.

(
(
(
(

Remark 3.3.36. Note that for non-discrete groups GG and spaces X, a similar state-
ment still holds under slightly stronger assumptions: Let O be the group 7 (X, Oy )
where GG acts by precomposition with the action on X. Assume there exists a contin-
uous splitting of the projection X — Xy. Then again for any continuous splitting
Y of O x G5 @, the image ¥(G) is subconjugate to {const.} x G. The proof is
exactly as above with the slightly more complicated function notation.
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Proposition 3.3.37. Let G be a discrete group, X a discrete G-space and let V' be a
finite dimensional G-representation. Let in the above notation O be the group [ [ Oy
with G acting by permuting the factors, then for all genuinely cofibrant O x G-spaces
Z, taking O-orbits commutes with taking H-fixed points for all subgroups H C G,
in the sense that the canonical map

H H
Zon— 20|
18 an isomorphism.

Proof. Note that for subgroups H C G, any free G-set is a free H-set, and any
genuinely cofibrant [[,Oy X G-space is also genuinely cofibrant as a [[,Oy x H-
space by C.2.5. We can then apply Corollary 3.3.32 with the help of Example 3.3.34
for all choices of H. O

Fixed Points of Semi-Free Cells

The result for semi-free spectra analogous to Proposition 3.3.21, is somewhat more
involved. In particular there is no general analogue of formula (3.3.17), as the
following counterexample shows:

Example 3.3.38. Let G be the group Z, with two elements, and R? the triv-
ial G-representation. Let S(2) be the unit sphere in R? also with the trivial Z,-
action. Consider the semi-free Zy-spectrum Gg,S (2). By 2.2.18, there is a natural
G-equivariant isomorphism

gR25(2) = gC [022 (R27 C)/\OQS(Q)] = gCS(C)v

where we consider C as a Zy-representation via the complex conjugation, and S(C)
is the unit sphere in C which inherits a Zs-action. Note that S(C) is an O¢ X Zo-
space.

If a formula analogous to 3.3.21 would hold for general semi-free spectra, i.e. if
NG, K = G,y KN, the above would yield a contradiction since

G St 2 G S°.

Note that the methods of the proof in the free case break already in the first step,
since in particular

(O2,(R?,C)N0,5(2))™ % Oz, (R?, C) Ao, 5(2)% = 5(C)™,

i.e. taking the Zs-fixed points does not commute with taking the Os-orbits for the
O, x Zy-space O(R?, C)AS(2).
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An analogous result to Proposition 3.3.20, however, still holds if we restrict
ourselves to certain “regular” semi free spectra.
Let us again start by investigating the X-fold smash powers of (semi-)free spectra,
where X still denotes a finite set with an action of a discrete group G.

Lemma 3.3.39. For X a finite discrete G-set, V a euclidean vector space, K €
Oyv7 and A = G, K a semi-free orthogonal spectrum, there is a natural isomorphism
of G-spectra

Ax(A) = (G, ) 2 GSox |OpexAgo, KM, (3.3.40)

where G acts on the vector space VX by permuting summands and on the spectrum
(G, K™Y, the space KX and the group [] Oy by permuting (smash) factors.
X

Proof. The product I1xOy is a G-equivariant subgroup of Oyex via the inclusion
as block-diagonal matrices. Note that KX is a IIxOy x G space with the action
defined by

HOVNG+/\K/\X — K/\X.
X

({Ax}xeXag)a {kx}zeX = {Aaﬁkg*l;v}xEX

so that the spectrum on the right side of (3.3.40) is indeed well defined. As above,
the formula (2.2.17) for the smash product of semi-free spectra gives the result after
identifying the action induced by the symmetry isomorphism. [

So for the case of smash powers of semi-free spectra, we only need to calculate
geometric fixed points of very specific semi-free G-spectra. The following result will
be fundamental for our further work:

Theorem 3.3.41. Let A be the source or the target of a generating S-cofibration
and X a finite free G-set. Then there is a canonical isomorphism of J-spectra

Axy (4) = 0¥ (Ax(4)).

We split the proof into two parts, dealing with Fix"¥ and P, separately. The first
part relies heavily on our findings about the interactions between orbits and fixed
points from Subsection 3.3.3. In particular Proposition 3.3.37 allows us to prove the
following;:

Proposition 3.3.42. Let A = G, K be the source or the target of a generating
S-cofibration and X a finite free G-set. Then there is a canonical isomorphism of
E-spectra

Fix™([Gy KI™) 2 Grox (Op(VPX, VIR, 0y KMY).
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Proof. We show the isomorphism in each level W for W a G-representation. The
spectrum on the right side of the equation is given in that level by the Og(W) x J-
space
X AX
(QE(‘/69 ’W)/\HXNOVK N’

where the group J acts diagonally, by conjugation on the morphism space and via
the permutation of factors on the smash product. Since the space level fixed point
functor is monoidal (cf. C.1.2), we can identify K"*~ with the diagonal copy of
itself in K"* and similar for [Ty Oy. Also, recall that Fix" (G, K)"* is given in
level W by

(Og(VEX, W)/\HXOVKAX)N,

where G acted diagonally, by conjugation on the morphism space and by permuta-
tion of the factors on the smash power.

Thus what we need to show is that the canonical inclusion of the coequalizer of the
fixed points into the fixed points of the coequalizer

O (VEH, WM A oy (KN = (Oa(VEY, WAL o, KT, (3.3.43)

is indeed an isomorphism. This is exactly Proposition 3.3.37, if we can check the
cofibrancy condition posed there. We shall make use of our assumption on A: Since
K = OV/P+/\L, with L either a sphere or a disc, the map (3.3.43) is isomorphic to

(’)G(V@X, W)N/\HXPN (L/\X>N — (Oga/@x, W)/\HXPLAX)N.

Then L"¥ is again a sphere or disc, hence a manifold, with smooth action of G' and
trivial action of [ [ P, and therefore a genuine [ [, PxG-complex by C.2.4. Since the
genuine model structure is monoidal C.2.7, the smash product Og (V&% W)ALN
is still cofibrant, hence Proposition 3.3.37 proves that the map (3.3.43) is an isomor-
phism. O]

The second part of the proof of Theorem 3.3.41 is then given by the following
lemma:

Lemma 3.3.44. For K an Oy -space, X a finite discrete G-set, there is a canonical
isomorphism of J-spectra

PoGEax (O(VEX, VEX) A, o, KYYY) 2 (Gy K.

Proof. This follows directly from the defining adjunctions of the involved functors,
similar to the free case in 3.3.20. Let Z be any J-spectrum, then maps from either
of the J-spectra in the proposition to Z are represented by maps of (Ilx, Oy x J)-
spaces

KM — (UpZ)yexy.

Hence the Yoneda lemma gives the desired isomorphism. ]
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This finishes the proof of Theorem 3.3.21. As mentioned before, it will form
the basis for the identification of the geometric fixed points of smash powers of
general S-cofibrant spectra in 3.4.26. We need two more crucial inputs, though.
The first is Kro’s observation on the interaction of the geometric fixed point functor
with induced spectra (cf. 2.2.57) from [Kr, 3.8.10]. Since we will in particular need
analogous results for the functors restricting to H-spectra for H a subgroup of G (cf.
2.2.54) to lift our results into to the case of G a compact Lie group, we will go into
more details in the next section. The second part is an equivariant cellular filtration
of the smash power via “regular” cells, and we will give the necessary constructions
in 3.4.1.

3.3.4 Fixed Points and Change of Groups

For the whole section let G be a compact Lie-group, and H a closed subgroup of G
with inclusion map 7: H — G. Recall the definitions of the restriction functor

" GOT — HOT,
from 2.2.54 and its left adjoint induction functor
GiNg(—): HOT — GOT

from 2.2.57. The following lemma will be helpful later, it is the spectrum level
analogue of C.1.6, and makes use of the spectral enrichment mentioned in Remark
3.3.11.

Lemma 3.3.45. For an orthogonal H-spectrum X and an orthogonal G-spectrum
Y, there is a natural isomorphism:

(GiAgX)NY = GAg(i"XAY).

Proof. Note that we intentionally use the category GSp®, since the spectral en-
richment there makes following the actions much easier. Let Z be any orthogonal
G-spectrum, there are natural isomorphisms

2

GSpP (G AuX)NY, Z) GSpP (G ngX, Fo(Y, 2))

Sp°(X,i*Fg(Y, Z))

Sp° (X, Fy(i*Y,i* Z)
SpP (X Ni*Y,i* Z)

GSp° (Ging(XNi*Y), Z),

I

I

H
H
H

I

I

so the Yoneda lemma gives the desired result. ]
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We recollect the material from [Kr, 3.8.2], both for completeness and to adapt
notation to our conventions. Afterwards we expand the results to the restriction
functor.
At first we need to give Kro’s Definition of the change of sequence functors for the
categories Og7 (cf. [Kr, 3.8.7]). The main point of difficulty stems from the fact
that, contrary to the case of G-spectra, the change of universe does not necessarily
give an equivalence of categories, as mentioned in 3.3.3.

Let j: E — Ej be the morphism of short exact sequences of compact Lie groups:

Ey: 1 N H Jo 1, (3.3.46)
| R
E: 1 N G J 1

where N is normal in G and hence in H, and J and J; denote the respective
quotients.

Definition 3.3.47. Let V C V' be two good collections of G-representations. Then

the inclusion OF — OF induces an inclusion of N-fixed categories and hence a
forgetful functor U : O — ORT. It has a left adjoint P: OF 7 — ORT. These
give the change of universe functors for O spaces.

Now for V a good collection of G-representations, let :*V be the induced collection
of H-representations i*V that appear as restrictions of some V € V.

Definition 3.3.48. The change of sequence functor j* : ONT — Ogy’f is given by
sending an Op-space X to the O -space given by

(]*X)Z*V = ZTXV
The structure maps are transported directly, using Og, (i*V,i*W) =2 i1 Og(V, W).

Again this functor has both a left and a right adjoint. We will only make use of
the left adjoint:

Definition 3.3.49. Let Y be a 04 "-space, then the induced Oy-space J A ;Y is
given by
(SN Y )v = Jpe A Yooy

The (J-equivariant) structure maps are given as the composite
Op(V,WIANJ ALY ev) =2 JiAg (G OR(V, W)AY )
= T A (O (CVW)AY )
— SN Yew.
Note that for N the trivial group, Of spaces are just orthogonal G-spectra, and

the change of sequence functors specialize to the change of groups functors from
2.2.5.
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Induced Spectra and (Geometric) Fixed Points

We give a recollection of [Kr, 3.8.3] before we prove further results in the same spirit
that will be needed in particular when dealing with infinite groups. Let as in (3.3.46)
E and Ej be exact sequences of compact Lie groups. The following condition is an
important prerequisite already in Kro’s exposition, and will be important for us as
well:

Condition 1. Let G be a compact Lie group and H a closed subgroup. Let W be
an orthogonal H-representation. Then there exists an orthogonal G-representation
V' and an isometric embedding W — V' that induces an isomorphism on H-fixed
point spaces, i.e. VH =W,

Remark 3.3.50. To the authors knowledge it is not known if this condition is satisfied
in general. As Kro already states in [Kr, 3.8.11] it suffices to look at the irreducible
subrepresentations of V' one at a time, and extending the trivial representation is
trivial. The condition is certainly satisfied when the index of H in G is finite since
for V irreducible and non trivial, both V# and (G xy V) are the zero vector
space, hence the induced representation (which is still finite dimensional) extends
V' as desired. We prove that Condition 1 is satisfied for all finite subgroups of
tori in 3.4.45. Since the extension problem is transitive, this covers a big class of
configurations for H and G. Note that the case where H is finite suffices for all
applications of the theory we give, so a proof of Condition 1 for H a maximal torus
of a compact Lie group G would immediately be very fruitful. (cf. 3.4.50).

Proposition 3.3.51. [Kr, 3.8.10] Suppose Condition 1 is satisfied for the normal
subgroup N of G. Then for orthogonal H-spectra X, there is a natural i.somorphism
of J-spectra

JiNg (VX)) =2 V(G A X).

In particular Kro proves that the following diagram of functors commutes up to
an equivalence of categories

Fix¥ AP0
OYT —— OpT —= O, T (3.3.52)

| kb

i*V FixV PARY 0
OivT B 0pVT - 0, T

G.Q./\H\L iJ+/\,]0— iJJF/\JO—
4

oyT B ovr - 0,7,

where W is the good collection associated to a complete H-universe (cf. 2.2.25), V
similar for a complete G-universe. As usual i*'V denotes the restricted H-collection.

105



CHAPTER 3. SMASH POWERS AND THE LODAY FUNCTOR

All the functors U are induced by the precomposition with some H-equivariant
inclusion of collections *V — W, with the center one being the change of sequence
functor 3.3.48, and the outer ones being instances of the equivalence of categories
from 2.2.23. Note that we omit the J- and Jy-universes from the notation, since the
change of universe on the right hand side of the diagram is always an equivalence of
categories. The commutativity is proven piecewise, using the following lemmas:

Lemma 3.3.53. [Kr, 8.8.12] Suppose Condition 1 is satisfied for the normal sub-
group N of G. Then for OF-spaces Y, there is a natural isomorphism of Jy-spectra

LV ~ W
PSVUY =~ UPYY.

In the proof of this lemma, Condition 1 is used to identify two specific coends.
We will not repeat the proofs.

Lemma 3.3.54. [Kr, 3.8.13] Let X be an orthogonal H -spectrum. There is a natural
isomorphism of O}, spaces

Ji A5, (UFixY X) = Fix™V (G AgUX).
Lemma 3.3.55. [Kr, 2.8.1}] The following diagram of left adjoints commutes:

]P)L*V

% %0
OuYT ~» 0T
J+/\J0—l lj-‘—/\‘]o_

ovT - 0,T

Lemma 3.3.56. [Kr, 3.8.14] The following diagram of right adjoints commutes:

KV

OV <" 0, T

! E

OVT < O,T

Restricted spectra and (Geometric) Fixed Points

Let as in (3.3.46) E and Ej be exact sequences of groups. The following proposition
is similar in spirit to Kro’s 3.3.51 from above, we will use it when moving from finite
to compact Lie groups 3.4.50.
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Proposition 3.3.57. For orthogonal G-spectra Y, taking categorical N -fixed points
commutes with the restriction to H-spectra, i.e. there is a natural isomorphism of
Jo-spectra

is(YN) = (i*Y)N.
If additionally N C G satisfies Condition 1, then the same holds for geometric
N-fixed points, i.e. there is a natural isomorphism of Jy-spectra

in®VY = N (i*Y).

Proof. For the first statement it suffices to compare the evaluations of i(Y") and
is(YYN) at a trivial Jy-representation V. Since for G-spaces, taking fixed points
commutes with the restriction (cf. C.1) they both evaluate to (Yy/).

The second statement needs more work. Let V and W be good collections associated
to complete G-, respectively H-universes as in 3.3.52. Then the desired result is the
commutativity of the outer square in the following diagram:

Fix¥ AW P0
opT B oW . 0, T (3.3.58)

Al Al

Y FixN i*V £0
OVT == O VT —= O, T

14

YT P oY - O, T

That the lower left square commutes can again be checked on evaluations. Commu-
tativity of the top rectangle follows from a diagram chase: For the top right square
evaluating at levels shows immediately that the corresponding diagram of right ad-
joints commutes. Note that since Condition 1 is satisfied, Lemma 3.3.53 gives that
the two ways from the top center to the top right around the top right square differ
only by an equivalence of categories. In particular ]P’x is naturally isomorphic to the
factorization Po IPZOV oU. In the top left square note that Po Fix" =2 P o Fix" o UP.
Since U and Fix"¥ commute, this implies P o Fix" = PU o Fix o P. Postcomposing
the latter with IP’% =Po Pf;ov o U yields Po ]P’f;ov o UPU o Fix" o P which is equal to
PoP.VoUoFix" oP because Of " is a full subcategory of OpY. This exactly says
that the top rectangle commutes.

The only thing left to prove is that the lower right square commutes. We again look
at evaluations at trivial representations R™. For X in O}, the lower way around the
square evaluates as

vev vev
it /OJ(VN’Rn)/\XV _ /iSOJ(VN7R”)/\i3XV-
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The upper way yields
VetV

O, (V)N R Nig Xy
Again we have (i5V)" = i5(VY), hence
iSOJ(VN’ Rn) =0y, (ZS(VN)> Rn) = OJO((iSV)Nv Rn)’

and these identifications are natural with respect to morphisms in O;. Thus the two
coends are naturally isomorphic. Alternatively we could have used that * also has
a right adjoint. ]

3.3.5 Induced Regular Cells

We go back to finite discrete groups G for this subsection. As we have seen in Exam-
ple 3.3.38, the class of semi-free G-spectra is too big to fully control the geometric
fixed point functor. Our studies of the smash powers of semi-free non equivariant
spectra has given us a specific example of a class where such control is possible.
Now we will define classes of regular spectra, and induced regular spectra which the
smash powers are examples of.

Definition 3.3.59. Let V be a finite dimensional euclidean G-representation and let
K be an OyxG-space. Then K is called regular if there is a G-equivariant subgroup
Q = T x(P) of Oy, such that X is a free G-set and K represents a () x G-space, i.e.
there is a G-equivariant isomorphism

K= OV+/\QL = OV+/\H pL.
X

A semi-free G-spectrum G, K is called regular if K is.

Remark 3.3.60. Note that free spectra are regular, since we can chose () and P as
the trivial groups.

Note in particular that since ) C Oy is G-equivariant, there are inclusions of
N-fixed subgroups QV C (Oy )" for all subgroups N of G.

Remark 3.3.61. Since all the involved functors preserve colimits and since inducing
up preserves genuine cofibrations by C.1.17, the regular semi-free spectrum G, K =
Gy (Oy NgL) is S-cofibrant if L is genuinely ) x G-cofibrant.

Example 3.3.62. The most important example of a regular semi-free G-spectrum
is the smash power

(Gy K)"* = Guox [Ovex A 0, K™,

where X is a finite free G-set.
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The following proposition is proved completely analogous to 3.3.41, using that
Proposition 3.3.37 is slightly more general than was needed there.

Proposition 3.3.63. Let N be a normal subgroup of G with quotient group denoted
by J. LetV be a finite dimensional euclidean G-representation and let GGK be a
reqular semi-free G-spectrum. Then there is a natural isomorphism of J-spectra

Gin KN = dN(GIK).

Combining this result with Proposition 3.3.51 for induced spectra motivates the
following definition.

Definition 3.3.64. A semi-free G-spectrum A is called induced reqular if there is
an isomorphism of G-spectra
A= G AgB,

for H a subgroup of G and B a regular semi-free H-spectrum.

Note that by Remark 3.3.50 Condition 1 is always satisfied in the case of finite
groups, so we get the following characterizations of geometric fixed points for induced
regular spectra which is analogous to Kro’s Lemma 3.10.8:

Theorem 3.3.65. Let G be a finite group and H and N subgroups with N normal.
Then for an induced regular semi-free G-spectrum GiApGy K its geometric fived
points are given by the natural isomorphism:

* otherwise.

O (G Au Gy K]) = {

Proof. Only the second part needs additional comment. Note that already for H-
spaces K we have (GoAgA)N = « if N is not contained in H, hence the functor
Fix" is already trivial on the induced spectrum (cf. [Kr, 3.10.8]). O

Note that since the S-cofibrations are independent from the choice of universe
by 2.3.15, an argument similar to the one in proof of 2.3.21 gives, that the inducing
up functor G4 Ap(—) preserves S-cofibrations. Hence as above, the induced regular
semi-free spectrum G4 AyG K is S-cofibrant if K is genuinely @) x H-cofibrant.
Similarly one gets the following

Lemma 3.3.66. For V an H-representation, X a finite free H set, (Q = IIxP an
H -equivariant subgroup of Oy and v a genuine cofibration of () x H-spaces, the map

f= G AnGV Oy Agi]

of G-spectra is an S-cofibration. Denote the class of S-cofibrations of this form by
SG

reg”
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Remark 3.3.67. For SrGeg—cell complexes, Theorem 3.3.65 allows us to easily compute
the geometric fixed points via a cell induction. This could be used to define a class
of cofibrations very much in the spirit of Kro’s induced cells ([Kr, 3.4.4]) and orbit
cells ([Kr, 3.4.6]), but more general than both. Since we are not going to construct
model structures or even replacement functors for any of these classes, we will not
go into this generality. Instead we will focus on the type of cells that will appear in

the cell structure for the smash powers.
Finally we give a name for the cells that we will use in the equivariant filtration

theorem:

Definition 3.3.68. An S-cofibration f of orthogonal G-spectra is an induced regular
cell if it arises from a generating S-cofibration ¢ of orthogonal spectra via

f=GiAgiH,

for H a normal subgroup of G, and [J the pushout product construction from A.2.28.
We denote the class of all induced regular cells by Ind"™®.

The significance of the pushout product will become more obvious in the next
section, when we give details on equivariant filtrations (cf. in particular Lemma
3.4.6). The following remark, however, is immediate:

Remark 3.3.69. Both source and target of an induced regular cell are induced reg-
ular in the sense of 3.3.64. For the target this is obvious, since for ¢ the map

Gy <OV/p+/\[S”_1_>Dn]>, the formula 1.2.34 together with the fact that inducing

up preserves colimits yield that i7¥ is isomorphic to the map
O ~ G (OV@H/HHP+/\[S|H\n—1 - D|H\n]> 7
where |H]| is the order of H. In particular it is represented by the inclusion of the

boundary sphere of the IT; P x G space DHI" where I1y P acts trivially, and H acts
by permuting coordinates blockwise.
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3.4 Fixed Points of Smash Powers

3.4.1 Cellular Filtrations

We construct the cellular structures that form the technical heart of this chapter.
We generalize Kro’s approach from [Kr, 2.2], correcting some minor mistakes along
the way. In particular we drop the assumption that all A-sequences are N-sequences
in order to be able to attach cells one at a time, and work in general categories.
This allows us to apply the theory in a lot of different contexts, cf. 1.3.17, 2.3.35,
3.3.18 and 3.3.19, but also for a potential extension of our results to multiplicative
norm constructions (cf. Remark 3.4.44).

Pushouts and Pushout Products

Recall the following property of pushouts which is independent of the category we
work in:

Lemma 3.4.1. Let C be a category and consider the following diagram in C:

A—=B—(C (3.4.2)
Lo
D—=P—=Q

(i) If both the left and the right subsquare of the diagram are pushout dia-
grams, then so is the outer rectangle.

(i) If both the left subsquare and the outer rectangle are pushout diagrams,
then so is the right subsquare.

Proof. One either checks the universal properties directly, or uses cofinal subcate-
gories of the diagram categories underlying 3.4.2. ]

Lemma 3.4.3. Let C have all pushouts. Consider a commutative cube in C, where
either the top and bottom faces or the left and right faces are pushouts:

- /L

YOT)PO
Ve Ve
Yli>Pl
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Then extending the cube by taking the pushouts of the front- and back face, the
induced square is again pushout:

- /l

Yo—— P

e

Y, ——Qy

-
9Qb

¥/ N\
X1
N K
Py
Proof. Assume the top and bottom faces of 3.4.4 are pushout. The composition of
the top- with the front face in 3.4.5 is pushout by 3.4.1 (i), hence also the bottom
face by (i7). Thus, again using 3.4.1(7i), so is the extended square. Analogously if

the composition of the left and the front face are pushout, the right face is, hence
the extended square. O

From now on we work in a closed symmetric monoidal category, so that we can
talk about the pushout product construction of A.2.28.

Lemma 3.4.6. Let (C,A) be closed symmetric monoidal and have all pushouts.
Then given two pushout squares

A= X, BbL>Yb’
Lo Lo
Ap ==X By == Ys

their row-wise pushout product is also a pushout square:

On
Qp =5 X,AY, .

o

— NY.
Q oo XNy
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Proof. We want to use Lemma 3.4.3, the relevant cube is given by:

AyABy, AyNY, (3.4.7)
prd ‘ e
-
XpN\By Qv
~ r / \
Xf/\Bf Qf Xp\Yy,
\ e
X/AY;

Here we cannot use the above lemma directly, because the top face and the bottom
rectangle are in general not pushouts. However, we can split diagram 3.4.7 in two
pieces, factoring all the maps from the back to the front face:

ApABy ApAYy AyABj ApAYy
A,ABj Ay AYy AjABy ApAYy
r r
XpAByp — Qs XpABf ——| ——> Qm
XpABj QOm XA X;ABy Qs XpAY
S = ~ Ve
XyAY XfAYy

Since smashing with an object is a left adjoint it preserves pushouts, hence the
two extended cubes are both examples of 3.4.5. Therefore Lemma 3.4.3 gives that
both of the two extended squares are pushout, and Lemma 3.4.1(i) completes the
proof. ]

Relative Cellular Maps

We will use Lemma 3.4.6 to recognize a relative cellular structure on the [J-product
of relative cellular maps. Recall the following definition (e.g. [H, 2.1.9]):

Definition 3.4.8. Let C be a category with pushouts, and I a class of morphisms
of €. Then a morphism f: A — X in € is relative I-cellular, if it is a transfinite
composition of pushouts of coproducts of elements of 1.

Remark 3.4.9. Let f: A — X be a relative I-cellular map, and let A = Xy — X; —
... be a A\-sequence that exhibits this structure, i.e. A an ordinal and for any o« < A
we have pushout diagrams

O .
Sy —— colim X,

<o
"‘*l r lfa

Dq Xa,
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where i, is a coproduct [] 4., with all the maps i, in I, and C, empty whenever
ceCly
« is a limit ordinal. Then the union of the C, is partially ordered, with i, € C,

smaller than iy € Cjs if and only if o < 8. In this situation, we say that |J ., Ca
indexes the attached cells of f in the A-sequence.

The following lemma helps with keeping the “length” of the transfinite compo-
sition in check when the domains of the morphisms in I are sufficiently small:

Lemma 3.4.10. Let f: A — X be an I-cell complex and assume that the domains
of the maps in I are k-small. Then there is a k-sequence of maps exhibiting f as
relative I-cellular.

Proof. Assume that f is the transfinite composition of a A-sequence {X,}o< that
exhibits the a cellular structure, i.e. for a < X there are pushout diagrams

O .
S, ——colim X,

<«
iat r lfa

Dq Xa,

such that i, is the identity of the initial object for o a limit ordinal, and a coproduct
of maps in I otherwise. For v < x, define sets C> and C, as well as commutative
diagrams

colim X5 — colim Y} (3.4.11)
o<y o<y
X, Y., X

\~/

by transfinite induction: Let Cjy := 0 and Y := Xy = A. Continuing, for y a limit
ordinal let C), be empty.Otherwise define the set

C5 = {a <\, 0, factors through Y, _;}.

Further let C,, := C5 \ Us_, C5 . Finally define Y, as the pushout

HaEC’»Y S, — colim Yj

o<y
Lo
HaECW Da Y’Y

Define a map Y, — X on the attached cells S, — D, by going through the X,.
Note that o,: S, — X factors through colims, X;, hence we get a map X, — Y,

114



3.4. FIXED POINTS OF SMASH POWERS

which fits into the diagram 3.4.11. Finally note that since S, is k-small, all attaching
maps o, for a < X factor through some X, hence through Y. the union U’y</§ c,
contains all &« < A. Therefore there are canonical maps in both directions between
the colimits

colim X, = colim Y,
a< Y<K

which are isomorphisms by cofinality. ]

Remark 3.4.12. Note that attaching cells via coproducts, gives a partial order on the
set of cells. Every such partially ordered set can be linearly ordered as in [H, 2.1.11],
which corresponds to giving a A-sequence in which the cells are attached one at a
time. Lemma 3.4.10 gives us a much more convenient way to revert this process,
than simply forgetting the extra information. Returning to a closed symmetric
monoidal category (€, A), observe that taking coproducts interacts distributive with
the smash product, hence also with the [J-product. We therefore allow ourselves
to switch freely between attaching cells one at a time or in bigger groups via the
coproduct.

The main theorem we aim for in this subsection is the following:

Theorem 3.4.13. Let (C,A\) be closed symmetric monoidal with all small colimits.
Let I and J be sets of morphisms in C and let f: A — X and g: B — 'Y be relative
I- and J-cellular, respectively. Then their pushout product fOg is relative (I0J)-
cellular.

In particular, if X\ and pu are partially ordered indexing sets for cells of f and g,
respectively, then A\ X p is a partially ordered indexing set for cells of fUg.

Proof. We assume without loss of generality (cf. 3.4.12) that A and p are ordinals
linearly indexing the cells of f and g, respectively. That is for each a < X\ we have

a pushout diagram

o €1
Sa > Da

o

colim X, — X,,
<o fa

such that the A-sequence A = Xy — X, = X is the map f, and and analogous for
g. Chose the product partial order on A x p, i.e. (v,9) < (a, ) if and only if v < «
and 0 < 3. Let E: A X  — € be the sequence defined by the pushout diagrams

ANB —= X A\B

o

A/\YB —_— Eaﬁ,
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and note that F) , is the source of flg. We claim that the desired filtration is then
given by {F, g}, the (pointwise) pushout of X x p-sequences in the diagram:

Fug— XoaAY; (3.4.14)

.o

Eyy——Fup,

where E) , is the constant sequence. To prove the claim, note that the transforma-
tion F — X )AY(_) of sequences factors through the sequence P, given pointwise
as the pushout

colim X, AYs; — colim X,AY} (3.4.15)
N<a6<f 5<p
l -
. faDgﬁ
COleXy/\Yﬂ P(aﬁ) Xa/\YB.
y<a

That is, P, s is the source of the map f,[lgs. We apply the cobase change as in
3.4.14 to this factorization to get the diagram

fcyOg—
E P X AY (3.4.16)

A

Ey,—Plg L), F.

Now comparing the colimits pointwise, cofinality lets us identify P, sIlg ) , as the
following pushout:

colim F, 5 —— colim Fy, 5
<0< 3 6<p

| -

C(7)1<1£n Fyp——Poplp Exy—Fop.

In particular we have

Pllg E), = colim F,sg,
’ (r.0)<(a,f)

and the map

o T = Fapera
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is a cobase change of f,[gz. Therefore to show that I is indeed a filtration by /[JJ-
cells, it suffices by 3.4.16 to show that f,Ugs is the attaching of a ITJ-cell. This is
a consequence of Lemma 3.4.6, which implies that there are pushout diagrams

iaOjgel0]

S(a,8) Da,p)
allg
P(a”g) 5 Xa/\Yg.

Note that as in Remark 3.4.12 we can extend the partial order on A x p to a linear
one, finishing the proof. ]

Remark 3.4.17. In a lot of cases of interest, for example € = 7, with I and J the
sets of generating (acyclic) cofibrations, we will actually have that I00J C J(—cell),
such that the above proposition also gives f[g the structure of a relative J-cellular
map.

Remark 3.4.18. In categories where we can think of the maps in I, J and I[]J as
inclusions, and of the filtered colimits as unions of subobjects, the intuition behind
the filtration in the theorem simplifies significantly. In particular the cellular maps
then give a A-sequence of inclusions of subobjects

A— X — ... X,
and similar for B < Y. Note that flg is the inclusion
fOg: XABUypp ANY = XABU ANY — XAY,
and the filtration given by the theorem is through objects
F,3=XNBUX,A\YgUAANY.

Corollary 3.4.19. The monoidal product X \Y of an I-cellular X object with a
J-cellular object Y 1s IL1J-cellular.

Corollary 3.4.20. In the situation of Theorem 3.4.13, the map fAg is relative
(I0J) U K -cellular, where K is the set of maps INBU ANAJ. In particular, if A and
B are themselves I-, respectively J-cellular, fAg is even I01J-cellular.

Proof. Use the theorem on the maps x — A — X and x — B — Y which are
I'U{* — A}-, respectively J U {* — B}-cellular. Note that the indexing of the
filtrations is shifted, and the new filtration factors through Fy; = AAB. All the
later cells are then of type (/00J) U K. O
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Corollary 3.4.21. Since the O-product is associative, Theorem 3.4.13 immediately
gives specific filtrations for iterated (l-products of maps. The indexing set for the
cells of the iterated [ is always given by the product of the indexing sets with some
(linear) order that is compatible with the product partial order.

We now give the proofs of Corollary 3.3.18 and Proposition 3.3.19:

Proof of 3.3.18. Recall the generating cofibrations and acyclic cofibrations from
2.2.30 and 2.2.41. By 3.3.16 and C.1.17, ®" sends FI cells to FI; cells. Since it
also preserves the mapping cylinder construction and hence sends the maps Ay in
the definition of the generating acyclic cofibrations in GO7 to their counterparts in
JOT. Note that kv i is mapped to ky~ y~0i, which is K j-cellular by Theorem
3.4.13. By 3.3.15, ®" preserves the cell complex construction. O

Proof of 3.3.19. (cf. [MM, 4.7]) The natural map « is J-equivariant by definition. It
is an isomorphism for X and Y free G-spectra by 3.3.16. This implies that o induces
a bijection of sets along which we identify @~ (FCIOFCT) and (&N FENO(PNFET).
Abbreviate this set as I. Let now X and Y be F%I-cellular, and chose specific
cellular filtrations with indexing sets C' respectively D for the attached cells. Then
by Proposition 3.3.15, ®V X is &N (F[)-cellular with the cells still indexed by the
same set C, and similar for ®VY. Theorem 3.4.13 then gives explicit filtrations of
SN XADGNY and (PN XAY) as I-cellular objects with the same indexing set C' x D,
and « exactly transports one filtration diagram into the other. Since retracts are
preserved by any functor, this proves the proposition. O

We will give more applications of Theorem 3.4.13 later, when we study filtrations
of smash powers (cf. 3.4.22).

3.4.2 Equivariant Cellular Filtrations

We finally give the equivariant cellular structure for smash powers. Let L be an
S-cofibrant orthogonal spectrum. For G a finite group and X a finite G-set, we will
give a filtration of the map

(k= L) = (x — L) = Ax(L),

by S-cofibrations of G-spectra using Theorem 3.4.13. It will follow from the con-
struction that, when X is G-free, the attaching maps are all S-cofibrations between
induced regular S-cofibrant G-spectra. This allows us to calculate the geometric
fixed points of Ax(A) along the lines of 3.3.41. Our methods are inspired by [Kr,
3.10.1], where a similar filtration is given for the case that X = G = (|, a finite
cyclic group.
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Theorem 3.4.22. Let G be a finite group and let X be a finite G-set. Then for L
an SI-cellular orthogonal spectrum, its X -fold smash power L"* is an Slg-cellular
G-spectrum.

In particular let X be an ordinal indexing the cells of L, then the X -fold product \**
has a G action and its set o = (\*¥X)g of G-orbits indexes the Slg-cells of L™,
i.e.:

For every [a]| € o there is a pushout diagram of G-spectra:

G4 An [g{/{(sn_l X OV/P)+ — G N\n [gv(Dn X OV/P)+]

| -

U (L") (L),

[B)<[a]

where the map in the top row is induced up from a generating S-cofibration
of H-spectra, for H the stabilizer subgroup of [a] in G. These diagrams
define for each [a] in o a subspectrum (L"X)o of L"X, such the union

U (_L/\X)[O4 — L/\X.

[aleD

Proof. Let x = Ly — Ly — ... — L be the A-sequence exhibiting L as SI-cellular,
i.e. the maps are cobase changes of generating S-cofibrations. As in Remark 3.4.18,
we think of the L, as subspectra of L, since the S-cofibrations are in particular
levelwise inclusions. Recall from Theorem 3.4.13 that as an orthogonal spectrum
L’ has a cellular filtration indexed by \*X equipped with the product partial order,
l.e.

ﬁ = {/8$}$€X < o= {ax}meX <~ B:I? < Oy Vr e X.

This implies that there is a \*¥-diagram of orthogonal spectra LA% such that

colim LY =~ [N,
aEAXX

Note that since the S-model structure is monoidal, the maps LAX — LAX for ﬁ <«
are S-cofibrations as well, so we similarly treat the LAY as subspectra /\ L., of
LY and their filtered colimits as unions.

Now let o = {a, }rex represent an orbit [a] € D, we define

(L") o) —coth =Yt = UNA L, .

geG geG xeX

zeX
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which is obviously independent of the choice of representative of [a], and invariant
under the G-action. Note that the L, are partially ordered by inclusion, compatibly
with

Bl <o) & gb<a Vged.
We investigate the attaching maps closer. For each a, there is a pushout diagram
D, of spectra

D,, == Gy (™! x OVZ/PQ)+ —= Gy, (D" x OVVPI)Jr

| r

U Ls L

B<ay

-

with the top map a generating S-cofibration. By 3.4.6 we can take the row-wise
O-product of all the diagrams D, for x € X to get a pushout diagram

D= G (S" 7 x Ov/p), —= Gy (D7 x Ovi/p),

| -

U A Ls, A lLozgc-

B<axzeX reX

Here V= @ V,,n' = > n, and P' = [] P,. Note that each of the corners in the

rzeX zeX zeX
diagram D, has an action of the stabilizer subgroup Stab, of « in

permuting smash factors, and the maps are all Stab,-equivariant.

Now G acts on all these diagrams {D, },caxx by permutation, and we can form the
union over all the diagrams in the G-orbit of one particular diagram D,, to get the
final diagram D,

XX induced by

Dij: = G Asub, |G (877 x OV i)y | —= G Asuan, |G (D™ x OV/pi), ]

l -

L/\X
[B]g[a]( o (L")

By Remark 3.3.66, the induced map in the top row is an S-cofibration of G-spectra
as desired. Note that if c, is a limit ordinal for any x € X, the top row in D,
becomes trivial, hence the lower map is an isomorphism. O

Looking closer at the cellular filtration given by Theorem 3.4.13 and Corollary
3.4.20, we can immediately get a relative version, admitting the same proof:
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Proposition 3.4.23. Let in the situation of Theorem 3.4.22 K be a sub-SI-cell
complex of L, then KX is an equivariant sub-Slg-cell complex of L"*, and for
i: K — L the inclusion, so is the source of i=X.

Proof. We can find a cellular filtration as in the proof of Theorem 3.4.22, with
K = L, for some pr € A\. Then in the notation from above,

ANX ANX
K™% = Ly

where 1 is the element {it}.ex of M*X, and =X is the map

L — 1%
where [0] is the colimit in the partially ordered set o over all those elements [a] such
that a, < u for at least one z € X. O

Remark 3.4.24. Note that if L is built from K by attaching a single cell along a
generating S-cofibration ¢, then we can think of the map » — K as another single
cell as in Corollary 3.4.20, i.e. think of A as having 2 elements, one representing the
map * — K, and one representing . For G a symmetric group >, acting on a set
X with n elements, o also has n elements, and the cells one needs to attach to KX
to get L are all of the form

En/\gm Xgn_mi‘jm/\K/\nim.

In the case where the action of G on X is free, we can further identify the cells
in the filtration given by Theorem 3.4.22:

Proposition 3.4.25. Let in the situation of Theorem 3.4.22 the G-set X be free,
then the filtration is by induced regular cells, i.e. all the pushout diagrams D, are
of the form

OH AH
D) = GyAm [gv(sn_l X OV/P)J — G An [QV(D" X OV/P)+] )

| -

L/\X
[6]L<J[a]( I (L)

where the top map is induced up from the H-fold Ol-product of a generating S-
cofibration of orthogonal spectra.
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Proof. We continue using the notation from the proof of Theorem 3.4.22. Recall
that the top map in the attaching diagram D, above was given by the iterated [J-
product of all the maps ¢,, for x € X, with the Stab,-action permuting [I-factors
that are identical. Since G acts freely on X, so does Stab,. Therefore choosing
any system of representatives R for the Stab,-orbits of X, we get Stab,-equivariant
isomorphisms

Gy (57~ x OV pr). Gy (D" x Ov/pi).

% %

Gy (57 x O/p) |t ——=1G, (D" x Ov/p) /S,

where V: = @V,, n: = > n,and P: = [[ P,. O
reR reR réeR
Together with Theorem 3.3.65, we can now calculate the geometric fixed points
of smash powers of S-cofibrant spectra. Let as above

1-N-GSJ—1,

be a short exact sequence of finite discrete groups, and X a finite free G-set.

Theorem 3.4.26. For S-cofibrant orthogonal spectra L and finite free G-set, there
s a natural isomorphism of J-spectra

Ax,L = ®N(AxL).

Proof. This is again quite similar in spirit to the analogue theorem [Kr, 3.10.7]. It
suffices to look at SI-cellular L, since retracts are preserved by any functor. We
keep the notation from the proof of Theorem 3.4.22 as far as possible, and let ¢’
denote the J-orbits of XXX~ The projection eG — J induces a “diagonal” map

D e A S
(Kt mex, = {8 teex
which descends to orbits to give a map ¢*: ¢/ — o. Note that in the cell structure

for L, cells that are not indexed by €*[a] do not contribute to the geometric fixed
points: By induction over the cellular filtration, assume that for all [5] < [a] in o

we have
N AXY\ ~ &N AX
¢ ( U L[(ﬂ ):(I) ( U L[e*n])?
[61<[8] [e*K]<B

then the same is true for § replaced by a: In the case o € €*¢’ there is nothing to do,
otherwise note that for [a] € €*o’, the group N is not contained in Stab,, hence in
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the attaching diagram Dy, the top row has trivial geometric fixed points by 3.3.65.
Since taking geometric fixed points commutes with the cell-complex construction,
we therefore get colimit diagrams for ®V LY and LN~ of exactly the same shape,
with attaching diagrams indexed by e¢*o’ = ¢’. Then again by induction on the
cellular filtration we show that the J-spectra L[AHTN and ®V(L/:;) are isomorphic.

Herefore compare the attaching diagrams:

U @V @A) ex

(1<1x] =< oV (Gynnloy (5771 x Ov/p)]TH) —— o (Gyanlgy (D™ x Ov/p)4]MH)

ANX
ME[K](L M) < T A [Gy (81 x OV p) 1070 > T A Gy (D™ x OV/p) 4100

where the vertical maps are isomorphisms by 3.3.65, hence induce an isomorphism
on pushouts. Naturality is after the discussion so far only obvious for cellular mor-
phisms. For all morphisms between S-cofibrant orthogonal spectra and for all iso-
morphisms of finite free G-sets naturality follows from the construction 3.4.28, cf.
Remark 3.4.32. ]

3.4.3 Fixed Points and the Loday Functor

The following proposition gives the important naturality property, which we will
need when generalizing the above result to infinite and non-discrete spaces. It is
inspired by Kro’s proposed “diagonal map” L9 — ®% L™ in the case of finite cyclic
groups. The definition given in [Kr, 3.10.4], however, seems to mix up the left and
right adjoints involved. The present author is doubtful that a strict map can be
defined in the way described there, even in the cyclic case, if L is not at least S-
cofibrant. We will instead define a natural zig-zag of maps, where the arrow in the
wrong direction becomes an isomorphism for S-cofibrant input.

Before we give the construction, recall the full subcategories of O5® C Og and
O® C Oy associated to the sets X and Xy from Example 2.2.27. Let as usual O%®
be the N-fixed category of OF*, and note that the following diagram of functors
commutes: ‘

Op<— 0t

/| o

reg

Where ¢™8 is the restriction of ¢, sending a regular representation V¥ to (V&X)N,
Note that the latter is indeed regular and we usually identify (V&X)N = /X~ The
diagram then implies the following natural isomorphisms for the restriction functors
and their left adjoints:

P,PSE = PP, UTEU; = UiU,. (3.4.27)
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Proposition 3.4.28. For G a finite group and X a finite free G-space, and L any
orthogonal spectrum there is a natural diagonal zig-zag of J-spectra
. Py(e;
LAY <P AN e PR U Fie (LX) 225 @ (LAX)

For S-cofibrant spectra L, the first map is an isomorphism such that the pointed
composite A(X, L) exists and is the natural isomorphism from 3.4.26, which we
therefore call the diagonal isomorphism.

Proof. The maps €; and ¢; are the counits of the adjoint pair (P;, U;), respectively
(P;, U;) and are hence natural. The second map requires more work. First note that
by (3.4.27) its target is naturally isomorphic to IP’jIP’f;gUiFiXN(L/\X), so it suffices to
define a natural map of regular J-spectra

U, LMY — PLEU;Fix™ (LMY,

to which we then apply ;. We define the map levelwise, so let U = V&~ be a
regular J-representation. By the coend definition of the smash products L"* and
LM~ as well as the evaluation of P, it suffices to give morphisms

WeOR® D W xWw N

/\ LV[?C] — / Of]eg<WN7 UN) N / Ow/\HX Ow, /\ LWI
@ V[x]:U reX
(3.4.29)
But since U is regular, W = V%X gives a preferred point in the first coend, and for
each partition @V, = U the choice W, = V) gives a preferred point in the second
coend, so that we can map A cy, L) to the copy of A .y Liz] indexed by the
identities of W¥ and W, via the diagonal map

N Lo — AL

[z]leX N zeX

U € Ligfwlexy = ) € L) eex

Note that the map is obviously J-equivariant and maps into the coend of the fixed
points, hence into the fixed points of the coend. It is compatible with the structure
maps of L and natural with respect to all maps L. — K of orthogonal spectra.

To see that the instance of ¢; is an isomorphism for S-cofibrant L, note that it is
an isomorphism for any semi-free J-spectrum G) with V regular by (2.2.28). By
Theorem 3.4.22, a cell induction then gives the result. Similarly it suffices to show
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that for semi-free spectra the zig-zag yields the isomorphism from 3.3.41. For R a
euclidean vector space and L = G, K, the maps (3.4.29) are represented by the map
of [ [, Or-spaces out of K XN determined on the level U = R"*~. Since this map
is adjoint to the unit map

N N
7]¢2 gg (OR/\X/\HX ORK/\X) — U¢P¢Q{}J (OR/\X/\HX ORK/\X) y

the result is implied by the Yoneda lemma and our description of the isomorphism
(3.3.41). O

Corollary 3.4.30. Let L and L' be S-cofibrant orthogonal spectra, then the natural
map « from 3.3.19 is an isomorphism

ON(Ax L)NON (Ax L) = ®N(Ax LAAxL).

Proof. Since Ax LAAxL' = Ax(LAL') via a G-equivariant shuffle permutation the
map « is up to isomorphism the map

L/\XN/\LI/\XN ~ (L/\L,)/\XN.
O

Corollary 3.4.31. Let L be an S-cofibrant orthogonal spectrum and let B be an
Ind™®-cellular G-spectrum, then the natural map o from 3.53.65 is an isomorphism

N (AxL)ADN (B) = &V (Ax LAB).

Proof. First assume B is itself of the form B = G, Ag(L')"*. If N is not contained
in H, both source and target of « are trivial. Otherwise we have

L"AB = G A (LM AL
by 3.3.45. Hence Theorem 3.3.65 gives that « is J-isomorphic to a map
LXN/\G/N+/\H/NL/AN = G/N—i-/\H/N(LXN/\L,N)v

which is another instance of 3.3.45 The general result follows by a cell induction
over the cells of B. O

Remark 3.4.32. Since the Loday functor for mere spectra is in the X-variable only
defined with respect to finite sets and isomorphisms between them, the best thing
one can hope for is that the diagonal zig-zag of 3.4.28 is natural in the X variable
with respect to isomorphisms of finite free G-sets. Then indeed, comparing the
appropriate shuffle permutations through which G and J act, naturality in X is
immediate for semi-free spectra, and can be followed through the coends in the
proof of 3.4.28 with little more effort.
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Corollary 3.4.33. The diagonal isomorphism respects decompositions of X into
G-orbits, i.e. for X a finite free G-set and L an S-cofibrant orthogonal spectrum,
we get a commutative diagram of natural isomorphisms

(X/\G/N)/\XG = AXy = (L/\XG)/\G/N
A(G,L)AXGJ/
(@NL/\G)/\XG A(X,L) A(G,LNXG)

g

q)N((L/\G)/\Xg) = PN [AX = (I)N((L/\Xg)/\G)
with the lower left vertical map an iterated version of the isomorphism « from 3.3.19.

Proof. Note that for L S-cofibrant, a map out of L"*~ is completely determined by
its values on Xy-regular levels by the universal properties of the semi-free spectra
appearing in the cell decomposition of Theorem 3.4.22. On these levels the right
rectangle commutes by definition of the diagonal zig-zag. For the left rectangle,
comparing the universal property defining o from 3.3.6 to the definition of the
middle map in the diagonal zig-zag 3.4.28 gives the result. [

Varying the Input Categories

In 3.2, we have defined several versions of the Loday functor, with the input cate-
gories varying between finite discrete sets together with general orthogonal spectra,
to general spaces and commutative orthogonal ring spectra. In the previous dis-
cussion we have restricted the first input further, to finite free G-sets, to study the
equivariant structure induced on the output. Inspired by Remark 3.4.32, we will
from now view the diagonal isomorphism as a natural transformation of functors

A('a_): A(')N(_) - CI)N(A(')(_))a

and study in how far we can vary the input categories.
We begin with checking naturality of the diagonal isomorphism with respect to
injections of finite free G-sets. As usual, we have to adapt the cofibrancy condition.

Definition 3.4.34. An orthogonal spectrum L is S-cofibrant under S if it is equipped
with a designated S-cofibration S — L.

Example 3.4.35. Every S-cofibrant commutative orthogonal ring spectrum is S-
cofibrant under S via its unit map by 1.3.22, which in particular says that the unit
maps for the commutative ring spectra appearing in the generating S-cofibrations is
a positive S-cofibration.
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Lemma 3.4.36. The diagonal map is natural with respect to finite free G-sets and
equivariant inclusions, and spectra S-cofibrant under S.

Proof. Let L be cofibrant under S, and let X — Y be an equivariant inclusion of
finite free G-sets. There is an SI-cellular structure for L such that the designated
map S — L is an inclusion of a subcomplex. Then L"* — LY is an inclusion of an
equivariant subcomplex as in 3.4.23. Similarly L"*~ is an equivariant subcomplex
of L'~ and it follows as from the proof of 3.4.26 that the diagonal isomorphism
respects the inclusion of subcomplexes. ]

Moving towards infinite free G-sets X, the Loday functor is defined in 3.2.3 as
via the colimit along inclusions of finite free G-subsets of X.

AX(L) = Fg?(hfgllite AFL

Note that by the proof of the previous lemma, this is a filtered colimit along h-
cofibrations, so that it is preserved by ®V.

Lemma 3.4.37. The diagonal isomorphism exists and is natural with respect to free
G-sets and equivariant inclusions, and spectra S-cofibrant under S.

Proof. We begin with the existence. Let L be cofibrant under S, and let X be a
free G-sets. The finite subsets of Xy are orbits of finite subsets of X hence there
is a natural map Ax, L — ®"(AxL) which is the colimit of isomorphisms hence an
isomorphism itself. Naturality follows since equivariant inclusions induce inclusions
of indexing categories for the colimits. O

As an alternative proof, we can use Corollary 3.4.33: Let f: X - Y =X UZ
be an equivariant inclusion of free G-sets. Then f respects the orbit decomposition,

1.e.
X = Ja, Yo | Jaul G,
Xa Za

Xa

and f corresponds to the obvious inclusion. Hence AfL is isomorphic to the map
AG(AXGL) = AG(AXG/\AZGS) — AYG (AYGL),

i.e. it is the smash power of a map of S-cofibrant spectra, so 3.4.28 gives the result.
In particular, we even get that the map Ax,L — Ay,L is a (non equivariant) S-
cofibration, thus the induced map of smash powers is an S-cofibration of G-spaces by
3.3.66. To see this, filter Y through finite sets ¥; and let X; = f~1Y;, Z; = YV;\ f(X)).
As in 3.4.23, each of the maps L% = LANXiASN — [MYi is an S-cofibration, hence
so is their colimit.

Finally we move towards S-cofibrant commutative orthogonal ring spectra, where
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we want to work with the definition of the Loday functor in terms of the categorical
tensor with spaces, i.e. for X a space and A an S-cofibrant commutative orthogonal
ring spectrum, AxA = A ® X, where the tensor is in the category of commutative
orthogonal ring spectra (cf. 3.1.2). As discussed in 3.1.14, the tensor specializes to
the smash power for discrete inputs X, so all the results from above still apply. Note
that we can now extend the naturality results to not necessarily injective maps:

Lemma 3.4.38. The diagonal isomorphism from 3.4.37 is natural with respect to
free G-sets and equivariant maps, and S-cofibrant commutative orthogonal ring spec-
tra.

Proof. Let f: X — Y be an equivariant map between free G-sets. Similar to the
above discussion, we filter X and Y by finite free G-sets X; and Y; and consider f
as a colimit of maps f;: X; — Y;, where the transformations A\, A — f; for i < j
are along S-cofibrations. Thus it suffices to check naturality for not necessarily
injective equivariant maps between finite free G-sets. Here we can once again use
the splitting into orbits, and the fact that the diagonal map is natural with respect
to all morphisms between S-cofibrant spectra. As in Corollary 3.4.33, we see that
for X — Y an equivariant morphism of free G-sets, the map on smash powers
AxA — Ay A is the G-fold smash power of the map Ax,A — Ay_ A, hence the
result follows. [

We can finally move on towards non discrete spaces. We begin with spaces that
are geometric realizations of simplicial sets, since there we have Proposition 3.1.11,
which makes computing the Loday functor much easier and in particular allows the
following extension of the diagonal isomorphism:

Proposition 3.4.39. For free G-simplicial sets X, and equivariant maps between
them, and S-cofibrant commutative orthogonal ring spectra A, the diagonal map
exists and is a natural isomorphism

Ao A = OV (Ajx, A).

Proof. By 3.1.11, for a free G-simplicial set X,, and an S-cofibrant commutative
orthogonal ring spectrum A, the tensor A ® |X,| is naturally isomorphic to the
realization of the simplicial orthogonal spectrum

¢ (A®X,) =AM = Ay A

By B.1.44, the geometric realization of this spectrum is the colimit along the skeleton
filtration, which is along levelwise h-cofibrations since the simplicial spectrum is h-
good (cf. B.1.49, B.1.50 and B.1.46): Every simplicial degeneracy map s; is an
injection of free G-sets, hence as in the comment before Lemma 3.4.37, it induces an
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S- hence h-cofibration under the Loday functor. In particular, taking the geometric
fixed points commutes with the geometric realization, since Fix" does. Therefore
the diagonal maps A(X,, A) for each simplicial level induce an isomorphism on
realizations. It is natural since maps of free G-simplicial sets are levelwise maps of
free G-sets. O

Remark 3.4.40. For X the realization of a simplicial set, the diagonal map con-
structed in 3.4.39, does not depend on the simplicial model. Given two simplicial
sets X, and Y, such that |X,| = |Y,|, there is a zig-zag of maps of simplicial sets
between them, that realizes to the isomorphism, e.g. via the singular complex of
|Y.|. Thus we can use the naturality for simplicial maps.

We can continue this to work towards general cofibrant free G-spaces X, in par-
ticular since the generating naive cofibrations are given by the inclusions GA(S" ™! —
D™), which are the realizations of simplicial maps GA(OA™ — A™), we can write
every cofibrant G-space as a colimit of pushouts of maps between spaces that are
realizations of free G-simplicial sets. Note that tensoring with A of course preserves
this colimit, but also maps it to a colimit along S-cofibrations since the S-model
structure on commutative orthogonal ring spectra satisfies the pushout product ax-
iom. In particular particular we can take geometric fixed points before going to the
colimit, hence use the lemma for the simplicial case and a cell induction to get the
following:

Lemma 3.4.41. For naively cofibrant G-spaces X and equivariant maps between
them, and S-cofibrant commutative orthogonal ring spectra A, the diagonal isomor-
phism exists and is natural with respect to morphisms X — Y that are realizations
of simplicial maps.

Remark 3.4.42. Note that every equivariant map between naively cofibrant G-spaces
is homotopy equivalent to the realization of a simplicial map via the unit of the ad-
junction between spaces and simplicial maps and the general Whitehead theorem
B.1.3 for the naive model structure. Since the Loday functor is continuous in both
variables, this implies that the diagonal isomorphism of 3.4.41 is natural with re-
spect to all continuous equivariant maps up to homotopy equivalence. The homotopy
equivalence can be seen as one of orthogonal spectra which at each time is a mor-
phism of ring spectra (cf. proof of 3.1.13).

This concludes our study of the case of a fixed finite group, since we have reached
the other end of the generality of the definition of the Loday functor from 3.2. So
far we have not touched upon functoriality of the Loday functor or naturality of the
diagonal map for changing the group, so let now ¢: H — G be a homomorphism of
topological groups. As usual we can look at the restriction functor ¢*: GT — HT,
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and it is immediate, that it commutes with the Loday functor in the sense that for
orthogonal ring spectra A, there is a natural isomorphism of commutative H-ring
spectra

Apx A= ¢"Ax A,

where on the right side ¢* is the restriction functor on commutative ring spectra,
analogous to 2.2.5. Note, that since ¢* does not send free G-sets to free H-sets if ¢
is not injective, we have in general no control over the diagonal map. Therefore we
will only consider the case where ¢ is the inclusion i: H — G of a subgroup. For
N C H, this leads to the following:

Proposition 3.4.43. The restriction functor preserves the diagonal map.

Proof. Recall from Remark 3.3.50 that Condition 1 is always satisfied in the case of
finite groups. Hence as in the proof of Proposition 3.3.57 the right half of (3.3.58)
commutes, i.e. the restriction commutes with P,. Therefore all the functors in the
definition of the diagonal zig-zag commute with the restriction, and so does the
whole zig-zag. The restriction functor preserves the colimit along the inclusions of
finite subsets as well as the geometric realization and the cell complex construction,
which we used to extend the diagonal map from the case of spectra above. ]

Remark 3.4.44. The relation of the Loday functor with the induction of an H-set
X along the inclusion i: H — G is more subtle. Intuitively the Loday functor itself
should be viewed as the A-induction of a spectrum with action of the trivial group
to a spectrum with G-action. If one wants to start with an H-spectrum instead, this
generalizes the study of multiplicative norm constructions, where X is assumed to
be a discrete subgroup H of GG. These norm functors have been famously put to use
in the recent proof of the Kervaire-invariant problem by Hill, Hopkins and Ravenel.
An introduction can be found in [HRR, A.3,4], or [S11, 8,9], both of which only
became available very shortly before this thesis was finished. The author learned
about the interplay from Stefan Schwede, during a visit in Bonn in November 2010,
where he presented the results of this thesis. As the study of multiplicative norms
of course has to address some of the same questions we discussed here, we point
out some similarities and differences to [HRR]. Due to the fact that the works are
independent, the notation and viewpoint are rather different. First of all one should
note the difference in model structures. We worked with the S-model structure
instead of the classical g-model structure on commutative orthogonal ring spectra,
in order to get around the g-cofibrant replacement (cf. 3.3.22). [HRR] address
this problem by proving that the symmetric powers appearing in the generating
g-cofibrations are “very flat” (cf. [HRR, B.13,63]), which allows them to construct a
natural weak equivalence calculating geometric fixed points. Their method has the
advantage that it is more easily applicable to the general multiplicative norm case
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they aim to study. Our method on the other hand allows us to recognize the diagonal
map as a natural isomorphism, strengthening their statement. Note that the “Slice
Cells” discussed in [HRR, 4.1] are special cases of generating S/s-cofibrations in
our language, and from this viewpoint the filtration given in [HRR, A.4.3] and our
Theorem 3.4.22 achieve similar goals — an equivariant filtration of the smash power
— with different methods. Finally note that the change of the indexing of the smash
power away from a non discrete set we worked for in this section, is only addressed
in the side note [HRR, A.35]. Since all groups discussed there are finite, this is not
a major point in [HRR], but as we are going to move towards tori and more general
compact Lie groups now, the details become important.

Infinite Groups

We now leave the realm of finite groups and move back to the case of compact Lie
groups that is the main focus of our results. In particular to deal with topological
Hochschild homology and (higher) Cyclic homology, we are interested in the case
where G is a torus. The first thing we should address is that Condition 1 is actually
satisfied in these cases:

Lemma 3.4.45. Condition 1 is satisfied when G is the n-torus and H is the kernel
of an isogeny of G, in particular for G = S* and H a finite subgroup.

Proof. Let G = S' x ... x S1 = T". Observe that the group structure on T" is
inherited from (R", +) via the isomorphisms

a+b — |a][b]
k-a — [a* for keZ

Given an isogeny « of T", its kernel L is a finite subgroup. Note that there is a matrix
A = (a;;) € M,(Z) N GL,,(Q) such that a : T* — T™ is induced by (A:) : R* —
R™. Under this correspondence, the kernel of « is isomorphic to the projection of
A-YZM Cc Q" C R" to RYL/Zn. Note that A~'Z" is finitely generated by the columns

ci,...c, of A=Y, The orders p; of these generators in Rn/Zn are given by the least
common multiple of the denominators of entries ¢; ; of the respective columns ¢;. Let
W be an H-representation via ¢ : H — Oy,. We can restrict ourselves to irreducible
representations W, hence assume that dim W < 2. (The orthogonal matrices ¢(1;)
commute and hence can be brought to normal form simultaneously). If W = R is
the trivial L-representation, we can define V' := W as the trivial G-representation
and are done. If W is one dimensional, define V := C =y R? with the standard
metric and let W — V be the embedding as the real line. We prolong ¢ to Oy,
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by mapping the non-trivial element of Oy to the rotation of order 2. For W of
dimension 2, note that no element of H can be mapped to an element with negative
determinant of Oy, — if it does it has two different eigenspaces which have to be
preserved by all other elements of ¢(H ), hence W could not have been irreducible.
The generators of H have to map to elements of O¢ of order that divides their own.

In particular ¢(¢;) acts on C by multiplication with a root of unity Z?, such that
¢(c;)" is well defined for € R. Define an action of T" on V' = C by:

Rn/ZnXVAXV R/AZnXV Vv

iEi.Z

(21, 2], 2 —= L1 @(c)

The definition of the lower map obviously gives an action of (R",+) on V, since
the ¢(c;) commute. To see that it descends to an action of T", we have to show
that it is trivial on Z". Let e; be one of the standard base vectors of R". Then
multiplication with A takes e; to the coordinate vector (ayj,...,a, ). We need to
check that [ ¢(¢;)% =1 in C:

In H C ]R"/Zn we can form the Z-linear combination >;a; jc;. Since the ¢; were the
columns of A~! this gives back the standard basis vector e; which is congruent to 0
modulo Z", i.e. the Z-linear combination X;a; ;{; is equal to the unit in L. Since ¢ is
a group homomorphism this implies that H o(l;)* =11in Og, i.e. H P(c;)*™ =1in

C as desired. This action extends the actlon of W by construction, smce a generator
¢; of H maps to e; under the multiplication with A, hence acts via ¢(¢;) on V. The
fixed points of V' under the T™ action are trivial, since no ¢(c;) that is not trivial
fixes a point except the origin. [

We will need some more properties of tori, we begin with the one dimensional
case.

Lemma 3.4.46. Let C,, be a finite (cyclic) subgroup of order n in S'. There is a
simplicial C,-set (S, ). such that |(S,).| = S*.

Proof. This is easily done by hand, or by applying edgewise subdivision to the
standard simplicial model of S*. ]

Lemma 3.4.47. Let H be the kernel of an isogeny o of the torus T™. There is a
simplicial H-set T, such that |T,| = T

Proof. We combine the methods of the two lemmas above. For the intuition that
underlies the following, it is best to think of R™ as the n-fold product of the infinite

132



3.4. FIXED POINTS OF SMASH POWERS

simplicial complex R, which has vertices lying on the points in Z, and edges between
them. We identify the action of H on this complex, and then produce a finer
complex where the action is simplicial. As above associate to a an integer matrix
A e M,(Z) N Gl,(Q). In the notation above, the action of an element H on an
element [r] € R /7N corresponds to adding a linear combinations of columns of
A~ to r. All the columns of A~! are in det(A) - Z" by Cramer’s rule. Hence the
difference of r to its image under the action of any h € H is in det(A) - Z" as well.
Thus let T, be the n-fold product of simplicial sets

T, =5, x...x5,,

where S, is a Oyt a-equivariant simplicial model of S'. The action of H on the
realization corresponds to a simplicial action on the resulting simplicial complex,
hence T, is the desired H-simplicial set. O

Finally we can state the result about the diagonal map for our main case of
interest:

Theorem 3.4.48. Let G = T" and N the kernel of an isogeny (such that Condition
1 is satisfied). For an S-cofibrant commutative orthogonal ring spectrum A and a

nawvely cofibrant G-space X, there is an 1somorphism of G/N—spectm
AxyA — VA,

The isomorphism is natural, and restricts to the diagonal isomorphism under the
restriction of the G-action to any finite subgroup of G/N.

Proof. We begin with constructing the map and check equivariance afterwards. Re-
stricting to an arbitrary finite subgroup K of GG that contains H, Proposition 3.4.39
gives a diagonal map

AXNA — (I)NA)(N

of K/ v-spectra. For K; and Kj two such subgroups, the two maps they define

restrict to the same map of Kin K2/N—Spectra, since the diagonal maps are pre-
served under restriction (3.4.43). In particular all of these maps restrict to the same
underlying map of spectra. Note that for normal subgroups N C G an element [g] in
the quotient group G/ v has finite order, if and only if the subgroup generated by g
intersects H non trivially, and in particular if and only if the subgroup generated by
{g}UN contains N as a subgroup of finite index. This implies that we constructed a
map between spectra with J-action, which is equivariant with respect to the action
of all points in J that have finite order. Since G/ 77 is isomorphic to G, we know

that the points of finite order are exactly the rational points in G/ 7 = T". Since
the rational points are dense in TV, and the actions on J-spectra are continuous,
the map is indeed J-equivariant. O
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Since every element of a compact Lie group lies in a maximal torus, and in
particular contains points of finite order in every one of its neighborhoods, this
argument can be used in more general settings, as soon as one has control over
Condition 1 and a property analogous to 3.4.47:

Condition 2. Let G be a topological group and H a subgroup. Assume there exists
a simplicial H-set G, such that there is a H-equivariant isomorphism

G =G

Remark 3.4.49. As we have seen above, the tori T" satisfy Condition 2 with respect
to all kernels of isogenies. To the knowledge of the author, the completely general
case is unknown. Note that Illman’s triangulation theorem C.2.4 constructs an H-
equivariant triangulation of G, but since the usual methods that produce simplicial
sets from simplicial complexes fail for Illmans equivariant simplices ([I1183, §3]), this
is not enough.

Theorem 3.4.50. Let G be a compact Lie group, and N a normal subgroup. Assume
that G satisfies Conditions 1 and 2 with respect to all subgroups K containing N,
such that N has finite index in K. For an S-cofibrant commutative orthogonal ring
spectrum A and a naively cofibrant G-space X, there is an isomorphism of ¥/ -
spectra

A A — OVALN.

The isomorphism is natural, and restricts to the diagonal map under the restriction
of the action to any finite subgroup of G/N.

Before we end this section, let us briefly say something about the change of base
rings. Recall that we defined R-model structures for the categories of R-modules
for R a commutative orthogonal ring spectrum. In particular, the generating R-
cofibrations were given by smashing R with the generating S-cofibrations. Recall
that the category of R-modules is symmetric monoidal with respect to the monoidal
product Ag, defined via the coequalizer diagram A.1.17, and we defined the R-
Loday functor using this product in 3.2. We would like to state a result analogous
to Theorem 3.4.26, but there is an obstruction: There is a priori no guarantee that
for an arbitrary, or even for an S-cofibrant commutative orthogonal ring spectrum
the geometric fixed points of R equipped with the trivial G-action, are isomorphic
to R itself. Note that the sphere spectrum of course has this property by 3.3.16,
since S = FJ,. Excluding this case, we still get the following

Theorem 3.4.51. Let G be a compact Lie group and N a normal subgroup. Assume
that G satisfies Conditions 1 and 2 with respect to all subgroups K containing N,
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such that N has finite index in K. Let R be an S-cofibrant orthogonal ring spectrum
such that ®Y R = R. There is a natural isomorphism

AR A= 0N(ARA),

if A is an R-cofibrant commutative R-algebra and X a naively cofibrant G-space, or
if A is an R-cofibrant R-module and X s a finite free G-set.

Proof. For the spectrum case, since L is R-cofibrant, it is isomorphic to RAK with
K an SI-cellular spectrum. Applying The smash power L"#¥X is then isomorphic to
RAK"X. Here G acts trivially on R and in the usual way on the smash power of
K. Then by 3.3.60 and 3.4.31 the result follows. For the algebra case we can follow
the discussion for R = S above. [
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3.5 Homotopical Properties

We finally turn to investigating the homotopy theoretical properties of the Loday
functor. For one, this this will allow us to establish the comparison result to the
BCD model. On the other hand it is very good to know, that the S-model structures
and in particular the induced regular cells are sufficiently well behaved to allow for
the standard tools of equivariant stable homotopy theory to apply, without having
to resort to g-cofibrant replacements.

3.5.1 Homotopy Groups

The main point we want to establish is the characterization of geometric fixed points
for smash powers of 3.5.13. But before we can give precise statements, we have to
once again recall definitions from [MM, V.4], the first one being homotopy groups
for Op-spectra, geometric homotopy groups, and several homomorphisms between
the different homotopy groups associated to a G-spectrum. Let as usual

E: 1 N G——J 1
be a sequence of compact Lie groups.

Definition 3.5.1. [MM, 4.8] Let Y a Og-spectrum and X an orthogonal G-spectrum.
Let H/N = K C J, with H a subgroup of G containing N.

(i) Define the homotopy groups of Y via

% colimy e, m,(QV" Yi))K ifg>0
T Y = : VN_Riy K s
colimpacyeo,, (€2 Yv) if g <0

(ii) Define a natural homomorphism
¢ (UY) — mi(Y),

by restricting the defining colimit system of 7XY to only those V such that
V=vW, ie. V=VV

(iii) Define the geometric homotopy groups of X as
pf(X) = Wf(FixNX).
(iv) Define a natural homomorphism
v (XY) = m(X),

by restricting the defining colimit system of 7(X) to N-fixed V as above,

using that for these
(QVXIHE =2 (QV Xy)H.
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(v) Define a natural homomorphism
wrml(X) — i (X)),

by sending an element of ﬂf (X) represented by an H-equivariant map f: SIASY —

Xy to the element of p* (X) represented by the K-equivariant map f: SIAS v,
XY for ¢ > 0 and similar for ¢ < 0.

(vi) A morphism of Opg-spectra is a m,-isomorphism if it induces isomorphisms
on all homotopy groups 7%, a morphism of orthogonal G-spectra is a p.-
isomorphism if it induces isomorphisms on all geometric homotopy groups

L.

Note that 1 is a natural isomorphism if X is a G-{2-spectrum, in particular we
can use the fixed point spectra of a fibrant approximation of X to calculate the
equivariant homotopy groups of X. This implies the following characterization

Lemma 3.5.2. Let 57 be a closed family of normal subgroups of G. A morphism

f of G-Q-spectra is an 7 -isomorphism if and only if Fix™ f is a non equivariant

me-isomorphism for all H € 7.
We continue to follow through the arguments in [MM, V 4]

Lemma 3.5.3. [MM, V.4.9] The natural homomorphisms in Definition 3.5.1 are
related via

(=wo1.
Lemma 3.5.4. [MM, V.4.10] For orthogonal J-spectra Z, the homomorphism
C:78(2) =75 (U,U0,2) — nK(Us2)
18 an isomorphism.
This allows the following definition:

Definition 3.5.5. For orthogonal G-spectra X, define a natural homomorphism

1

Mot pK(X) — 7K Fix™ X —> 7K (U, P, Fix" X) oK (P,Fix" X) = 7K (dN X),
where 74 is the unit of the adjoint pair (Pg, Uy) from 3.3.8.

Recall the map ~ from 3.3.13.
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Lemma 3.5.6. [MM, V.4.11] Let K = H/N, with N C H. For orthogonal Q-G-
spectra X, the map v.: mX(XN) & 7K (®N X)) is the composite

T (XN) S (X) 2 pF(X) = (BN X)),

*

The following lemma is the first point where we have to adapt the argument to
fit our more general cells:

Proposition 3.5.7. ¢f. [MM, V.4.12] The map n.: pX(X) — 7X(®VX) is an
isomorphism for (Ind™® U F Ig)-cellular orthogonal G-spectra X.

Proof. As in the classical case, because ®V preserves cofiber sequences, wedges, and
colimits of sequences of h-cofibrations, it suffices to check that 7, is an isomorphism
on all objects of the form

X := G4 Ap(Gy (L)"T),

with L a genuine Oy x P-cell complex. Note that if N is not a subgroup of P, then
FixV X is trivial, hence there is nothing to prove. Otherwise, as in the proof of
Proposition 3.3.41 we get

FixVX = Jy Ay Qg@p {Oveap AT ov L/\J1:| ,
J1

where J; = ~/p. Writing down the defining colimit systems, we see that 7, is the
map

K
. . w ®P ANJ1
g, s (2 1000V V)0,

K
— colim 7, (QW {JJF/\AOJ(V@JI,W)/\HOVLAA}) :
WEE*O] J1

Hence it suffices to prove that

p: hocolim Og(VEY U) — O;(VEL W)
UN=W

is a II;; x Ji-homotopy equivalence, where the map is induced by the restriction to
the N-fixed space V¥t C V& (cf. 3.3.8).

From the definition of O (3.3.2), recall that Og(V®F U) = Og(V®’ U)N. Note
that any N-equivariant isometry has to preserve fixed spaces and orthogonal com-
plements, hence for W @ U’ = U and &1V’ = V®F orthogonal decompositions,
there is an isomorphism

Op(VEE U) = O,;(V* W) x L(V',U")N,
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with £(V’',U’) the space of linear isometric embeddings from 1.2.17, and the map p
corresponds is induced from the projections to the first factor. It therefore suffices
to prove that £L(V’,colim U')Y — x is a I1;,Oy x Ji-homotopy equivalence. Since
V' was the orthogonal complement of V®/1 the IT;, Oy action is trivial, so [LMS,
I1.1.5] gives the desired result. O

We continue following [MM, V.4]: Recall the definition of the universal .7 -space
E.Z for a closed family of subgroups of G from C.1.18.

Definition 3.5.8. For N a normal subgroup, let . # = Z#[N] be the family of
subgroups of GG that do not contain N. Let E.% be the universal .%-space, and let
E.Z be the cofiber of the quotient map E.Z, — S° that collapses E.Z to the non
basepoint. For orthogonal G-spectra X, the map \: S° — E.Z induces a natural
map \: X — XAE.Z.

Note that (E.#)" = S° if H contains N, and (E.%)" is contractible otherwise.
Lemma 3.5.9. [MM, V.4.15] For orthogonal G-spectra X, the map
VN VX — OV(XAEZF)
1s a natural isomorphism of orthogonal J-spectra.

The following lemma is another point where we need to be careful about the
type of cofibrant objects:

Lemma 3.5.10. ¢f. /MM, V.4.16] Let K = H/N, with N C H. For Ind™® U Flg-
cellular orthogonal G-spectra X, the map

w: T (XANEF) — pK(XNEZF)
s an isomorphism.

Proof. Note that Proposition [LMS, 9.3], which is essential for the proof given in
[MM, 4.16] also holds for the weaker assumption of genuine G-cell complexes instead
of G-CW-complexes. In particular there are bijections

[A, BAEZ)q = [AN, BAEZF]q = [AY, Bl

between sets of G-homotopy classes for A any representation sphere and B a level
of an induced regular spectrum, which is a genuine G-cell complex by 3.3.66 and
C.2.5. Hence as in the classical case, the map

H K

w: co‘l}qu QV(XVAEf)] — CO‘l/iHlTFq [QVN(XV/\EN’L@)N]
is a colimit of isomorphisms. ]
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Finally we can state the main purpose of this excursion, with the classical proof
applying verbatim, using our modified results above:

Proposition 3.5.11. /MM, V.4.17] For Ind"®-cellular orthogonal G-spectra X, the
diagram

N (€N
H

R(XAEZF)N L dNR(XNEF) VX (3.5.12)

displays a pair of natural m.-isomorphisms of orthogonal J-spectra, where R is a
fibrant replacement functor from the classical stable model structure.

Remark 3.5.13. The significance of this proposition stems from the fact, that there
are alternative definitions for the geometric fixed points of a G-spectrum. Classically,
one would take the leftmost J-spectrum in the zigzag (3.5.12) as the definition. The
proposition then tells us that the homotopy type of the geometric fixed points of an
Ind"™®-cellular G-spectrum calculated in terms of Definition 3.3.10 is “correct”, even
without first applying a ¢-cofibrant replacement functor. Note that in the spirit of
Remark 3.3.67, we could use the same proofs to extend 3.5.7 and 3.5.10 and hence
Proposition 3.5.11 and Proposition 3.5.15 below to S,cg-cellular spectra. However
the added generality makes the notation in the proofs even more convoluted, and
we only need the weaker result.

The importance of this remark stems from the fact that we want to be able to
use the “fundamental cofibration sequence”. It is the following homotopy-cofiber
sequence of (non equivariant) orthogonal spectra:

[RIXAEF )N —= [R(X)]N — [R(XAEZ)]Y (3.5.14)

which arises from the defining cofiber sequence of E.Z by smashing with X, fibrant
replacement and passing to categorical fixed points. We saw above, that the homo-
topy groups of the right spectrum are closely related to the homotopy groups of the
geometric fixed points of X. Together with Lemma 3.5.2 from above this implies
the following statement:

Proposition 3.5.15. Let € be a closed family of normal subgroups of G and let
X and Y be Ind™® U FIg-cellular. Then for a morphism f: X — Y, the following

are equivalent:
i) The map f is a 7 -isomorphism.
(i) p . P
(ii) For all H € 2 the map ® f is a (non equivariant) m,-isomorphism.

Proof. Note that since Ind™® consists of S-cofibrations, X and Y are levelwise gen-
uine G- hence N-complexes. We compare the maps induced on the homotopy cofiber
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sequences for N € -

[RIXAEZ )N — [R(X)]N —= [R(XAEF)N (3.5.16)

l | |

[RYNEF )Y —— [R(Y)]N — [R(YAEF)|N

We use induction on the size of the family 5, which is possible since G is compact
(cf. [tD, 1.25.15]). For the trivial family, the result is true. We claim first, that
both (z) and (éi) imply that the left vertical map is a m,-isomorphism, for (¢) this
is trivial by 2.2.37. For (ii) we use the induction hypothesis which implies that f
is an 7 N Z-equivalence. Since .% is the family of subgroups not containing N,
N .F is the family #y of all proper subgroups of N. Note that as an N-space,
E.Z is a universal #y-space. Thus R(XAEZ,) — R(YAEZ,) is a levelwise .Z
equivalence between genuine .%y-complexes, thus an N-homotopy equivalence and
the claim follows. Finally Lemma 3.5.2 and Proposition 3.5.11 finish the proof, since
they show that property () is equivalent to the second vertical map in (3.5.16) being
a T,-isomorphism for all N, and (ii) being equivalent to the third vertical map in
(3.5.16) being a m,-isomorphism. O

This has the following immediate consequences:

Corollary 3.5.17. Let G = T" be the n-torus and let 7 be the family of kernels
of isogenies. Let X be a free cofibrant T"-space. Then the Loday functor Ax(—)
sends m,-isomorphisms between S-cofibrant commutative orthogonal ring spectra to
77 -equivalences of commutative orthogonal T"-spectra.

Proof. Since the S-model structure on commutative orthogonal ring spectra is topo-
logical, we know that the tensor with a cofibrant space non equivariantly preserves
m-isomorphisms between cofibrant commutative S-cofibrations. By Theorem 3.4.48,
it therefore also induces non equivariant m,-isomorphisms in geometric fixed points
with respect to all subgroups H € 7, so Proposition 3.5.15 gives the result. O

Similarly for more general compact Lie groups Theorem 3.4.50 gives the following
analogue:

Corollary 3.5.18. Let G be a compact Lie group and let 7€ be a closed family
of normal subgroups that is closed under extensions of finite index, such that G
satisfies Conditions 1 and 2 with respect to all H € €. Let X be a free cofibrant
G-space. Then the Loday functor Ax(—) sends m.-isomorphisms between S-cofibrant
commutative orthogonal ring spectra to w7 -equivalences of commutative orthogonal
G-spectra.
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Remark 3.5.19. Analogous results hold for the cases of mere S-cofibrant spectra and
finite free G-sets X as well as spectra S-cofibrant under S and infinite free G-sets X
(cf. Subsection 3.4.3).

3.5.2 Comparison to the [BCD]-model

We compare the Loday functor of Section 3.2 to the model constructed in Section 4
of [BCD]. Since op. cit. is written in the language of I'-spaces, respectively simpli-
cial functors, we cannot do so directly, but instead have to use comparison theorems
such as the ones given in [MMSS, §0] and [SS03, §7]. As mentioned in the intro-
duction to [SS03, §7] the corresponding comparisons of categories of commutative
monoids do not extend over the whole range of the comparison. Developing such
comparison results beyond the scope of this thesis, hence we restrict our comparison
to the underlying spectra, respectively the equivariant structure. Since the weak
equivalences considered between commutative monoids are in both contexts created
in the underlying category, this seems satisfactory.

We begin with the non equivariant discussion. Recall the definition of a strong mo-
noidal Quillen equivalence from [SS03, 3.6]. The discussion in the introduction of
[IMMSS] and [SS03, 7.1] state that there is a diagram of strong monoidal Quillen
equivalences

SN N
SF  WrT  OT, (3.5.20)
N \U/

where SF is the category of simplicial functors and W7 is the category of continuous
functors from finite C'WW-complexes to spaces, respectively, and the model structure
on OT is the classical stable one from 1.2.54. The functor T is the postcomposition
with the simplicial complex, and the instances of P and F'U are prolongation and
restriction functors analogous to 2.2.23. We displayed the strong monoidal left
adjoints as the top arrow.

Since these Quillen equivalences are not composable as such, we compare the two
constructions of the Loday functor in W7 . However, since it would take us too far to
recall the whole construction from [BCD], we will immediatel reduce our comparison
to smash powers with the help of the following lemma. We denote the [BCD]-Loday
functor by A.

Lemma 3.5.21. [BCD, 4.4.4] If A is cofibrant and T is a finite set, then there is a
chain of stable equivalences between ArA and the T-fold smash product N\, A.

In particular the functor Ay models the T-fold derived smash product of A with
itself. Since the Loday functor we defined for orthogonal spectra has the analogous
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property, and since by the (3.5.20) the homotopy categories of SF and O7 are
monoidally equivalent, this could already be seen as a successful comparison. We can
say a little bit more: Recall that the identity functor on O7 gave strong monoidal
Quillen equivalences between the absolute, positive and S-model structures:

id id
/\ /\
0T 0T,  OTs. (3.5.22)

Since the identity functors are in particular strong monoidal, the standard methods
for (monoidal) Quillen pairs (and [H, 1.3.13, (b)]) give:

Lemma 3.5.23. For A a cofibrant simplicial functor and X a finite set, there is a
chain of natural stable equivalences in W7T connecting

PT(AM) ~ P(( cof. U fib. PTA)"Y),

where fib. denotes a functorial fibrant replacement in WT , and cof. denotes a func-
torial S-cofibrant replacement in OT .

The comparison of the equivariant properties is similarly obstructed by the fact
that there seem to be no usable comparison results on model category level between
equivariant orthogonal spectra and equivariant simplicial functors. We therefore
only compare on equivariant homotopy categories, making use of our results on
the equivariant structure of AxA surrounding Proposition 3.5.15 and the analogous
result [BCD, 5.2.5]:

Lemma 3.5.24. Let G be a finite abelian group, X a free G-simplicial set and A a
commutative monoid in simplicial functors. The homotopy fiber of the map

]G/H (3.5.25)

- o ) -
[Ax Al — holim [AXHA
induced by the restriction maps is connected by a chain of natural maps that are

stable equivalences to the homotopy orbit spectrum [AXA]hg.

There are two important translations to be made here. The first is identifying
the target of (3.5.25) with the geometric fixed points (defined in terms of E.Z, cf.
Remark 3.5.13) as in [HM, 2.1]. The second is the identification of the homotopy
fiber [AxAAE.Z,|H of 3.5.14 with the homotopy orbits [AxAAE.Z ]y in the ho-
motopy category via the Adams isomorphism as in [MM, VI.4.6]. Then the two
(co-)fiber sequences in homotopy category exactly say, that Ax A and Ax A have the
same equivariant structure, i.e. the same homotopy type on all fixed points with
respect to (finite) subgroups.
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3.6 THH and TC

We finish the discussion of the Loday functor by identifying the structure neces-
sary to define higher topological Hochschild homology and higher topological cyclic
homology. We follow Kro’s approach from [Kr, §5] for the one dimensional theory,
and use it as motivation and guideline for our treatment of the higher analogues in
subsection 3.6.2.

3.6.1 Classical Structure
Topological Hochschild Homology

We finally put the Loday functor we constructed to use in defining topological
Hochschild Homology for commutative orthogonal ring spectra. We do not try to
give more of an overview over the existing theory in other settings than was already
attempted in the introduction, and instead redirect the interested reader to [Sh]
for the case of symmetric spectra, [MSV] for S-algebras in the sense of [EKMM] or
[Mad] and [DGM] for a general overview over the classical approach and applications
towards TC and K-theory. As we already mentioned in the introduction, we will
use the following simple definition:

Definition 3.6.1. Let A be an S-cofibrant commutative orthogonal ring spectrum.
Define the topological Hochschild homology spectrum THH(L) to be the commutative
orthogonal S!-spectrum

THH(L) = A A2 A® S

Of course a similar definition is possible for non-cofibrant commutative ring spec-
tra, but for the definition to have homotopical meaning, the assumption is necessary.
As usual, we can always precompose with a cofibrant replacement functor for the
S-model structure. We want to allow ourselves, however, to not cofibrantly replace
again if we start with a cofibrant spectrum though, so we do not put the S-cofibrant
replacement in the definition. We note once more, that contrary to the classical
model structure, the cofibrant replacement takes place in the category of commuta-
tive orthogonal ring spectra, so that the tensor definition still makes sense.

Note that Theorem 3.1.11, together with the standard simplicial model for S!, im-
plies the following lemma:

Lemma 3.6.2. For a commutative orthogonal ring spectrum A, the topological
Hochschild homology spectrum THH(A) is isomorphic to the geometric realization

of the simplicial commutative ring spectrum given by THH(A), := AT with the

144



3.6. THH AND TC

simplicial structure maps given by

B idN ApAide ! for 0<i<yq
’ (uAid™ 1) o T,y for i=gq

s; = idM T ApAideT
where p and 1 are the multiplication respectively unit map of A and T}, is the action
of the shuffle permutation mapping

AN ghap A T8 pa AN = gratT

Recall that for A an orthogonal ring spectrum whose unit S — A is a ¢-

cofibration, Kro defines an orthogonal spectrum THH(A) in [Kr, 5.2.1] via a simpli-
cial spectrum analogous to the Lemma. Hence in particular, by 3.1.13 we get that
Definition 3.6.1 yields a commutative orthogonal ring spectrum THH(A) whose un-
derlying spectrum is isomorphic to THH(A) in Kro’s sense, so we immediately stop
distinguishing between the notation.
For a ring spectrum A whose unit S — A is only a closed inclusion of spectra, Kro
further defines a functor I' in [Kr, 2.2.13], such that I'(A) — A is a map of ring
spectra which is an underlying level fibration of orthogonal spectra. Denote the cofi-
brant replacement functor in the S-model structure for commutative orthogonal ring
spectra by €. The following lemma shows that the homotopy type of the spectrum
THH(A) does not depend on which of the two cofibrant replacements we chose:

Lemma 3.6.3. For a commutative orthogonal ring spectrum A whose unit S — A
15 a an underlying closed inclusion of spectra, there is a mw,-isomorphism

THH(I(A)) — THH(E(A)).

Proof. Since acyclic S-fibrations of commutative orthogonal ring spectra are in par-
ticular acyclic g-fibrations of underlying spectra, the lifting property in the g-model
structure gives a m,-isomorphism f: I'(A) — E(A). We use the simplical spectrum
from Lemma 3.6.2 to calculate THH. Both of the resulting simplicial spectra are
h-proper by the same argument as in the proof of in 1.3.22. Since both I'(A) and
E(A) are S-cofibrant as spectra, f induces a m,-isomorphism f"? in each simplicial
level by the pushout product axiom for the S-model structure. Hence Proposition
B.1.47 implies, that the induced map on realizations is a m,-isomorphism. O

Of course we also need to know that the equivariant homotopy type agrees, which
will be an immediate consequence of Lemma 3.6.10 below.
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Definition 3.6.4. Let G = S! be the circle and let 7 be the closed family of finite

(cyclic) subgroups. An morphism of orthogonal S'-spectra is called a cyclotomic

m.-isomorphicm if it is a 7 -isomorphism, i.e. if it induces isomorphisms on 7¢ for

all subgroups C' € 7.

Definition 3.6.5. For C' € 57, let pc be the isomorphism

1
pPcC: Sl gS/C

Denote as usual by pf, the restriction functor from 5,/ -equivariant orthogonal spec-
tra to Sl-equivariant orthogonal spectra.

Then the following result extends Kro’s Theorem 5.2.5:

Theorem 3.6.6. Let A be an S-cofibrant commutative orthogonal ring spectrum
then there are isomorphisms of S'-equivariant commutative orthogonal ring spectra

pe®° THH(A) = THH(A).
For f: A — B am,-isomorphism of S-cofibrant commutative orthogonal ring spectra,
THH(f): THH(A) — THH(B)

is a cyclotomic m,-isomorphism of S*-equivariant commutative orthogonal ring spec-
tra.

Proof. The first part is immediate from Theorem 3.4.48 and the fact that p*Ax A =
A,-x A as in the discussion before 3.4.43. The second part is the one-dimensional
case of Corollary 3.5.17 [

This exhibits THH(A) as an especially strong example of a cyclotomic spectrum.
We are going to give the explicit definition after the next construction:

Construction 3.6.7. Let G = S!, and let C, D and E be finite subgroups such that
pc(D) = E/C, In particular we have that for an S! space X there is an isomorphism
of fixed points

(XC)E/C >~ XE’ and hence (p*C(XC))D ~ xE

The same formulas hold for categorical fixed points of an S'-spectrum L.
In other setups of equivariant stable homotopy theory and cyclotomic specta, one
can sometimes also identify

Po®PpedCL = pp®FL, (3.6.8)
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see for example [HM, Definition 2.2]. However: care needs to be taken when adapt-
ing this to the orthogonal case, since both the classical Definition of the geometric
fixed point functor ® is different from the one we used here (c.f Remark 3.5.13 and
[HM, p.32]), and there are “spectrification” functors hidden in the classical nota-
tion. In our setting, the equal sign in (3.6.8) is certainly not warranted. However,
by Proposition 3.3.57 there is a natural isomorphism

P pedCL — ppR @7 CeCL,

1 1

where p2: S /D — S /| is the isomorphism pp' o pp.

Writing down the defining coends one easily constructs a natural map
oL - d70aCL,

using that a coend of fixed points maps into the fixed points of the coend. For
induced regular semi-free spectra (3.3.64) this map is an isomorphism via the iden-
tifications of Theorem 3.3.65, hence the same is true for S,ee-cellular (3.3.67) and in
particular g-cofibrant or Ind"®-cellular spectra by a cell induction argument.

This allows us to formulate the following definition:

Definition 3.6.9. (cf. [Kr, 5.1.3]) An orthogonal S'-spectrum L is cyclotomic, if
for all C' € A there are m,-isomorphisms

ro: pe®“L — L,
such that the diagrams

pp®Ppe®C L <— pp®FL

PE‘PDTCi l"'E

PpOP L —"—=1L

commute for all subgroups C, D and E in JZ, such that po(D) = E/C'
A map of cyclotomic spectra is a morphism of orthogonal S!-spectra which commutes
with the cyclotomic structure maps r¢ for all C' € 7.

Note that by the naturality of the diagonal map (3.4.39), the functor THH(—) =
Asi(—) not only produces cyclotomic spectra, but also maps of cyclotomic spectra
from morphisms between S-cofibrant commutative ring spectra.

The following is a generalization of [Kr, 5.1.5]

Lemma 3.6.10. Let L and L' be S,eq-cellular S*-spectra (e.g. q-cofibrant or Ind™®-
cellular). A map f: L — L' of cyclotomic spectra is a cyclotomic ,-isomorphism
if and only if it is a non-equivariant m,-isomorphism.
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Proof. The proof is immediate from Proposition 3.5.15 and the two out of three
property for cyclotomic 7,-isomorphisms. O]

Note that this looks weaker than [Kr, 5.1.3] on first glance, but Kro suppresses
the cofibrancy hypothesis, and in particular only provides proofs for the g-cofibrant
case. As a corollary we get that the cyclotomic homotopy type of the underlying
spectrum of our version of THH for commutative ring spectra agrees with the one
Kro constructs:

Corollary 3.6.11. The non equivariant m,-isomorphism THH(I'(A)) — THH(C(A))
i Lemma 3.6.3 is even a cyclotomic m.-isomorphism of cyclotomic spectra.

Topological Cyclic Homology

We finally discuss TC. As in the previous paragraph, we do not try to give an
overview over the existing theory or even recall results, but rather show how to
adapt the definitions to the setting of orthogonal spectra in order to motivate the
approach to the higher theory. Better places to read about the classical constructions
are for example [BHM], [HM] and again [DGM] and [Mad]. We will again stay close
to Kro’s exposition from [Kr, 5.1].

Definition 3.6.12. (c¢f. [HM, 4.1]) Let I be the category with objects the nat-
ural numbers {1,2,3,...}. The morphisms of I are generated by the Restrictions
R,: rm — m and the Frobenii F": mr — m, subject to the following set of relations:

R F — (3.6.13)
RTRS - Rrs
FTFs — [*"
R.F* = F°R,

Note that we were careful about the ordering of products mr versus rm in N.
This is of course not of consequence here, but will become important when passing
to higher dimensional analogues.

Construction 3.6.14. A cyclotomic spectrum L defines a functor I — O7 by map-
ping n € I to the categorical fixed point spectrum L%, where C, is the cyclic
subgroup with n elements of S'. The actions of the Frobenius maps are then given
by the inclusions of fixed points

Fr: [Onr = (L9 o [On
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whereas the Restriction maps make use of the map v from 3.3.13:
R,: LOm = (LO)On 125 (@Cr [)On [, [On.

We suppressed several instances of maps p from the notation to keep the formulas
readable. The appropriate relations can then be checked using the definition of
cyclotomicity, but since we will spend more time on these later (3.6.27), we omit
the details for now.

Note that since the model structures on O7 we discuss are topological in the
sense of B.1.10, it is in particular simplicial via the Quillen equivalence between
spaces and simplicial sets. Hence there is a concrete model in O7 for the homotopy
limit (e.g. [Hir, 18.1.8]) in the following definition:

Definition 3.6.15. Let L be a cyclotomic spectrum, the topological cyclic homology
spectrum TC(L) is the orthogonal spectrum

TC(L) := holim T".
nel
For a commutative orthogonal ring spectrum A, abbreviate TC(THH(A)) as TC(A),
and call TC(A) the topological Cyclic homology spectrum of A.

Remark 3.6.16. Note that talking about cyclotomic commutative ring spectra here
does not gain a lot of benefits, even though our construction of THH(A) gives the
structure for free: Since the homotopy limit involves some objectwise fibrant replace-
ment, we can only hope for TC(L) to have the correct homotopy type if L is at least
an {)-spectrum. Since we cannot guarantee, that the fibrant replacement functor
in the S-model structure preserves the ®V, we have to use a ¢-fibrant replacement
functor, which in general destroys the strict commutativity. The g-fibrant replace-
ment functor @ associated to the stable model structure on S!-spectra from 2.2.46
in particular also preserves cyclotomicity by [Kr, 5.1.10] so it seems most natural
to use it here. However, the functoriality of the Loday functor Ax(A) will allow us
to identify the higher analogue of the cyclotomic structure much easier than in the
classical setup, so it is still worthwhile to use it even when dealing with TC and not
just THH.

3.6.2 Higher Structure

In this final section, we identify the higher structure on Ag(A), that is used when
defining higher topological Cyclic homology or Covering Homology as in [CDD],
respectively [BCD]. We fix some compact Lie group G that satisfies Conditions 1
and 2 with respect to a closed family .77 of kernels of isogenies. The main example
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we have in mind is G = T" the n-dimensional torus, with the family 7 of all kernels
of isogenies, since this is gives the higher analogue of topological Cyclic homology.
Since the structure we study below depends on the choice of 77, or rather the choice
of the isogenies, i.e. self covers of GG, this theory is usually titled Covering Homology

(cf. [CDD]).

Definition 3.6.17. Let A be an S-cofibrant commutative orthogonal ring spec-
trum. Define the higher topological Hochschild homology spectrum THH"(L) to be
the commutative orthogonal S!-spectrum

THH™(L) == A A= A® T".

Note that by the defining adjunctions of the categorical tensor, THH"(A) is iso-
morphic to the n-fold iterated application of THH to A, and in particular one could
study the S'-equivariant structure induced by each of these iterations separately,
however the Loday functor allows us to also investigate much more intricate diag-
onal phenomena since we have the whole T"-equivariant structure available. We
begin with a proposed definition of the higher analogue of cyclotomicity mentioned
in [CDD, 2.1]:

Definition 3.6.18. Let G and 7 be as above. A morphism of orthogonal G-spectra
is called a cyclotomic m,-isomorphism if it is a 7 -isomorphism.

Definition 3.6.19. Let a: G — G be an isogeny with kernel denoted by L, such
that there is an isomorphism of groups

pa: G=G/p
Denote the inverse of p, by ¢, (cf. [CDD, 2.2]).

Remark 3.6.20. Note that the notation is coherent with Definition 3.6.5, where the
isogeny « of S! associated to a cyclic subgroup of order n is of course the map
induced by raising a complex number z to the n''-power z". Since in the one-
dimensional case such (orientation preserving) isogenies and their kernels are in one
to one correspondence, there is no loss of information in the indexing.

Construction 3.6.21. For o and 3 isogenies we can form their composite o § = a3
and their kernels Lg C L,g satisty

ps(La) = Laﬁ/Lg-

Hence as in 3.6.7 there is a natural map
Lq
dlos A — & “VTagls A, (3.6.22)

150



3.6. THH AND TC

which using Proposition 3.3.57 induces a natural map
i@t A — prdleprdts A,
and both of these become isomorphisms for S,e.-cellular G-spectra A.

Definition 3.6.23. A cyclotomic orthogonal G-spectrum is an orthogonal G-spectrum
A, together with cyclotomic 7,-isomorphisms

To: prdreA — A,
for all isogenies o whose kernel L, is in ¢, such that the diagrams
pa @ prdto A —— pr dles A

pfy@arﬁl lr

Pl —— A

commute for all isogenies o and 3 with L,, Lg and L,g in J2.
A map of cyclotomic spectra is a morphism of orthogonal S'-spectra which commutes
with the cyclotomic structure maps r,.

One can chose to fix a collection Z of isogenies instead of the family ¢ of kernels
and get a similar definition. For example to get a complete analogue of the one
dimensional case from Defintion 3.6.9, one should restrict to orientation preserving
isogenies of S*. The analogue of Theorem 3.6.6 uses our results 3.5.18 and 3.4.50 on
the equivariant structure of the Loday functor for more general compact Lie groups:

Proposition 3.6.24. Let A be an S-cofibrant commutative orthogonal ring spec-
trum then the underlying G-spectrum of Ag(A) is cyclotomic and Ag(—) sends .-
1somorphisms to cyclotomic maps that are cyclotomic m,-isomorphisms.

We want to identify the Restriction and Frobenius maps that are used to de-
fine the covering homology and in particular higher topological Cyclic homology (cf.
[CDD, 2.2]). Since the indexing via isogenies and, in particular, the maps p, com-
plicate the notation significantly, we start by defining relative versions, postponing
the coordinate change ensued by changing back to G-spectra to Definition 3.6.28:

Definition 3.6.25. LLet N C H C G be a sequence of subgroups and denote by
pN: G/ — G/ the associated projection. For A an S-cofibrant commutative

orthogonal ring spectrum, the G/ 77-spectrum (A XA)H becomes a G/ V-spectrum via

the restriction along p%. The Frobenius map Fi is the morphism of G, V-spectra
FH: (Ax AT — (Ax AN

given by the inclusion of fixed points on on each level.
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Note that F# defines a natural transformation (—)# — (—)V.

Definition 3.6.26. Let N C H C G be a sequence of subgroups and let A be an
S-cofibrant orthogonal spectrum as above. The Restriction map RE is the natural

map of G/ I7-spectra

H/N 'yH/N
—

R (AxA)T = ((AXA)N> (@NAXA)H/N o~ (AXNA)H/N

The following is the first example of a higher (relative) version of the relations
(3.6.13):

Proposition 3.6.27. The following diagram is commutative for all S-cofibrant or-
thogonal spectra A and configurations of subgroups N C H C J C G:

Ry
(AxA)" == (A, 4) 7

H
(AxA)" g (M 4) 7N

Proof. We split the diagram into the following:

IR

I, AN J o~
(AxA) = (Ax A)N) /N T (BVAA) 7N —> (Ax, A) /N
) L 5 |72

(AxA)T — ((AXA)N)H/ N (@NAXA)H/ N (A A) N

J
The two right squares are commutative by the naturality of the Frobenius F H; N,
N

Commutativity of the left square can be checked levelwise: Let B be any J spectrum,

and V' a representation of J/N/H/N = ‘]/ 77> then the diagram of inclusions of fixed
points commutes:

1%

(Bv)! —— (BY) "

I

(By)H — ( ﬁ)H/N

Switching back to the isogeny notation, yields the following:
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Definition 3.6.28. Let a and 3 be isogenies of G as above, and view (Ag)l= as a
G-spectrum via p,. Then define the Frobenius maps F* as the natural morphism of
G-spectra

F* = pyo F1i7 0 6l (AaA) ™ — (AgA)™,

and the Restriction maps Rg as the natural morphism of G-spectra

Ry = pi,o (5) © REY 0 6t (M) — (Mg, ) = (Agd)™,

Corollary 3.6.29. The Restriction and Frobenius maps satisfy the following rela-
tions:

F* = id  for a invertible,
FPRe = Fof
RsR., = Rga,

RgF® = F°Ry.

Proof. For the first one, use that p&¥ = pgo¢y. The second one is immediate in the
relative version and the third one uses the isomorphism (3.6.22). The last relation
follows from (3.6.27). Note that even though v is the identity map between the
categorical and geometric {e}-fixed points, R, is not usually trivial for « invertible
because of the coordinate changes p* involved. [

For completeness we very briefly repeat the higher analogues of Definitions 3.6.12
and 3.6.15, for more details, see [CDD, 2.3]:
Denote by € be the category with one object and morphisms the isogenies o € Z,
respectively with L, € 2.

Definition 3.6.30. Let Are be the twisted arrow category of C, i.e. the category
with the isogenies as objects and morphisms o — 3 given by diagrams

with composition given by horizontal concatenation of diagrams. Note that every
such morphism is represented by the equation a = § o § oy and factors as

*;d>*$-*

“l im y

<—— k<—-%
1 id
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Construction 3.6.31. For A an S-cofibrant commutative orthogonal ring spectrum,
we define a functor from Are — GOT, by sending the isogeny a to the categorical
fixed point spectrum (AgA)re, viewed as a G-spectrum via p:lpha. Morphisms
83 = 6 o B oid are sent to the Frobenii F° and morphisms 3y = idof o~ to
the Restrictions R,. Functoriality is a consequence of the relations from Corollary
3.6.29.

Definition 3.6.32. Let A be an S-cofibrant commutative orthogonal ring spectrum
the covering homology spectrum TC®(A) associated to € is the homotopy limit

TCC(A) := holim(AgA)"e.
acAre

As in the the one dimensional case, this becomes homotopically meaningful, only
after applying a fibrant replacement to Ag(A) (cf. Remark 3.6.16).
There is even more structure on AgA. In [CDD, 2.5,3.2], the authors define Ver-
schiebung maps for the general case and higher differentials for the special case of
the p-adic n-torus. Both the definitions and verifications of relations analogous to
3.6.29 rely heavily on a good understanding of the stable equivariant transfer:

Definition 3.6.33. [CDD, 2.4] Let G and Z be as above. For « and (3 isogenies in Z,
chose a finite dimensional orthogonal G-representation W and an open G-embedding

W x Gy - wWx Gy

over the projection p,s o ¢g: G/ Ly~ G/ Lag: Applying the Thom construction to
this embedding yields a G-equivariant map

try, = trgﬁz SWA(G/LQB)+ — SW/\(G/LB)+

called the transfer, which does not depend on the choice of W or the embedding i
up to stable equivariant homotopy.

Proofs for both the existence and the properties of the transfer maps are spread
throughout the literature, the author has found the exposition in the original paper
[KP] and its follow-up [KP78] very helpful, since in particular the existence is treated
nicely there, which is usually omitted in later accounts. The exposition in [LMS, TV]
is very thorough. A list of properties needed for the treatment of covering homology
is given in [CDD, Proposition 2.4] and since our notation agrees with the one used
in op. cit., we omit further details.

Again we start with a version of the definition of the Verschiebung maps, that omits
the coordinate changes:
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Definition 3.6.34. Let N C H C GG be a sequence of subgroups and let

trit s SYAG ) = SYACG )4

be a model for the transfer. Define for an orthogonal G-spectrum B the Verschiebung
map Vi be the natural stable map induced by the transfer on fixed points in the
following way

BN (QW shy BN
FS(SW, ShW B)N
v F5(S" NGy, shw B)

(trl{"})*

Fg(SW/\G/H+, ShW B)

o~

BH ~ Fg(SW,ShW B)H
The version including the instances of p is the following:
Definition 3.6.35. Let o and 3 be isogenies of G as above, and view (Ag)le as

a G-spectrum via p,. Then define the Verschiebung maps V3 as the natural stable
morphisms of G-spectra

* La * L La
Vo i=pago Vi o gt (AgA)™ — (AgA)™.
Again, there are various relations between the Verschiebung, Frobenius and Re-
striction maps, and the authors of [CDD] develop the theory nicely. Since their
methods are sufficiently general to be applied to our setting, we will only give a first

idea here:

Proposition 3.6.36. Restriction and Verschiebung commute, that is for o and 3
in Z, the following relation is satisfied in the homotopy category HoGOT :

V,Ry = R,V
Proof. The two compositions we want to compare are the outer ways around the
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following diagram:

(40190 e () ) T e () e s (40

' ' ’ L
Fg(SWAG/LﬁaJr,shW ANXYG B e e Fg(SW AG/L6+,shW/ ANXTONG
Fo(sW AG, shyy ANXYG S S S o e b anxleia
5( /LA,M+ w ) >A >A > Fy( /LW_*_»b w’ )

(a0 R O e O

Using the isomorphism FS(G/H, A)Y =~ F5(S0 A several times, we reduce to
showing stable commutativity of the middle row, with the commutative center square
given by :

Fa(SYAG/p, shw Fa(Op,,  Ax )0 s Ba(SWAC/p | sh (A, 4)°
(trﬁf)*l l(trﬁjf)*

Fg(SWAG/LW+, shyy FS(G/L%, AxA)G)G FS(SW/AG/M 5 shw (A, 4)°

The two outer squares in the middle row then both commute up to stable equivalence
since the transfer is compatible with the change of groups, i.e. p(’;(trgga) is a model

for the transfer trg’g ) O

We close our exposition by mentioning that for the case of G a (p-adic) torus,
there is a fourth kind of structure maps, the higher differentials, which are defined
using a stable splitting of S1 ~ S%Vv S1, which can again be defined in terms of the
equivariant transfer above (cf. [CDD, 3]). An exhaustive list of relations between
these can be found in [CDD, 3.22], but it would go too far to reformulate them here,
since the indexing alone is intricate enough to require extensive study. However,
we have already seen above that the setting of orthogonal spectra with the Loday
functor of 3.2.1 is well equipped for the study of covering homology and the higher
structure surrounding it, while having the advantage of being much more concrete
than the ['-space analogue.
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Appendix A

Category Theory

A.1 Some Category Theory

A.1.1 Categories

We recall some of the basics of category theory. We assume that the reader is
familiar with the notions in this chapter, but the explicit definitions allow for an
easier transition to monoidal and enriched categories in the next sections. The
canonical reference and source for these definitions is Chapter I of [McL], though we
have allowed ourselves some reformulations for the sake of uniformity when switching
to the enriched setting.

Definition A.1.1. A category € consists of the following data:

e A class Ob(C) of objects of C.

e For every two objects A and B of € a class C(A, B) of morphisms in C.
An element f of this class is called morphism from A to B. We write
f: A— B and say that f has source A and target B.

e For every object A of C, a distinguished morphism id4 € C(A4, A), called
the identity of A.

e For every three objects A, B and C' of € a binary operation u: C(B, (') X
C(A,B) — C(A,C), called the composition in C, we often write g o f
instead of u(g, f).

This data has to satisfy the following two conditions:

e (identity) For any morphism f: A — B, the composites idg of and foida
are equal to f.

o (associativity) If f € C(A,B), g € C(B,C) and h € C(C, D) then the
composite h o (go f) is equal to (hog)o f.
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A category € is called locally small if for any two objects A and B of C, the class
C(A, B) is a set. It is called small if additionally the class Ob(C) is also a set.

Two morphisms f and ¢ in € are called composable, if the source of g is the same
object as the target of f.

Definition A.1.2. A functor F between two categories C and D is a mapping that

e assigns to each object A of € an object F(A) of D.

e assigns to each morphism f: A — B in € a morphism F(f): F(A) —
F(B) in D.

This assignment has to satisfy the following two conditions:

e (identity) For every object A in €, F(id) is equal to idz(a).

e (composition) For any two composable morphisms f and g in €, F(go f)
is equal to F(g) o F(f).

Example A.1.3. Note that for each category C there is a functor Ide : € — C that
is the identity on both objects and morphisms. Also, the composition of functors
is associative, such that we get a category Cat of categories, with functors as the
morphisms. Cat has products ([McL, I1.3]), in particular for € and € categories,
C x € is the category whose objects are pairs (C,C") with C' € € and C" € ¢/, and
the analogous morphisms.

Definition A.1.4. A natural transformation n between functors F and G from € to
D, is a mapping that assigns to each object A of € a morphism n4: F(A) — G(A)
in D, such that the diagram

F(A) 2L 7B

mi lnB

G(A) o) g(B)
is commutative in D for all f € C(A, B).
A natural transformation n: F — G is a natural isomorphism if there is a natural
transformation n~': G — F such that both composites yield the identity functor.

Example A.1.5. Again, for any functor, there is an identity natural transforma-
tion, and composition of natural transformation is associative. Therefore the set of
functors € — D, denoted by Cat(C, D) is itself a category with morphisms the nat-
ural transformations. A category arising in this way this is called functor category.
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A.1.2 Monoidal Categories

Again we repeat the basic definitions as far as they will be used in the enriched
setting in the next section. Again the definitions are only slight reformulations of
the ones in [McL, VII], adapted to our needs.

Definition A.1.6. A monoidal category consists of the following data:

e An underlying category C.

e A bifunctor (i.e. a functor out of the product category, see A.1.3) ®: € x
C — C, called the monoidal product.

e A designated object I of €, called the identity object.

e Natural isomorphisms A: (I®id) — id and p(id ®I) — id expressing that
I is a left and right identity object for the monoidal product.

e A natural isomorphism a: [(—® —)® =] — |- ® (— ® —)] expressing that
the monoidal product is associative.

The natural transformations have to satisfy the following two coherence con-
ditions:

e For all objects A and B of G, the following diagram commutes:

(A®I)® B LB A® (I® B)
A® B

e For all objects A, B, C' and D of C, the following pentagon commutes:

(A®(B®C))® D
ap,B,c®idp

@A,BRC,D

((A®B)®C)® D A®(B®C)® D)

CAQB,C,D idp®ap Cc,D

<A®B)®(C®D)—>MBC®D A®(B®(C®D))

Instead of the tupel (C,®,1, A, p, a), we often just refer to the monoidal category as
(€, ®,1) or even just to €, when it is clear which monoidal structure is meant.

Definition A.1.7. A laz monoidal functor F: (C,®,1) — (D, x,J) between mo-
noidal categories consists of the following data:

e An underlying functor F: € — D.
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e A natural transformation p: [F x F|] — F(— ® —).
e A designated morphism ¢: J — F(I) in D.

These have to satisfy the following coherence conditions:

e For all objects A, B and C of €, the following diagram commutes in D:

(F(A) x F(B)) x F(C) == F(A) x (F(B) x F(C))

fazgxﬂm HMXééga)
uA®B¢;l lu&3®c

F(A B)® ()

s FA® (BeC)

e For every object A of C, the following diagrams commute in D:

Ap

F(A) x ] 22— F(A) I x F(A) F(A)
id XLfDl Tf(ﬂe) L'DXid\L T}—(Ae)
F(A) x F(I) -+ F(A®) F(I) x F(A) = F(I x A)

A lax monoidal functor (F, u,¢) is strong monoidal if 1 and ¢ are (natural) isomor-
phisms, it is strict monoidal if they are the identity (transformation).

Again we often only refer to F as the monoidal functor, suppressing p and ¢ in the
notation, where they are not critical to the discussion.

Definition A.1.8. A monoidal category (C,®,1) is called cartesian, if ® is the
categorical product and I is a terminal object.

Some monoidal categories have additional extra structure:

Definition A.1.9. A monoidal category (C, ®,1) is called closed, if for all objects
A of €, the functor (— ® A): € — C has a right adjoint ([McL, IV.1]), denoted by
Hom(A, —).

Objects of € the form Hom(A, B) are called internal Hom objects, the counits of
these adjunctions are usually called the evaluations Hom(A, B) ® A — B.

Lemma A.1.10. If (C, ®,1) is closed monoidal, then there is a natural isomorphism.:

Hom(A ® B,C) = Hom(A, Hom(B, C)).
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Proof. Let Z be any object of €, then we have the following chain of natural iso-
morphisms:

C(Z,Hom(A® B,(C)) = CZ®(A® B),C)
=2 C((Z®A)®B,0)
C(Z,Hom(A,Hom(B,())) = C(Z® A,Hom(B,())
Hence the Yoneda lemma ([McL, I11.2.1]) gives the desired result. O

Construction A.1.11. Note that for any locally small monoidal category (€, ®,1T),
we get a lax monoidal functor C(I, —): € — Set, where the category of sets has the
cartesian monoidal structure. The unit morphism ¢ sends the terminal one-point set
to the identity morphism of I, whereas the natural transformation

p: CILA) x €(I,B) = eI, A® B) =~ C(I,A® B),

uses the isomorphism Ar: I ® I — 1. This functor assigns to objects of € their
underlying sets.
If C is additionally closed and A and B are objects of C, then the adjunction

(—®A): C=C: Hom(A, —)
gives the following natural isomorphism:
Cl® A,B) = C(I,Hom(A, B))
Since I ® A is isomorphic to A via A4, this implies that
C(A,B) = C(I,Hom(A, B)),

i.e. the underlying set of the internal Hom object Hom(A, B) is indeed naturally
isomorphic to the morphism set C(A, B).

Considerations in this spirit lead to the study of enriched categories. We will discuss
these further in Section A.2.

For any monoidal category, there are categories of monoids and (left or right)
modules over such. Definitions can for example be found in [McL, VII.3 /4], and will
be omitted here.

A.1.3 Symmetric Monoidal Categories

We repeat more of the definitions from [McL, XI], adapted to our notation.
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Definition A.1.12. A symmetric monoidal category is a monoidal category (C, ®,1, A, p, a),
together with a natural isomorphism 7

T:® — @ o twist,

where twist is the bifunctor that permutes the two inputs.
This data has to satisfy additional coherence conditions:

e The composition of 7 with itself is the identity, i.e.

TB,A O TA B = idagB,

for all objects A and B of C.
e Compatibility with the unit, i.e.

p=AoT_r.
e For all objects A, B, and C of €, the following hexagon commutes:

(A B)@C—+A® (B(C)—=(B(C)® A

T®idcl ia‘

(B®A)®CT>B®(A®C)M_B®(C®A)

Example A.1.13. All cartesian or cocartesian monoidal categories are symmetric,
making use of the universal properties of (co-) products and the projections to re-
spectively inclusions of coproduct factors.

Since the following definition is widely used, but is only implicit in [McL], we
give a few more details:

Definition A.1.14. A commutative monoid in a symmetric monoidal category
(€, ®,1, 7) consists of the following data:

e An object M of C.
e A morphism 7 : 1 — M in C, called the unit of M.
e A morphism g : M ® M — M in C, called the multiplication of M.

Such that the following diagrams are commutative:
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o unit:

To MY e MY ol

\ui /
A P

M
® associativity:

(M@M)®@M—">Me (Mo M)y oM

p®idas l l“

Me M

o commutativity:

Mg M s M e M

A

M

Again we can define categories of commutative monoids and modules over such
as in the non-symmetric case. We work extensively with these in the case of € being
the category Sp® of orthogonal spectra. The following lemmas are well known, but
it seems hard to find explicit references:

Lemma A.1.15. Let M be a commutative monoid, then the categories of left M-
modules and right M-modules are isomorphic.

Proof. For V a right M module with action map v : V. ® M — V, define a left
module structure on V' in the following way:

MeV—=VeM
Vv
There are coherence diagrams to be checked:

Vol—=VaM

pt \

Vv Vv

>\71 /

IV —=>MaV
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The left triangle commutes by the unit axiom for the symmetric monoidal struc-
ture, the middle square because the twist isomorphism is natural. Hence the lower
composite is the identity since the upper one was. For associativity of the new multi-
plication map, check commutativity of the outermost two ways around the following
diagram. We omit the categorical associativity isomorphisms, hence brackets, from
the notation.

M@V

M; ®V @ Ms VO M @M —V @M
M @ Ma @V V@ M @ Ms n v
“\L \
MQV VoM - v

Here the center triangle commutes because M was commutative, and the lower right
square does so because V' was a right M-module. The center parallelogram is an
instance of the hexagon coherence. The other subdiagrams both commute because
of the naturality of the twist isomorphism.

An analogous argument gives a functor from left to right M-modules, and they are
obviously inverses to each other. O

Lemma A.1.16. Let M be a commutative monoid in the closed symmetric mo-
noidal category (C,®,1, 7). Assume that C has equalizers and coequalizers. Then
the category of (right) M-modules inherits a closed symmetric monoidal structure.

Proof. For M-modules V and W define the monoidal product V ®,; W of as the
coequalizer
VoMW I VOW -V ey W, (A.1.17)

where one of the arrows uses the action map on V', and the other the action on W
precomposed with the twist V' ® 7psw. The internal Hom object Hom,(V, W) is
the equalizer

Hom,(V,W) — Hom(V, W) = Hom(V @ M, W),

where one of the arrows is induced by the action map of V', and the other one is
induced by the adjoint of the action map of W, using the isomorphism Hom(V ®
M, W)= Hom(V,Hom(M,W)) (cf. A.1.10). Checking coherence diagrams is then
done using the universal properties of (co-)equalizers as well as the corresponding
diagrams in € together with the same isomorphism A.1.10. [
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Lemma A.1.18. Let (€, ®,1) be a symmetric monoidal category. Then & 1is the
coproduct in the category of commutative monoids in C.

Proof. The monoidal product of two commutative monoids M and N is again a
commutative monoid using the unit map

712510 1™2Y M@ N,

and the multiplication

pMeaNMeN“"CS' Mo Mo NoN "5 Mg N.

Then given maps of commutative monoids M — C and N — C, we get a map
M®N—C®C+t5%C.

On the other hand given a map of commutative monoids M ® N — C, precompo-
sition with the units of N and M, respectively, yields maps M — C' and N — C.
These two constructions are obviously inverse to each other, hence M ® N satisfies
the universal property of the coproduct ([McL, II1.3]). ]

We will discuss monoids, (commutative) algebras and modules over such in var-
ious (symmetric) monoidal categories (€, ®,I). Often we use that the forgetful
functors to C have left adjoints, and hence we recall how these adjoints are formed
in general:

Lemma A.1.19. Let R be a monoid in (C,®,1),

e the functor — ® R is left adjoint to the forgetful functor from C to right R-
modules.

e the functor R ® — s left adjoint to the forgetful functor from C to left R-
modules.

In both cases the action of R simply uses the multiplication R. If R is commutative,
and the category of R-modules has coproducts, then

o the functor A := [],.y(—)®"" is left adjoint to the forgetful functor from R-
algebras to R-modules.

If the category of R modules is cocomplete, then

o the functor E := [],.y[(—)®"]s, is left adjoint to the forgetful functor from
commutative R-algebras to R-modules.
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In both cases multiplication is by simply concatenating coproduct factors and the unit
map s the inclusion of R as the factor indexed by 0.

Here (—)®%" denotes the i-fold tensor power over R. Then [—]y, is taking the
orbits of the action of ¥; that permutes tensor factors, i.e. the action induces a
functor from ¥; viewed as a one-object category (cf. A.2.16) and [—|y, denotes its
colimit. We could of course have given each of these functor in terms of the monads
that the unit of the adjunction induces on C.

A.2 Enriched Category Theory

A.2.1 Enriched Categories

Let (V,®,1) be a monoidal category.

Definition A.2.1. A category C enriched over V, is a V-category in the sense of [K,
1.2]. This amounts to the following structure:

e A class Ob(C) of objects of C.

e For every two objects A and B of € an object C(A, B) of V called the
Hom-object of A and B.

e For every object A of €, a distinguished morphism ids: I — C(A, A) in
V, called the identity of A.

e For every three objects A, B and C' of € a morphism v: C(B,C) ®
C(A, B) — C(A, (), called the composition in C.

This data has to satisfy the following two conditions:

e For all objects A,B,C" and D of €, the following diagram commutes in V:

a

(€(C, D) ® €(B,C)) ® €(A, B) €(C, D) ® (€(B,C) ® C(A, B))
J/’Y@id id@"rl
€(B,D) ® C(A, B) C(C,D)® C(A,C)
\ /
C(A, D)

e For all objects A and B in C, the following diagram commutes:

I®C(A,B) C(A,B)®l

1d3®1di \ / \le@ldA

C(B, B) ® C(A, B) —— C(A, B) <—— C(A, B) ® C(A, A)
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Example A.2.2. Note that the usual notion of a category generalizes to this con-
text, if we restrict ourselves to locally small categories. One checks easily that those
are the same as categories enriched over the cartesian monoidal category Set of sets.

Example A.2.3. For any (V, ), we can consider the trivial V-category * with one
object C, and the morphism object x(C,C) = 1.

Definition A.2.4. A functor F enriched over V between two categories D and C
enriched over V consists of the following data:

e A mapping F: Ob(D) — Ob(C).

e For all objects A and B of D, a morphism F4 5: D(A, B) — C(F(A), F(B))
inV.

These have to satisfy the following coherence conditions:
e (identity) For all objects A of D the following diagram commutes in V:

D(A, A)

e (composition) For all objects A, B and C of D the following diagram
commutes in V:

D(B,C)® D(A, B) il D(A,C)

roz| |7

C(F(B), F(C)) @ €(F(A), F(B)) —= C(F(A), F(C))

~

Definition A.2.5. For two functors F,G: D — C enriched over V, an enriched
natural transformation a: F — G consists of morphisms I — C(F(A),G(A)) in V
for all objects A of D, such that the following coherence diagrams commute in V for
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all objects A and B of D:

ap®F

1® D(A, B) 2222 0(F(B),G(B)) @ €(F(A), F(B))

DA, B) @1 C(G(A4),6(B)) @ C(F(A),6(A))

G ®aa
(A.2.6)

Remark A.2.7. This definition gives the class [D, Clo(F, G) of functors enriched over
V the structure of a category (one checks that there is an identity transformation
and that composition of natural transformations is associative). This makes the
category V-Cat of V-enriched categories and V-enriched functors into a 2-category,
i.e. into a category enriched over Cat.

Remark A.2.8. Under more assumptions, one can also define a V-enriched functor
category [D,C]. Let V be closed and complete and D be equivalent to a small
category. Then for two enriched functors F and G, the following end exists and
forms the morphism V-space [D, C|(F,G):

/G(f(d),g(d))ﬁHe(f(d),g(d))j [[ Hom(D(d,d),e(F(d),G(d))).

oD deD d,d’eD

As indicated it can be expressed as the equalizer along two maps adjoint to the two
ways around diagram (A.2.6) above. Composition and identities are then inherited

from € (cf. [K, 2.1]).

Construction A.2.9. Note that if we have a distinguished (lax) monoidal functor
(M, g1, 0): (V,®,I) — (W, x,]J), any category € enriched over V gives a category
enriched over W, by just applying M to all the Hom objects. The identity morphisms
are defined as the composites

id,: 75 M " Miea, 4).
The composition is given by
71 MIC(B, C)] x MIE(4, B)] “ MIE(B,C) © €(A, B)] "} M[C(A, C)].

One checks that the coherence diagrams still commute.
Also, in the same way V-enriched functors give W-enriched functors and V-enriched
natural transformations give W-enriched natural transformations via the monoidal
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functor M. (One checks that M(F) still takes identities to identities and respects
composition, and that the appropriate diagram for M« still commutes using the
monoidal structure maps of M).

Remark A.2.10. In the spirit of the above Remark A.2.7, one can check that M in-
duces a Cat-enriched, or 2-functor M: V-Cat — W-Cat, i.e. that M takes the iden-
tity V-enriched natural transformations to the identity W-enriched natural transfor-
mations, and that it respects composition of enriched natural transformations.

Example A.2.11. In this way, if V is a locally small monoidal category, every
category enriched over V has a canonical underlying “normal” category, i.e. one
enriched over Set, with the same objects. The morphism sets are obtained by using
the monoidal functor V(I, —) from A.1.11 in the way described above.

Remark A.2.12. For D and C categories enriched over V as in A.2.8, the underlying
underlying Set-category of the functor V-category [D, €] is [D, €|y, if the former
exists.

Example A.2.13. Let (Vy,®,I) be a closed monoidal category. Then there is a
Vo-category V that restricts to Vo along the monoidal functor V(I, —).

Define V as having the same objects as Vy and for morphism objects set V(A, B) =
Hom(A, B). Then composition is adjoint to iterated evaluation, and the axioms for
an enriched category trivially hold. When discussing a specific category Vg, we will
often identify V and V, and therefore say that V is enriched over itself, but there are
also important cases where we explicitly keep the notation separate (e.g. A.2.19).

Remark A.2.14. When viewing V as enriched over itself in this sense, Lemma A.1.10
can be reformulated to state that the adjunctions between — ® A and Hom(A, —)
are actually enriched, i.e. imply natural isomorphisms even on morphism objects.

Example A.2.15. Let V = Top the cartesian monoidal category of topological
spaces. Then a category C enriched over 7op is a usual category, with a choice of
topology on each morphism set, such that the composition law gives continuous (!)
maps. More important for us is the closed monoidal variation U/, containing only
the compactly generated weak Hausdorff spaces.

For another example let V be the category 7 of based compactly generated weak
Hausdorff spaces, i.e. objects of U with a distinguished basepoint. We will usually
drop the extra adjectives and just call these spaces.

Since 7 has products and coproducts, it is monoidal in several ways: with the
cartesian product X and unit a one point space {x}, or, more importantly for us,
with respect to the smash product A and unit S°, the O-sphere. The latter choice
makes 7 closed monoidal, and we will denote the internal Hom spaces merely as
7 (—, —) in agreement with A.2.13. The identity functor (7, A, S%) — (7, x, {*}) is
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lax monoidal, just as the functor 7 — U that forgets the basepoints. The monoidal
structure maps are given by the projections X x Y — XAY and the inclusion of {x}
as the non-basepoint of S°. These functors give us a canonical way to view a cate-
gory enriched over (7, A,SY) as one enriched over (7, x, {*}), or . The forgetful
functor from U to Set preserves products and is therefore strict monoidal, indeed it
is isomorphic to the functor described in A.1.11. Hence a category enriched over ei-
ther monoidal structure on 7 (or U) is a category. In the other directions, including
sets as discrete topological spaces and adding disjoint basepoints to spaces in U give
left adjoints to the forgetful functors and are also (strong) monoidal. Hence together
with A.2.13 we can view U and 7 as enriched over either themselves or each other.
Generally, categories enriched over any of the above are called topological categories.
Enriched functors between both 7op- U- and 7T -categories are usually called the
continuous functors.

Definition A.2.16. For GG a group, there is a category G associated to G. It consists
of one object *, and the morphism set G(x, ) is given as the group G. The neutral
element of the group is the identity morphism and the group multiplication gives
composition of morphisms. Often we use the group G and its associated category
synonymously.

If G is a topological group, its associated category is canonically a topological
category. If GG is in U, its associated category is canonically enriched over U, and
adding a disjoint basepoint as above, enriched over 7. The latter viewpoint is
often more useful than considering a specific element of G as the basepoint of the
morphism space.

Definition A.2.17. We denote the category of functors G — Set and natural
transformations between them by GSet instead of [G,Set]y, its objects are called
G-sets. Note that a G-set is the same as a set with a (left) action of G, and a
morphism of G-sets is a G-equivariant map.

Just like Set, the category GSet is a cartesian monoidal category with respect
to the usual cartesian product of sets, which is given the diagonal G-action. The
unit object is the trivial G-set consisting of only one point. Note that there are
two obvious monoidal functors GSet — Set. One is the forgetful functor, which
is obviously product preserving, but this is not the functor described in A.1.11. In
fact, GSet(x, X) assigns to a G-set X its set of G-fixed points X, and this gives
the second monoidal functor. We distinguish this in language by saying X is a set,
but has X as its underlying set (of G-fixed points).

Definition A.2.18. Let G be a group, a G-category is a category enriched over
GSet. We call the elements of the morphism G-sets morphisms, whereas the el-
ements of the underlying G-fixed point sets are called G-maps. As above, every
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G-category is also a category, and has an underlying G-fixed category.
A G-functor F: D — C between G-categories is an enriched functor of enriched
categories, i.e. the induced maps on morphism G-sets

F:DX,)Y)—-CFX,FY)

have to be G-equivariant.

Two types of natural transformations are important for us: A natural G-transformation
a: F — G between two G-functors, is an enriched natural transformation of en-
riched functors, i.e. it consists of a G-map ayx € C(F X, G X) for every object X of
D such that the diagrams

Ff
FX——FY ,

axl lay

commute in € for all f € D(X,Y). These are the morphisms in the functor category
[9’ G]O

On the other hand, there are the natural tranformations, given as collections of
maps ay € C(FX,GX). On the set of these transformation G again acts by
conjugation. Then as indicated in A.2.12, the G-natural transformations are exactly
the G-fixed natural transformations, so that the functor G-category [D, €] has the
functor category [D, €y as its underlying (G-fixed) category.

The following combination of the above definitions will be important in our
studies of equivariant orthogonal spectra. Let G be a (compactly generated weak
Hausdorff) topological group, respectively the associated one object 7 -category with
morphism space G

Definition A.2.19. The category of G-spaces GT, consists of functors G — 7 and
natural transformations between them. In particular, objects of GT are spaces with
a (left) action of G and morphisms are G-equivariant continuous maps.

Giving smash products the diagonal G-action, G7 inherits a closed symmetric mo-
noidal structure from 7. Again this allows us to view G7T as enriched over itself,
and we shall use the notation T¢ for the ensuing enriched category (A.2.13), as well
as Tg(—, —) for the internal Hom-functor of GT. Then T has G-spaces as objects,
and morphisms are (not necessarily G-equivariant) continuous maps.

Definition A.2.20. A category Cg is called a topological G-category if it is enriched
over GT. Such a Cg has a G-fized category GC that is obtained by applying the
fixed point functor to the morphism G-spaces.

The appropriate functors enriched over GT are called continuous G-functors. The
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appropriate enriched natural transformations are called continuous natural G-transformations.
([MM, p. 27] calls these natural G-maps between functors.) We will often drop the
extra adjective “continuous” in the future.

Remark A.2.21. Note that the fixed point functor (—)¢: GT — 7 has a left adjoint
giving a space the trivial G-action. As (=), this preserves (smash-) products and
is therefore strict monoidal.

As above monoidal functors starting in G7 allow us to transport enrichments as
in A.2.9. Transportation along functors in the commutative diagram

T U Set (A.2.22)

forget. T T T

GT GU GSet

A T 17

T U Set,

as well as their left adjoints, and even variations only using subgroups of G (C.1)appears
at various points when doing equivariant homotopy theory. Usually this is omitted
in notation, as the sheer amount of viewpoints does not lend itself well to readable
notation. However, at least the author has fought with misunderstandings coming
from such omission, so throughout this thesis we try not to hide the enrichments
completely.

Example A.2.23. As it is defined, the GT-category T has the underlying G-fixed
T-category G'T, which is closed symmetric monoidal. Also, T is closed symmetric
monoidal itself, when viewing it as a mere category using the upper way through
diagram A.2.22, using the same smash product and internal hom functor as in 7.
One choice of internal Hom-functor for T¢ is T¢(—, —), and we agree to use this
choice.

A.2.2 Tensors and Cotensors

Detailed treatment of the concepts of (indexed) limits and colimits in V-enriched
categories can be found in Chapter 3 of [K]. We will not give explicit definitions,
since we will mainly be concerned with the special case of tensors and cotensors:

Definition A.2.24. Let € be enriched over the closed symmetric monoidal category
V. Let V be an object of V and A an object of €. Then their tensor product V & A
is an object of C, such that for objects B in €, there is a V-natural isomorphism:

C(V® A,B) 2 Hom(V,C(A, B)),
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where Hom denotes the internal Hom-object in V.
Their cotensor product V M A is an object of €, such that again for objects B in C,
there is a V-natural isomorphism:

C(B,V h A) = Hom(V, €(B, A)).

If all such (co-)tensor products exist we call € (co-)tensored. If we consider C as
enriched over different monoidal categories, we clarify the one used for (co-)tensors
by saying it is (co-)tensored over V.

Remark A.2.25. Note that for V = Set, being tensored and cotensored over Set is
equivalent to having all small copowers [[ A. Dually, being cotensored over Set is
X

equivalent to having all small powers [ A.
X

Example A.2.26. Considering the closed symmetric monoidal category V as en-
riched over itself (cf. Example A.2.13), it is both tensored and cotensored over itself,
by the defining adjunction of the internal Hom-space A.1.9.

Example A.2.27. As mentioned in Remark A.2.23, the category T is enriched over
G7T, but also over itself, i.e. Hom(X,Y) = T¢(X,Y). This immediately implies
that T is both tensored and cotensored over both itself and G7J, where both are
displayed by the same natural isomorphisms, considered either in GT or Tg:

To(D,T(A, B)) = Te(DAA, B) = To(A, Ta(D, B)).

Since T has GT as its underlying G-fixed category, this implies natural isomor-
phisms in 7:

GT(S,Tc(A,B)) = GT(SANA,B) = GT(A,T¢(S, B)).
For S any object of 7, i.e. with trivial G-action, this reduces to:

T(S,GT(A,B)) =2 GT(SANA,B) =2 GT(A,T¢(S, B)),
which shows that G7T is tensored and cotensored over 7.

The following construction is important for the compatibility of an enrichment
and the model structures on the involved categories, and also appears prominently
in a lot of our constructions of cellular filtrations:

Definition A.2.28. Let (V, A, I) be a closed symmetric monoidal category. Let C
be enriched and tensored over V, and have pushouts. For i : A — B a morphism in
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V., j: X — Y a morphism in the underlying category Cy of C. Define the pushout
product il1j to be the dotted map from the pushout in the diagram:

id ®j

ARX —=A®Y

-

B®X P

id®j
The dual construction is the following:

Definition A.2.29. Let (V, A, I) be a closed symmetric monoidal category. Let C
be enriched and cotensored over V, and have pushouts. For i : A — B a morphism
inV, p: F — F a morphism in the underlying category €y of €. Define the map
Mo (7, p) to be the dotted map to the pullback in the diagram:

BhX

This again has an analogue living in the category V:

Definition A.2.30. Let (V, A, ) be a closed symmetric monoidal category having
pullbacks. Let C be enriched over V. For j : X — Y and p: E — F be morphisms
in the underlying category Cy of €. Define the map C(j*, p«) to be the dotted map
to the pullback in the diagram in V:

C(Y, E)

O(Y. F) —~C(X. F)

This construction can be used to characterize lifting properties in the enriched
setting:
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Lemma A.2.31. Assume that 'V is locally small, then in the situation of Definition
A.2.30, the pair (j,p) has the lifting property in Cy, if and only if the map of sets
V(I C(j*,p«))) is surjective.

Proof. Recall that morphisms X — Y in €y correspond to elements of V(I, C(X,Y"))
from A.1.11. Then the universal property of the pullback gives that elements of
V(I, R) correspond exactly to commutative diagrams

A—F

i

B—F

in Cg. Then V(I, C(j*, p«))) sends maps f : B — E in Gy to the diagram with f o
as the top and p o f as the bottom horizontal arrow, so that surjectivity indeed
corresponds exactly to the existence of the lift. [

Given that all of the three above constructions are defined, there is the following
crucial relation between them:

Lemma A.2.32. Let (V, A1) be closed symmetric monoidal and have small limits.
Let C be enriched, tensored and cotensored over V and have pullbacks and pushouts.
Leti: A — B a morphisminV and j: X — Y andp: E — F morphisms in the
underlying category Cqy of €. Then the following maps in'V are naturally isomorphic:

C(())", pe) =V, €7, pe)s) = €U, o (4, p))

Proof. Note that for the middle map we considered V as enriched over itself as in
A.2.13. By careful use of the universal properties of pushouts and pullbacks as well
as the defining adjunctions for tensors and cotensors A.2.24, one observes that all
three maps are naturally isomorphic to the map from V(B, C(Y, E)) to the limit of

V(A,CY,E))  V(B,C(Y,F)) E))

| ><l

V(A,C(Y,E))  V(A,CX,E)  V(B,C(X,F))

<3
=
<)
“><
3

]

These two lemmas allow us to characterize lifting properties in € in terms of
those in 'V, which is of course of particular interest when Cy and V are model cate-
gories (cf. B.1.10).
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A.2.3 Kan Extensions

The discussion about enriched Kan extensions in [K, 4] is, due to its generality
rather technical. As in the case of enriched (co-) limits, extra care has to be taken
in several places. Since we do not need the full generality, we state a slightly simpler
definition and list only the explicit properties we make use of, without going into
much detail. We concentrate on the case of left Kan extensions, since the dual
notion will not appear outside of pure existence statements.

Let 'V be closed symmetric monoidal and consider the solid arrow diagram of V-
categories and V-functors:

where A is equivalent to a small V-category and B is cotensored over V.

Definition A.2.33. In the above situation, a left Kan extension LangG of G along
K is a V-functor € — B, together with a V-natural isomorphism

€, B](Lang G, S) = [4, B|(G, S o K).

The image of the identity transformation for S = LangG is a V-natural transfor-
mation ¢ : G — LangG o K and is called the unit of LangG.

It is important to note, that in a situation where B is not cotensored, this defini-
tion is not adequate, in the sense that it does not describe the left Kan extension in
the sense of Kelly, but rather a weaker notion. For counterexamples see the discus-
sion after [K, 4.43].The following proposition will give us the existence of left Kan
extensions in all the cases that we will consider:

Proposition A.2.34. [K, /.33] B admits all left Kan extensions LangG, where
K:A—Cand G: A — B, where A is equivalent to a small V-category, if and
only if it is enriched cocomplete.

To check the required cocompleteness, we will generally be able to use the fol-
lowing characterization, which is a combination of several statements in [K]:

Theorem A.2.35. Let B be enriched over V:

(i) B is cocomplete in the enriched sense, if and only if is tensored and admits all
small conical (enriched) colimits.
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(11) B is complete in the enriched sense, if and only if is cotensored and admits all
small conical (enriched) limits.

(11i) Assuming B is cotensored, it admits all small conical colimits, if and only if
its underlying ordinary category Bo is cocomplete.

(iv) Assuming B is tensored, it admits all small conical limits, if and only if its
underlying ordinary category By is complete.

In particular for tensored and cotensored B, the conical (co-)limits are the ones
created in By.

Proof. The precise references in [K] are: Theorem 3.73 for (ii), dualize for (i). The
discussion between 3.53 and 3.54 for conical (co-)-limits in B or By, and the discus-
sion between 3.33 and 3.34 for the connection to classical (co-)completeness, [

Since it is not always the enriched functor category from A.2.8 that is of interest
for us, we would also like a characterization of the left Kan extension in terms of the
underlying category of enriched functors and enriched transformations. Luckily our
assumption that B is cotensored allows us to use the following universal property
from [K, 4.43] and the discussion that follows it:

Theorem A.2.36. In the situation of Definition A.2.33, i.e. if B is cotensored, a
V-functor L is a left Kan extension of G along K, if and only if there is a natural

bijection of sets
[C, Blo(Lank G, S) = [A, Blo(G, S o K).

In particular a V-functor L equipped with a V-natural transformation ¢ : G — Lo K
1s a left Kan extension of G along K, if and only if any V-natural transformation
a:G — Lo K factors uniquely as o = 3 o ¢.

Hence in the case of B tensored, cotensored and cocomplete, the two character-
izations together with the existence result A.2.34, allow us to state the following:

Proposition A.2.37. In the situation of Definition A.2.33, precomposition with
K defines a V-functor K*: [C, B] — [A, B]. The left Kan extension provides a left
adjoint, both in the enriched sense, and on underlying ordinary categories.

Finally, the following property helps to compute the Kan extensions in a lot of
interesting special cases:

Proposition A.2.38. [K, /.23] In the situation of Proposition A.2.37, the V-functor
K is fully faithful if and only if the unit idj4,¢ — K*Lang— of the adjunction is a
natural isomorphism.
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Appendix B

Model Categories

We assume that the reader is familiar with the basic theory of model categories, an

introductory account can for example be found in [DS]. A more exhaustive source
is [H] or [Hir]|.

B.1 Recollections

Almost all of the model structures appearing in this thesis are cofibrantly generated,
we recall the definition and state the main theorem we use to recognize such model
structures from [H, 2.1.3]:

Definition B.1.1. Let € be a model category. It is called cofibrantly generated if
there are sets I and J of maps, such that:

(i) The domains of the maps of I are small with respect to I—cell,

(ii) The domains of the maps of J are small with respect to J—cell,

(iii) The class of fibrations is J—inj,

(iv) The class of acyclic fibrations is /—inj.
Theorem B.1.2 (Recognition Theorem [H, 2.1.19]). Suppose C is a category with
all small colimits and limits. Suppose W is a subcategory of € and I and J are sets
of maps of C. Then there is a cofibrantly generated model structure on C with I as
the set of generating cofibrations, J as the set of generating acyclic cofibrations, and

W as the subcategory of weak equivalences if and only if the following conditions are
satisfied:

(i) The subcategory W has the two out of three property and is closed under
retracts.

(i) The domains of I are small relative to I—cell.
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(i11) The domains of J are small relative to J—cell.
(v) J—cell C W N I—cof.
(v) I—inj C W N J—inj.
(vi) Either W N I—cof C J—cof or W N J—inj C [—inj.
The following lemmas are applicable in any model category. These are well

known and often used without further mention in the literature, but since they lie
at the heart of the homotopy theory we need, we recall the exact statements:

Lemma B.1.3 (Generalized Whitehead Theorem (cf. [DS, 4.24])). Let € be a model
category. Suppose that f : X — Y is a map in C with X and Y both fibrant and
cofibrant objects. Then f is a weak equivalence if and only if it is a homotopy
equivalence.

Recall the following definition from [GJ, II 8.5)):
Definition B.1.4. A category of cofibrant objects is a category D with all finite
coproducts, with two classes of maps, called weak equivalences and cofibrations,
such that the following axioms are satisfied:

(i) The weak equivalences satisfy the 2 out of 3 property.

(ii)) The composite of two cofibrations is a cofibration. Any isomorphism is a
cofibration.

(iii) Pushouts along cofibrations exist. Cobase changes of cofibrations (that are
weak equivalences) are cofibrations (and weak equivalences).

(iv) All maps from the initial object are cofibrations.

(v) Any object X has a cylinder object Cyl(X), i.e. a factorization of the fold
map V: X[[X — X as

XJ[x = cnx) = x,
with 7 a cofibration and o a weak equivalence.
In any model category, the cofibrant objects form a category of cofibrant objects
in the sense of [GJ, I1.8]. This in particular lets us apply the following two important

lemmas:
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Lemma B.1.5 (Generalized Cobase Change Lemma (cf. [GJ, I11.8.5])). Let C be a
category of cofibrant objects. Suppose

A-1ox
|
YT>P

1s a pushout diagram in €, such that i is a cofibration and [ is a weak equivalence.
Then g s also a weak equivalence.

(B.1.6)

Lemma B.1.7 (Generalized Cube Lemma (cf. [GJ, 11.8.8])). Let C be a category

of cofibrant objects. Suppose given a commutative cube

Ao
.

fAl Ix

A

Iy :1/ Ip /

Y Py

X, (B.1.8)

Yo

in C. Suppose further that the top and bottom faces are pushouts, that iy and i, are
cofibrations and that the vertical maps fa, fx and fy are weak equivalences. Then
the induced map of pushouts fp is also a weak equivalence.

Definition B.1.9. Inspired by these, we say that the generalized (cube) cobase
change lemma holds for a class of objects, a class of cofibrations and a class of
weak equivalences, if the analogous statements hold, without explicitly referring to
a category of cofibrant objects.

Note that not all examples of categories of cofibrant objects come from model
structures, in particular we will want to apply Lemma B.1.7 to cases where the cofi-
brations and weak equivalences come from different model structures on the same
category in B.1.21. In the case of topological model categories (cf. B.1.10), May
and Sigurdsson propose a more general treatment in [MS, 5.4], using so called well-
grounded categories of weak equivalences. There the statement of Lemma B.1.7
appears as one of the axioms of such categories. We will try to avoid to drag our
treatment into this generality though, since setting up the whole machinery of [MS]
would require significantly more effort and offer only slightly more insight. We will
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however handpick some of the statements in our Subsection B.1.1 on topological
model categories.

Definition B.1.10. Let (V,®,I) be a locally small closed symmetric monoidal
category, that is also a model category. Let € be a category enriched, tensored and
cotensored over V. Further let the underlying category €y of € (cf. A.2.11) have a
model structure. Then this model structure on C is called enriched over 'V, if the
following two axioms hold:

(i) Pushout product aziom Let i be a cofibration in Gy and let j be a cofi-
bration in V. Then the map :[1j in C; is also a cofibration. If in addition
either one of 7 or j is acyclic, so is i[Jj.

(ii) Unit aziom Let ¢ : I = T be a cofibrant replacement of the unit object
of V. Then for every cofibrant object A in €, the morphism

gRId:I*RA—-ITRA=ZA
is a weak equivalence.

If C is equal to V, i.e. we consider V as enriched over itself (cf. A.2.13), a model
structure satisfying the above axioms is called monoidal.

Note that the unit axiom is redundant, if the unit object of V is itself cofi-
brant, since it is then implied by the pushout product axiom. For monoidal model
categories, there is an additional important axiom:

Definition B.1.11. A monoidal model category (C, ®) satisfies the monoid aziom,
if every map in
({acyclic cofibrations} @ €)—cell

is a weak equivalence.
The pushout product axiom has several adjoint formulations:

Lemma B.1.12. In the situation of Definition B.1.10, the pushout product axiom
is equivalent to both of the following formulations:

e Let p be a fibration in Cy and let j be a cofibration in V, then thg (4,p) is a
fibration in Cy, which is acyclic if either of p or j was.

e Let p be a fibration in Cy and let i be a cofibration in Coy, then C(i*,p.) is a
fibration in D, which is acyclic if either of p or i was.

Proof. This is immediate from lemmas A.2.31 and A.2.32. [
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Example B.1.13. Taking V to be the categories of simplicial sets, spaces, sym-
metric spectra or G-spaces, yields, under the choice of the usual model structures,
the well known notions of simplicial, topological, spectral and G-topological model
categories.

In particular the example of topological and G-topological model categories will
be very important for us. We discuss some of their distinct features in the following
subsection.

B.1.1 Topological Model Categories

In this subsection we have to discuss two different categories of topological spaces.
We distinguish between the category U of compactly generated weak Hausdorff
spaces, and the category 7 of such spaces with a distinguished basepoint. Alterna-
tively one can think of 7 as the under-category x — U for % any one-point object
inl.

Let I denote the unit interval in U/, as usual it comes equipped with the two inclu-
sions of the endpoints. For any category € enriched and tensored over U, we can
then form homotopies in Cy in terms of the tensor with I:

{0} X —Xx
| AN
I®X h Y

oA

{1}®X?X

Analogously for € enriched over 7, we can add a disjoint basepoints and use the
tensor with I, to define (based) homotopies.

There are two classical model structures on U that are important for us, the Strgm-
or h-model structure and the Quillen- or g-model structure. Especially the cofi-
brations of the former have very favorable properties, the defining one being the
homotopy extension property:

Definition B.1.14. Let C be enriched and tensored over /. A map+: A — X in
Cp is a free h-cofibration if it satisfies the free homotopy extension property. That
is, for every map f : X — Y and homotopy h : I ® A — Y such that hy = f o1,
there is a homotopy H : I ® X — Y such that Hy = f and H o (i ® id) = h.

The universal test case for this property is the mapping cylinder ¥ = Mi =
X U; (I ® A), with the obvious f and h. The exact statement is the following
lemma.
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Lemma B.1.15. Let € be enriched and tensored over U and have pushouts. A map
1:A— X inCy is a free h-cofibration if and only if the canonical map Mi — I x X
has a retraction.

Proof. The HEP gives the dotted arrow in the following diagram, which is a retrac-
tion by the universal property of Mi:

A—"sX
\\
|

Ie Ao X

- Mi

On the other hand, if the retraction is given, the universal property of the pushout
My gives the desired extensions. ]

Remark B.1.16. This implies a variety of closure properties of the class of free h-
cofibrations. In particular any functor that preserves pushouts and the tensor with
the interval also preserves h-cofibrations, since any functor preserves retractions.

Theorem B.1.17. [Str, Theorem 3], cf. [MS, 4.4.4] The homotopy equivalences,
Hurevicz fibrations and free h-cofibrations give a proper model structure on U.

Note that Strgm originally works in the category of all topological spaces, but
the intermediate objects for the factorizations he constructs are in U if source and
target were. Properness is not mentioned in the original article, but is implied by
the fact that all objects are fibrant and cofibrant.

Definition B.1.18. Let f be a map in /4. Then f is a weak equivalence if it induces
isomorphisms on all homotopy groups. Call f a g-cofibration if it has the left lifting
property with respect to all Serre fibrations that are weak equivalences.

Remark B.1.19. Recall that every Hurevicz fibration is a Serre fibration and every
homotopy equivalence is a weak equivalence. Hence in particular any g-cofibration
is a free h-cofibration.

Theorem B.1.20. [Q, I1.3.1], c¢f. [H, 2.4.25] The weak equivalences, Serre fibra-
tions and q-cofibrations give a proper model structure on U.

Again note that Quillen also works with general topological spaces, the transition
to U is well documented in [H, 2.4]. Properness is proved using that every object is
fibrant as well as the following lemma:
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Lemma B.1.21. The category U is a category of cofibrant objects (B.1.4) with
respect to the h-cofibrations and the weak equivalences. In particular the generalized
cobase change (B.1.5) and cube lemma (B.1.7) hold for these choices.

Moving to the context of based spaces, we can for example follow the discussion
after Remark 1.1.7 of [H] to transport both model structures from U to 7. This
proves satisfactory in case of the Quillen model structure:

Theorem B.1.22. The category T is a proper model category using those based
maps that are q-cofibrations, Serre fibrations respectively weak equivalences in U,
i.e. when forgetting the basepoints. Similarly the underlying free h-cofibrations,

Hurevicz fibrations and (free) homotopy equivalences give a proper model structure
onT.

Remark B.1.23. We will often make use of the the fact that the Quillen model
structures on U and 7 are cofibrantly generated. Generating sets of cofibrations
and acyclic cofibrations are given in the pointed case by:

I:={i:S""— D% n>0}and

J:={ip: DY — (D" x[0,1])4,n > 0.}

Remark B.1.24. Note that not all spaces in 7 are cofibrant with respect to the
second model structure in the above theorem. In particular the theorem only implies
pointed analogues to the versions of the generalized cube and cobase change lemmas
from B.1.21 above for so called well based spaces:

Definition B.1.25. An object X of 7 is called well based or well pointed if the
inclusion of the basepoint is a free h-cofibration.

We need a stronger version of the cube lemma when we work in the 7 -enriched
setting:

Definition B.1.26. Let C be enriched and tensored over 7. A mapi: A — X in Gy
is a based h-cofibration if it satisfies the based homotopy extension property. That is,
for every map f : X — Y and based homotopy h : [, AA — Y such that hg = f o1,
there is a based homotopy H : I, AX — Y such that Hy = f and H o (id Ai) = h.

In cases where no confusion is possible, we will usually omit the adjective based.

Remark B.1.27. Again there is a recognition lemma analogous to B.1.15 in terms
of a reduced mapping cylinder, implying a similar closure property as in Lemma
B.1.15. Also note that all (free or based) h-cofibrations are closed inclusions (cf.
M, § 6, Ex 1,], [MMSS, 5.2 ff.]).
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The following proposition is a combination of Proposition 9 in [Str] and the
proposition on page 44 of [M], both are proved by explicitly constructing the required
homotopies, respectively retractions.

Proposition B.1.28. Let f : X — Y be a map between well based spaces in T .
Then f is a based homotopy equivalence if and only if it is a free homotopy equiva-
lence and it is a based h-cofibration if and only if it is a free h-cofibration.

Note that being a weak equivalence in 7 and U/ is always equivalent, so we have
the following corollary:

Corollary B.1.29. If all involved spaces are well based the generalized cube lemma
and the generalized cobase change lemma hold for based h-cofibrations and homotopy
equivalences. Also, they hold for h-cofibrations and weak equivalences if all the spaces
A; and Y; in the diagrams B.1.6 and B.1.8 are well based.

Finally we record the following property from [MMSS, 6.8(v)]:

Lemma B.1.30. Transfinite composition of h-cofibrations that are weak equiva-
lences are weak equivalences.

The following condition on sets of maps in a topological category has proven very
helpful in several contexts. We use the formulation from [MMSS, 5.3], and hence use
7 for the enrichment. Let A and € be categories enriched over 7" that are (enriched)
bicomplete and in particular tensored and cotensored. Let A be equipped with a
continuous and faithful forgetful functor A — C.

Condition B.1.31. Cofibration Hypothesis Let I be a set of maps in A. We say
that I satisfies the cofibration hypothesis if it satisfies the following two conditions.

(i) Let i : A — B be a coproduct of maps in /. Then any cobase change of i
in A is an underlying h-cofibration, i.e. an h-cofibration in € after use of the
forgetful functor.

(ii) Viewed as an object of C, the colimit of a sequence of maps in A that are
underlying h-cofibrations is their colimit as a sequence of maps in C.

Remark B.1.32. In particular I-cell complexes in A are underlying sequential col-
imits along h-cofibrations in €.

The smallness conditions in the definition of a cofibrantly generated model cat-
egory are as lax as possible. In many of the topological examples, we can actually
be more strict, in order to get around having to deal with transfinite inductions as
much as possible. A convenient condition is the following, again taken from [MMSS,
5.6, ff.], with A and € as above:
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Definition B.1.33. An object X of A is compact if
A(X,colimY,,) = colim A(X,Y,),
whenever Y,, — Y11 is a sequence of maps in A that are h-cofibrations in €.

Definition B.1.34. Let A be a model category. Then A is compactly generated,
if it is cofibrantly generated with generating sets of (acyclic) cofibrations I and J,
such that the domains of all maps in I or J are compact, and I and J both satisfy
the cofibration hypothesis B.1.31.

B.1.2 Simplicial Objects in Topological Categories

In this section, we recall some basic simplicial techniques. A convenient reference
for a lot of the following discussion is [GJ, VIL.3], but we need some rather spe-
cific technical lemmas which to the author’s knowledge have not been formulated
similarly before. We start by reminding the reader of the basic definitions:

Definition B.1.35. The simplicial category A has the finite ordinal numbers as
objects and order preserving maps as morphisms between them.

To be more specific, we will denote objects of A by n, i.e.
n:={0<1<...<n}

Recall the generating morphisms s; and d; in A and the relations between them
from [GJ, [.1.2].

Definition B.1.36. Let C be a category. The category sC of simplicial objects in C
is the functor category [A°P, C].

Let from now on € be enriched and tensored over the category of simplicial sets.

Definition B.1.37. The geometric realization |X|e of a simplicial object X € sC

is the coend
ke AP

[ X|e == / X ® AF,

where A is the simplicial n-simplex given by A* = A(n, k). With the obvious
extension on morphisms, this defines a functor | - |¢: s€ — C.

We will often drop the subscript from | - |e¢ when the category is clear. Note
that any functor € — €’ that preserves colimits and tensors preserves the geometric
realization.
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Definition B.1.38. If C is also cotensored over simplicial sets, the geometric real-
ization has a right adjoint given by the functor that assigns to an object Y of C the
simplicial object A 'Y which is given in level k by

(AMY), =AY

Remark B.1.39. The most important special case for our applications will be when
the category C is actually enriched and tensored over 7. In this case, we can first
transport the enrichment to U along the forgetful functor and then to simplicial sets
via the singular set functor as in A.2.9 since both of these are (lax) monoidal. Then
the defining adjunctions immediately give an isomorphism

X, @sset AF 2 X, @y |AF] 2 X, @7 |AF|,

where the |AF| denotes the topological k-simplex (with a disjoint basepoint on the
right).

Classical realization of simplicial sets is then a special case of the above by viewing
sets as discrete objects of 7.

We want to filter the geometric realization, in analogy to the classical case where
the geometric realization admits a filtration via its structure as a CW-complex. For
this purpose consider for a natural number n the full subcategory A,, of A consisting
of all objects k with £ < n.

Definition B.1.40. For X € sC a simplicial object, define the n-skeleton sk, | X|e
as the coend

kc AP
Skn|X|@Z:/ Xk®Ak

Again, we will often simplify notation and just write sk X instead of sk |X]|e
when the context does not allow confusion.

Lemma B.1.41. The inclusions of categories A, — A, — ... — A induce
morphisms of coends and we get

colim sk, X = |X]|.
n
Proof. We can rewrite the defining coends via coequalizer diagrams:

[I xea=]]xiear —|X]e

a:k—leAopr keA

and analogously for sk, | X |e. In the resulting diagram of coequalizer sequences, one
easily constructs a pair of inverse morphisms between the two different colimits. [
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We define an analogue to the degenerate simplices, or rather the latching spaces
in the classical setting:

Definition B.1.42. Let X € sC be a simplicial object. The latching object L, X
comes together with a distinct map L, X — X,, and is defined inductively as follows:
Let LyX be the initial object of €. Assuming L, X and L, X — X, already defined,
let L,+1 X be an (n+ 1)-fold pushout of L, X — X,,, i.e. the colimit of the following
solid arrow diagram:

L.X X, (B.1.43)

s

51

AN

The map L,11 X — X1 is then induced by the pointed instances of the simplicial
degeneracy maps s; : X,, — X,11.

The importance of the latching objects lies in the following proposition:

Proposition B.1.44. [GJ, VII.3.8] Let X € sC be a simplicial object. Then for all
n > 0 there is a pushout diagram in C:

Xn X OA™ ULnX®8A" LnX & A" — Skn_l X

| -

X, ® A" sk, X,

where the left vertical map 1is the pushout product of L,X — X, with the inclusion
of the boundary OA™ — A".

Definition B.1.45. Fix a class of morphisms called C-cofibrations in €. We call a
simplicial object X € sC C-proper, if all the maps L, X — X,, are C-cofibrations.

We finally turn to the case of € being a topological model category, i.e. a model
category enriched over U in the sense of B.1.10.

Proposition B.1.46. Let C be enriched and tensored over U. Let the C'-cofibrations
be a class of maps that is closed under cobase change and satisfies the pushout product
aziom with respect to the Quillen model structure onU (e.g. if C is a model category
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enriched over U in the sense of B.1.10). Then for any C-proper simplicial object X
in sC, the skeleton filtration of | X|e consists of C-cofibrations.

Xn ®|0A™ U, xgjoar| InX @ |A"] ——sk,_1 X

| C e

X, ® |A"| sk, X,

The next proposition concerns interactions of simplicial objects with weak equiv-
alences. Assume that C is enriched and tensored over U, with chosen classes of cofi-
brations and weak equivalences, such that the cofibrant objects form a category of
cofibrant objects in the sense of B.1.4. Assume that the cofibrations and weak equiv-
alences are compatible with the enrichment in the sense that the pushout product
axiom B.1.10(7) is satisfied.

Proposition B.1.47. Let C as above. Let X and Y in sC be proper simplicial
objects such that Xo and Yy are cofibrant. If f : X — 'Y is a morphism of simplicial
objects that is a weak equivalence in each simplicial degree, then the induced map of

realizations
|fle s [X|e — [Y]e

15 a weak equivalence.

Proof. We begin with showing that all the X,,, Y,, and L, X and L, Y are cofibrant.
L1 X = Xy is cofibrant by hypothesis, so assume inductively that L, 1 X is cofibrant.
Since X is proper, the solid arrow part of diagram B.1.43 consists only of cofibrations,
hence in particular X, is cofibrant. Since L,,.1 X is an iterated pushout of X,, along
cofibrations it is cofibrant itself. We continue by induction on the skeleton filtration
of B.1.46 to show that the maps sk, X — sk, Y are weak equivalences. Note that the
tensor with a cofibrant space preserves weak equivalences between cofibrant objects
by [GJ, 11.8.4]. Hence by the generalized cube lemma we only need to show that
the maps

X, ® [0A™| UL, xejoan| LnX ® |A"| — Y, @ [0A™| UL, yejoar LY ® |A7]

are weak equivalences between cofibrant objects. Again using the generalized cube
lemma on the defining diagram for the pushout product of L, X — X and 0A" —
A" this reduces to showing that L, X — L,Y is a weak equivalence. As above this
is proven inductively, by comparing the diagrams B.1.43 for X and Y and applying
the generalized cube lemma to each of the iterated pushouts. [

Remark B.1.48. A very obvious example for categories € which satisfy the require-
ments of the above proposition is given by a model category enriched over U in the
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sense of B.1.10. However, we will in particular want to apply the proposition to
(levelwise) h-cofibrations and m,-isomorphisms of orthogonal spectra, so the more
general formulation is necessary.

It can be hard to verify the properness of a simplicial object. Sometimes the
following is easier to check:

Definition B.1.49. Fix a class of morphisms called C-cofibrations in €. We call a
simplicial object X € sC C-good, if for all n all the degeneracy maps s;: X,, — X, 11
are C-cofibrations.

In particular in 7" and U, there is Lillig’s Union Theorem [Li], which implies the
following helpful statement:

Lemma B.1.50. For simplicial objects in the categories T or U, h-proper and h-
good are equivalent notions. Since colimits and tensors are computed levelwise, the
same is true for levelwise h-cofibrations of (equivariant) orthogonal spectra.

The following is an important example of a simplicial object, and in particular
comes up in the proofs of the convenience property for the S-model structures:

Definition B.1.51 (cf. [EKMM, IV.7.2]). Let (C, A,I) be symmetric monoidal, let
(R, ¢,n) be amonoid in €, (M, u) a right R-module, (N, v) a left R-module. Define
the bar construction B.(M, R, N) € sC by setting

B,(M,R,N) = MAR"’AN,

where R"? = 1. The face and degeneracy operators on B,(M, R, N) are

pA AR Addy if i=0
di = { idp AT AGA AP Aldy 0 <i<p
idyy AdNP Av if i =p

and s; = id,, Aidy ApAids " Addy if 0 < i < p.

Note that if M was an (R, R)-bimodule, then B, (M, R, N) is a simplicial R-module.
In the case that € is enriched and tensored over simplicial sets, so that geometric
realization makes sense, we will usually denote the realization by

B(M,R,N) := |B.(M, R, N)|.
14
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B.2 Assembling Model Structures

Given a model structure on a category €, one often wants to give corresponding
structures to categories of functors D — C for some diagram category D. Theorems
on the possibility and methods to do this are well studied in many cases, examples
can be found in [Hir, 14.2.1] for cases of cofibrantly generated structures on C, in
[H, Chapter 5] for the case of D a Reedy category. More recently Angeltveit has
studied the Reedy approach in an enriched setting ([A]). The result of this section
is more in the direction of the former, in particular as a special case we will get
an enriched version of Hirschhorns Theorem [Hir, 11.6.1]. However, the significant
difference in our approach is, that we lift not just a single model structure on the
target category, but rather assemble a new model structure from several given ones.
Hirschhorns method uses the evaluation functors that any diagram category is
equipped with; we give a short recollection: Let D be small. Consider the triv-
ial category » with one object %, and only one (identity) morphism. For each object
d of D it embeds into D sending * to d. Then the evaluation functor ev, assigns to
a functor X : D — € the precomposition with the inclusion of x:

* .

) evy; X
incy

RN

D

C

X

Left Kan extension provides left adjoints to all these evaluation functors, denoted
by F,(—), i.e. we have adjoint pairs:

Fdeg[*,e]:['D,e]eVd

Then given a cofibrantly generated model structure on €, with generating sets of
(acyclic) cofibrations I and J, we can form the sets

FI= ] Fa

and FJ analogous.

Theorem B.2.1. [Hir, 11.6.1] Let D be a small category, and let € be a cofibrantly
generated model category with generating cofibrations I and generating acyclic cofi-
brations J. Then the category [D,C] = [D, Cly of D-diagrams in € is a cofibrantly
generated model category in which a map f: X —Y is
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o a weak equivalence if evy(f) : Xq — Yq is a weak equivalence in C for every
object d € D,

o a fibration if ev,(f) : Xg — Yy is a fibration in C for every object d € C, and

e an (acyclic) cofibration if it is a retract of a transfinite composition of cobase
changes of maps in FI (FJ).

Let us now move to an enriched setting. Let (V, A, I) be a locally small complete
closed symmetric monoidal category, and let € and D be enriched over V, such that
D is equivalent to a small category, hence the enriched functor category [D, €] exists
(A.2.8). Consider this time % as the trivial V-category, i.e. as the D-category with
one object * such that the morphism object *(x, %) is initial in D. Then analogous to
the discussion above, the inclusion of * at any object of D yields evaluation functors
by precomposition. Under favorable conditions on €, these have left adjoints which
we again denote by F, (e.g. if € is tensored, cotensored and cocomplete, cf. A.2.33).
However this time, we want to consider an intermediate functor category: Given an
object d € D, denote by €4 the full subcategory containing only that object. Then
the inclusion of x at d € D factors in the following way

* (B.2.2)

and hence we have a factorization of evaluation functors

evd

SN

/
evd

C<—— [, C ——[€4,€] <~ D, €] . (B.2.3)

Each of the functors in this factorization has an (enriched) left adjoint if and only if
the appropriate left Kan extensions exist (A.2.34), and in that case we denote them
in the following way:

Fq

e =[x, 0 %2 e, 0 2 D, €] . (B.2.4)

We call objects of the form G, X semi-free, in analogy to the term free for objects
F,Y. Note that the notation €4 ® — is not accidental, as it is in fact given by the
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categorical tensor with the endomorphism D-object of d if it exists.

Remark B.2.5. We will from now on assume that D is small itself, for the general
case chose a small equivalent subcategory D, and only use objects d € D in the
constructions throughout.

Assume that for each d € D, there is a cofibrantly generated model structure
My on the underlying ordinary category [E4, Clo of [E4, €], with generating (acyclic)
cofibrations I; and J;, and classes of weak equivalences W, respectively. Assume
further that each [€g4, €] is tensored and cotensored over V, such that the semi-free
functors G, all exist. Define the sets of maps GI and GJ in [D, €]y as

GI:= | Gulu GJ:= ] Gula (B.2.6)

deD deD
Define the class W of maps in [D, €]y as

W :={f €[D,Cly, s.t. evy(f) € WyV de D} (B.2.7)
Then the assembling theorem is the following

Theorem B.2.8. Let 'V be a complete closed symmetric monoidal category and let C
and D be enriched over V such that D is equivalent to a small subcategory. Assume
that each of the functor categories [E4, C| is tensored and cotensored over V and that
we have a family of cofibrantly generated model structures {My} as above.

Assume that the domains of the maps in GI are small relative to GI-cell, the do-
mains of the maps in GJ are small with respect to GJ-cell and that GJ-cell CW.
Then the underlying category [D, Clo of [D, €| is a cofibrantly generated model cate-
gory where a map f : X — Y is a fibration, if and only if each ev,,f is a fibration in
the model structure My on [E4, Clo, and a weak equivalence if and only if it is in W.
The generating cofibrations are given by GI and the generating acyclic cofibrations
are given by GJ.

Proof. We check the conditions from the recognition theorem B.1.2. First of all,
enriched limits and colimits in [D, €] are calculated pointwise by [K, 3.3], i.e. the
(co-)limit of a diagram exists if and only if it does so after evaluating to the [€g4, C]
or equivalently to [, €]. Since all the [€4, €] had model structures, they were in
particular bicomplete. As they were also tensored and cotensored, they were en-
riched bicomplete hence so is [D, €]. The class W is a subcategory satisfying the 2
out of 3 axiom since it is defined by a levelwise property. By assumption, G.J-cell is
in W, and since as a left adjoint G, preserves retracts and cell complexes, G,J;4-cell
C G 14-cof, hence GJ-cell C GI-cof. Since G, is left adjoint to eV;l, a map has the
right lifting property with respect to G I if and only if for each d its evaluation is an
acyclic fibration, in particular if and only if it is in W and has the lifting property
with respect to GJ. ]
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Remark B.2.9. Similarly to the argument for the bicompleteness of [D, €], [K, 3.3]
implies that the assumption, that each of the [€4, €] is tensored and cotensored, is
immediately satisfied if C was so itself.

Proposition B.2.10. In the situation of Theorem B.2.8 assume that [D, €] is itself
tensored and cotensored over V. If each of the model structures My satisfies the

pushout product azxiom (B.1.10(i)), then so does the assembled model structure on
(D, Clo.

Proof. By the adjoint formulations in B.1.12, it suffices to check the pushout product
axiom for ¢ a generating cofibration. But G, commutes with tensors and pushouts,
hence jOG,i = G,(700i). Since G, also preserves cell complexes and retracts, that is
indeed a cofibration. The case of 7 or j being acyclic is exactly the same. ]

Remark B.2.11. Hence if we can guarantee the analogous proposition for the Unit
axiom, a family {M;} of enriched model assembles puzzles together to an enriched
model structure on €P. In particular if the unit object of V is cofibrant this is
trivial. A common other way to ensure this is demanding some sort of cofibration
hypothesis, cf. B.1.31 and a sufficiently general version of the cube lemma B.1.7.

Depending on the setting, the condition GJ-cell C W in can be hard to verify.
A way around this is using Shipley and Schwede’s lifting lemma [SS, 2.3] instead
of the recognition Theorem B.1.2. However, for that result to be applicable in our
case, we require another layer of constructions:
In the situation of Theorem B.2.8, consider the subcategogry € of D, consisting of
all objects but only the endomorphisms. More precisely, define Ep(d, d) := D(d, d)
but let €(d,e) be initial in D for d # e. Then the inclusions B.2.2 factor through
Ep and hence we get further factorizations of the evaluation functors from B.2.3

///__d_\
C~— [0 €4,C] <— [€p,C] <——[D, €]
‘\_//

evd

The corresponding diagram of left adjoints B.2.4

Fa

. TN

e — [x, € Z5 (€4, €] == [€p, €] — [D, €] .

~_

Ya
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The induced functor pair [D,Cly & [Ep, €y induces a monad T on [Ep, Cly (cf.
[McL, IV.1]) and we claim that the associated category of T-algebras is isomorphic
to [D, Clp. To prove this we check the prerequisites of Beck’s Theorem in its weak
form from [B, Theorem 1] (cf. [McL, Ex. VIL7. 1-3]). Indeed, since [D,C] is
enriched cocomplete with colimits calculated pointwise by [K, 3.3], [D, €]y has all
coequalizers and they are preserved under evaluation to [Ep, C|g. Furthermore the
evaluation reflects isomorphisms, since a V-natural transformation {ag}sep is an
isomorphism if and only if each ay is.

Further note that [Ep, Clo = [[,cp[€4, Clo since the V-naturality condition A.2.6 is
void when Eqp(d,e) is initial. Hence given the family {My}4ep we get the product
model structure on [Ep, Clo:

Proposition B.2.12. In the situation of Theorem B.2.8, there is a cofibrantly gen-
erated model structure on [Eqp, Clg, where a map is a fibration, cofibration or weak
equivalence if and only if it is one in My, for all d € D. The generating sets of
cofibrations and acyclic cofibrations are given by the sets GEI and G&J, respectively,
which are defined analogous to B.2.6.

Definition B.2.13. In the situation of theorem B.2.8, an object P of [D,C] is a
path object of an object X of [D, €] if there is a factorization of the diagonal map

A

TN

X—“-p-ToX]]X,

with w € W and p a pointwise fibration, i.e. a fibration in My after evaluating to
(€4, Co for all d € D.

Then hypothesis (2) of [SS, 2.3] allows the following variation of Theorem B.2.8

Theorem B.2.14. The assembling Theorem B.2.8 still holds if we replace the as-
sumption GJ-cell C W, with the following:

In each of the model structures My, every object is fibrant and every object of
X € [D,C] has a path object.

Remark B.2.15. We should note, that the category £ as defined above is not a
complete analogue of the category Z from 1.2.16. Indeed, Z contains isomorphisms
between different objects, if they are of the same dimension. In both places, we could
have made due with the respective variation. Since the definition of Z seems very
natural, while an analogue in the general setting would complicate our approach
here, we hope the reader can forgive this. Of course, restricting to skeleta of D, i.e.
looking at [ instead of Z, this distinction vanishes.

As promised we study an enriched version of Theorem B.2.1:
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Proposition B.2.16. Theorem B.2.1 holds in the case of categories enriched over
V, if we additionally assume that the domains of the maps in FI are small relative
to Fl-cell, the domains of the maps in F.J are small with respect to F.J-cell and
that F J-cell consists of maps that are level weak equivalences.

The proof works entirely analogous to the one of B.2.8. Note that we can refor-
mulate the extra assumptions slightly in the following way:

Lemma B.2.17. If tensoring with morphism objects of D preserves cofibrations and
acyclic cofibrations, the extra assumptions in B.2.16 are satisfied. In particular this
s true if there is a model structure on 'V, such that all the morphism objects of D
are cofibrant, and the model structure on Cqy satisfies the pushout product axiom.

Proof. This is immediate once one checks that for objects d and e in D, the com-
position ev, o F, is isomorphic to tensoring with D(d,e). Since colimits in [D, C]
are calculated pointwise ([K, 3.3]), maps in FJ cell are levelwise retracts of J-cell
complexes, and the same for I. Then all three extra assumptions follow immediately
from the axioms of a cofibrantly generated model category. ]

Corollary B.2.18. Since in every model structure cofibrations and weak equiva-
lences are preserved under coproducts, in the case V = Set Theorem B.2.16 reduces
to B.2.1.

B.2.1 Special Case: Orthogonal Spectra

The case of (equivariant) orthogonal spectra will be of particular interest for us, and
we state consequences and simplifications of the general version of Theorem B.2.8
that become available to us once we can impose a cofibration hypothesis in the sense
of B.1.31. In particular, this takes care of all smallness concerns by the following
lemma.

Lemma B.2.19. Any orthogonal spectrum is small with respect to levelwise inclu-
stons, in particular with respect to all h-cofibrations or levelwise h-cofibrations.

Proof. This must be well known, probably even in a far more general case of functor
categories, but an adequate reference escapes the author. We work with with Sp®
for simplicity, but smallness is preserved under equivalences of categories so we do
not lose generality. Let X be an orthogonal spectrum, then for each n, there exists
Kn such that both X,, and all O(n,m)AX are k,-small with respect to inclusions
for some cardinal s, by [H, 2.4.1]. Let s be a cardinal with x > &, for n > 0 and
k > Ng. We claim that X is x-small. So let

YO vt YR
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be a A-sequence of levelwise inclusions for some k-filtered ordinal A. In particular A
is kyp-filtered for n > 0. We want to show that the map

colim Sp° (X, Y?) — Sp° (X, colim Y7)
B<A B<A

is an isomorphism. For injectivity consider two elements on the left represented by
f: X —=Y*and g : X — Y? that are mapped to the same morphism h: X — Y
on the right side, where Y denotes the colimit. That implies that for each n, f,
and g, induce the same map X,, — Y,,, which implies that there is a v, < k,, such

that the composites X, EN Ve — Yom and X,, % V% — Y are equal. Hence for
v :=supvy, < A, f and g already induced the same element X — Y as desired. For
surjectivity let f : X — Y be a map to the colimit. As before we get an ordinal ~,
such that all the maps f, : X,, = Y, and f,, 00,00 f, : O(n,m)AX,, — Y, factor
through Y. Then for each pair (n,m), there is a cardinal v < d,,,, < A such that
oo f, and f,, oo are factor through the same map f,, , : O(n, m)AX,, — Y onm by
the argument for injectivity discussed before. Hence there is a factorization of maps
of spectra X — Y% — Y for § := sup 6, < A as desired. ]

Remark B.2.20. Hence any set I of maps in Sp® that consists of cofibrations, in
particular has the property that domains of maps in I are small with respect to
I-cell. The same holds for A a category with a faithful forgetful functor to Sp® and
I a set of maps in A satisfying the cofibration hypothesis in the sense of B.1.31.

Now let us state the version of Theorem B.2.8 that we are going to use in 1.3.5.
Let {M, },>0 be a family of cofibrantly generated model structures on O,-spaces,
each satisfying the cofibration hypothesis. Let I,,, J, and W,, denote the respective
generating cofibrations, acyclic cofibrations and classes of weak equivalences. Define
GI,GJ and W as above.

Corollary B.2.21. If GGJ C W, then there is a cofibrantly generated model struc-
ture on Sp® with generating (acyclic) cofibrations GI (GJ) and W as its class of
weak equivalences.

Proof. Using Theorem B.2.8, the only thing left to check is the smallness conditions
on GI and GJ. These are satisfied as in Remark B.2.20, since all maps in GI and
GJ are h-cofibrations by B.1.16. ]
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Appendix C

Some Equivariant Homotopy
Theory

In this section we will recall some of the results from (non stable) equivariant homo-
topy theory needed throughout the thesis. We begin with a recollection on model
structures on G-spaces and will continue with some consequences of the results of
[llman from [I1183]. We work in the pointed setting (cf. B.1.1) as this is the more
important case for us, but all results could be stated in U as well.

C.1 (G-Spaces

Let, as always, 7 denote the category of (based, compactly generated, weak Haus-
dorff) spaces (cf. A.2.15). Let G be an arbitrary topological group in 7, and let GT
be the category of spaces with a (continuous) action of G (cf. A.2.19). Recall that
limits and colimits in GT can be formed in 7 and then given the induced G-action.

Definition C.1.1. Define a continuous functor 7 — G7J by equipping any space
with the trivial G-action. This functor has both a left and a right adjoint, which
are of particular importance for us: The left adjoint

(—)e:GT =T,
assigning to a G-space its orbit space, and the right adjoint

()¢ :GT - T,
assigning the subspace of G-fixed points.

The fact that they are adjoints, implies in particular that (—)¢ preserves colimits
and (—)¢ preserves limits, but even more is true (cf. [MM, II1.1.6)):

199



APPENDIX C. SOME EQUIVARIANT HOMOTOPY THEORY

Lemma C.1.2. The functor (—) preserves coproducts, pushouts of diagrams one
leg of which is a closed inclusion, and colimits along sequences of closed inclusions.

For X and Y in GT, we have (XAY ) = XEAYC,

For subgroups H of GG, we can use the forgetful functors induced by the inclusion
of one point categories i : H — G to define fixed point functors

i* (-
GT HT T,

and analogous for orbit spaces. It is often convenient to factor these functors in a
different way, so that not all of the group action is forgotten: Let N be a normal
subgroup of G, then for a G-space X, the quotient group J := G/ v acts on the
N-fixed points X, and we can redefine the functor (=) : GT — JJ. The slight
double use of notation is remedied by the fact that the following diagram of functors
then commutes:

GT —> NT

()Nl i(—)N
i

JT——T,

where i;: N — G and iy: {e} — J are the inclusions.
Similarly we can consider the N-orbit functors GT — J7T.

Adding to the established properties of the fixed point functors, the following
technicality proves to be helpful in several places:

Lemma C.1.3. The fized point functors (=) preserve h-cofibrations.

Proof. Use the characterization of h-cofibrations via the mapping cylinder (cf. B.1.15),
ie. for 7z : A — X an h-cofibration of G-spaces the dotted arrow in the following
diagram is a retraction:

Ai)f\

ALy

A/\_[+ e X/\_[+

M

Since (—)# preserves smashing with the G-trivial interval as well as the mapping
cylinder by C.1.2, the induced diagram on H-fixed points gives the proof. The same
arguments also apply to the case where H is a normal subgroup and we consider
(=) as a functor to G/H‘J'. O
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Remark C.1.4. The forgetful functor i*: GT — HJT we used above is an important
example of a change of groups fuctor. As in several places before, their left adjoints
given by left Kan extension are just as crucial for our work.

Definition C.1.5. For an H-space Y € HT the smash product G, AY has an action
of G x H, with G acting from the left on G, and H acting diagonally, from the
right on G, and from the left on Y. Define the induced G-space as

G A\gY,
i.e. the orbit G-space of G AY with respect to the H-action.

Note that the inducing up functor is generally not symmetric monoidal. However,
there is an important compatibility property with the smash product of spaces:

Lemma C.1.6. [Kr, 3.8.1] Let X € HT, Y € GT. Considering as always smash
products with the diagonal actions, there is a natural G-equivariant homeomorphism

(GiAgX)NY = GAg (Y AX).

Proof. Define the map via ([g,x],y) — [g, (2, g 'y)]. One easily checks that this
assignment is well-defined, equivariant and a homeomorphism. O

C.1.1 Model Structures

There are several well known model structures on G7T that we are going to make use
of. The two most important ones are the genuine and the naive structure:

Definition C.1.7. A map f : X — Y in G7 is called a naive fibration (or weak
equivalence), if it is a fibration (or weak equivalence) in the usual model structure
for 7. It is called a genuine fibration (weak equivalence), if for all closed subgroups
H C G the restriction f# : X# — YH to H-fixed points is a fibration (weak
equivalence).

The following theorem is then a combination of the statements in [MM, I11.1.8]
and [P, Theorem 6.3]:

Theorem C.1.8. The category GT, is a model category with respect to both the
naive and the genuine fibrations and weak equivalences. The cofibrations are given
in both cases by the left lifting property with respect to those maps that are both
fibrations and weak equivalences.

Furthermore both of these model structures are compactly generated with the gener-
ating (acyclic) cofibrations given by the sets of h-cofibrations

I ={i: ("' xG)y — (D" xG),n >0} and
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Jo :={ip: (D" xG)y — (D" x[0,1] x G)+,n >0}

for the naive model structure (spheres and disks with the trivial G-action) respectively
Ig={i: ("' xC/) — (D" xC/y)p,n > 0,H C G} and

Ja = {io: (D" x &)y — (D" x [0,1] x /) 1,n > 0, H € G}

for the genuine model structure. Here H C G indicates that H should vary over
all closed subgroups of G. DBoth of these model structures satisfy the cofibration
hypothesis B.1.31.

Remark C.1.9. Both of these model structures are monoidal (cf. C.2.7). We will
use the term G-topological for model structures enriched over the genuine structure
in the sense of B.1.10

Since these form the basis for the mixed model structure of Theorem 1.3.2, we
need to study some more of the technical properties.

Proposition C.1.10. (i) The naive model structure satisfies the monoid axiom
with respect to the smash product.

(ii) Let j be a naive acyclic cofibration, and i an h-cofibration, then iJj is a weak
equivalence.

(i) The functor (—=)g: GT — T, sending a G space to its orbit space, is a left
Quillen functor, considered both from the naive and the genuine structure.

(iv) Genuinely cofibrant G-spaces with a free action, are already naively cofibrant.

Proof. We check that the maps in J,AGT are weak equivalences. By the associativ-
ity of the smash product, this follows from the fact that the Quillen model structure
on 7 satisfies the monoid axiom [H04, 1.5, 1.7]. Since cell complexes built from
maps that are h-cofibrations and weak equivalences are again weak equivalences,
(i) holds. Then (i) implies (ii), and (iii) follows from the fact that the adjoint is
obiously a right Quillen functor. Use lemma C.1.2 to prove (iv): Since taking fixed
points commutes with the I5-cell complex construction, and since a space X has
free (based) G-action if and only if its fixed points with respect to all subgroups of
G are trivial, there appear only free G-cells in the cell structure of X. [

Families

Definition C.1.11. Let G be a group. A family .# of subgroups of G is called
closed, if it is closed under taking subgroups and conjugates. It is called open if it
is the complement of a closed family.
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Note that closed and open families sometimes appear with the reversed meaning,
depending on which part of the literature one looks at. Other conventions include
calling our closed families merely families, and then referring to our open families
as cofamilies.

The following model structures are mentioned already in [MM, IV.6.5].

Definition C.1.12. Given a family .# of subgroups of G, amap f : X — Y in
G7T is called a .7 -fibration (-equivalence), if the restriction to H-fixed points is a
fibration (weak equivalence) for all subgroups H € %.

Theorem C.1.13. Let .% be a closed family of subgroups of G. The category GT is
a compactly generated, proper, monoidal model category with the fibrations and weak
equivalences given by the F -fibrations and % -equivalences. The generating (acyclic)
cofibrations are given by restricting the sets I and Jg, using only the orbit types
G or with H € F.

The proof of the Theorem proceeds analogous to that of [MM, I11.1.8], restricting
to the diagram category of orbits to those coming from subgroups in .%. The
pushout product axiom and the condition of being G-topological, is an immediate
consequence of Illman’s triangulation theorem, and will be discussed in more detail
in the next section.

Remark C.1.14. The naive and genuine model structures of C.1.8, are special cases
of this, with the naive structure coming from the family only containing the trivial

subgroup, and the genuine structure coming from the family of all closed subgroups
of G.

Remark C.1.15. Since the smash product with the interval I, provides cylinder
objects for all these model structures, the generalized Whitehead theorem B.1.3
yields honest G-homotopy equivalences from .Z#-equivalences between . -cofibrant
G-spaces for all closed families .#. This result has classically been called the .%-
Whitehead theorem.

As mentioned before, it is often very convenient to have homotopical properties
of h-cofibrations at hand when working with topological model categories. The
following lemma sums up what we will use in the G-equivariant context:

Lemma C.1.16. Let .F be a family of subgroups of G.

(i) sequential colimits of F -equivalences along h-cofibrations are % -equivalences

(i1) pushouts of ¥ -equivalences along h-cofibrations between well based G-spaces
are & -equivalences

(i1i) the cube lemma holds for F -equivalences and h-cofibrations between well-based
G-spaces
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(iv) the cube lemma holds for G-homotopy equivalences and h-cofibrations.

Proof. All points follow directly from the analogous statement about weak equiva-
lences in 7, and the fact that all the fixed point functors preserve h-cofibrations, as
well as sequential colimits and pushouts along h-cofibrations. O

For i: H C G an inclusion of a closed subgroup, recall the restriction and induc-
tion functors from above (C.1.5).

Lemma C.1.17. Let %y be a closed family of subgroups of H and %g a closed
family of subgroups of G. If g C %, then the restriction and induction functor
form a Quillen pair

GiNg(—): GT S HT 0",
Proof. The right adjoint obviously preserves fibrations and acyclic fibrations. ]

Definition C.1.18. Let % be a closed family of subgroups of G. A universal
F-space is a .F-cofibrant G-space E.Z, such that the H-fixed points E.ZH are
contractible for H € .# and empty for H ¢ .7.

A discussion of existence results for universal .#-spaces can be found in the
survey article [Lii]. We will therefore not discuss existence but prove the following
statement which goes into our construction of the mixed model structures: 2.3.1

Lemma C.1.19. Let % be a closed family of subgroups of G. The projection p :
EZ — % induces an F -equivalence

my: G N\gEF, — G/HJr,
for all H closed subgroups of G.

Proof. By C.2.5, we can filter G, as a naive H-complex. The proof proceeds by
induction along this filtration: assume X, Ay F.%, — XV 77 is a F-equivalence and
X411 is constructed from X, by attaching a free H-cell. Then the attaching diagram
for the cell yields the commutative cube:

SEINH Ay EF, X AgEZF,
DF}—/\H+/\HE9+ l Xn+1/\HELg[+
Di Xn—i—l/H
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Since smashing with C'W-complexes and preserves .#-equivalences and since i and
iNEZ, are h-cofibrations, the generalized cube lemma from C.1.16(éii) gives the
induction step. O]

C.2 Illman’s Triangulation Theorems

In several places we will need to check cofibrancy with respect to the genuine model
structure. By the general theory for model categories it will usually suffice to under-
stand the class of I5-cell complexes in GT. From here on for the rest of the section,
we restrict to the case of G a compact Lie group, where the reference of choice for
such questions is [I1183], in particular Theorems 5.5, 6.1 and 7.1. For convenience,
we will recall the statements and the relevant definition from [I1183] before we give
some important corollaries.

Definition C.2.1. Let X be a G-space. For [z] € X¢, define the G-isotropy type
of [x] as the conjugacy class of the stabilizer subgroup Stab, of G.

Since the stabilizer subgroups of elements in the same orbit are all conjugate, this
indeed only depends on the element [z] € Xg.

Then one of the main results of [I1183] is the following theorem:

Theorem C.2.2 ([IlI83, 5.5], paraphrased). Let X be a G-space such that there
exists a G-simplicial complex K and a triangulation t : K — X of the orbit space
Xg, such that the G-isotropy type is constant on open simplices, i.e. for each open
simplex s of K the G-isotropy type is constant on t(s) C Xg. Then X admits an
equivariant triangulation.

We will not give the explicit definition of an equivariant triangulation, since we
will only use the above theorem with the following results in mind:

Proposition C.2.3 ([IlI83, 6.1], paraphrased). An equivariant triangulation of a
G-space X gives X the structure of a G-equivariant CW -complex, in particular X
1s an Ig-cell complex.

Theorem C.2.4 ([I1I83, 7.1]). Let M be a smooth G-manifold with or without bound-
ary. Then there exists an equivariant triangulation of M.

Proof. Note that Illman’s proof, uses the above Theorem C.2.2, after establishing
that Mg admits a triangulation with constant isotropy type along open simplices.
O]

As mentioned above, we will make frequent use of these theorems throughout
the thesis. The following corollaries are of particular importance:
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Corollary C.2.5. Let G be a compact Lie group and H a closed subgroup. Then a
genuinely cofibrant X in GT s also genuinely cofibrant in HT.

Proof. We restrict to the case where X is an I5-cell complex. By induction on the
cell structure, and since smashing with a space preserves colimits, it suffices to show
that for any closed subgroup K C G the orbit space G/ K 1s an Ig-cell complex.

Indeed, we will show that (G/ K) Y admits a triangulation with the H-isotropy type
constant on open simplices. Consider the compact Lie group H x K°P which acts
on G via (h,k).g := hgk™'. This makes G into an H x K°-manifold, hence the
orbit space <G/ K>H is triangulable where the H x K°P-isotropy type is constant

along open simplices. We claim that this triangulation is the desired one: Let e be
an element of the orbit space and [g] € G/ I one of its preimages. The stabilizer
subgroup of H for [g] is the given by all h € H such that there exists some k € K
with hg = gk or equivalently hgk™' = g. But this is exactly the projection to H of
the stabilizer subgroup of g in H x K°P. Hence the H isotropy type of e depends only
on the H x K°P-isotropy type of e and is therefore constant along open simplices. [J

Corollary C.2.6. Let G be a compact Lie group and H and K closed subgroups of
G. Then the product G/H X G/K 1s again an Ig-cell complex, and the only orbit

types that appear are G/ 7, with L subconjugate to both H and K.

Proof. Note that G/ I X G/ )¢ 1s isomorphic to G X G/ I « K and embed G into
G x G as the diagonal (closed) subgroup. Then Corollary C.2.5 gives the result.
For the statement about orbit types, we check what kind of stabilizer subgroups can
appear in the product G/ T X G/ - In fact if L is the stabilizer of [g1], [go], then we
have that Lg; C g1 H or equivalently that L is subconjugate to H. The analogous
argument for K finishes the proof. O

A first consequence of these is another lemma on properties of the model struc-
tures for GT from C.1.13

Lemma C.2.7. Let F and F' be closed families of subgroups of G.
(i) The F-model structure on GT is G-topological.
(i) The .F -model structure on GT is monoidal with respect to the smash product.

(11i) The smash product of an F -cofibrant G-space with an F'-cofibrant G-space is
F N F'-cofibrant.
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Proof. All three points are proved in the same way. We check the generating cofi-
brations. So let

i (S < G — (D x G
and
(8" % G — (D™ x G,
with H € % and H' € .#'. Then their pushout product is G-homeomorphic to

(5 x Gy x Gy — (D x G < Gy,

which is a .% N #’-cofibration by Corollary C.2.6. If either of i or j is a generating
acyclic cofibration the proof is similar with the appropriate spheres replaced by
discs. ]
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