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Abstract

In 1996, Jens Franke in an unpublished paper states that the homotopy
category of F(1)-local spectra is equivalent as a triangulated category to
D'(A), the derived category of quasi-periodic cochain complexes of period 1
for primes p > 3. This is Franke’s realization functor R: D'(A) — Ho(L,Sp).
However, Irakli Patchkoria spotted gaps in the proof of J.Franke that were
filled in a series of papers and put in a firm ground that for primes p > 5
Franke’s realization functor is a triangulated equivalence. The categories
DY(A) and v are in fact tensor-triangulated, that is, both categories posses
a monoidal structure that are compatible with the triangulated structure.
In this thesis we prove that Franke’s realization functor commutes with
the monoidal products up to a natural isomorphism, that is, R i is tensor-

triangulated functor.



Aknowledgements

First and foremost I would like to thank my supervisor Dr. Constanze
Roitzheim for introducing me to the exotic realm and for her endless sup-
port throughout my PhD journey. She was always there to help me patiently
when [ was struggling to cope with the research.

[ would like to thank Dr. Irakli Patchkoria for being Constanze’s replace-
ment during her maternity leave. Without his guidance this thesis would not
have been possible. His friendship and mentorship was invaluable to navigate

through the hard times of Covid-19 lockdowns.

Furthermore, many thanks to Thodoris, Gianluca and Daniel for the great
basketball sessions on Fridays. I would like to thank my fellow PhDs Dimitris
and Sotiris for their friendship and for the nice BBQs we organised at our
garden. Big thanks to El Guillermo for being an excellent housemate and a
friend when I needed him. Big stompy thanks to Michele for being a good
fellow planeswalker and for all the magical gatherings we shared. Also I
would like to thank Giannis and Leuteris for being always there to support
me and the huge amoumnt of time spend on phone was invaluable to me.
Last but not least I would like to thank my partner Sofi for her love and

support.



The deepest thanks and gratitude to my parents Pantelis and Roza and
my brother Costas for what they have done for me throughout my life. I

would not be able to complete this work without their selfless support.



Contents

1 Introduction
1.1 Overview . . . . . o o e
1.2 Main Result & Strategy . . . . ... . ... ...

1.3 Organization of the Chapters . . . . ... ... ... .....

2 Background in Homotopy Theory
2.1 Simplicial Objects . . . . . . . . ... .o
2.1.1 Main Definitions . . . . .. ... ..o
2.1.7  Decomposition & Skeleta . . . . . .. ...
2.2 Model Categories . . . . . . . . .. ...
2.2.1 A Short Reminder of Model categories . . ... .. ..
2.2.4 Diagram Model Categories . . . . . . . ... ... ...
2.2.15 Reedy Model Structure on Simplicial Objects . . . . .
2.2.22 Homotopy Colimits in Model Categories . . . . . . ..
2.2.25 Stable Model Categories . . . . . .. .. .. ... ...
2.3 Monoidal & Enriched Model Categories . . . . . . . ... ...
2.3.1 Quillen Bifunctors . . . . ... . ... ... ..., ..

2.3.18 Monoidal Model Structures on the Arrow Category . .

5

16
18

21
22
22
26
31
31
34
39
42
44
48
48
o6



24

2.3.23 Smash Products for Diagram Model Categories . . . . 60

Homotopy Colimits in Simplicial Model Categories . . . . . . 62
2.4.1 Nerves of Overcategories and Undercategories . . . . . 62
2.4.8 Local Definition and Functor Tensor Products . . . . . 65

2.4.11 Bousfield-Kan Construction aka Simplicial Replacement 69
2.4.20 Skeletal Filtration of the Geometric Realization . . . . 75

2.4.23 Changing the Indexing Category & Homotopy Final

Functors . . . . . . .. .. oo 79

2.5 Homotopy Kan Extensions . . . . . . .. ... ... ...... 81
2.5.1 Kan Extensions . . . . . ... ... oL 81
2.5.6 Homotopy Kan Extensions . . ... ... ... ... .. 85

2.6 Spectra . ... 91
2.6.1 Modern Foundations of Spectra . . . . . .. ... ... 91
2.6.4 Homotopy Groups of Spectra . . . . .. .. ... ... 95
2.6.8 Bousfield Localization at a Spectrum . . . . . ... .. 97
Background in Homological Algebra 102
3.1 Homology . . . . ... .. 103
3.1.1 Chain and Cochain Complexes . . . . . ... ... ... 103
3.1.3  Generalized Homology Defined by a Spectrum . . . . . 105

3.2 Comodules over a Hopf Algebroid . . . . ... ... ...... 107
3.2.3 Comodules over the Johnson-Wilson spectrum . . . . 110

3.3 Twisted Cochain Complexes . . . . .. .. ... .. ... ... 111
3.3.1 Main Definitions . . . . ... ... 0oL 111
3.3.5  The Tensor Product of Twisted Complexes . . . . . . . 115

6



3.4 Model Structures for Twisted Complexes . . . . . .. ... .. 116
3.5 Homology of a Category with Coefficients in a Functor . . . . 123
3.5.1 Definition of Homology of a Category with Coefficients 124

3.5.9 A Spectral Sequence for Homotopy Colimits of Dia-

grams of Spectra . . . .. ... oL 128

Monoidal Properties of the Functor O 134
4.1 Introduction to the Chapter . . . . . .. ... ... ... ... 134
4.2 Construction of Franke’s Functor . . . . ... ... ... ... 135
4.3 Statement of the Main Result . . . .. ... ... ... . ... 138
4.4 Crowned Diagrams . . . . . .. .. ... ... ... ..., 141
4.4.1 Main Definitions of Crowned Diagrams . . . . . . . .. 141

4.5 The Spectral Sequence . . . . . . .. .. ... ... ... ... 150
4.5.1 Preliminaries . . . . .. ... .. .. .00 151
4.5.6  The Start of the Proof . . . . .. ... ... . ... .. 158

4.6 Cones of the New Diagram . . . ... .. ... ... .. ... 167
4.6.2 Cones of the Diagram ¢*F . . . . .. ... ... .... 168

4.7 Differentials . . . . ... 178
4.7.1 Introduction . . . . . .. ... oo 178
4.7.2 Reduction to the Case of Quasi-Periodic Disks . . . . . 180
4.7.4  Technical Lemmas . . . ... .. ... ... ...... 193
Homotopy Colimit Calculations 197
5.1 Introduction to the Chapter . . . . . ... ... .. ... ... 197
5.2 Calculations . . . . .. ..o Lo 198



6 Franke’s Realization functor R is a ®-functor

6.1 Proof of the Main Theorem . . . . . . . . . . .. ... ....



Chapter 1

Introduction

1.1 Overview

One can say that the main object of study in stable homotopy theory is
the stable homotopy category, a category which contains an immense amount
of geometrical and topological information. This geometric and topological
information comes up as homotopy groups of spheres, invariants of vector
bundles of manifolds such as characteristic classes and K-theory, and ho-
mology and cohomology groups of CW-complexes or simplicial sets. This
information is encoded in the notion of a (sequential) spectrum, a sequence

of spaces

Xo, X1, Xo, ...

together with specified structure maps o,,: ¥X,, = X,,11. Amap f: X =Y
between spectra is a collection of maps { f,,: X,, = Y.}, oy that are compati-

ble with the structure maps of the spectra X and Y. The various flavours of



geometrical and topological information appear now as the stable homotopy
groups of a spectrum X, which is the Z-graded abelian group given by the
colimit of homotopy groups of the component spaces (or of their geometric

realization if they are given as simplicial sets),

(X)) = cokim Tt (Xk)-

In order to study the stable homotopy category one uses various models
that represent the same avatar of stable homotopy category. These models
use the theory of model categories, a machinery introduced by Quillen in [37]
and risen to prominence in the subsequent years. A model category C is a cat-
egory equipped with three classes of morphisms, the weak equivalences, the
cofibrations and fibrations satisfying certain axioms that are reminiscent of
weak homotopy equivalences and (co)fibrations of topological spaces. These
axioms ensure that it is possible to localize or invert with respect to the class
of weak equivalences bypassing set-theoretic issues. Thereby, one obtains a
new category Ho(C) (in a universal way) which is called the homotopy cate-
gory of C. This category contains the vital information about the homotopy
theory in C. One way to compare the underlying homotopy theories of two
model categories is by a relation known as Quillen equivalence. A Quillen
equivalence between model categories C and A is a functor F': C — N with
certain conditions that ensure the induced functor on homotopy categories
LF: Ho(C) — Ho(N) is an equivalence of categories but also preserves much

more structure.

Nowadays there are many models that all have the stable homotopy cat-
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egory SH as their homotopy category. In the terminology of model cate-
gories, there are many model categories, which are all Quillen equivalent to
each other and have as homotopy category the stable homotopy category
SH. One of the oldest is the category of Bousfield-Friedlander spectra or
sequential spectra [13] Sp™ which we alluded to in the first paragraph. With
these definitions in mind, we can define the stable homotopy category as
SH := Ho(Sp"). These model categories are stable in the sense that their ho-
motopy categories have the structure of a triangulated category. Now suppose
we have a stable model category C with homotopy category Ho(C) and as-
sume that Ho(C) is equivalent as triangulated category to SH. This gives rise
to the following natural question. Does this equivalence come from a Quillen
equivalence? Schwede shows in [15] that the stable homotopy category SH is

rigid. This means that every stable model category C such that

that is, the homotopy category Ho(C) is triangulated equivalent to the ho-
motopy category Ho(Sp") is Quillen equivalent to Sp". The stable homotopy
category has much more structure than just a triangulated category. In par-
ticular interest to us, it has a compatible monoidal structure, i.e., it is a
tensor-triangulated category in the sense of Balmer [1]. The rigidity prop-
erty of the stable homotopy category can be extended to take into account
monoidal product on spectra [16]. One further structural property of the
stable homotopy category is that it is not algebraic. This means that the

triangulated category SH is not triangulated equivalent to a triangulated
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category that arises from chain complexes in an additive or abelian category.

One of the most useful tools of modern stable homotopy theory is Bous-
field localization. 1t is a formal method to “invert” a class of maps in a model
category C, in way that one can consider these maps to be weak equivalences
in C. Since the stable homotopy category is so complicated, mathematicians
have used the tool of Bousfield localization to simplify SH and break apart
into smaller pieces that are easier to understand. These localizations involve
localizations at a prime p, that is, one inverts those maps that induce isomor-
phism after tensoring with Z,. Even though the p-local stable homotopy
category SH,) is much easier to handle, still has the structural properties of
SH. In particular, like SH, the p-local version is also rigid and also it cannot
be algebraic. In sharp contrast, if one inverts all primes at once, that is,
if one inverts those maps that induce isomorphisms after tensoring with Q,
then one obtains the stable homotopy category of rational spectra denoted
by SHg. A key result in rational stable homotopy theory essentially states
that the stable homotopy theory of rational spectra is Quillen equivalent to
that of chain complexes of rational vector spaces Ch(Q), which is an algebraic
model category. So, there is a huge structural difference between SHg and

SH).-

In the previous paragraph we mentioned that one can break apart the
stable homotopy category into building blocks, one for each prime. By the
work of Devinatz, Hopkins, Smith, Ravenel, Morava, [22] one can further

break apart the p-local parts into smaller parts, one for every natural number
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n that fit into a sequence. Thus, for every spectrum X there exists a tower

...—>L2X%L1X—>L0X2XQ,

satisfying various properties which we will not discuss here. The chromatic
convergence theorem states mild conditions under which the homotopy limit
over this tower is the p-localization X — X(,. In this sense, there is for each
prime number a countable family of stable homotopy categories between

SHg and SHy), which we denote for now {SH,, } Like rationalization and

neN:
p-localization, these stable homotopy categories come also from Bousfield lo-
calization with respect a homology theory. In this case, it is represented by
the Johnson-Wilson spectrum E(n). The localized categories SHg(,y = SH,
promise to be simpler and indeed there are algebraic descriptions of these
categories for some n and p. The algebraic description of these categories
started with the paper [11]. Bousfield provides a purely algebraic descrip-
tion of the objects of the E(1)-local stable homotopy category at an odd
prime. However, there is not a full description for the homotopy classes of
maps. Franke in the unpublished paper [10] uses Bousfield’s work to prove
that the homotopy category of E(1)-local spectra is equivalent, through a
functor which he calls realization to the derived category of a specific type of
cochain complexes in an abelian category. This derived category is denoted
by Dl(ComodE(l)*E(l)) and we call this Franke’s algebraic model. Further-
more, this equivalence of triangulated categories cannot come from a Quillen

equivalence and in this sense, one calls these type of equivalences exotic.

Franke continues to generalize the result to “higher chromatic primes”, i.e.,
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the case for F(n)-local spectra depending on p. However there were some
gaps in the proof that were filled in the paper by Patchkoria [31], where the
author also provides many more cases of exotic equivalences. Also in the

paper [13] a more streamlined proof can be found for the case E(1).

Finally, we come to the subject of this thesis. The homotopy cate-
gory of F(n)-local spectra and Franke’s algebraic model are actually tensor-
triangulated categories. The main result of Ganter in [18] is that that in the
case n = 1, Franke’s realization functor maps the derived tensor product to
the smash product of F(1)-local spectra in a natural way. That is, there is a

functor isomorphism
R(= ®Ew) =) ZR(=) A" R(=). (1.1)

However, this equivalence cannot be monoidal for the case p = 3 since it
cannot be an associative functor. To illustrate this, consider p = 3 and
denote the mod 3 Moore spectrum by M (3). This Moore spectrum has a

unique multiplication which is not associative. But
RIMB) ... -0—E(1), 5 E1), =-0—...

has an associative multiplication. This means that we cannot hope to find an
associative functor isomorphism between —AL and the derived tensor prod-
uct of twisted complexes. However, for sufficiently large prime number the
question of associativity of the functor R remains open. Retrospectively, one

could argue this is good enough, since in the realm of tensor triangulated cat-
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egories, functors between tensor-triangulated categories are only required to
preserve the monoidal products up to natural isomorphism, see [/, Definition

3] and [3, Remark 2.4].

We now come to the more technical aspects of the thesis. The category
C'(Comodgy, g(1y), which is a version of Franke’s algebraic model, does not
have enough projectives, so the derived tensor product — ®é(1) —in (1.1)
is not trivial. Ganter defines the monoidal product on D'(Comodg), (1))
as the tensor product of underlying degree-wise flat replacements, i.e., res-
olutions that are flat as F/(1).-modules which does not use model category
theory techniques. This technique is very similar to how derived tensor prod-
ucts are defined in algebraic geometry, where usually the abelian category of
quasi-coherent sheaves lacks enough projectives, but does have enough flat
objects. We use the theory from the paper [6] by Barnes and Roitzheim
which constructs a monoidal model category on Cl(ComodE(l)*E(l)), with
operation denoted again ® which is equivalent in a sense to Franke’s alge-
braic model. This means, the homotopy category of the aforementioned
model structure together with the derived tensor product, i.e., the pair
(D*(Comodgy, 5(1)), ®") is naturally a tensor-triangulated category. The
derived tensor product ®", like in all monoidal model categories, is defined
by cofibrant replacements on both arguments and then tensoring on point-
set level. Another aspect in that we diverge from Ganter’s paper, is that,
like [16] which is one of the founding papers of derivators, Nora’s paper is
in the language of derivators. We chose to work in model category the-
ory instead, which we believe makes our exposition more explicit and more

straightforward. Another novelty is the use of homology of categories with
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coefficients in the proof of Theorem 4.3.1. This tool simplifies and stream-
lines the computation of homology groups that goes into a spectral sequence
that computes homology of homotopy colimits. A theme that is common
throughout the thesis is the use of techniques that come from simplicial ho-
motopy theory. Simplicial objects play a very important auxiliary role, both
in the theory of homotopy colimits and in calculating homology of categories
with coefficients. Lastly, the author was unable to follow the argument in
the proof of [18, Proposition 7.2.5] that a certain crowned diagram realizes
the tensor product of disks of twisted-periodic complexes. In particular, the
author could not find a relative discussion about the obligatory sign that
appears in the definition of the tensor product of complexes. We hope our

proof elucidates the introduction of the signs in the tensor product.

Overall, we have relied in more modern methods and we refer to modern
literature. Our techniques put Ganter’s theorem in firm rigorous footing and
in better context with other existing literature. We hope it will be possible

to extend the result to other settings as well.

1.2 Main Result & Strategy

In this section we will explain in more technical detail the main result and
our strategy. We have hinted that the triangulated categories D'(A) and
Ho(L;Sp) admit a triangulated structure and a monoidal structure compat-

ible with the triangulation. The overall plan of this thesis is to rigorously
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prove that the Franke’s realization functor
R: D'(A) — Ho(L:Sp)

is compatible with the respective monoidal structures. That is, we want to
show that
R: (D'(A),®") — (Ho(L,Sp), A\¥)

is a ®-functor. We now state it formally.

Theorem 1.2.1. Franke’s realization functor R: (D'(A), ®") — (Ho(L,Sp), A")
commutes with respect the monoidal products up to a natural isomorphism,
that s,

R(C: @ D) = R(C2) A" R(D?).

In other words, we have to show that the following diagram commutes,

up to a natural isomorphism.

D(A) x D(A) 22& Ho(LiSp) x Ho(L,Sp)

o | (1.2)

DI(A) R s Ho(L,Sp).

We stress yet again that for the case p = 3 the functor Rcannot be monoidal.
So, there will be no discussion on associativity of R. In order to prove that

the above diagram commutes we will break it down two big parts, namely
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the left half and the right half side of the following diagram.

D'(A) x D'(A) ===Ho(L,Sp’") x Ho(L,Sp“¥) — Ho(L,Sp)  (1.3)

HO(Ll SpCN xCn )
—@L— L pry=HoLanp; =
Ho(L,Sp®™)
Lz*
Q71
D' (A) Ho(L,Sp“Y) , Ho(L;Sp)
1) hocolime

The left hand side and right half side are further broken down into smaller
pieces. Our task at hand now is to prove that the left half is a commutative
diagram and all the all the smaller triangles on the right hand side are also
commutative. Since all the functors are natural, once we show all the smaller
triangles commute it will follow that (1.2) also commutes. This makes the
exposition easier since the proofs are broken apart into smaller propositions
and easier-to-prove statements. We will properly define all the functors in

(1.3) in Chapter 4.

1.3 Organization of the Chapters

In this section we will outline how the thesis is organized. The structure is

as follows:

(i) Chapter 2 contains the necessary background in homotopy theory. We
will recall relevant theory from simplicial homotopy theory, model cat-

egory theory, homotopy colimits and homotopy Kan extensions. Lastly

18



(i)

(iii)

we will recall some notation and some theory from stable homotopy

theory, spectra, and Bousfield localizations.

Chapter 3 contains the necessary background in homological algebra.
We will recall relevant theory from homological algebra and Franke’s
algebraic model. Tangentially to that we will introduce various model
structures on Franke’s algebraic model which are essential for our ex-
position. We will also recall an another tool that we will use in this
thesis, homology of a category with coefficients in a functor. This alge-
braic gadget will be essential in our computation of a spectral sequence
that computes the homology of a homotopy colimit of spectra in the

following chapter.

Chapter 4 is the heart of the thesis. It deals with the left half side of
(1.3). The main result is Theorem 4.3.1. In summary, there exists a
bifunctor i*Lpr,(— A —) such that under certain conditions it preserves

objects in £, a full subcategory of Ho(L;Sp“Y) and

Q(i"Lpry (X AVY)) = Q(X) @ Q(Y).

In order to prove the theorem, we will break apart the proof into three
parts. These three parts cover Section 4.5, Section 4.6 and Section
4.7. In Section 4.5 we will employ homology of categories with coef-
ficients in order to show that the bifunctor i*Lpr,(— A" —) preserves
objects in £. Then, in Section 4.6 we show that Q(i*Lpr /(X ALY)) is

a good candidate for the tensor product The proof relies on the theory

19



of homotopy Kan extensions and the structural properties of crowned
diagrams. Lastly, in Section 4.7 we prove, after a reduction to a sim-
pler case, that indeed Q(i*Lpr,(X A¥Y)) is naturally isomorphic to the
tensor product Q(X) ®" Q(Y). The proof relies on Section 4.6 and is

the most technically involved in the thesis.

(iv) Chapter 5 deals with the right hand side of the above diagram. In
summary, we show that for the bifunctor i*Lpr/(— A" —) we have a

canonical isomorphism
hocolim i*Lpr (X A" Y") 2 hocolim X A" hocolim Y.
Cn ‘ Cn Cn

The main result is Theorem 5.1.1 which also is broken down to smaller
lemmas. The proofs rely on standard methods of homotopy theory, i.e.,
smash products for diagram model categories, homotopy Kan exten-

sions and a homotopy finality argument.

(v) Lastly, in Chapter 6 we will conclude the proof of our main result,
Theorem 1.2.1. Since we have done most of the work in the previous

chapters, our last proof is a short one.

More details of contents of each chapter can be found the introduction of

each chapter.
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Chapter 2

Background in Homotopy

Theory

In this chapter we recall the elements of homotopy theory that are necessary
for the proof of our result. The chapter is structured as follows. In Sec-
tion 2.1 we will recall some relevant facts from simplicial homotopy theory.
Simplicial objects play an auxiliary role in our exposition but nevertheless
quite an important one. In Section 2.2 we will recall some relevant definitions
from model category theory which we heavily rely on throughout. In Section
2.3 we will recall the concepts of monoidal model categories and enriched
model category. We also discuss some relevant material on monoidal model
categories on the arrow category and how this interacts with the monoidal
product. In Section 2.4 we will discuss the Bousfield-Kan definition of homo-
topy colimits in a simplicial model category. Inherently the Bousfield-Kan
construction is a statement about the interaction of model category theory

and simplicial homotopy theory. This means we will return to simplicial ob-
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jects and we will use the material discussed in the first section. In Section
2.5 we recall some definitions of homotopy Kan extensions which are cen-
tral in our exposition. In Section 2.6 we will recall some definitions from
spectra, i.e., stable homotopy theory which we mostly treat as a black box.
Throughout the chapter we do not try to be complete or prove every single
proposition and we assume the reader is familiar with the notions defined.

We will provide all the necessary references.

2.1 Simplicial Objects

In this section we will recall some relevant facts about simplicial objects that
will be useful later on. For reference see [19, Chapter I]. A more classical

reference is [29].

2.1.1 Main Definitions

The main reference for this subsection is [19, Chapter I]

Definition 2.1.2. Let A denote the following category. The objects of A
are the totally ordered sets [n] = {0,1,2,...n} for n > 0. A morphism
o: [n] — [k] is an order-preserving function, i.e., a function o: [n] — [K]

such that o(i) < o(j) for 0 <i < j <n.

Definition 2.1.3. A simplicial set is a functor X : A°? — Set, where Set
is the category of sets. The functor category Fun(A°P,Set) is called the
category of simplicial sets. We will usually write the value of the functor X

at an object [n], as X,

22



As usual, the standard n-simplex A™ is the simplicial set

A" AP — Set

[m] = Homa ([m], [n]) = A([m], [n]),

and with notation from Definition above, the value of the n-simplex at [k] is

given by A} := A([k], [n]).

There is a more traditional way to define a simplicial set than the one
given in Definition 2.1.3, which we describe below. Among all of the functors
(order preserving maps) [m] — [n] appearing in A there are special ones,

namely

di: [n—1] — [n] 0<i<n (cofaces)

sj: [n+1] = [n] 0<j <n (codegeneracies)

where, by definition,

k itk <1
k+1 itk >1
and
k if k<1
sj(k) =
k—1 if k> 1.

These functors satisfy a list of identities called the cosimplicial identities

which we do not reproduce here, see [19, Figure 1.2, p4]. The maps d;,s;
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and these relations can be viewed as a set of generators and relations for
A. Thus, in order to define a simplicial set Y, it suffices to write down sets

Y., m >0 (sets of n-simplices) together with maps

di: Y, =Y, 1, 0<i<n (faces)

s;t Y, = Yoy, 0<j<n (degeneracies)

satisfying the simplicial identities, which are dual to the cosimplicial identi-

ties, see [19, p5]. We can depict a simplicial set Y': AP — Set as follows

Yo=—Vi—Y5---

where we usually omit the degeneracy maps for typographical reasons.

Notation 2.1.4. The letter I will stand for the simplicial set A, and (7, 0)
for the pointed at 0. S° denotes the pointed simplicial 0-sphere, i.e., th

union of the standard O-simplex with a disjoint base point. S! denotes the

simplicial circle /(0 ~ 1), i.e., A1 /OA

Simplicial sets are ubiquitous since every category C gives rise to a sim-

plicial set as the next example shows.

Example 2.1.5. Let C be a small category and let N(C) be the following
simplicial set

N(C),, = Homcgu([n],C),
where Home,t([n], C) denotes the set of functors from [n] to C. In other words

24



a n-simplex is a string
Co—Cl— ... cCy

of composable morphisms in the category C.

We will encounter nerves of certain categories later on. Simplicial sets

are very closely related to topological spaces as our next example will show.

Example 2.1.6. There is a standard functor

A°P? — Top

[n] = A"

The topological standard n-simplex |A"| C R™*! is the space

|An‘ — {(to;;tn) GRTH-l: th: 17t2 ZO},
1=0

with the subspace topology. The map 6.: |A"| — |A™| induced by 6: [n] —
[m] is defined by

O.(to, .- tm) = (S0, -, n),

where
0 67 '{i} =0
S; =
Zjeefl(i)tj 9_1i 7é (Z)
Conversely, every topological space gives rise to a simplicial set. Let T be a

topological space and consider the simplicial set

Sing(T"): A°® — Set  [n] — Homrop(|A"],T).

25



This is the object that leads to the singular homology of the space T'.

In fact, the homotopy theory of simplicial sets and topological spaces are
“equivalent” in a specific sense. We will recall this form of equivalence of
homotopy theories in the next section. In the example above we mention
briefly the construction of the topological standard n-simplex |A”| from the
simplicial set A™. This construction can be thought of as “ gluing” and can
be made formal as a certain form of colimit. We will return to that later on

when we recall the geometric realization functor.

2.1.7 Decomposition & Skeleta

In this subsection we will discuss the canonical and natural filtration of a
simplicial object by its skeleton. The skeleton of a simplicial object is con-
structed using lower dimension simplices, and it turns out any simplicial
object can be written as a colimit of its skeleta. We will return to the skele-
tal filtration of a simplicial object later in Subsection 2.4.20 and Subsection
3.5.9, and it will play a fundamental role in our exposition. For reference for

this subsection, we refer to [19, Chapter VII].

Following Definition 2.1.3, we can replace the category Set with any other
category C in which all small limits and all small colimits exist, that is to say
C is complete and cocomplete. Then we consider the category sC, i.e., the
category of simplicial objects in C. Let A<, be the of the full subcategory

of A with objects [k] for k& < n and denote by i,: A, < A the inclusion.
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Following the notation sC for the category of simplicial objects in C we denote
$.C = Fun(A%,C) = C*<n.
There is a restriction functor,

i sC — s,C,

n

which simply forgets the k-simplices, k > n, that is, given X € sC we have
the diagram 4, X

Ao, A5 e

Since we assume C to be cocomplete, the restriction functor ¢; has a left

adjoint denoted by Lan;, which is given by

(Lan;, X),, = colim X} = colim Xj.
[m]—[k] [k]€[m]/An

The colimit is over morphisms [m] — [k] in A with & < n. This is an example
of a left Kan extension, a concept which we will make formal in Section 2.5.

If X € sC, we define the nth skeleton of X by the formula
sk, X := Lan;, i) X. (2.1)

There are natural maps sk, X — sk,, X for n < m and sk, X — X. Since

(sky X)) = X, for m < n, by construction, there is a natural isomorphism

colimsk, X = X. (2.2)
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Dual to the notion of skeleta are the coskeleta. The restriction functor 4,

has also a right adjoint defined by

(Ran;, X),, = lim X},

k—n

with the limit over all morphism k& — m in A with k& < n. This can be used

to construct a coskeleton such that X

X 5 lim cosk,, X.

n

Because C has limits and colimits, sC has a canonical structure as a sim-
plicial category, i.e., the hom-objects are not just sets but actually simplicial

sets. Thus, we have a bifunctor
Hom: C°? x C — sSet,
and further there is a functor, the so-called tensor
— N —: sSet x sC — sC.

which is left adjoint to Hom, see [12, Definition 3.3.1.] for details. We will
make the concept formal later on Section 2.3. In particular, if X € sC and
K € sSet, then a natural choice of tensor action of simplicial sets is the

following.

(K©X), =[] Xn (2.3)

We denote this particular tensor with ® to make it distinct with another form
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of natural tensor action of simplicial sets on an arbitrary diagram category
given in Example 2.3.15. It is now a straightforward to prove that if X € sC
is a constant simplicial object, i.e., all the sets X,, for n > 0 are equal and
all the face and degeneracy maps are the identity map and K € sSet, then

there is a natural isomorphism

sk, X ® sk, K = sk, (X © K). (2.4)

There is more constructive way to obtain the skeleton sk, X of a simplicial
object X € sC which we now briefly explain. First we have the definition
of the latching space of a simplicial object. We also give the definition of

matching space since we are at it.

Definition 2.1.8. Let X € C2”. The nth latching object of X is

L, X :=(skp—1 X), = colim Xj.
[kl€[n]/An—1

Dual to the latching space we have the nth matching space

M, X := (cosk,_1 X), = ,11531 X = [kz]eim—ll/[n] A

in other words where k& — n runs over all morphisms (or all monomorphisms)

in A with k& < n.

If Z € C, we may regard Z as a constant object in sC. Then, there is an

adjunction isomorphism

Home(Z, X,,) = Homye (A" © Z, X)
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for all n > 0. By choosing X = sk, X and Z = X,, we obtain a natural map
in sC

A" o X, — sk, X.

Setting X = sk, 1 X and Z = L, X we obtain a natural map
A" ® L, X — sk, X.
Furthermore, by (2.4),
sk, 1 (A" © X,,) =sk,.1 A" © X, =0A" 0 X,
and we obtain a commutative diagram

OA" ®© L, X — A" L, X

| |

0A™ ® X, sk, X.

We have the following proposition. For the proof we refer to [19, Proposition

1.7, Chapter VII].

Proposition 2.1.9. For all X € sC and n > 0 there is a natural pushout

square.

OA™ © X, [Tpanor, x A" © LpX ——sk, 1 X

| |

Ao X, sk, X

There is a dual version for coskeleta that is given by certain pullbacks,

but we do not need this in our exposition.
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2.2 Model Categories

In this section we will introduce some relevant facts from model category
theory. Model categories were introduced by Quillen in 1967 [37]. We will
introduce the basic definitions of a model category and of derived functors.
We will also discuss various model structures on diagram (functor) categories,
homotopy colimits and stable model structures. We assume the reader is
familiar with the basics of the theory and most of the proofs are skipped and

refer to the large literature of model categories.

2.2.1 A Short Reminder of Model categories

A model category C is a complete and cocomplete category equipped with
three classes of morphisms called weak equivalences, fibrations and cofibra-
tions, satisfying certain axioms. A map that is both a weak equivalence
and a cofibration resp. fibration, is called acyclic cofibration resp. acyclic
fibration. We will not list the axioms here and reader is advised to look up
the references, for example see [2, Definition 1.1.4]. The main point of this
structure is that it allows one to do “homotopy theory” in the category C.
The most prominent examples of model categories are the categories sSet of
simplicial sets, Top of topological spaces and Ch(k), the category of chain
complexes of modules over a ring k.

For every model category C, one has the associated homotopy category
Ho(C) which is defined as the localization of C with respect to the class of
weak equivalences. The model structure ensures that we do not face any

set theoretic problems when passing to localization, i.e. Ho(C) has sets of
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morphisms. Note however that Ho(C) admits other equivalent descriptions as
well. For example Ho(C) is equivalent to the homotopy category of cofibrant
objects in C. Then Ho(C) is equivalent to the localization Ceof[WW™!] where
W is the class of weak equivalences in Ceof see for example [21, Proposition
1.2.3]. Given objects X and Y of C, the notation [X,Y] will stand for the
set of morphisms in Ho(C) between X and Y.

We will assume that in a model category C there are functorial fibrant
and cofibrant replacements. We write any cofibrant replacement functor

Q@ : C — C that comes with weak equivalence ¢: Q — 1¢
Convention 2.2.2. In what follows, we let Ho(C) denote the category Ceor[W™1].

Next, we recall the definition of a Quillen adjunction, which is the primary

way to relate different model categories.

Definition 2.2.3. A Quillen adjunction between two model categories C and

N is a pair of adjoint functors
F:C2N:G
where the left adjoint F' preserves cofibrations and acyclic cofibrations (or,

equivalently G preserves fibrations and acyclic fibrations).

We refer to F' as a left Quillen functor and to G as a right Quillen functor.
The usefulness of the above definition is that any such pair of adjoint functors,

induces an adjunction on the level of homotopy categories, that is,

LF: Ho(C) 2 Ho(N): RG.
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We refer LF' as the left derived functor of F' and RG as the right derived
functor of G. If LF, or equivalently RG is an equivalence, then the Quillen
adjunction is called a Quillen equivalence.

Convention 2.2.2 allows us to provide a very simple description of the

functor ILF'. Indeed, the functor

F C Ccof — -/\/'cof

cof *

preserves weak equivalences and, therefore, it induces a functor between the

localizations. This functor is precisely LF' in terms of Convention 2.2.2.

So, any Quillen equivalence

F:C—> N

induces an equivalence on homotopy categories

LF: Ho(C) — Ho(N).

However, there are examples of functors ®: Ho(C) — Ho(N) that are equiv-
alences of categories, but nevertheless, they are not induced by any zig-zag
of Quillen equivalences. Such equivalences are called ezotic equivalences.
Finally, an important class of model categories is the class of simplicial
model categories. These are model categories which are enriched, tensored
and cotensored over sSet and which satisfy the pushout-product axiom. If a
simplicial model category is pointed, i.e., the terminal object is isomorphic to

the initial one, then C is enriched over the category sSet, of pointed simplicial
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sets. In particular, we have functors

— A —:8Set, xC—C, Mape(—.—):C® xC — sSet,,

and the adjunction

Home(K A X,Y) = Hom,ge, (K, Map, (X, Y)),

see [0, Definition 6.1.28]. We will define simplicial model categories properly

in Section 2.3.

2.2.4 Diagram Model Categories

For C a model category and J any small category there are two natural ways
to put a model category structure on the functor category Fun(J,C) = C”.
These are the projective and the injective model structures. In the greatest
generality, neither one need exist, but there are rather general conditions
that ensure their existence. One way is to restrict the properties of the
model category C in order to ensure a model structure on the category of
diagrams C’/. The other way is to restrict the properties of the indexing

category. We recall the basic definitions.
Definition 2.2.5. We define the following classes of maps in C’.

1. The projective weak equivalences and projective fibrations are the nat-

ural transformations that are objectwise such morphisms in C.

2. The injective weak equivalences and injective cofibrations are the nat-
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ural transformations that are objectwise such morphisms in C.

If either of these choices defines a model structure on C’, we call it the

J

J
proj i

projective model structure Cy, ., or injective model structure Ci); respectively.
Of course, the projective cofibrations and injective fibrations can then be

characterized by the appropriate lifting properties.

Because the projective and injective model structures on C’ have the same
weak equivalences, the identity functor Id is a Quillen equivalence between
them if they both exist. The projective model structure exists as long as
C is cofibrantly generated, see [21, Definition 11.1.2 |, while both model
structures exist if the underlying categoryC is a locally presentable (a set-
theoretic condition) and cofibrantly generated, see [26, Proposition A.2.8.2].
On the other hand if the indexing category is restricted enough say, a finite
poset, then both model structures exist without any restriction on the model
category C.

Below we introduce the definition of a direct category which is a general-
ization of the concept of a poset. The structure of a direct category allows us

to be more explicit with the cofibrations in the projective model structure.

Definition 2.2.6. Let w denote the poset category of the ordered set {0, 1,2, ...}.

A small category J is called direct if there is a functor f: J — w that sends
non-isomorphims to non-isomorphisms. We refer to f(j) as the degree of the
object j. Dually, J is an inverse category if there is a functor J°° — w that

sends non-isomorphisms to non-isomorphisms.

For further details, see [24, Definition 5.1.1.]. Any finite poset J is a direct

category, and dually J° is an inverse category. We provide some examples
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that will be useful later on.
Example 2.2.7. Let [1] denote the poset 0 < 1.

Example 2.2.8. Consider the poset

(0,0) —(1,0)

|

(0,1)

denoted by ™. Let ¢: [1] — " be the map of posets which sends 0 to (0,0) and
1 to (1,0). In other words, ¢ includes the interval [1] to the top horizontal
line. Furthermore, consider the product of the interval posets [1] x [1]. It is
the following poset

(0,0)—(1,0)

L

(07 1) - (17 1)
and we let i-: "— [1] x [1] be the inclusion. The product [1] x [1] is usually

denoted by [J.
Next we are introducing two posets that we will work with

Example 2.2.9. Let Cy be the poset consisting of elements {3;, (; | i € Z/NZ}
such that f; < (; and 3; < (;_1 for i € Z/NZ. As a diagram it looks as fol-

lows:

Co G

Bo 51 Bn-1

The other poset that will be of interest is the following.

CN-1

e
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Example 2.2.10. Let Dy be the poset consisting of elements {3,,, ¥, (,: 1 € Z/NZ}
such that g8, <7, < (, and B,11 < 7, and 7,41 < (,. As a diagram it looks

as follows

Co G v QN

Yo 71

Bo 51

Bn—1

Definition 2.2.11. Suppose C is a small category with small colimits, J a
small direct category, z an object in J and J, the category of all non-identity
morphisms with codomain z. The latching space functor L,: C’ — C is the

composition

)
¢/ — ¢le o

where the first arrow is the restriction functor. Note that we have a natural

transformation

L.X — X,

for any fixed object z € C. Dually the matching space functor M,: C7 — C

is the composition

z i
¢’ ¢l B,

where J* is the category of all non-identity morphisms with domain z.

Notice that, equivalently the latching space of a diagram X is given by

@X:mm%L%Jﬁw)
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where J, < J is the inclusion. Dually, the matching space of a diagram X
is given by

M.X =1im (J* < 5 ).
The following proposition is proved in [24, Theorem 5.1.3].

Proposition 2.2.12. Given a model category C and a direct category J,
there is a model structure on C’ in which a morphism f: X — Y is a weak
equivalence (resp. fibration) if and only if the map f,: X, — Y, is a weak
equivalence (resp. fibration) for all z € J. Furthermore, f: X — Y is an

(acyclic) cofibration if and only if the induced map

XzHLZY—>YZ

L. X

is an (acyclic) cofibration for all z € J.

To clarify the above proposition proves that the projective pre-model
structure is a model structure; it does not introduce a new and different

model structure

Example 2.2.13. Let I be a finite poset and any model category C. We

have the model structure 2.2.12 on C'.

Remark 2.2.14. In what follows, when we have a direct category I and a
model category C, the category of diagrams C! will always have the model
structure defined in Proposition 2.2.12 without further mention. If not, we

will explicitly say so.
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2.2.15 Reedy Model Structure on Simplicial Objects

In this subsection we will review the Reedy model structure on simplicial
objects. For a reference see [, Definition 6.9.4], also [2, Section 5.2]. We

start with the definition of a Reedy category.

Definition 2.2.16. A Reedy category is a triple (J, J*,J7) consisting of a
small category J and two wide subcategories (that is, they contain all the
objects) JT, and J~, such that there exists a functor d: J — w, called a
degree function, such that every nonidentity map in J* raises the degree,
every nonidentity map in J~ lowers the degree, and every map f € J can be
factored uniquely as f = gh, where h € J-and g € J*. In particular, J* is

a direct category and J~ is an inverse category, see Definition 2.2.6.

Example 2.2.17. Every direct category J, see Definition 2.2.6 is a Reedy
category, by considering J* = J and the discrete J~ = Ob(J) (with degree

on J~ given by identity). Dually, any inverse category is a Reedy category.

Example 2.2.18. The prototype example of a Reedy category is the simplex

category A. The Reedy category structure on A is defined by as follows.
(i) The degree function d: Ob(A) — N is defined by [k] — £k,
(ii) A map [k] — [n] is in AT precisely if it is injective.

(iii) A map [n] — [k] is in A~ precisely if it is surjective.

The Reedy category structure on AP is defined by switching At and A~.

Suppose C is a category with all small colimits and limits, and J is a

Reedy category. For each object z of J, we define the latching space functor
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L, as the composite

S AREEN)

where the latter functor is the latching space functor defined for direct cate-
gories in Definition 2.2.11 . Similarly, we define the matching space functor

M, as the composite

¢’ sc’ Lue,

where the latter functor is the matching space functor defined for inverse

categories in Definition 2.2.11. Note that we have natural transformations

defined for X € C”.

Proposition 2.2.19. Let C be a model category and consider the category
CA™, i.e., the category of simplicial objects in C. A morphism f: X —Y in
sC is

(i) a Reedy weak equivalence if f,: X, — Y, is a weak equivalence in C,

(11) a Reedy (trivial) cofibration if for every n > 0 the canonical map,

X, ]_[ LY =Y,

LnX
is a (trivial) cofibration in C

(11i) a Reedy (trivial) fibration if for every n > 0 the canonical map

Yn — Yn XM, Y MnX
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is a (trivial) fibration in C.

Remark 2.2.20. More generally, in the above proposition the Reedy cat-
egory A° can be interchanged with any other Reedy category J, but for
the course of our exposition we only make use of simplicial objects. The
Reedy model structure for arbitrary Reedy category J enjoys the following
property. Let C be a combinatorial model category and recall the projective
and injective model struture on C”’, Definition 2.2.5. The identity functors
provide left Quillen equivalences

Cj

Id J Id J
proj - CReedy — G

inj

from the projective model structure on functors to the injective one.

It follows from the definition that a Reedy cofibrant object has a simple

description. For future reference we state it as a definition.

Definition 2.2.21. A simplicial object X € sC is Reedy cofibrant if the maps
L,X — X, are cofibrations in C for all n. A sequence of objects {X;};c;

as follows

x = Xog > X1 —> Xo— ...

is Reedy cofibrant if all the maps in the sequence are cofibrations.

We will return to Reedy cofibrant objects and Reedy cofibrant sequences

in Section 2.4 and in Section 3.5.
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2.2.22 Homotopy Colimits in Model Categories

In this subsection we will recall some definitions of homotopy colimits in
general model categories. Recall that the functor colim: C’/ — C has a right

adjoint which is given by the constant functor
const: C — C”.

It follows from Proposition 2.2.12 that for any model category C and direct

category J, there is a Quillen adjunction
coljim: C’ = C: const.
One can see this by noticing that the constant functor
const: C — C”’

sends weak equivalences and fibrations in C to projective weak equivalences

and projective fibrations in C7, that is, it is a right Quillen functor.

Definition 2.2.23 (Homotopy Colimit). Let C be a model category and let
J be a poset. Consider the projective model structure C’. The left derived

functor of colim: C/ — C is called homotopy colimit and denoted by
hocglim: Ho(C’) — Ho(C), X co}}im QX,

where QX is some cofibrant replacement of X in C/. We will explain the

concept of homotopy colimit more in the next section. If J is not a poset
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we have to require the existence of the projective model structure on C’ (in
other words, C should be cofibrantly generated) to consider the homotopy

colimit.

In the case the poset is " defined in Example 2.2.8, the homotopy colimit
of a diagram F' € Ho(C"), i.e., hocolimr F is called homotopy pushout. A
particular form of homotopy pushout is the so-called homotopy cofiber or
cone, a homotopical version of ordinary cofiber (or cokernel) of a map. Recall

that the cofiber (cokernel) of a map is given by the pushout

x 1.y

colim l

*

Our next example recalls the homotopy cofiber.

Example 2.2.24 (Homotopy Cofiber). Let f: X — Y be a morphism in a
pointed model category C. The homotopy cofiber or cone of f is defined as

the homotopy colimit (homotopy pushout)

x 1,y

hocolim l

*

We can define the homotopy cofiber with the help of homotopy Kan ex-
tensions which we define later. We will denote the homotopy cofiber by
cone(f) or with hocofib(f). Another way to write the above colimit is

cone(f) = hocolim(x < X — Y)

We barely touched the subject of homotopy colimits in model categories
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but this will suffice for our purposes. We will return to the subject of homo-

topy colimits in Section 2.4

2.2.25 Stable Model Categories

Recall that the homotopy category Ho(C) of a pointed model category C

supports a suspension functor

3: Ho(C) — Ho(C)

given by
Y X := hocolim(x - X — x),

with a right adjoint functor
Q: Ho(C) — Ho(C)
given by
QX = holim(x — X < x).

In the more familiar examples of model categories like spaces and chain

complexes, suspension and loop functors usually admit a simple description.

Example 2.2.26. Consider Top, the model category of pointed topological
spaces and let X € Top,. The suspension > X is defined as the smash product

St A X and the loop space X is defined by the mapping space of pointed
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maps Map(S?, X). It follows we have the adjoint pair (3, ), i.e.,

Map(XX,Y) = Map(X, QY).

Example 2.2.27. Let C(K) be the category of cochain complexes of K-
modules for a commutative ring K. In this case the suspension of C* is
simply the shift, i.e., XC* = C**!. Notice in this case the suspension has an

inverse X! which shifts in the opposite direction.

A stable model category is an axiomatization of the above fact, that is, if

the adjoint pair (3, €) is an adjoint equivalence.

Definition 2.2.28. A stable model category is a pointed model category for

which the unit and counit functors of the adjoint pair (X, 2) are equivalences.

As we will see later, the category Sp of spectra is also a stable model cat-
egory. Leaving examples for now, we continue our discussion for an arbitrary

stable model category C.

Remark 2.2.29. If C is a pointed simplicial model category, then the sus-
pension functor

¥: Ho(C) — Ho(C)

admits a simple description. Indeed, by the simplicial model category axioms
the functor

S'A—:C—=C
is a left Quillen functor, where S* stands for the simplicial circe, i.e., A[1]/OA[1].
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Then, ¥ can be defined as the left derived functor of S* A —, i.e.,
X =S'AFX = STAQX,

see, [24, p. 6.1.1]

Note that if C is stable, then the homotopy category Ho(C) is a triangu-
lated category with ¥ a shift functor, see [5, Theorem 4.2.1] and [24, p. 7.1.6].
We will not recall here the definition of a triangulated category, we refer to [5,
Definition 4.1.2]. In a simplicial model category C we can choose a particular
model for the homotopy cofiber or cone, see Example 2.2.24 of a morphism

that helps with computations. It is called the mapping cone construction.

Definition 2.2.30. Suppose C is a simplicial stable model category and
f: X = Y amorphism in C.. Let cone(f) be the pushout of f along the

morphism canonical morphism
inclAl: SAX — (I,O)A X =CX,

that is, cone(f) comes with the pushout square

x —1 sy

incl /\ll l

CX —— cone(f).

Here C'X denotes the cone of X, i.e.the smash product (I,0) A X, where
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(I,0) is the simplicial set A' pointed at 0. The natural map
7 (LO)AX = STA X

and the trivial map

x:Y > STAX

induce, using the universal property of pushput, a map

d: cone(f) — STAX

The fact that the mapping cone construction cone(f) represents the ho-
motopy cofiber and further details can be found in the proof of [21, Propo-

sition 6.3.4].

Definition 2.2.31. Let C be a simplicial stable model category and f: X —

Y a morphism in C.os. The elementary triangle associated to f is the triangle
xLhys cone(f) % SN X.

A triangle (f, g, h)

in Ho(C) is called distinguished if it is isomorphic to an elementary one.

Note, that a morphism (a, 3,7) is an isomorphism of triangles if all com-

ponents are isomorphisms.
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2.3 Monoidal & Enriched Model Categories

In this section we will review some relevant facts about monoidal model cat-
egories, that is to say, model categories that support a compatible monoidal
structure. In order to do so we will make a small detour and introduce the
notion of a Quillen bifunctor. The advantage of introducing this more ab-
stract formulation first is that it axiomatizes various interesting structures
in homotopy theory that we will be using. This includes the structure of
a monoidal model category and an enriched model category. For references
for Quillen bifunctors we refer to [24, Chapter 4], and for a contemporary

reference on monoidal model categories see [5, Chapter 6].

2.3.1 Quillen Bifunctors

In this subsection we introduce Quillen bifunctors. We do not recall here the
definition of a closed symmetric monoidal category. See, [5, Definition 6.1.1].
It is usually denoted by (C,®, I, Hom), where I is the unit of the monoidal
product, and Hom is the inner hom. We will abuse notation and write it as

(C,®). We start with the definition of a two-variable adjunction.

Definition 2.3.2. Let C,D and & be categories. An adjunction of two vari-

ables or two-variable adjunction

(®,Hom;, Hom,): C x D — &£
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consists of bifunctors

R:CxD—E&
Hom,: D* x £ — C

Hom;: C®* x £ — D

together with natural isomorphisms

Home (¢, Hom,(d, €)) = Homg(c ® d, e) = Homp(d, Hom,(c, €)).

We often abuse notation by referring to (®, Hom,., Hom;),or even ® alone as

an adjunction of two variables, leaving the adjointness isomorphisms implicit.

Example 2.3.3. [12, Definition 3.7.2] If V is a closed symmetric monoidal
category and let C be a category. We say that C is a tensored V-category, if
for each v € V and ¢ € C there is an object v ® ¢ € C together with natural

isomorphisms

Home (v ® ¢, ') = Homy (v, Hom(e, ) Vv eV, ¢, d €C.

Similarly we say that C is cotensored if for each v € V and ¢ € C there is an

object ¢’ € C together with natural isomorphisms

Home(c, ¢”) = Homy (v, Home(c',c)) Vv eV, e d €C.
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Then, the tensor cotensor, and hom-objects define a two-variable adjunction
YV xC—C.

Example 2.3.4. Any closed symmetric monoidal category is tensored, coten-
sored and enriched over itself. These functors define a two-variable adjunc-

tion.

The above are the examples of two-variable adjunctions that most fre-

quently appear “in nature”.

Definition 2.3.5. Let (C, ®) be a closed symmetric monoidal monoidal cate-
gory and let f: Xy — X and g: Yy — Y7 be maps in C. The pushout-product

map is the universal arrow

fOg: Xeov [ 1Y, — X,V
Xo®Yo

In other words, it is the universal map out of the following pushout as shown
below

Xo®Yy—=X1®Y)

| |

Xo®Y) P

=
X190

where we have denoted the pushout P = (Xo ® V1) [ x, ey, (X1 @ Y0).

Remark 2.3.6. The pushout-product map f[Jg can be defined alternatively

as a left Kan extension. We will see it in Example 2.5.5.
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Definition 2.3.7. Given model categories C, D and &, an adjunction of two
variables

(®,Hom,, Hom;): C x D — &

is called a Quillen adjunction of two variables or a left Quillen bifunctor if,
given a cofibration f: U — V in C and a cofibration g: X — Y in N, the
universal map f [ g defined in Definition 2.3.5 is a cofibration in £ which
is acyclic if either f or g is. We refer to the left adjoint ® of a Quillen
adjunction of two variables as a Quillen bifunctor, and often abuse notation

by using the term “Quillen bifunctor ®”.

An important point of left Quillen bifunctors is that they preserve weak
equivalences on the subcategories of cofibrant objects and furthermore pre-
serve cofibrant objects, see [12, Lemma 11.4.2] for a proof of this fact and
further motivation on left Quillen bifunctors.

Our first example of Quillen bifunctor, which also can be taken as a
definition is that of a monoidal model category see [21, p. 4.2.6] and [12,

Definition 11.4.6]

Definition 2.3.8. A symmetric monoidal modal category is a closed symmet-
ric monoidal categry (C, ®, I) with a model structure such that the following

hold:
(i) The monoidal structure —® —: C x C — C is a Quillen bifunctor, and

(ii) the maps

QIR —=I®v=v, and vRQI v =0
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are weak equivalences if v is cofibrant.
The second condition is redundant if the unit I is cofibrant.

Example 2.3.9. Consider the monoidal categories (sSet, x) and (Top, x).
These monoidal categories equipped with the standard model structures
(Serre or Hurewicz) are both (symmetric) monoidal model categories. The

same is true for the pointed versions, i.e., (sSet,, X) and (Top,, X)

Example 2.3.10. Let K be a commutative ring and consider the monoidal
category (Ch(K),®). This monoidal category equipped with the projective
model structure is monoidal model category. However, (Ch(K), ®) equipped
with the injective model structure is not a monoidal model structure. To re-
call these two model structures on chain complexes, see [21, Theorem 2.3.11]

and [24, Theorem 2.3.13] respectively.

A monoidal category C gives rise to more monoidal categories by consid-
ering diagrams from small categories into C. In our next example we discuss

how this is related to model category theory.

Example 2.3.11. Let (C,®) be a monoidal model category and let J be a
direct category. Consider the diagram category C’ with the projective model

structure, Definition 2.2.12. The category C” inherits a monoidal structure

C'xC’' =, (X,)Y)— XY,

where X @ Y is the diagram j — X; ® Y;. By [3, Proposition 4.15] (C/, ®)

is a monoidal model category.
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As we mentioned in the introduction of this section, Quillen bifunctors
also capture the structure of an enriched model category. We now state the
long-waited definition of a simplicial model category.

Example 2.3.12 (Simplicial Model Category). A simplicial model category
is a model category C that is tensored, cotensored, and simplicially enriched
and such that

sSet x C —C

is a left Quillen bifunctor.

We can generalize the above and consider enriched in monoidal model

categories other than (sSet, x).

Example 2.3.13 (Enriched Model Category). Let £ be a monoidal model
category. An E-model category is a category C enriched, tensored and coten-

sored over £ together with a model structure such that

- ®—ExC—=C

is a left Quillen bifunctor.

Enriched model categories, i.e., £ model categories are also known as

E-modules.

Example 2.3.14. As a particular example of the above, an algebraic model

category is a Ch(Z)-model category.

Our next example of simplicial structure plays will play a fundamental
role in the thesis. Given a simplicial model category C, there is a natural

choice of simplicial model structure for the category of diagrams C”.
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Example 2.3.15. Let J be a direct category. If C is a simplicial model
category, then so is C’. Indeed, we define tensors and cotensors levelwise,

that is, for T € sSet and X € C”/
(TAX), =TAX., (XT),:=(X.)",
and the mapping spaces for C’ are given by the end construction

Mach(X,Y):/ Map,(X,,Y,).
zeJ

Now that we have a simplicial structure on the functor category C”, it will
be useful to make the mapping cone construction on this category explicit,
see Definition 2.2.30. Let J be a direct category and C be a simplicial model
category. We equip C’ with the simplicial structure given in Example 2.3.15.
If f: X — Y is a natural transformation of diagrams in C’ we can define the
mapping cone cone(f) € C’ of the natural transformation f, see Definition
2.2.30. Since colimits and tensors in C’ are computed objectwise, we can

evaluate cone(f) at z € J by the pushout

X, Y,
CX, —— cone(f).,
that is,
cone(f), = cone(f,: X, = Y,). (2.5)

This remark will be important in Section 4.6.
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Next, we discuss that the homotopy category of a monoidal category is a
closed monoidal category. In order to do so, we first present a result that a
Quillen bifunctor of model categories induces an adjunction of two variables

on the homotopy categories.

Proposition 2.3.16. Suppose C, D and £ are model categories and

(®,Hom,,Hom;): C x D — &

15 Quillen bifunctor. Then the total derived functors define an adjunction of

two variables

(®", RHom,, RHom;): Ho(C) x Ho(D) — Ho(€)

For a proof see [21, Proposition 4.3.1.]. For objects C' € C and D € D,

the derived functor — @% — is defined as follows

C@“D:=QC®QD (2.6)

where () is a cofibrant replacement, in the model structures C and D respec-
tively. The above proposition specializes to the case of a monoidal model

category (C,®), see [5, Theorem 6.1.11 | and [24, Theorem 4.3.2].

Corollary 2.3.17. Let (C,®) be a symmetric monoidal model category.

Then (Ho(C), ®%) is a closed symmetric monoidal category.
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2.3.18 Monoidal Model Structures on the Arrow Cat-
egory

In this subsection we will explore the model structures on the arrow category
Arr(C) = CY and the interaction with the cofiber (cokernel) functor. Recall
the interval poset [1] = {0 < 1} from Example 2.2.7. The functor category
CM is also known as the category of arrows Arr(C). This is because, an
object in CM" is a morphism f: X — Y and a morphism in Cl is a natural
transformation of diagrams [1] — C given by a:: f — g which is the following
commutative square

Xo—= Xy

L

Yo—Y1.
The arrow category C!l has two natural functors Evg: CI! — C and Ev,: CY —

C which just evaluates a diagram at 0 and 1 respectively. This is the same

as the functor that gives the source and target of an arrow f in C.

Lemma 2.3.19. [2), Lemma 1.1] Suppose C is a closed symmetric monoidal
category. The evaluation functors Evy, Evy: C — C have left adjoints Ly, Ly

and right adjoints Uy, Uy

Theorem 2.3.20. [25, Theorem 1.2.] Let (C, ®) be a closed symmetric monoidal
category. The category CY' has two different closed symmetric monoidal
structures. In the tensor product monoidal structure, the monoidal prod-

uct of f: Xog — X1 and g: Yy — Y7 is given by

fRg:Xo®@Y, = X0V
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The unit is Loe, and the closed structure is given by the projection map
Homg, (f, g) = Hom(Xo, o) XHom(xo,v;) Hom(X1, Y1) — Hom(Xy,Y7).

In the pushout-product monoidal structure, the monoidal product of f and

g s the pushout product

fOg: (Xo®@Y) H (X1®Y) = X1 @Y.

Xo®Yo

The unit is Lie, and the closed structure Homp(f,g) is given by

Homp(f, g) = Hom (X1, Yy) — Hom(Xo, Y0) X tom(x,,v:) Hom (X7, Y7).

Consider now the monoidal category (C 1 ) equipped with the projec-
tive model structure, see Proposition 2.2.12. By [25, Theorem 3.1] this is a
monoidal model structure. By Corollary 2.3.17, we have the monoidal cate-
gory (Ho(CM),d%). For the next lemma, recall from Example 2.2.24 the cone
or homotopy cofiber cone( f) or hocofib(f) of a map in a model category C. It
is the homotopical invariant version of the cokernel or cofiber of a morphism,

that is, the pushout

x 1.y

coker(f) = colim l

*
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We can regard the cokernel as a functor
coker: ¢ — ¢ (X g, Y) = (Y — coker(f)).

Dually we have the kernel of a morphism, given by

X
ker(f) := lim lf

x* —— Y

The following [25, Theorem 1.4.]

Theorem 2.3.21. Suppose (C,®) is a pointed closed symmetric monoidal

category. The functor
coker: (CM,0) — (CM, ®)

is a (strongly) symmetric monoidal functor. Its right adjoint is the kernel.

The isomorphism coker(fg) = coker(f) ® coker(g) comes from commu-

tation of pushouts which we briefly explain. Consider the following diagram.

X1®}/1 (—X()@)/l—)*

T ]

X1@Yy —— Xg®@Yy — =

T

X1®%<TX1®%—>*
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If we take vertical pushouts in the above diagram we get the diagram

Xi@YieXoay: [[ XieY,—x
Xo®Yo
whose pushout is coker(f O g). On the other hand, if we take horizontal

pushouts , we get the diagram
coker(f) ® Yy < coker(f) ® Yy — =,

whose pushout is coker(f) ® coker(g). Since pushouts commute with each

other, we see that
coker(f O g) = coker(f) ® coker(g),

both as objects in C and as maps in C.
Next, consider the monoidal category (CM",®) with the injective model

structure, (C.[l] ®), see Definition 2.2.5. By [25, Theorem 2.1] it is a monoidal

inj>»
model category and the evaluation functor Ev, Cll — C is left Quillen. By
[25, Proposition 4.1.] the cokernel functor is a left Quillen and hence so is
the composition

oy < el @) B e, w).

proj’ inj?

So, the fact that both functors are monoidal and left Quillen imply the

following corollary.

Corollary 2.3.22. Let (C,®) be a pointed symmetric monoidal model cate-
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gory, and let f and g be morphisms in C. There is a canonical isomorphism
cone(f) A" cone(g) = cone(f O" g),

which comes from the commutation of homotopy colimits and evaluating at

the target, that s,
(Ho(Cl), %) <% (Ho(clY), @) 2% (Ho(cl), &*).

This corollary will be fundamental later on in Chapter 4. We will also
see a different proof of the above fact using homotopy left Kan extensions,

see Proposition 2.5.11.

2.3.23 Smash Products for Diagram Model Categories

In the following, given posets I and J, the product I x J will always have
the product order. If I and J are more generally direct categories then the
degree of an element (i,j) € I x J is defined to be the sum of degrees of i

and j.

Definition 2.3.24. Let (C,®) be a monoidal category and let I and J be
direct categories. We define the external product, or objectwise product, which

is the bifunctor

—®—:C'xc’ -t
sending (X,Y) to the diagram X ® Y: (i,j) — X; ® Y.

The external product is part of a two-variable adjunction. Since we do

60



not use the extra structure we will not define the other two functors in the
two-variable adjunction.

We have the following proposition.

Proposition 2.3.25. Let (C,®) be a monoidal model category and let I and

J be direct categories . Then, the bifunctor
_ el xcl =¥/
is a Quillen bifunctor, that is to say, it has a total left derived functor
—®" —: Ho(C") x Ho(C’) — Ho(C"*").

In fact, the above assertion follows from the more general statement that [
and J are Reedy categories, see [3, Proposition 4.15]. Alternatively, suppose
that C{;,C;; and CiInJ*J exist, e.g., if C is a combinatorial model category.
Since in the injective model structures the cofibrations are the objectwise
cofibrations objectwise in C, the above proposition follows directly. The

universal property of — A" — implies that up to canonical isomorphism both

constructions give the same result.

Corollary 2.3.26. There is a functor isomorphism

hocolim(X @~ Y) (hocolim X) ®" (hocolim )

IxJ

Proof. From Proposition 2.3.25, it follows that the external product preserves

cofibrant objects and preserves trivial cofibrations between diagram cofibrant
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objects. The result now follows from the strict formula

colim(X AY) = (collim X) A (co}}im Y).

IxJ

2.4 Homotopy Colimits in Simplicial Model
Categories

In Definition 2.2.23 we saw a general definition of a homotopy colimit of
a diagram in a model category C as a left derived functor. This is called
the “global” definition. In the case that C is a simplicial model category
there is another equivalent formulation, called the “local” definition. There
is both a theory for homotopy limits and colimits but since we only use
homotopy colimits we will only refer to that and leave homotopy limits out.
In Subsection 2.4.8 we review the “local” definition of homotopy colimit and
in the next subsection 2.4.11 we will review a closely related way to construct

homotopy colimits via simplicial objects.

2.4.1 Nerves of Overcategories and Undercategories

In this subsection we will recall overcategories and undercategories. They

are also known as comma or slice category. They will be useful later on.

Definition 2.4.2. If C and D are categories, F': C — D is a functor, and d

is an object of D, then the category of objects of C over d denoted by F/d
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or (F' | d) is the category in which an object is a pair (¢,o) where ¢ is an
object of C and ¢ is a map F, — d in D, and a morphism from the object

(¢,0) to the object (¢/,0’) is a map 7: ¢ — ¢ in C such that the triangle

Notice that for every all the categories F'/d there exists a natural forgetful

functor

m: F/d—C, (c,0)— c. (2.7)

Let consty: F'/d — D be the constant functor sending every (¢,o) to d € D
and any morphism h € mor(F/d) to 14. Then, there is a natural transfor-
mation n: F o = consty given by n = {77(670): F. 5 d}. A convenient way

to organize this data is the following diagram

I

D.

F/d”—>

L

Here * denotes the category with one object * and one morphism. Our first

example of an overcategory is the following

Example 2.4.3. Let C = D and F = 1¢. Then, the category F'/d is usually
denoted by C/d. That is, an object in C/d an object is a pair (b,o) where
b is an object of C and ¢ is a map b — a in C, and a morphism from the

object (b, o) to the object (V',0’) is a map 7: b — b’ that makes the following
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triangle commutative

Dually to Definition 2.4.2 we can define the following category.

Definition 2.4.4. If F': C — D is a functor between small categories and d
is an object of D, then the category d/F or d | F of objects of C under d is
the category in which an object is a pair (¢, ) where ¢ is an object of C and
o is amap o:d — F. in D, and a morphism from the object (¢, o) to the

object (/,0’) is amap 7: ¢ — ¢ in C that makes the triangle

Similarly, we have the dual to Example 2.4.3.

Example 2.4.5. If C is a small category and a is an object of C, then the
category of objects of C under a denoted by a/C or a | C is the category in
which an object is a pair (b,0) where b is an object of C and ¢ is a map
a — b in C, and a morphism from the object (b, o) to the object (V/,0’) is a

map 7: b — b’ that makes the triangle

commute.
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In fact, the categories ¢/C for various ¢ can be assembled into a single

functor which we define below

Definition 2.4.6. Let C be a small category. We define the following two

functors.

e —/C: C°® — Cat, is the diagram that on an object ¢ of C takes the
value ¢/C. A morphism ¢ — ¢ induces a functor ¢//C — ¢/C by pulling

back,

e N(—/C): C°® — sSet, is the diagram that an object ¢ of C takes the
value N(c¢/C), and that takes the map o: ¢ — ¢ to the map of simplicial
sets o*: N(d'/C) — N(c/C).

Remark 2.4.7. In all of our cases of interest we only consider slice categories
of posets. So it will be useful to have a more explicit form of the slice
categories for morphisms of posets. Given a morphism of posets f: C — D,

the slice categories f/d and d/f are given by

fld={ceC: fle) < d}
d/f ={ceC: f(c) = d}

A similar statement holds for the slice categories C/c and ¢/C. For details

see [30, Section 1].

2.4.8 Local Definition and Functor Tensor Products

As we said above, in this section we will review the local definition of ho-

motopy colimits. The main reference for this subsection is [21, Chapter
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18]. More contemporary references are [17, Section 6], while we follow the
overview given at [15, Chapter 5.

Since we would like to formulate a homotopy invariant version of functor
colim: C* — C it will be convenient to reformulate it in a way that is easier
to construct a homotopical invariant version of colim. First we recall the

functor tensor product.

Definition 2.4.9 (Functor tensor product). [21, Definition 18.3.2] Let C be a
simplicial model category and let I be a small category. If I’ is a I-diagram
in C and G is a [°P-diagram of simplicial sets (G: I°° — sSet), then the
functor tensor product G ®; F' is defined as follows. The object G ®; F' of C

is the coequilizer of the maps

coeq H Gy @ F, = H G ® F;

o i 1€0b(C)

where the top map on the summand o: ¢ — ¢’ is the composition of the map

with the natural injection into the coproduct where o, = X (0): X; — Xy

Similarly, the lower map is the composition of the map

with the natural injection into the coproduct (where o*: K; — K;).

The functor tensor product G ®; F' from the functor GR F': I°? x I — C is
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an example of the general construction knows as coend. Usually it is denoted

iel
/ G, ® F;.

Here ® is the tensor action of simplicial sets on the category C. Note that

as

if we take K to be the constant functor at the terminal simplicial set, which

has a unique simplex in each dimension, then we obtain
*; Q7 X = colim X.
I

Thus, the tensor product G ®; F' can be thought of as the colimit of F

“fattened up” by G.

The point of the functor tensor product is that we can replace the con-
stant diagram *; at the terminal simplicial set in the construction x ®; X
by a diagram of larger contractible spaces. This replacement gives us the
homotopical “wiggle” room we were looking for and produces the homotopy
colimit. The minimal natural choices for these contractible spaces come from
the nerves of over-categories and under-categories in the diagram. Given a
small category C, recall the diagram of simplicial sets N(—/C)°?: CP — sSet,

see Definition 2.4.6.

Definition 2.4.10 (Uncorrected Homotopy Colimit). Let X be a [-diagram

in a simplicial model category C. Then the uncorrected homotopy colimit is

uhocolim; X := N(—/I) ®; X
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Spelled out from Definition 2.4.9 the object uhocolim X is given by

uhocolim X = coeq (HN(j/I) X, =3 HN(Z/]) ® X,-) :
i—j iel
This is [21, Definition 18.1.1] where the author does not use the adjective
“uncorrected”. The reason that we call it uncorrected is that in full general-
ity, in an arbitrary simplicial model category C, the above construction is not
homotopy invariant, so it does not induce a functor on the level of homotopy
categories. Problems tend to arise when the objects of our diagram are not

cofibrant. We will come back to that later one.

To briefly explain how we reached Definition 2.4.10 as a first approxima-
tion, lets look back at how we first defined the derived colimit, Definition
2.2.23. We defined it as first taking a cofibrant replacement and then calcu-
lating the ordinary colimit. With the formulation of a colimit as a functor

tensor product, Definition 2.4.9 this is the following.

hocolim: Ho(C') — Ho(C)
X — X7 ®[ Xcof-

1

Here X.of is a cofibrant replacement in the projective model structure C,;.

This cofibrant replacement can be very hard to calculate, so instead of re-
placing X we replace the constant functor ;. If X is objectwise cofibrant,
then *; ®; Xeor and (k7)eof @7 X are weakly equivalent. Here X is, as
before, the cofibrant replacement in the projective model structure on C’,

while (k7)o is the cofibrant replacement in the projective model structure
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on sSet”” = Fun(Z°?, sSet). The nerve N(—/I): I°° — sSet is cofibrant in
the projective model structure on sSet”” and so provides a particular choice
of a cofibrant replacement for the constant functor, and thereby we reached

the definition of uncorrected homotopy colimit Definition 2.4.10, i.e.,
uhocolim; G := N(—/I) ®; G.

We can reestablish homotopy invariance by precomposing this functor with
an objectwise cofibrant replacement which we assume that exists in any
model category, see Subsection 2.2.1. We denote by Cq,;G the objectwise
functorial cofibrant replacement. The result is the corrected homotopy col-
imit

hoc?lim: Ho(C') — Ho(C) G+ N(—/I) ®r ConiG (2.9)

The (corrected) homotopy colimit represents the derived functor, as desired:
the functor tensor product *; ®; Geor (which represents the derived colimit)
is weakly equivalent to the corrected homotopy colimit N(—/I) ®; Cop;G.
Here G is the cofibrant replacement in the projective model structure on

Cr.

2.4.11 Bousfield-Kan Construction aka Simplicial Re-
placement
In this subsection we will provide one more way to construct homotopy colim-

its. This is done via simplicial techniques. After introducing some definitions

we explain briefly how this method constructs a good theory of homotopy
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colimits. The main references for this subsection are [12, Chapters 4, 5] and

[17, Section 7].

Let C be a model category and consider the category of simplicial objects
sC = CA". We consider sC as a simplicial category with tensors defined
objectwise, as in Example 2.3.15. This means that if K € sSet and X € sC,

then K ® X is the simplicial object defined by
(K®X),=K®X,.

Note the difference from the tensor action that we used in (2.3) which was

denoted by

(K ©X), =[] Xn

Now, let C be a simplicial model category. Given a simplicial object X € CA™"
we can construct an object in C by “gluing” the simplices. This is called

geometric realization, see [21, Definition 18.6.2].

Definition 2.4.12 (Geometric Realization). Let X € C2”. The geometric

realization of X, denoted as |X| is defined as the coequalizer

coeq H Ao X, = H A" ® X,

o: [n]—[kleA [nleA

This is an example of a functor tensor product Definition 2.4.9 (coend). In
this case, the geometric realization is the functor tensor product of X : AP —

C and the functor A®*: A — sSet, [n] — A", In other words, the realization
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|.X| is the object
A. ®AopX:/ A?’L®Xn

The following theorem is the cornerstone of our exposition of homotopy
colimits using geometric realizations. Like all theorems of importance, it has
many proofs which some can be found in [19, p. VII 3.6], [21, p. 18.4.11] and
[12, Corollary 14.3.10]. Recall the Reedy model structure on sC, Proposition
2.2.19.

Theorem 2.4.13. If C is a simplicial model category, then
|—|:sC —C

15 a left Quillen functor with respect to the Reedy model structure. In par-
ticular, |—| sends Reedy cofibrant simplicial objects to cofibrant objects and

preserves objectwise weak equivalences between them.

At this level of generality, this is the strongest result possible. It is not
true that geometric realization preserves all objectwise weak equivalences.
However this will suffice for our purposes. With the power of above theorem,
we start to work our way towards how this is related to the homotopy colimit
of a diagram X € C! in a simplicial model category C.

Our first definition towards this goal is the simplicial replacement functor.
That is to say, given any diagram F': I — C we can replace it with simplicial

object in C with good properties.

Definition 2.4.14 (Simplicial replacement). Let I be a small category and

consider a diagram X: I — C. The simplicial replacement of X is the
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simplicial object in C, denoted as srep X or as X given in simplicial degree
]
(SI‘ep X)n = H Xio‘

(io—=i1—...—=in)EN(I)p

The coproduct is indexed over the set of n-chains
o=lig—=i1 = ... iy
over the nerve of I. If 0 < k < n, then
dy: (srep X), — (srep X),_1
maps the term X; indexed on o to the term X; indexed on
o(k) =lip = 11 = ig—1 = ikr1 = ... = ip)

via the identity, while for k¥ = n, the map d, sends the term X; to X;

n—1

indexed on

o(n)=lip =i — ... = in_1]

via the induced map X (i, — i,_1). The degeneracy maps
sj: (srep X)), — (srep X )p+1,0<j <n

are easier to define. Each s; sends the summand X;, corresponding the
summand

[ig = i1 — ... = ip
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to the identical summand X; corresponding to the chain in which one has
inserted the identity map 7; — ;.

In other words, the simplicial replacement is the following simplicial ob-
ject

HXmi: HXiOE H Xig -+

io io—i1 io—si1—in
where degeneracy maps are omitted. Usually this is called the simplicial bar
construction or Bousfield-Kan construction denoted by B(x,I,X). We will
stick to srep(X) or X2 for now. The reader can find more details in the

references mentioned in the beginning of the subsection.

Remark 2.4.15. The colimit of a diagram X € C! if it exists, agrees with
the colimit of srep(X) € sC. Indeed, consider the colimit of the diagram
srep(X), that is colimaer srep(X). Since we assume that C is cocomplete we

can writh this colimit as a coequilizer of coproducts, that is to say

HXi &= HXi,

Jét
where the arrows are “source” and “target”. But this is precisely the colimit
of X. Therefore in this case srep(X) has the augmentation

srep(F') — collim F,

where here we regard the object colim; F' as a constant simplicial object.
Formally we have presented the following result.

Lemma 2.4.16. Given a diagram X € C! and its simplicial replacement
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srep(X) € sC, there is a canonical isomorphism
lim X = coli X
colim colim (srep(X))

The proof can be found in [12, Lemma 4.4.2]. The following lemma will
be very important to us [12, Lemma 5.1.2], [17, Lemma 8.7]. Since it is so

important in our exposition we include a proof for completeness.

Lemma 2.4.17. Let I be a small category and let C be a simplicial model
category. If F € C! is objectwise cofibrant, then srep(F) € sC is Reedy

cofibrant.

Proof. Recall B, (x,I,F) is the coproduct over NI, of the image under F
of the first object in the sequence of composable arrows. Hence, the nth
latching object sits inside B, (x, I, F') as the coproduct indexed by degen-
erate simplices in NI,,. But cofibrations, and hence cofibrant objects, are
closed under coproducts. Similarly cofibrations are closed under pushout
and hence coproduct inclusions of cofibrant objects are also cofibrations. By
our hypothesis, every object in these coproducts is cofibrant, so the above

observations imply that the nth latching map is a cofibration. O]

The following theorem relates what we have discussed so far, that is, the
uncorrected and corrected homotopy colimit constructed in Definition 2.4.10
and (2.9) and the geometric realization of simplicial replacements. For a

proof see [12, Theorem 6.6.1].

Theorem 2.4.18. Let F' € C! be any diagram in a complete and cocomplete,
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simplicial model category C. There are natural isomorphisms

| srep(F)| = N(=/1) ®; F.

In particular, the homotopy colimit of a objectwise cofibrant diagram F can

be computed by the functor tensor product with N(—/I).

So, based on the Theorem above, if we have a diagram F': I — C that is
objectwise cofibrant, then the geometric realization of the simplicial replace-
ment captures the correct notion for derived colimit and can be used as a
model for it. One of the reasons that this is happening is that simplicial re-
placements of objectwise cofibrant diagrams are Reedy cofibrant, see Lemma
2.4.17, and that geometric realization preserves weak equivalences between

them.

Remark 2.4.19. In model categories such as topological spaces, simplicial
sets and spectra, the geometric realization of the simplicial replacement cap-
tures the correct homotopy type. No objectwise cofibrant replacement is
needed. The reader can find more details in [28], [30, Appendix C] and a

more thorough treatment in [21, Chapter 18].

2.4.20 Skeletal Filtration of the Geometric Realization

In this subsection we return to our discussion of the skeleton filtration defined
in (2.2) and how it relates with model category structure. Again we let C be
a simplicial model category and let J be a direct category. We start with a

remark.
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Remark 2.4.21. On the category of simplicial objects in C, that is, sC we
have defined two different simplicial tensor actions, one given in Example
2.3.15, and the other (2.3). We recall them here briefly for clarification. For
K € sSet and X € sC we have defined the simplicial actions, that is, the

simplicial objects in C K ® X and K ® X as follows

(Ko X),=]]X.

We need to know how they interact. We give a result that we won’t prove.
Consider the category sC with simplicial tensor action on sC given by (2.3)
, le.,

sSet x sC = sC (K, X)— K©® X,

with (K © X), = [[x, Xn- Let ¢ € C and consider it as a constant simplicial

object, i.e., const(c) € sC. Then there is a natural isomorphism
|K ® const(c)| = K ® const(c)

where the simplicial tensor action on the right hand side is as in Example

2.3.15, see [19, Lemma 3.4] for a proof.

Recall from Proposition 2.1.9 that for a simplicial object X and for every
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n > 0 there is a pushout square

OA™ © X, [Tpaner, x A" © LpX —sk, 1 X

| |

A" X, sk, X.

Therefore, for X € sC Reedy cofibrant, the geometric realization comes with

a natural skeletal filtration. We define
sk, | X| = [sk, X|.
Then, by the above and the natural isomorphism |K ® A| = K ® A, Remark

2.4.21 yields that there are natural pushout squares

OA™ @ X, ]_[M,@LRX A" ® L, X — sk, |X|

l l (2.10)

A" ® X, > sk, | X|.

This is because |—| as a left adjoint commutes with all colimits. If X is Reedy

cofibrant, then Theorem 2.4.13 implies that each of the maps
skp—1 | X| = sk, | X]|

is a cofibration. Furthermore, again since |—| commutes with colimits
co}Lim sk, | X| = | X]. (2.11)

We end this subsection by discribing how equation (2.11) can be equivalently
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stated as a homotopy colimit. This is will come up in Subsection 3.5.9 where
we will discuss a spectral sequence of a filtration of spectra. Recall from

Definition 2.2.21 that a sequence of objects {C;} in C as follows

iEZZD

*—>CO—>01—>02—>...

is Reedy cofibrant if all the objects are cofibrant and all the maps are cofi-
brations. This means that the colimit of the above sequence coincides with
the homotopy colimit of the sequence. Now, if X € sC is Reedy cofibrant,
then the morphisms | X|,_; — |X]|, are cofibrations which of course implies
that the sequence

x = | X]o = | X1 = | X]2— ...

is Reedy cofibrant. Altogether we have hocolim; | X|; =gc colim; | X|; = | X|
where the subscript RC serves as a reminder that an equivalence depends
upon Reedy cofibrancy of X. Lastly, there is another homotopy colimit, that
is, the homotopy colimit of the A°P-diagram itself. For completeness we state

the following proposition.

Proposition 2.4.22. [2], p. 18.7.4] If the simplicial object X is Reedy cofi-

brant, then there is a natural weak equivalence (The Bousfield-Kan map)

hog(())iim X S|

We do not use the above proposition in our exposition.
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2.4.23 Changing the Indexing Category & Homotopy

Final Functors

Let a: C — D a functor between small categories. Note that given any

diagram X : D — C we get a natural morphism of simplicial objects
¢o: (srep F*X) — (srep X).
Taking geometric realizations gives a natural map
Ga: hocglim o' X — hocglim X. (2.12)

Suppose now that C is a simplicial model category. It is a natural question
to ask the following. What are sufficient conditions for a functor K: C — D
such that the map (2.12) is a weak equivalence in C? Turns out that a
sufficient conditions is the homotopical analogue of a final functor which we
define below. Recall the category d/ K, the category of objects of C under an
object d € D, Definition 2.4.4. Also, recall that a simplicial set is contractible

if the unique map to the terminal object is a weak homotopy equivalence.

Definition 2.4.24 (Homotopy Finality). [12, Definition 8.5.1] A functor be-
tween small categories K : C — D is homotopy final (or homotopy terminal)
if for every object d € D, the simplicial set N(d/K) is contractible and

homotopy initial if each N(K/d) is contractible.

Recall that a functor K: I — J is final, if we can restrict diagrams on J
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to diagrams on [ along K without changing their colimit, that is,
colim K*F = colim F.
I J
The definition of homotopy final functor is justified by the following theorem

Theorem 2.4.25. [/2, Theorem8.5.6] Let F': D — C be a diagram in a

simplicial model category. If K: C — D is homotopy final then
hocglim K'F — hocglim F

15 a weak equivalence.

Dually, a homotopy initial functor induces a weak equivalence on homo-
topy limits. Since we are only interested in diagrams of posets, by Remark

2.4.7 we can be more specific when a morphism of posets is homotopy final.

Corollary 2.4.26. A map f: C — D of posets is homotopy terminal if for

for every d € D
a/f = {ceC: f(o) > d}

18 contractible.

Remark 2.4.27. In Chapter 5 in the proof of Proposition 5.2.4 we will need
a convenient way to check whether a poset is contractible. Recall from [30,
Section 1.5] that a poset C is conically contractible if there is an object ¢q € C
and a map of posets f: C — C such that ¢ < f(¢) > ¢, for every ¢ € C. In

this case one can show that the identity 1¢, the map f, and the constant map
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with value ¢y from C to itself are homotopic (that is to say, their realizations

are homotopic), and hence C is contractible.
Another useful fact that will come handy later is the following.

Lemma 2.4.28. If F: C &2 D: G 1is an adjoint pair, then F is homotopy

initial and G is homotopy terminal.

Proof. For any object d € D, the category F/d of objects of C over d is
isomorphic to C/G4. However, the category C/Gy4 has 1: G4 — G4 as a
terminal object. This implies that N(F'/d) is contractible, so F' is homotopy
initial. A dual argument shows that the right adjoint G is homotopy terminal.

]

2.5 Homotopy Kan Extensions

In this section we will recall some basic definitions and facts about homotopy
Kan extensions which we will use throughout. To help motivate the defini-
tions we will briefly recall how Kan extensions work and then we will recall

homotopy Kan extensions.

2.5.1 Kan Extensions

In this subsection we will recall some relevant facts for ordinary Kan exten-
sions. For our exposition, [21, Section 11.9] is enough. For more details see
[27, Chapter X] and [12, Chapter 1].

Let I and J be a small categories, and let f: I — J be a functor. If C is

a cocomplete category and X : I — C is a diagram, we can ask whether there

81



is any natural extension of X to a functor J — C, denoted by Lan; X € C”.

That is, we wish to find a functor filling in the dotted arrow in the diagram

in a universal way. That means that if Y: J — C is another diagram and

f*Y is the restriction to I we have a natural isomorphism
Homes (Lany X, Y) = Home: (X, f*Y).

If j is an object of J, then we must define (Lany X); so that for every object

i € I and every map o: f(i) — j we have a map
(Lans X),: X; — (Lany X);

. If 714y — iy is a map in [ then we must ensure the triangle

X,

Xi1 > X

~.

(Lany X);

commutes. This suggests that we define (Lany X); to be the colimit indexed

by f/j, the category of objects of I over j, see Definition 2.4.2.

Definition 2.5.2. Let f: I — J a functor between small categories, let C
be a cocomplete category and let X: I — C be a functor. The extension

Lany X of X to J is the functor Lan; X which on the object j € J is defined

82



(Lany X); = colim X, (2.13)

ief/j
On maps 7: j; — Jjo in J, it is the natural map of colimits induced by

T [/ — f/J2

Theorem 2.5.3. Let f: I — J a functor between small categories, let C
be a cocomplete category and let X: I — C be a functor. If Lany X is the
extension of X to J, then for every diagram Y : J — C there is a natural

isomorphism (in X and in'Y")
Homes (Lany X, Y) = Homer (X, f7Y).

For a proof see [21, p. 11.9.3]. By the above theorem, the restriction
functor (pullback)
fr.c’ =,

has a left adjoint Lang, constructed in Definition 2.5.2
Lan; = fi: ' =C7: f*. (2.14)

Expanding the definition of the left Kan extension we have that the value

(f1X), is given by the colimit

(fiX); = colim <f/] LNy RS C> = colim 7" F
f/i

where 7 is the forgetful functor (2.7). For a morphism j; — js in J the
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induced map

(f!X)jl - (f!X)jQ (215)

is the map on colimits induced by the functor f/j; — f/ja

(f/jh=—=I1-—-C) colim 7* X
|
|

f/i
\ H \

(flja—=—>1 C) colim 7* X

F f/32

Example 2.5.4. Consider the case where J is the terminal category *, so
for any small category I there is a unique functor t: I — *. Then, in this

case, the left Kan extension along this functor

Lan,: C! — C: t*

is just the functor colim;.

A more interesting example is given by the pushout-product map, Defi-

nition 2.3.5. It can be defined as a left Kan extension.

Example 2.5.5. Consider a cocomplete, (closed) monoidal category (C, ®).
Let [1] = {0 < 1} and the product [1] x [1]. Furthermore the following map

of posets

pr: [1] x [1] — [1]
(0,0), (1,0), (0,1) = 0

(1,1) —1
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Now let f and g be morphisms in C. We can consider them as as objects in
the arrow category f,g € C!Yl. The functors f: [1] — C and g: [1] — C give
rise to their objectwise tensor product, f ® g, see Definition 2.3.24. That is,
the functor

f@g: 1] x[1]—=C

which is the following commutative diagram.

Xo®Yy—=X;0Y)

| |

Xo®Y —= X ®Y,.

Notice that the slice category pr/0 is the poset ™ and the slice pr/1 is the

whole [1] x [1]. Tt follows from (2.15) that the map

colim (f ® g) — colim (f ® g),
r (1]x[1]

induced by the inlcusion "< [1] x [1] is exactly the map

fOg: X0y [ X1eovi—Xen.
Xo®Yy

So, indeed (Lan,:(f ®g)) =pr(f®g) = fOg.

2.5.6 Homotopy Kan Extensions

In this subsection we briefly introduce homotopy Kan extensions. They are
the homotopy invariant version of ordinary Kan extensions. Nowdays the

theory of homotopy Kan extensions is subsumed in the theory of derivators.
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For our purposes the discussion in [21, Section 11.9] suffices. See [20], for a
detailed exposition.
Now, let C be a model category. Furthermore, let I, J be finite posets

and f: I — J a map of posets. The pullback functor

f*:CJ%CI

preserves weak equivalences, so it defines a functor between homotopy cat-
egories, which we denote by the same letter. Recall the functor Lan; = fi,

left adjoint to f*, see Definition 2.5.2. We have the following proposition.

Proposition 2.5.7. Let C be a model category and let f: I — J be a map

of finite posets. Then the adjunction

f;:C[<:’CJ: fr

1s a Quillen adjunction.

Proof. This follows from the definition of the projective model structure, see
Proposition 2.2.12. The functor f*, by construction is a right adjoint, it
preserves weak equivalences and projective fibrations which means that f* is

right Quillen. m

This means that the derived functors of the adjoint pair (f, f*) define an

adjoint pair on the level of homotopy categories

LLan; :=Lf: Ho(C") 2 Ho(C7): f*.
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A useful fact about homotopy Kan extension is that it does not change the

homotopy colimit of a diagram which is similar to ordinary Kan extensions.

Corollary 2.5.8. Let C be a model category, f: 1 — J be map of direct

categories and let X € CT. Then there is a canonical isomorphism in Ho(C)
hocglim LAX = hoc?lim X.

Proof. This follows from the fact that for every pair of left Quillen functors

F and G there is a natural isomorphism
LFoLG — L(F o G),
see [241, Theorem 1.37], together with the natural isomorphism

co{l}im Lany X = colIim X.

To conclude this section, we will shortly discuss how one calculates the
values and edges of a homotopy Kan extension. It is a fact that left homotopy

Kan extensions can be calculated pointwise, like in ordinary category theory.

Proposition 2.5.9. Let f: I — J be a map of posets and let X be any
functor I — C. For any object j € J there is a canonical isomorphism in
Ho(C),

(LfiF); = hocolim (f/j LNy N c) .
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In other words we can calculate the values of a homotopy left Kan exten-

sion much like as in (2.13) but taking homotopy colimits instead.

Remark 2.5.10. Recall that in the case of the diagram F' € C! being object-
wise cofibrant, the homotopy colimit of F' may be calculated as the realization

of its simplicial replacement, i.e.
B(x,I,F) = |srep(F)| = hoc?limX.

There is a similar construction that uses the two-sided bar construction, |

I

Defintion 4.2.1]. With this, we could define the homotopy Kan extension of

F along f as the functor
j = B(HOHIJ(f(—),d),I, F)

With the above technology we present another proof of Proposition 2.3.22.

Recall from Example 2.2.24 that

x 1.y

cone( f) = hocolim l

*

where the underlying poset is the poset " from Example 2.2.8, i.e.,

(0,0) —— (1,0)

|

(0,1)

For easier notation we will write it as cone(f) = hocolim(x <— X — Y).
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With the theory of homotopy left Kan extensions we now give a different

proof of Proposition 2.3.21.

Proposition 2.5.11. Let (C,®) be a pointed symmetric monoidal model cat-
egory, and let f: X =Y and g: U — V be morphisms in C. There is a

canonical isomorphism
cone(f) A" cone(g) = cone(f O" g).
Proof. We may assume that X, Y, U,V are cofibrant in C. By definition,
cone(f) A¥ cone(g) = hocolim( + X ERN Y) AL hocolim(x + U & V).

By Corollary 2.3.26, this is isomorphic to

¥ &—— XAV — Y AV

[ I

hocolim [ v g vy |- (2.16)
L |
* < * > ok

We denote the above underlying " x"-diagram by Z. We define the following

map of posets

pr: "x" — T
((1,0),(1,0)) = (1,0)
((0,0),(0,0)),((0,0), (1,0)), ((1,0), (0,0)) = (0,0)

else — (0, 1),
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and consider the homotopy left Kan extension
Lpr,: Ho(C *") — Ho(C").

First, applying the formula from Proposition 2.5.9 to the diagram Z firstly
we have (Lpr,Z)a0 =Y A V. Next, for the object (0,0) the slice category

pr/(0,0) is just the poset " and we have

XAU S yavu

(Lpr Z) 0,0y = hocolim lmg
XAV

and finally (Lpr,Z),1) = *. Notice
(Lpr,Z)0,0) — (Lpr,2)a0) = f 0" g.

Hence, the homotopy left Kan extension of the underlying diagram (2.16) is

the following "-diagram

XAV WY AU — YAV

|

*

whose homotopy colimit is cone(f O" g). O
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2.6 Spectra

Many phenomena and invariants such as homology and cohomology of sim-
plicial sets or CW-complexes are “stable” in the sense that suspending acts
as a degree shift that can be reversed. Spectra are meant to capture the
essential properties of homology and cohomology theories in a manner that
is easier to handle. For a general introduction we refer to [9, Section 2] , [7],

and the seminal [1].

2.6.1 Modern Foundations of Spectra

The first popular model category of spectra was due to Bousfield-Friedlander
[13], and for many years it was the only one in common use. By a spectrum
we mean the following: a spectrum X is a collection X,, € S, for n > 0
together with morphisms o,: ¥X,, — X,,1. A morphism f: X — Y of
spectra is a collection of morphisms f,: X,, — Y, that commute with the

structure maps, i.e., the following diagram commutes.

¥X, —— Xnt1

fnl lfn#»l

On
XY —— Yo

Here by S, we mean either the category of Top, (some convenient category for
pointed topological spaces) or sSet,, the category of pointed simplicial sets.
We denote the above category of spectra by Sp''. We give two elementary

examples.

Example 2.6.2. Every based space X gives rise to a spectrum X°°, the
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suspension spectrum. Its nth space is given by X" X and the structure maps

are the canonical homeoomorphisms.

IHWD G=DIEED GEED ILED'S

In fact, this extends to a functor

<. S, — SpN,

which sends a space A to %*°A. The functor ¥*° is left adjoint to the functor

Q>: Sp" — S, which sends a spectrum to its zeroth space.

Example 2.6.3. The Eilenberg-Mac Lane prespectrum H A, where A is an
abelian group, has nth space K(A,n), i.e., the Eilenberg-Mac lane space

associated to A. That is, it is the sequence of spaces

K(A,0), K(A,1),K(A,2),....

The structure maps of HA are the adjoints to the weak homotopy equiva-
lences K (A,n) — QK (A, n+1). A homomorphism of abelian groups A1 — A

gives rise to a map of spectra HA; — H A, hence it defines a functor

H: Ab — Sp'.

However, the category Sp" has the disadvantage that does not admit a
suitable smash product on the model category level. This means that it is ill-

equipped to deal with multiplicative properties of homology and cohomology
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theories,i.e., ring spectra. These days, there are many monoidal model cat-
egories that have the same underlying stable homotopy theory. Each model
has their various advantages and disadvantages. Here is a list of the main

players:
(i) Bousfield-Friedlander spectra, Sp"
(ii) Symmetric spectra Sp>

(iii) Orthogonal spectra Sp®,

(iv) S-modules or EKMM spectra,
(v) functors with smash product.

Symmetric and orthogonal spectra can be considered as objects in Sp" with
extra structure. The other models are more abstract and harder to define.
However, for the purposes of this thesis, it is irrelevant in which model
we chose to work with. All that it matters to us is that we work on sta-
ble, monoidal model category. Henceforth we will assume the existence of
a pointed category Sp equipped with a closed symmetric monoidal smash
product A, with unit S (the sphere spectrum) and inner hom F(—,—). Ad-

ditionally, we will assume we are given adjoint functors

3. S, &2 Sp: Q%

that generalize the adjoint pair given in Example 2.6.2 as well as a simplicial,

stable model structure on Sp, see Example 2.3.12 and Definition 2.2.28. The
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following is a non-exhaustive list some of the following properties that we

will assume.
(i) The adjoint pair (X°°,Q>) is a Quillen pair.

(ii) There is a smash product A which makes (Sp, A) into a monoidal model
category see, Definition 2.3.8. This means that that stable homotopy
category (Ho(Sp), AL) is a tensor-triangulated category, i.e., a triangu-

lated category with a compatible monoidal product.
(iii) There exists a a weak equivalence e: X°S5% — S,
(iv) There is a Quillen equivalence ®: Sp — Sp'.

For more properties of the tensor-triangulated category (Ho(Sp), AF) see [5,
Theorem 6.1.14 ]. The objects of Ho(Sp) are simply called spectra. As
we noted above the category Ho(Sp) is a triangulated category. Since by
assumption Sp is a simplicial model category, the shift operator is given by
the suspension ¥(—) constructed in simplicial model categories, see Remark
2.2.29. Elementary triangles are as in Definition 2.2.31. Since Sp is also
stable, in Ho(Sp) becomes inverse to (=) = Q(—).

We briefly explain the importance of the monoidal structure on the cat-
egory Sp. One of the main reasons for introducing a symmetric monoidal
products on the category of spectra Sp or on its homotopy category Ho(Sp)
is to take care of multiplicative properties on homology or cohomology theo-
ries. For example the cohomology theory that one first encounters, singular

cohomology, has the structure of a graded ring. By the Brown representabil-
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ity theorem, this gives rise to maps

HZNHZ — HZ

for the Eilenberg—MacLane spectrum HZ. Many (co)homology theories come
equipped with such structure. A ring spectrum is a spectrum R € (Sp, A)
together with a multiplication map pu: RA R — R and a unit map n: S — R
such that the expected associativity and unitality diagrams commute. In
other words, (R, u,n) is a monoid in (Sp,A,S). In the same vein one can
define commutative rings and modules over rings, i.e., one can do “algebra”

in the symmetric monoidal category (Sp, A)

2.6.4 Homotopy Groups of Spectra

Recall that in stable a model category C we write [—, —] for the set of mor-

phisms in Ho(C). For spectra X,Y € Sp we define

X,Y], = [2'X,Y] (2.17)

and we let [X,Y] = [X,Y]o. These are abelian groups for all X, Y and
r € Z. Notice that [X,Y], is a Z-graded abelian group. Next, we define
stable homotopy groups of spectra. For the sphere spectrum S, we can define

S™ recursively as S* = LSt

Definition 2.6.5. For an integer n, we define the nth stable homotopy group
(X)) of a spectrum X as the group [S™, X| of morphisms from S" to X in

the stable homotopy category Ho(Sp). However, this should not be confused
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with homotopy classes of maps, unless X is fibrant in Sp.

If X is a ring spectrum and f: SP — X and g: Y — X, ie., f € m(X)

and g € m,(X) we may form the composite

spta Ty spast I x A X B X

which defines a pairing

(X)) X (X)) = pig(X). (2.18)

More generally we have the following proposition.

Proposition 2.6.6. There is a natural pairing
T(X) @m(Y) = m(X ANY),
and a homeomorphism

7 — 7.(S),

that makes the functor

s (Sp,A) — (Ab,, ®)

lax symmetric monoidal.

For a concrete construction of the above map using the model of sym-
metric spectra, see [11, Chapter I, Subsection 6.2] [11, Theorem 6.16].

Lastly, let us mention that any spectrum defines a generalized homology

96



theory as follows. We will use this concept in the following subsection where

we will discuss Bousfield localizations.

Definition 2.6.7. Let E be a spectrum. For any other spectrum X and an

integer k, we define the kth E-homology group of X as

Ey(X) =m(E A" X) =[S*, E AV X].

Collecting together all the Fy(X) we have a Z-graded module

E.(X) =[S, Z A\" X], = m.(E A" X).

We will expand on the homological properties of the above functor in

Chapter 3. We will see there that the functor

E.(—): Ho(Sp) — Ab, = Ab%,

is homological where Ab, = Ab? is the category of Z-graded abelian groups.

2.6.8 Bousfield Localization at a Spectrum

Bousfield localization, is an established tool in model category theory. It is a
method to formally add more weak equivalences to a model category C. One
chooses a set S of maps in C that one wants to add to the class of weak equiv-
alences. That is to say, one can construct a new model structure LgC such
that now that the set of maps S are weak equivalences. As a consequence

these maps become isomorphisms in Ho(LgC). Therefore, we can think of
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Bousfield localization as a formal framework for inverting maps in the homo-
topy category. For our purposes, the most common setting is localization of
spaces or spectra with respect to a homology theory F,.(—). Specializing to
this case, rather than the weak equivalences being weak equivalence of spaces,
or stable equivalences of spectra, one constructs a model structure with the
FE.-equivalences as the weak equivalences in the localized model structure.
Informally speaking, the general idea of localization at a spectrum FE is to
associate to any spectrum X the “part of X that F can see”, denoted by
LgX. In particular, it is desirable that Lg is a functor with the following

equivalent properties:

ENX ~x% implies LgpX =~ x.

For reference for the general construction and existence of the left Bousfield
localization in model categories at a set of maps see, [21, Chapter 3]. For
localizations with respect to homology theories see [0, Chapter 7] and [5,
Chapter 7] for a more contemporary exposition.

To make things formal, we start with the following definition that gathers

all the necessary terminology.
Definition 2.6.9. Let F be a spectrum.

(i) A spectrum X is E-acyclic if the smash product with E is zero, i.e.,
ENX ~x

(ii)) A map f: X — Y is an E-equivalence if 1g A f: EAX - EAY is a

weak equivalence, hence, if E.(f): E.(X) — E.(Y) is an isomorphism
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in Ho(Sp).
(iii) A spectrum X is E-local if the following equivalent conditions hold.
e For every F-equivalence f: A — B themap f*: [B, X]. — [A4, X].
is an isomorphism;
e Every morphism Y — X out of an F-acyclic spectrum Y is zero

in Ho(Sp), i.e., [Y,X]. =0

(iv) A spectrum Y with a map X — Y is called an E-localization of X if Y’

is E-local and X — Y is an E-equivalence.

(v) If a localization of X exists, then it is unique up to homotopy and will

be denoted by X 25 LpX.

Localizations of this kind were first studied by Adams [!], but set-theoretic
difficulties prevented him from actually constructing them. In the paper
[12], Bousfield showed that localization functors exist for arbitrary spectra
E. Next we discuss how localizations can be put in terms of model cate-
gory theory. The F-local equivalences, that we defined above are the weak

equivalences of a model structure on Sp.

Proposition 2.6.10. Let Sp be either the category of Bousfield-Kan, sym-
metric or orthogonal spectra and let E be an object in Sp. There is a model

structure on Sp such that a map f: X —Y is an
(i) weak equivalence if f is an E-equivalence

(ii) cofibration if each X, [gx XY, 1 — Y, is a cofibration in S, and
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(111) fibration if f has the right lifting property with respect to acyclic cofi-

brations.

We will use the notation LgSp for the model E-local model structure on
Sp. The fibrant objects are the E-local 2-spectra. The existence of the above
model structure is given by a left Bousfield localization at a set of maps. For

details see [5, Chapter 7.2]. Let’s see some examples

Example 2.6.11. Let £ = HQ. Then Lp X = EA LS = EAHQ, it is the

rationalization of X

Example 2.6.12. Let E = MZ,) be the Moore spectrum of the abelian

group Zp). In this case Lg X = X, is the Bousfield p-localization.

Much of contemporary homotopy theory relies on the machinery of Bous-
field localizations. Particularly, the main object of study of the stable homo-
topy theory, the tensor-triangulated category Ho(Sp) is an extremely compli-
cated category. It is very beneficial to break apart this category into smaller
pieces, so to speak, that are easier to understand and to work with. These
smaller pieces are all Bousfield localizations with respect to various spec-
tra. This is the starting point of chromatic homotopy theory. One starts
by breaking apart Ho(Sp) each prime at a time as in Example 2.6.12, and
then further breaking it apart using the so called Johnson-Wilson theories
E(n) and the closely related Morava K-theories K(n). For a reference see
[5, Subsection 7.4.3] and the seminal [39)].

For the purposes of this thesis we will working with the following.
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Example 2.6.13. Let p be an odd prime and let n € Z. There exists a ring
spectrum F(1) also known as the Adams summand of the p-local complex

K-theory spectrum and one has
p—2
KUy = \/ 2¥E(1).

1=0

Therefore, the localizations at E(1) and at KU, are the same. The con-
struction of the spectrum is highly non-trivial and will not concern us here.
What does concern us that it defines a multiplicative homology theory and

that it has coefficients
E(1). = Zgy v, vt || =2p - 2.
In this case, it is customary to write the Bousfield localization Lg)Sp as

LISp

Lastly, we would like the Bousfield localization LgSp also to be a monoidal

model structure. We have the following proposition.

Proposition 2.6.14. Let (Sp, A\) a model of spectra and let E be an object

of Sp. Then (LgSp, A) is also a monoidal model category.

For a proof we refer to [5, Theorem 7.3.11].
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Chapter 3

Background in Homological

Algebra

In this chapter we recall the elements of homological algebra that are neces-
sary for the proof of our result. Also one of its goals is to set up the necessary
language to state Franke’s theorem and all the necessary components. The
chapter is structured as follows. In Section 3.1 we will set up some notation
regarding chain and cochain complexes since we are going to use both in
our exposition. We will review some relevant definitions from generalized
homology theory defined by a spectrum and the tensor product of graded
objects (abelian groups). In Section 3.2 we will discuss how homology of a
spectrum has actually much more structure than a graded abelian group. In
other words it has the structure of a comodule over a Hopf algebroid. We
will also introduce our main example, comodules over the Johnson -Wilson
spectrum at height 1. After this, in Section 3.3 we will discuss Franke’s al-

gebraic model, that is to say, twisted complexes over the abelian category
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of comodules. It has at least two descriptions because our abelian category
A = Comodg(1), g1) has a splitting of period 2p —2 and the homology theory
E(1).(—) is periodic. We will also discuss another simpler algebraic model
for twisted complexes, that is, differential graded comodules. After this, we
will discuss the monoidal structure of these algebraic models. In Section 3.4
we will discuss again some model category theory applied to the algebraic
models of twisted complexes. In order to do so, we will make a small tour
of relative homological algebra. In Section 3.5 we will introduce another key
ingredient, homology with coefficients in a functor. This is a generalization
of the homology of a group or a category and it also plays a very important
role in this thesis. Lastly we will see how homology with coefficients is used
in the spectral sequence that computes the homology of a homotopy colimit

of a diagram of spectra.

3.1 Homology

In this section we will discuss how a spectrum gives rise to a homology theory.
Before that we establish some notation about chain and cochain complexes

in additive categories.

3.1.1 Chain and Cochain Complexes
Let A be an abelian category. A cochain complex in A is a sequence of maps

dan dn+1
s Xt S Xt L
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such that

d"od" =0

for all n € Z, so differentials raise the degree. We denote the category of
complexes in A where a morphism ¢: X — Y between complexes consists of
maps ¢": X" — Y™ compatible with the differential by Ch(A) or by C(A).
Now suppose that A is abelian. For a complex X* and each n € Z one defines

the nth-cohomology as

H"X = Kerd"/Imd" .

Setting X_; = X*, we get a chain complex, i.e., an object

oo X2 X1 o Xo 2o X 0o X g —

and we get the homology of a chain complex. We will denote chain complexes

with lower indices.

Remark 3.1.2. In our exposition we will use both cochain and chain com-
plexes and this is not done by accident. In particular, due to the shape of the
poset Cy and the functor Q: £ — C*~2(B) that we will construct in Section
4.2 see (4.2), will produce cochain complexes, that is, the differentials raise
the degree. On the other hand, the spectral sequence that computes the ho-
mology of a homotopy colimit that we will see later, Proposition 3.5.11, has
as input homology of certain chain complexes (differential lowers the degree),

that originate from simplicial objects via the Dold-Kan correspondence.
We will denote the category of cochain complexes by C(.A) and the derived
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category by D(A).

3.1.3 Generalized Homology Defined by a Spectrum

In this subsection we discuss how a spectrum £ determines a “generalized
homology theory” both for spaces (or simplicial sets) and spectra. It also de-
termines a “generalized cohomology theory” but since we are only interested
in homology theory we skip the definitions for cohomology. Recall that from

Definition 2.6.7, a spectrum E € Ho(Sp) determines a functor

E.(=): Ho(Sp) = Ab,, X — E.(X) =m.(E A" X).

As the terminology suggests, E-homology is a homological functor. Recall
that if 7 is a triangulated category, a covariant functor £: T — Ab is called
homological if it takes coproducts in 7 to coproducts of abelian groups, and

if for every distinguished triangle (f, g, h) in T the sequence of abelian groups

EA) 29 gy 29 poy 22 g a)

1s exact.

Proposition 3.1.4. Let E be a spectrum and k any integer.

(i) For every distinguished triangle (f,g,h) in the stable homotopy cate-

gory, the sequence

Ex(f) Ex(9) Ey(h)

Ey(A) Ey(B) Ey(C) Ex(ZA),
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18 exact.

(11) For every family {X;}.., of spectra the natural map

iel
P E(x) = E(\/ X)
icl iel

1S an isomorphism.

If E' is a ring spectrum, one can define various algebraic operations, such
as products on homology groups, that arise from the operations on E. We

will only be interested in the following.

Construction 3.1.5 (External Product). Let F be a ring spectrum and let

X and Y be spectra and k,[ integers. Then we define the external products
x: Ey(X) @ E(Y) = Epp(X AMY) (3.1)
as follows

EX)E(Y)=m(EAN"X)@m(EA"Y) = mua(BEAY X A EARY)

(1pATx,BA"1y)« (LAXNY )

T (EAEAXAY) Tt (EAMXAYY) = B (XARY).

The first map is the pairing (2.18).

For more details on pairings and products see [I, Part III, Section 9].

Before the next proposition, we recall the following.

Definition 3.1.6 (Tensor product). Let R, be a graded ring and let M, and

M, be graded R,-modules. The tensor product of M, ®g, N, is defined as
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having n-th component

(M,®g,N,), := ( P M, @ Nq> /(mr@n—m@rn|a+b+c=n,m € M,,r € Ry,n € N,)

pt+q=n

(3.2)

The following proposition is the cornerstone [/, Proposition 6.20, Chap-

ter II] and will be used implicitly throughout.

Proposition 3.1.7. Let E, X and Y be as in 5.1.5. If E.(X) is flat as a
(right) graded E.-module or if E.(Y) is a flat (left) graded E.-module then
map

E.(X)®p, E.(Y) = E (X A"Y)

induced by the exterior product is an isomorphism.

For a proof see, [18, Theorem 13.75].

3.2 Comodules over a Hopf Algebroid

In this section we will review some relevant facts about the abelian category
of comodules over a Hopf algebroid. None of the results in this section are
new, and we refer the reader to [23, Section 1], [38, App. Al] and [38, Section
2] for further details.

We saw briefly in Definition 2.6.7 that any spectrum E € Sp defines a

homological functor to abelian groups, the E-homology, i.e.

E.(=): Ho(Sp) — Ab,, X = E,(X) =7.(E A" X).
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In fact the value F,(X) has a lot more structure than just a plain graded
abelian group, i.e., it is a E,(F)-comodule, a notion which we will introduce
below. The pair (7.(F), E.(F)) has a structure of a Hopf algebroid which we
will define shortly. Let K be a commutative ring. A Hopf algebroid is a pair
(A, U) of commutative graded K-algebras such that it is a cogroupoid object
in the category of commutative K-algebras. We will commit a small abuse
of notation by omitting. Unwinding the above, that means in particular that
it consists of a pair (A, V) of graded commutative K-algebras along with

K-algebra morphisms

nr: A— U (left unit, inducing source)

nr: A — ¥ (right unit, inducing source)

A: VU - VR4 V¥ (coproduct, inducing composition of morphisms)
e: U — A (augmentation, inducing idenity morphisms)

c: U — U (conjugationm inducing inverses),

satisfying certain identities. These ensure that, for any commutative ring
B, the sets Hom(A, B) and Hom(W, B) are the objects and morphisms of a
groupoid, respectively. Here, iy gives ¥ the structure of a left A-module,
nr gives ¥ a right A-module structure, and ¥ ® 4 ¥ refers to the bimodule
tensor product. We now come to the definition of a comodule over a Hopf

algebroid.

Definition 3.2.1 (Comodule). A (A, ¥)-comodule is a left A-module M
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together with a map
Up: M — U @4 M

satisfying a coassociativity and a counit condition.

We refer to [38, Proposition 2.2.8. | for a detailed account on how
(m«(E), Ex(E)) is Hopf algebroid and E,(X) is a E,(E)-comodule. We write
Comody for the category of W-comodules; we will always assume that ¥ is a
flat A-module, which ensures that Comody is a cocomplete abelian subcat-
egory of Mod, [23, Lemma 1.1.1]. The forgetful functor Comody — Mod 4
has a right adjoint that sends an A-module M to the WU-comodule ¥ ® 4 M,
with structure map A ® id [38, A1.2.1]. Such a comodule is called an ex-
tended comodule. 1t follows that the colimit in Comody is just the colimit
in A-modules equipped with its canonical comodule structure. The forgetful
functor does not preserve limits, or even infinite products, and so in general it
is difficult to construct right adjoints in Comody. Nonetheless, the category

Comody is also complete, see [23, Proposition 1.2.2].

The category of W-comodules is symmetric monoidal. Let M and N be
U-comodules and define their comodule tensor product M ® N to be the

module M ®4 N, with comodule structure given by the composite
MeN 22 (g @, M)® (T e, N) = e, (M N) (3.3)

where the last map sends g1 ®m® g, ®n — g1go @m@n. The tensor product
has a right adjoint Homy (—, —) (the underline is to remind us that they are

internal Hom) making Comody a closed symmetric monoidal category [23,
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p. 1.3.1], although it is harder to explicitly give a formula for Homgy (M, N)
and we will do not use it. With this closed monoidal structure, we can define
the dual of a W-comodule M to be DM = Homy (M, A).

The following proposition which characterizes dualizable comodules will

be fundamental to us in the subsequent chapters.

Proposition 3.2.2. /27, Prop. 1.3.4] A comodule M is dualizable in Comody
if and only if M is dualizable as an A-module, i.e., M is finitely generated

and projective as an A-module.

A Hopf algebroid (A, V) will be called an Adams Hopf algebroid if it
satisfies Adams’ condition, i.e., if W is a filtered colimit of dualizable W-
comodules. We also note if one has a flat Adams Hopf algebroid then Comody
is a Grothendieck abelian category. This implies that Comodyg is locally
presentable, see [10, Proposition 3.10]. We have the category C(Comody),

the category of cochain complexes in the abelian category Comody.

3.2.3 Comodules over the Johnson-Wilson spectrum

In this subsection we will recall some properties of a particular Hopf algebroid
(E(1)., E(1).E(1)). There is a very concrete albeit complicated description
of this category which goes back to Bousfield, see [11]. Since we do not use
this description we will not recall it here. Let X be a spectrum. Then the
E(1).E(1)(X)-comodule E(1).(X) is an object of A = Comodgn),ga) by
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Since the homology theory E(1).(—) is 2p — 2-periodic we will also use sub-
category B = Comod%(l)*E(l) of Comodg1),g(1) consisting of those objects

(M,,)nez such that

M :n=0 mod2p—2
M, = (3.4)

0 : else

This describes a so-called split of period 2p — 2 of A: B C A is a Serre class

such that

@ B— A

(B)—~ & Bili

0<i<2p—2

is an equivalence of categories.

3.3 Twisted Cochain Complexes

In this section we will review some essential material regarding twisted com-

plexes.

3.3.1 Main Definitions

Let A be an arbitrary abelian category (we will assume that it is also Z-
graded and we suppress the grading), 7: A — A a self-equivalence and N a

natural number.
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Definition 3.3.2. The category C'""N)(A) of (T, N)-twisted cochain com-
plexes or quasi-periodic compleres with values in A is defined as follows.
The objects are cochain complexes C? with C? € A for all ¢ together with

specified isomorphism of cochain complexes
o8 T(C2) — C2[N] = C*H.

The morphisms are morphisms of cochain complexes f: C? — D? that are
compatible with those isomorphisms, that is, the following diagram com-

mutes.
T(C*) —— C*[N]

| |

T(D*) — D*[N]

Note that the shifted complex C?[N] = C**¥ has differentials (—1)"d,
where d is the differential of the cochain complex C?. In our particular

case where A = Comodg),g1), the self-equivalence is the last section’s

TP1: A — A. We denote the category C™" "D (A) by C'(A). Secondly

CT((QP*Q)(P*UQP*Q) (B)

we are interested in the category where B is the split

of A introduced above. This category of twisted cochain complexes will be

denoted by C*~2(B). Actually, these two categories are equivalent, that is,
C'(A) = C*7%(B)
and we explain why below. Consider

C=(..-C"=Cl=0?—=..)
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an object of C!(A), that is, C¢ € A and T(C?) = C**! via ac. Since A splits

into 2p — 2 copies of B, each C! splits into
Ci=Clpy@Cly®...® Clay 1.
with ng) € B[j]. So C? gives us a complex taking values in B by setting
Cloy = (.. = Cpy = Cpy = Clyy = ..).
The self-equivalence T' act on each C? by cyclically permuting the summands:

T(Chy) = T(C) 1) = Ctyy €L/ (2p —2)Z.

As a consequence we have

2p-2)(p—1) (i \ o~ (2p—3)(p—1) [ (¥it1Y A ~ Yi+2p—2
T(2p=2)(p )(C(O)):T(p )(p )(C(;S):"':C(o)p :

and thus C(.o) is a 2p — 2-periodic, that is, C(.o) € C?*7%(B). On the other
hand, an object of C2’~%(B) carries the same information as an object of

Cl(A): given

D= (..—» D= D! D> .. )eC??B)

*

one obtains a corresponding object D. € C'(.A) by setting Eij) = TI(D:).

The category C!(A) of twisted periodic complexes of period 1 can be

given equivalently as the category whose objects are cochain complexes in A
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together with an isomorphism between internal and external shifts, i.e.,
(] ~Y o1
x—1 — C*Jr .

Similarly, for C?*~2(B), can be given as the category whose objects are cochain

complexes in B together with an isomorphism

. ~ Ye+2p+2
*—2p4+2 — C* :

Notice that the definition of the category C'(.A) is redundant since it consists
of a complex

i a0 ! &
I G Y Oh it Y O S

in which ¢": T(C™) = C™1 ie., all the objects are isomorphic. There is a
simpler algebraic structure that captures the same information and it’s a lot

more simple.
Definition 3.3.3. A differential comodule M, is a pair (M., d) where
M, e A= ComodE(l)*E(l) and d: M, — M,,

where d is an endomorphism of degree —1 satisfying d*> = 0. We denote the

abelian category of differential comodules as d A = dComodg), g1

To ease notation for the following proposition we will write ¢": C*1 —

T(C?), i.e., the inverse of ¢™. See also [35, Proposition 3.3].
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Proposition 3.3.4. The functor
F:CYA) = dA, (C:,d)— (C2,¢°0d)

is an equivalence of categories.

Proof. The functor F' picks only the entry at n = 0, i.e., C?, with differential
d: C? — CY[1] = T(C?) defined by the composition

c? &l Sor(ed).

The functor G: dA — CY(A) defined by G(M,,d), = T*(M,) with differen-

tial d* = (—1)*T*(d) in an inverse to F. O

3.3.5 The Tensor Product of Twisted Complexes

In this subsection we will review the tensor product on C'(A). By definition,
an object C'? € C'(A) is a cochain complex of objects in A = Comodg), g1y,

i.e., it is a bigraded object.

Definition 3.3.6. Let X?,Y,* € C'(A). The tensor product is defined by

(XeYp= @ Xrey’
m-+s=p
n+t=q

with differential

dz®y) =dz)@y+ (—=D)z o d(y).
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Note that the formula uses the total degree in the sign convention, that is,

we are using the notation |z| for the sum of horizontal and vertical degree.

The category dA of differential objects is also symmetric monoidal. Let

X,,Y, € dA. The tensor product X ® Y is defined

(XeY),= P X,0Y,

pt+q=n

with differential defined by
dz ®y) =d(z) @y + (—1)%@ zd(y).

Recall from Proposition 3.3.4 the functor F': C*(A) — d.A, which picks the

object CY

Proposition 3.3.7. The equivalence
F: (C'(A),®) — (dA, ®)

15 strong symmetric monoidal.

Proof. The assertion follows directly from the definitions. O

3.4 Model Structures for Twisted Complexes

In this section we will make a small thematical detour and recall various
model structures on twisted cochain complexes in the category A = Comodg), g1)-

The main result of this section which is also fundamental to our thesis is that
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there is a monoidal model structure on C!(.A) which is Quillen equivalent to
the injective model structure C'(A)y,;. Our first definition is to recall injec-

tive model structure.

Definition 3.4.1 (Injective Model Structure). In this model structure, a
map f: X — Y in C}(A) is

(i) a weak equivalence if it is a quasi-isomorphism,
(ii) a cofibration if it is monomorphism, and

(iii) a fibration if it is a degreewise split epimorphisms with strictly injective

kernel
We denote this model structure by C'(A)y;.

This model structure was the one considered initially by J.Franke. The
homotopy category of the above model structure is called the Franke’s model
i.e., D'(A) = Ho(C'(A)inj). Note that since the abelian category A does
not have enough projectives, there is no projective-type model structure on
C(A). Recall from Section 3.2 that the category A is a symmetric monoidal
abelian category with the tensor product as operation. However, the symmet-
ric monoidal category (C!(A), ®) equipped with the injective model structure
is not a symmetric monoidal model category. This is because, in the injective
model structure, the monoidal product ® is not a Quillen bifunctor, i.e., the
pushout product axiom fails, see Definition 2.3.7. An example that illustrates
it is the following. Consider U = PE(1),,V = P(E(1), ® Q),W = 0 and
X=EFE1).,®Z/pandlet f: U -V and g: W — X. Note that

P(C) ® P(D) = P(C ® D),
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we see that f[g is tha map X — 0 which is not a monomorphism and hence

not a cofibration in C*(A)y;.

In order to remedy the fact that (C'(A)i, ®) is not a monoidal model
category we will construct a monoidal model category which is called quasi-
projective model structure. This model structure together with the tensor
product of complexes turns out to be a symmetric monoidal model category
and moreover, it is Quillen equivalent to the injective model structure. We
will not recall all of the proofs and definitions for the construction of this
model structure. Instead we will define only the necessary ingredients and

we will refer mainly to the paper [0] for a detailed exposition.

Recall from Definition 3.3.2 that an object Cf € C(A) is a cochain
complex in the abelian category A together with an isomorphism T(C?) =
C**1. Equivalently, a quasi-periodic cochain complex of period 1 is a cochain
complex C?, together with an isomorphism between internal and external

shifts i.e., C*_, = C*T!. By “forgetting” this isomorphism between internal

and external shifts we have the forgetful functor
U:CHA) — C(A).

The forgetful functor has a left and a right adjoint. We will be interested

only in the left adjoint to the forgetful functor. Define a functor P as follows

P: C(A) = C'(A), M~ T M (3.5)

kEZ
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In particular, this means that

PM! = P TFMI.
kEZ
The proof that indeed the functor P is left adjoint to the forgetful functor

can be found in [0, Lemma 1.2]. With the help of the adjunction
P:C(A) =2C'(A): U

we are going to lift various model structure from C(A) to C'(A), see [21,

Theorem 11.3.2].

The first step in order to construct the quasi-projective model structure
is the relative projective model structure. We are going to summarize the
relative projective model structure on C(G) for an arbitrary Grothendieck
abelian category G. It is a generalization of the projective model structure on
C(Modg) where R is a commutative ring. It was introduced by Christensen
and Hovey in the paper [11]. Recall that if P is an object in G and X is a
object in C(G) we write Homg (P, X) for the cochain complex that has the

abelian group Homg(P, X,,) in degree n with differentnial
(dx)s: Homg(P, X™) — Homg(P, X"*1).

To construct the relative projective model structure, one begins by choosing
a projective class in G, that is, a collection P of objects in G and a collection
& of maps in G such that the pair satisfy certain conditions which we define

below. Recall that given a collection of objects P in G, a morphism f: A — B
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in A is called P-epimorphism if it induces an epimorphism Homg(P, A) —

Homg (P, B) for all P in P.

Definition 3.4.2 (Projective class). Let G be an abelian category. A pro-
jective class in G is a collection P of objects of G and a collection £ of maps

in G such that

(i) An object U is in P if and only if Homg (U, X) — Homg(U,Y) is sur-

jective for every X — Y in &,

(ii)) A map X — Y lies in & if and only if Homg(U, X) — Homg(U,Y) is

surjective for every U in P

(iii) For every X in G, there is a morphism P — X in & such that P is in
P.

When a collection P is part of a projective class (P, E), the projective class
is unique, and so we say that P determines a projective class or even that
P is a projective class. An object of P is called a P-projective, or, if the
context is clear, a relative projective. Objects of P are called P-projectives

or relative projectives. Elements of £ are called P-epimorphisms or relative

epimorphisms.
See [14, Definition 1.1] for further details and examples of projective
classes.

We are ready now to define the relative projective model structure on

C(G). We have the following definition.

Definition 3.4.3. Suppose that P is a projective class on the abelian cate-

gory G. We say that amap f: X — Y in C(G) is:
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(i) aP-equivalenceif f,: Homg(P, X) — Homg(P,Y) is a quasi-isomorphism

in C(Z) for all P € P,
(ii) a P-fibration if Hom4 (P, f) is a degreewise surjection for all P € P,

(iii) a P-cofibration if it has the left lifting property with respect to all

P-fibrations that are also P-equivalences.
When this model structure exists we denote it by C(G)rel.proj-

By [14, Lemma 1.5, assuming that G is cocomplete, one way to obtain
a projective class is to take any set S and define P to be the collection
of retracts of coproducts of objects in S and &€ to be the collection of S-
epimorhisms. Recall from Section 3.2 that a comodule M € Comodg), k(1)
is dualizable if and only if M is finitely generated and projective as an E(1),-

module.

Definition 3.4.4. Let S be the set of isomorphism classes of dualizable

comodules in A = Comodg), p(1)-

As above, the set of isomorphism classes of dualizable comodules defines
a projective class on Comodg(), g1). In what follows we will always use this
projective class on the abelian category A = Comodgn),gn). To provide
motivation for the choice of dualizable comodules, see [23, Section 1.4]. By
, Theorem 2.1.1] the relative projective model structure C(A)yelproj €xists
and by [0, Proposition 1.3] the forgetful functor U: C'(A) — C(A)el.proj
creates a model structure on C'(A) and we denote it by C*(A) el proj- Next,

we would like to have a more explicit version of the cofibrant objects in

Cl (A) rel.proj-
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Lemma 3.4.5. A quasi-periodic cochain complex C® is cofibrant in C*(A) rel.proj
if and only if it is degreewise relative projective and every map from C? to a
weakly P-contractible quasi-periodic chain complex K is nullhomotopic with

quasi-periodic homotopy.

So, in particular, a cofibrant cochain complex in C 1(A)rel.pmj is degreewise
dualizable. For a proof of the above Lemma, see [0, Lemma 5.6].

Finally, we are ready to define the quasi-projective model structure C(A)q proj-
It can be defined as the left Bousfield localization of C(A)yelproj With respect
to the class of quasi- isomorphisms, i.e., maps that induce isomorphism in

cohomology. To be specific we have the following definition.

Definition 3.4.6 (Quasi-projective model structure). Let A = Comod g1y, p(1)
together with the projective class P generated by the set of dualizable co-
modules. We call amap f: X — Y in C(A)

(i) a weak equivalence if f is a quasi-isomorphism,
(ii) a cofibration if it is a P-cofibration, (see Definition 3.4.3) and

(iii) a fibration it if has the right lifting property with respect to the acyclic

cofibrations.

The existence of this model structure is technical and we refer to [0,
Proposition 6.2] for the relevant details. As a left Bousfield localization, the
cofibrations of C(A)qproj are the same as that of C(A) ye1proj. In particular,
the cofibrant objects are the same as in Lemma 3.4.5. Like above, the adjoint
pair (P, U) creates a model structure on quasi-periodic complexes which we

denote by C(A)q proj-
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To conclude this section, so far we have three model structure on C*(A)
and it will be useful to describe how are these three model structures are

related to each other. The following adjunction
Id: C*(A)relproj = C'(A)qproj: 1d
is a Quillen adjunction, and the adjunction
Id: CY(A)qproj = CH(A)in;: 1d

is a Quillen equivalence, see [0, Theorem 6.5] for a proof. Furthermore, by
[6, Theorem 6.9], the model category C'(A)qpro; together with the tensor
product of complexes ® is a symmetric monoidal model category. As a
corollary [6, Corollary 6.10], Franke’s model D'(A) is a symmetric monoidal

category with the derived tensor product ®%, see Corollary 2.3.17.

3.5 Homology of a Category with Coefficients

in a Functor

In this section we will introduce one our main tools, namely homology of
a category with coefficients in a functor. It is a particular case of functor
homology that assigns the groups Tor! (F,G), to functors F: I — A and
G: I°? — A with A an abelian category. Since we do not need such generality
we will introduce it in a more down-to-earth way that goes back to Quillen

and uses simplicial techniques. Traditional references include [31] and [32].
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More contemporary references include [17] and [11, Chapters 15, 16].

3.5.1 Definition of Homology of a Category with Co-

efficients

For the following definition, we let A be an arbitrary abelian category and
sA be the category of simplicial objects in A, i.e., s.A = Fun(A°, A). Recall
from Section 2.1 that D € sA can be given equivalently as a collection D,

of objects of A and a collection of maps

di: Dy, — Dy—q, 0<1i<n (faces)

sj: Dy — Dpy1, 0<j <n (degeneracies)

for all n € Z>( satisfying the simplicial identities.
Before we define the homology of a category with coefficients in a functor
we will first define the associated complex of a simplicial object in an abelian

category.

Definition 3.5.2. Let D € sA be a simplicial object in A. We define the
associated complex (Co(U),0) € Chso(A) by
Co(D) =Dy 0= (—1)"d;: Co(D) = Cp_y(D).
=0
Note that the simplicial identities imply 0% = 0, so Cs(D) is indeed a chain
complex. Moreover, this evidently defines a functor C': s A — Chs(A)

In other words, the associated complex to a simplicial object D € sA is
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the following chain complex.

do

do—d
DO 0 1 Dl

—HE Dy (3.6)

We could just as well consider cochain complexes and cosimplicial objects,
that is, diagrams D: A — A. We chose to work with simplicial objects since
it fits better thematically. Now, let D: I — A be a diagram in an abelian

category. We will define the objects H,(I; D) in A for p > 0.

Definition 3.5.3. Let I be a small category and consider a diagram D: I —
A. The homology of the category I with coefficients in the functor D, is
defined as the homology of the complex C,(D), i.e., the homology of the

associated complex of the simplicial replacement srep(D) € sA.

So, unwinding the definition, we start by first taking the simplicial re-

placement of D, see Definition 2.4.14, that is, the diagram srep(D): A°® — A

@Dm: @Diog @ Dio"'

10 10—>11 10—11—>12

Then we consider the associated chain complex, (3.6), Co(D). Then we

defined H,(I; D) to be the pth homology group of the chain complex C\ (D).

Lemma 3.5.4. Let A be a cocomplete abelian category, and let I be a small

category. For any diagram D: I — A there is a canonical isomorphism
Ho(I; D) = collimD

Proof. By construction, the zeroth homology Hy(Ce(D)) is Cy(D)/im(dy —
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dy), i.e., coker(dy — dy) which is
do — dll @ Dio — @Dio'
10—>11 10

But this solves the universal problem defining the colimit, so Hy(C; D) =
colim; D. n

Although homology of a category with coefficients is easy to define, in

practice it can be very difficult to calculate.

Definition 3.5.5. Let A € s.A. We define the degenerate subcomplexr Do(A)
of Co(A) by

—_

Dy(A) :=0 and D,(A):= ) im(s;) for n>1.

i

Il
=)

That is, De(A) is generated by the images of the degeneracy maps. Note

that by the simplicial identities,

[y

n

d(s;) =Y (—1)idis; = ' (—1)'sjmadi + Y (=1)'s;ds.

i=0 i i=j+2

.

I
o

Definition 3.5.6. Again let A € sA be simplicial object in A. We define the
normalised chain complexr N(A) € Chso(A) which in dimension n, N, (A)
consists of the subobject of A,, that is killed by the face maps d;,7 < n. That
is,

n—1

No(A) := Ag and N,(A) := [ ker(d;) € An, 0y = (=1)"dy: Ny(A) = N,o1(A) for n > 1.

1=0
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The simplicial identities imply both that d,(N,(A)) € N,_1(A), assumed
in the above definition of d,, and that > = 0. Again this gives a functor
N:sA— Chzo(A)

Proposition 3.5.7. [19, Theorem 2.1] Let A € sA. For alln > 0 the natural
map

¢: No(A) @ Do(A) = A, = Co(A).

induced by the inclusions is an isomorphism. Therefore we have a natural
1somorphism

No(A) 22 Cu(A)/D4(A).

Furthermore, the inclusion N(A) — C(A) is a natural chain homotopy equiv-

alence.

Consider now a diagram D € A! and its simplicial replacement srep(D) €
sA, see Definition 2.4.14. By construction, an n-simplex in srep(D) is degen-
erate if and only if there is an identity map in the n-chain. This means that
by in order to compute the homology objects H,(I; D) it suffices to consider
the normalized complex which by Proposition 3.5.7 means we can can focus
only on the non-degenerate simplices.

The following example will appear frequently in Section 4.5.

Example 3.5.8. Consider the pre-pushout diagram " given in Example 2.2.8

and let D: "— A be a diagram as follows.

%B

N

Q
‘—

Q
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Because of the shape of the poset, the simplicial replacement srep(D) € A>"
of the diagram X is 2-skeletal. That is to say, for n > 3 all of the elements
in srep(X),, are degenerate. This implies that the normalized complex asso-

ciated to the simplicial object srep(D) is the following chain complex.
0A0A-SAeBaC.
Here the differential 0 is the following map

0: A A—-AeBal

(z,y) — (z+y,—f(z), —9(y)).
From the above, we have directly that

Ho(", D) = colim D

Hi(",D) =ker 0 = ker f Nkerg.

3.5.9 A Spectral Sequence for Homotopy Colimits of

Diagrams of Spectra

In this subsection we introduce a very important tool that we will use in
Chapter 4. This tool is a spectral sequence such that given a spectrum F
and a diagram of spectra X € Sp’ one can compute the E,-homology of the

homotopy colimit hocolim; X, that is,

E, (hOC(I)hm X).
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In order to introduce this spectral sequence, we will venture once again to
the garden of simplicial objects. References for this subsection include [15,

Section 3.2.1, Chapter 5].

Suppose we have a sequence {X;} in the stable model category of

’iEZZg
spectra

*:X0—>X1%X2—>... (37)

We set C; = hocofib(X; — X;,1) and X = hocolim; X;. Here by a sequence
we mean nothing more than just a sequence of maps, we do not impose
any kind of conditions. Usually sequences like the above are considered as
“filtrations” of some object and we think of the sequence of spectra X; as
a filtration of hocolim; X;. Taking homotopy groups, see Definition 2.6.5 of
the spectra X;, and of the homotopy cofibers C;, we wrap up the resulting

triangles into an exact couple with

T

D ———D

N

F
in which
D =X,
p,n
and

E= @ T Chp.
p,n

The maps 7, and j, are the direct sums of the maps on homotopy induced
by i,: X, = X,4+1 and j,: X, = C, respectively, and 0 is the direct sum of

the boundary maps 0: 7,C, — m,-1X,_1. This produces a spectral sequence
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with E;q = my+4C)p and converges strongly to m,,,X = m,.,hocolim; X;:
Elq = Terqup — 7Tp+qX. (38)

p

Now that we have a spectral sequence of a sequence of spectra we general-

ize the above spectral sequence for an arbitrary simplicial object in spectra.

Proposition 3.5.10. Let X € Sp™™ be a simplicial spectrum which is Reedy

cofibrant. Then there is a spectral sequence
E;q = N Xp = mpiq(|X]),
where NX, := X,,/L,X = cofib(L,X — X,).
Proof. Consider the skeletal filtration 2.4.20 of A namely,
« = | X|o = | X1 = |42 — ...

Since we assume that X is Reedy cofibrant 2.2.21 all of the maps above
are cofibrations, hence the homotopy cofiber |X|,—1 — |X|, is simply the

ordinary cofiber. Moreover,
hocolim | X |; & colim | X |; = |A].

Since the ordinary cofiber is just the quotient of the target by the image of
the map, by Proposition 2.1.9 we can identify the cofiber of |X|,-1 — |X|,

with X" N X,,. Therefore the filtration (3.7) together with the cofibers is the
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following.

¢ 1
* — | X|o —— | Xy | X2
Xo YNX, EZNXQ

where each sequence
| X |1 = | X — E"NX,

is a cofibration sequence. Hence the E]},q term of the spectral sequence (3.8)

is the following.
Tprq(EPNX,) = [Sp+q, ZpNXp} = [SY,NX,| = m,NX,

]

Next we generalize from a simplicial spectrum to an arbitrary diagram of
spectra. Let now I be a direct category. We equip the category Sp’ with the
model structure 2.2.12 and consider a diagram X € Sp’. We may assume that
X is objectwise cofibrant. If not, we replace it cofibrantly. In any case, by
Lemma 2.4.17, its simplicial replacement srep(X) € sSp is Reedy cofibrant.
Recall from Definition 2.6.7 that given spectra E and X, the F,-homology
of X is given by E.(X) = m.(E N X).

Proposition 3.5.11. Let E be a spectrum and let X € Sp’ be a diagram of

spectra that is objectwise cofibrant. There is a spectral sequence

El =H)(I;E,X)= Ejp4q(hocolim X).
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Proof. Consider the simplicial replacement of X, namely, srep(X) which
by Lemma 2.4.17 is Reedy cofibrant. So we have the skeletal filtration of

srep(X), i.e.the following sequence of spectra.
* — |srep(X)|o — | srep(X)]y — [srep(X)]e — ...
Notice that again by Proposition 2.1.9 we can identify

cofib (| srep(X)|,—1 — | srep(X)],) = X" H Xi,-

20—>...ln

Here in the coproduct we consider only the non-degenereate simplices. Next,

we objectwise smash the simplicial object srep(X) with E to get the diagram
E Asrep(X): A® — Sp, [n] = E A" srep(X),,.

Smashing preserves cofiber sequences and the geometric realization of the
simplicial spectrum E AFsrep(X) is naturally isomorphic to hocolim; EAL X .
Since homotopy colimits commute with — A — this is naturally isomorphic

to E Al hocolim; X. So the terms of the spectral sequence

Tpt+q ZP(E/\L H Xio) g77'11(E/\]L H Xio) = Ey( H Xio) = Hy(I; E,X)

10— —Hp 19—>...—lp 10—F...—lp

and we are done. O

Notice that given C LEpX Sp by (2.4.23) we have an induced natural
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map of simplicial objects
srep(F*X) — srep(X),
hence the above proposition gives a morphism of spectral sequences f : {qu} —

{E2}. More generally we have the following

Proposition 3.5.12. There is a functorial assignment of a spectral sequence
to each simplicial object of Sp converging (in good cases) to its homotopy
colimit (geometric realization) with a canonical identification of the Ey terms

given in the previous proposition.
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Chapter 4

Monoidal Properties of the
Functor O

4.1 Introduction to the Chapter

This chapter constitutes the heart of the thesis and it is the longest one. It is
structured as follows. In the second section, with all the tools at our disposal
from Chapters 2 and 3 we can finally recall Franke’s realization functor R
and it’s construction. We will recall all the necessary definitions and concepts
to make the construction precise. We will also establish some notation that
we will use throughout. In the next section we state the main theorem and
result of the chapter. We will explain what the theorem entails how the
theorem will be broken down into smaller propositions. In the fourth section
we start our way to set up the necessary definitions and notation. We will
be interested in a homotopy left Kan extension of a particular functor, so

we will discuss the slice categories of that functor in detail. This is because
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the values of a homotopy left Kan extension are computed using homotopy
colimits of slice categories, as explained in Proposition 2.5.9. In the fifth
section, after we have set up the necessary notation, we will explain in more
detail our strategy and various technicalities and we will start the proof of
the first part of Theorem 4.3.1. That is, we are going to construct a crowned
diagram that computes the tensor product of twisted periodic complexes.
In the sixth section we will discuss the cones of the new diagram that we
will construct. In the last section we will discuss the differentials of the new

twisted-periodic complex.

4.2 Construction of Franke’s Functor

In this section we are ready to recall the constructions of Franke’s functor,
our main character for this thesis. For more detailed exposition, see [13].
Recall the poset Cy defined in Example 2.2.9 for N := 2p — 2 for p an odd

prime. It is the following poset

Co 1

Bo Bl

Bn-1

Also, recall Proposition 2.6.10 for the FE(1)-local model structure, L;Sp. We
equip the category L;Spy with the projective model structure 2.2.12. For a

diagram X € L;Sp°Y we denote the structure morphisms as follows

ln:Xﬂn—>X<n7 kﬁnZXﬁn+1—>X<n.
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Consider now the full subcategory of objects X of Ho(L,Sp“Y) satisfying the

following conditions.

(i) The objects Z} := E(1)._n(X¢,) and B} := E(1),_,(X3s,) are concen-
trated in degrees congruent to 0 modulo NV, i.e., Z and B are objects

of B = ComodOE(l)*E(l).
(ii) The maps A, := E(1)._n(l,): B} — Z are injective.

Definition 4.2.1. Denote the subcategory of Ho(L;Sp®Y) defined above by
L. Furthermore, we let £ C L be the full subcategory of £ such that Z7

and B!' are projective E(1),-modules.

Now, let X be an object of £. We define
CH(X) == E(1)s_p(cone(Xg,,, = X¢,)) = E(1).—n(cone(k,)) (4.1)

Since we are working in Ho(L;Sp“¥) and not Ho(L;Sp)°~, all of the con-
structions above are properly functorial.

If we apply F(1)._,(—) to the exact triangle
Xa,.1 LY X, — cone(k,) = XXg, .,
we obtain a short exact sequence
Bl = 70— Cr — B S 7

It follows that C7 is also an object of B = ComodOE(l)* pq)- In order to define
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the differential we apply E(1)._,(—) to
cone(Xs,,, = Xe,) —= BX5,,, -5 SXe, ., 2 Scone(Xs,., — Xe,.,)
and we have
d": C"(X) — B"YX) — Z'"Y(X) — C"TH(X).
So, we have a well-defined functor
Q: L= CP*(B) X = Q(X) = (C(X).d). (4.2)

Franke proves that this functor is an equivalence. Choose an inverse Q! of

O once and for all. Franke further shows that

R := hocolimoQ~": C*~%(B) — Ho(L,Sp). (4.3)

Cn

factors over the derived category of C?~2(B) and induces an equivalence of
categories

R: D*~*(B) — Ho(L;Sp)

Here D*72(B) = Ho(C?~%(B)y;), the homotopy category of the injective

model structure on C ***~2 (B), see Definition 3.4.1.

Remark 4.2.2. There is another category which is implicit in the above
discussion. Let ce be the class of morphisms in Ho(L) that are sent to

equivalences by the homotopy colimit functor. The above claim is that these
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are the same as the morphisms sent by Q to quasi=equivalences, so we have

Ho(L:Sp) = Ho(L)[ce ] = C2*~2(B)[qi '] = D**(B),

where qi is the class of weak equivalences in C?*~2(B), that is to say the

quasi-isomorphisms.

Finally, for all C, D € C?*~2(B), the mapping space Map(C, D) is weakly
equivalent to a product of Eilenberg-MacLane spaces. However, the mapping
space Map;, 5,(S,S) is not a product of Eilenberg-MacLane spaces. It follows
that C?*~2(B) and L,Sp cannot be Quillen equivalent. For details of that fact
see [13]. So, the functor R is an equivalence of homotopy categories which
cannot rise from a Quillen equivalence. Moreover, this equivalence can be
made stronger in certain cases. Both model structures C2*~2(B) and L;Sp
are stable model categories, see Definition 2.2.28, therefore the homotopy
categories D*~%(B) and Ho(L,Sp) are triangulated categories. In the paper
[33, Section 4.2], it is proven that if p > 5 the functor R is a triangulated
equivalence. However, the question, whether the equivalence is triangulated

in the case p = 3, remains open.

4.3 Statement of the Main Result

In this section we will state the main result of this chapter and we will provide

motivation.
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Theorem 4.3.1. There exists a bifunctor

i*Lpr,(— A¥ —): Ho(LySp®) x Ho(L,Sp“~) — Ho(L,Sp™)

such that the following holds. Let X,Y € L such that for anyn € Z/(2p —
2)Z and any o € {B,C}, the underlying E(1).-modules of the E(1).E(1).-
comodules

E(1).(X,,) and E(1).(Ya,),

are projective. Then,

*Lpr (X A Y) e L

and there is a natural isomorphism

Q(i*Lpr (X A Y)) =2 9(X) ® Q(Y).

The theorem has two parts. For brevity we will use the subcategory L’
introduced in Definition 4.2.1. The first part is the existence of the bifunctor
i*Lpr(—AF—): £'x £ — £ and the second part is the existence of a natural

isomorphism

Q(i"Lpn (X A Y)) = Q(X) ® Q(Y),

given that X and Y satisfy certain hypotheses. The theorem above (the two
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parts combined) tells us that the following diagram is commutative.

CL(A) x CYA)~—— L' x L'

| |

C'(A) L

where

(i) The top horizontal arrow is the functor

QxQ: L x L —C'(A) xC'A).

(ii) The left vertical arrow is the tensor product of twisted periodic com-

plexes of period 1 in the abelian category A = Comodg), (1)

(iii) The right vertical arrow is our, yet to be constructed, bifunctor

i*Lpr (=AY —): L' x £ — L.

(iv) The bottom horizontal arrow is the functor

Q: L — C'A).

The first part of Theorem 4.3.1, i.e., the existence of the bifunctor

i*Lpr (=AY —): L' x L' — [

is the content of Section 4.5. The second part of Theorem 4.3.1, i.e., the
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natural isomorphism
Q(i"Lpry (X A"Y)) = Q(X) ® Q(Y)

is the content of Sections 4.6 and 4.7.

4.4 Crowned Diagrams

4.4.1 Main Definitions of Crowned Diagrams

Recall the poset Cy that was defined in Example 2.2.9 as follows. It is
the poset consisting of elements {3;,(;| i € Z/NZ} such that 5; < ¢; and

Bi < (i1 fori € Z/NZ. As a diagram it looks as follows.

Co G o 0Nl

Bo 51

Bn-1

We will set N = 2p — 2 where p is an odd prime.
Also recall the poset Dy in Example 2.2.10 consisting of elements {3,,, Vn, (n: n € Z/NZ}
such that £, < v, < (u, Bnr1 < vn and Y11 < (- As a diagram it looks as

follows.

G G e G

B By
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We will be interested in two functors between these two categories. The first

functor is the projection functor

pr: Cy x Cy — Dy (4.4)
(85 Bj) = Bis;
(Gir i) = Gitg
(Gir Bi) = it

(B Gj) = Vit

Note, that we really should be writing Bimoan) and 7itjmodn) etc. but we
do a small abuse of notation and avoid this. The other functor that we will

deal with is the functor

i:Cn = Dy, G Coy B Yn (4.5)

As we can see from the definition, the functor i embeds Cy into Dy in the
two top “floors”. Notice that the functor i*: L;SpPY — L;Sp°" preserves
weak equivalences, hence it defines a functor on the homotopy categories,

which we denote by the same letter

i*: Ho(L;Sp™™) — Ho(L,Sp™™).

Next, recall from Definition 2.3.24, the objectwise (exterior) smash product

for diagrams X € C! andY € C’, for I and J finite posets. It follows formally
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by choosing I = J = Cy, we have a bifunctor
— A—: L1Sp°N x Ly SpSN — L,SpevxCn (4.6)
By Proposition 2.3.25, this external product has a total left derived functor
— AF—: Ho(L,Sp®) x Ho(L,Sp®Y) — Ho(L,Spe¥*ev). (4.7)

Given diagrams X,Y € Ho(L,Sp®Y), we can define the homotopy left Kan

extension of the objective (exterior) smash product diagram
X AMY € Ho(L,Spy en)
along the functor pr: Cy x Cxy — Dy, that is,
LLan,, (X A*Y) = Lpr, (X A“Y) € Ho(L;Sp™).

Now that we have all the necessary ingredients, we can finally define the

bifunctor that we need for Theorem 4.3.1.

Definition 4.4.2. The bifunctor i*Lpr,(—AL—) is defined as the composition
AL T *
L x £ Ho(LiSpe V) 22 Ho(L,SpP™) L5 Ho(LSpe™).
To ease notation we will set

E = Lpr(X A" Y) € Ho(L,Sp”")
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and we will use both interchangeably throughout.

The values of this functor are given by the formula in Subsection 2.5.6.

That is, the values of FE at the objects are given by the following.

E,, = hocolim(X A"Y) (4.8)
pr/vn

E¢, = hocolim(X A"Y) (4.9)
pr/¢n

Es, = hoc;)ﬁlim(X AMY) (4.10)
Pr/pPn

The edges of the homotopy Kan extension, Iy: E, — E¢, and kn: E —

Tn+1

E¢, are given by the natural maps

E,, = hocolim(X A" Y) — hocolim(X A" Y) = E, (4.11)
pr/Tn pr/Cn

E,, ., = hocolim(X A" Y) — hocolim(X A" Y) = E, (4.12)
Pr /Yn+41 pr/Cn

induced by functors ¢ and ), respectively, see Subsection 2.12.

Since we are interested in the homotopy Kan extension of the functor
pr: Cny X Cy — Dy, we need to have an explicit discription of all the slice
categories pr /C,, pr /v, and pr/S,. Recall from Remark 2.4.7 that given C

and D posets and a functor f: C — D, the slice category is defined as

fld={ceC: f.<d}

for d € D.

Example 4.4.3. For n € Z/(2p — 2)Z and the object ¢, we have the slice
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category pr /¢, as below.

Cz, C]
CZ,
ﬁerla C] C@a 5j+1
: 5] A\ / o
B@Jrl, ﬂj ﬁza BjJrl)
5%-&-17 B]-i-l

Here, i4+j = n (mod 2p—2). Notice that all the morphisms (non-idenity) are
of the form (id, ;) or (I;,id) and similarly (id, k;) or (k;,id) fori € Z/(2p—2)Z.

The poset pr /¢, follows the same pattern to the left and to the right.
Our next example of interest is the following.

Example 4.4.4. Let n again as above but now consider the slice category

pr /v, which looks as follows.

(B@Jrla Cz (CZ? B]) (ﬁl; Cj) (C’L‘*l? ﬁjJrl)

Again i + j = n (mod 2p — 2). Analogously to the above example, all the
non-identity morphisms are of the form (id, ;) or (I;,id) and similarly (id, k;)
or (k;,id) for i € Z/(2p — 2)Z.

Example 4.4.5. Let again n € Z/(2p — 2)Z but now we consider the slice
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category pr /f3,. Notice that it is

(Bit1, Bj-1) (8i: B;) (Bi—1, Bj+1)

in which ¢ + j = n (mod 2p — 2). In other words, it is a discrete category.

This means that

Ep, = hocolim(X A V) = @5 Xj A" Yj,.

pr/Bn itjen

This is the only case that we can be explicit about the values of the homotopy
left Kan extension

E = Lpr (X A Y).

As a last example that will be useful for us is the following.

Example 4.4.6. 13, pp 35| For the poset pr/(,, consider the following

subposet J,, C pr /(, defined as follows:

(CH—I Cz

(Bi+1, B5) (Bis Bj+1)

where i + j = n (mod 2p — 2). Notice that in this poset the non-identity
morphisms are of the form (k;, ;) or (I;, k;), unlike the examples above where

one arrow was always the identity arrow.
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Suppose now that we have a pair of adjoint functors

F:C2D: G.

If C and D are posets (and F' and G are map of posets) then the condition

that the pair (F,G) defines an adjoint pair becomes

F. <d if and only if ¢ < Gjy. (4.13)

For more details on posets adoints, see [2, Section 9.4].

Remark 4.4.7. Now let 0,,: J, — pr /(, denote the inclusion of the subposet

defined in Example 4.4.6. Below, we will define a map of posets

L: pr /¢, — Jn, (4.14)

which it suffices to define for the part of the poset visible in Example 4.4.3,

the rest can be defined analogously. The map L is defined as follows.

L: pr /Cn — Jn
(Bit1, Bj) = (Bis1, B;)
(Bs, ﬁj+1) — (Gi, 5j+1)

else (¢, ¢5)

Notice that the condition (4.13) holds for L as the left adjoint and 6, as
the right adjoint. In other words, the functor L as constructed above, is a

left adjoint to the inclusion 6,,: J, — pr/(,. As a consequence, since the
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inclusion map 0,,: J, — pr /¢, is a right adjoint, by Lemma 2.4.28, for any
F € Ho(CP/%)
hocJolim 0% (F) = hocolim F.

pr/Gn
In other words, the value E, in (4.8) can be calculated

E, = hocolim(X A“Y) = hocJolim 05 (X A Y). (4.15)

pr/Cn

Given any of subposet of Cy X Cy, e.g., pr/7, from Example 4.4.4 we can
define the restriction of the objectwise smash product X AY € L;Sp™ N to
pr/v, by taking the pullback along the inclusion v: pr/v, — Cy X Cy, that
is,

v LiSpev en Llsppf/%.

Notice that v* preserves weak equivalences so it induces a functor on homo-

topy categories
v*: Ho(LySpe¥*N) — Ho(L,Sp”/ ™).

The diagram

X ALy pr /v, — Cn x Cy — L1Sp

which looks as follows:

Xﬁi+1 AF }/Cifl XCi NE Yﬁj Xﬁi NE YVC]‘ XCi—1 NE Yﬁj+1
o / X51‘+1 A Yﬁj Xﬁi AF Yﬁj Xﬁz‘ NF Yﬁ’j+1 \ e
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Moreover we have maps between the subposets of Cy x Cy. The morphisms

Y — Cp and yp11 — ¢, induce maps of posets

Y pr/ym = pr /G,

¢: Pr/Yng1 — pr /Gy

which in turn also induce pullback functors on the homotopy cateogies, that

is,

¢*: Ho(L;Sp”/") — Ho(LySp””/ ™), and ¢*: Ho(L;Sp”/*") — Ho(L{Sp*/ ™).

We conclude this section with a convention.

Convention 4.4.8. To ease notation we will make the following convention.

Consider the poset pr/(,.

(G CJ
ZV (id, k:)
5“ G)
5z+1 C] CZ?/B]+1
/814-17/8] “ﬁj zaﬁg—f—l
ﬁz-‘rla ﬁ]-ﬁ-l

The red color shows the image of the morphism of posets

é: Pr/Yns1 — pr/Cu,
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and the blue color shows the image of the morphism

Y pr /v, = pr/G.

We regard both of them as subposets of pr/(,. Because of this, we will

commit an abuse of notation, so instead of writing, for example,
¢* (X AY) € Ho(L,Sp™/ ™)

we will simply write

X ALY € Ho(LSpP/ ),

with the understanding that this diagram was given by the pullback functor
¢*: Ho(L,Sp™/*") — Ho(Ho(L,Sp/))

unless we need the extra notation for clarification.

4.5 The Spectral Sequence

In this section we will prove the first part of Theorem 4.3.1, that is, the

existence of the bifunctor
i*Lpr(— AF =) Lx L — L.

After we review some relevant notions, we will state formally in Proposition

4.5.2 our main result of this section. Before we start with the proof we will
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explain some relevant technical details and the overall strategy for the proof

of Proposition 4.5.2.

4.5.1 Preliminaries

Recall Definition 4.4.2. The goal of this subsection is to show that for the
Dy-diagram

E =Lpr(X A"Y) € Ho(L,Sp™™)

given by the homotopy left Kan extension along the projection functor pr: Cy X
Cn — Dy, is what we need, namely that the Cy-diagram ¢*F is in the sub-

category L. This means we have to show that
E1).(i"Eg,)[n] = E(1).(E,,)[n] = E(1).n(E,,)

and

EQ).("Eg,)n] = E(L).(Eg,)n] = E(1).«n(Ec,)

are not just objects of A = Comodg),g@1), but objects of the splitting

B = Comod%(l)* p() and that the induced morphism
E().(B,,)[n] = E(1).(E,)[n]

is a monomorphism for all n.

We now formally state the proposition that we are going to prove.

Proposition 4.5.2. Let X, Y € L such that for every n € Z/(2p — 2)Z and
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a € {B,(} the underlying E(1).-modules of

E1).(X,,) and E(1).(Ya,)

are projective. Consider the homotopy left Kan extension of

X AFY € Ho(L,Spey>en)

along

pr: Cy x Cy — Dy, E =Lpr (X A"Y) € Ho(L,Sp™™)

with the values and morphisms given in (4.8)-(4.10) and (4.11), (4.12) re-

spectively.
E¢, Ee, SR Ecy (4.16)
E:]’YO \E:]'Yl
Eﬁo Eﬁl S E/BN—I

Then, the E(1),.E(1)-comodules E(1).(E,,)[n] with o € {B,v,(} are not just

objects of A but objects of the splitting B and the morphisms

E(1).(Ey,) = E(1).(Ec,)

induced by E,, — E¢, are monomorphisms.

For the following corollary, recall the map of posets i: Cy — Dy, from
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(4.5).

Corollary 4.5.3. Let X,Y € L satisfying the hypothesis in the above Propo-
sition. The top two rows of the diagram E = pr(X A¥Y) is an object in L,

that is, the diagram i*FE € L.

Since the values E, , E,, and Eg, are computed by homotopy colimits, we
will use Proposition 3.5.11, the spectral sequences converging to the E(1).-

homology of the homotopy colimit.

Lemma 4.5.4. There are spectral sequences

By = Hylor /30 E(), (X)) = (D (hocolin(X 72Y)) = E(Upe (B,

(4.17)

and

Eﬁz = Hp(pr /Cn; E(Dq(XKLY)) = E(1)piq (h%f(/)clim(X A Y)) = E(1)pyq(Ee,)
(4.18)
and a natural morphism of spectral sequences f: {Ezq} — {Eﬁ]} induced by

the map in (4.11).

Before we start with the proof we briefly explain the strategy of the proof

and some technicalities which we gather below.

Recollection 4.5.5. (i) We are aiming to compute E(1).(E,) and E(1).(E,,)
for each n € Z/N and to show that they are concentrated in the correct
degrees. In order to do so, we will compute the pages of the spectral
sequences above. The second page of the spectral sequences are the ho-

mologies of the posets pr/v, and pr/(, with coefficients in the functors
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(i)

E(1),(X A*Y) for various ¢ € Z, i.e.,

Hy(pr/ s B(1)g(X A Y))

and

Hy(pr /Gui E(1)g(X A*Y)).

The morphism of posets pr/v, — pr/(, induces a morphism on the

homology of categories

H.(pr/n; E(1)o(X A Y)) = Hu(pr/Gui E(1)g(X A*Y))

which will be used to show that the morphisms E(1).(E,,) — E(1).(E,)
are monomorphisms. These two facts together will prove that in-
deed i*E = i*Lpr) (X A*Y) € L, and we have a well defined functor

LXL— L.

We will calculate H,(pr/y,; E(1),(X AL Y)) as follows. First we will

consider the simplicial replacement of the diagram

E(1)y(X A"Y): pr/y, — A = Comodgqy, g,

see Definition 2.4.14 to obtain a simplicial object in A, that is,

step(E(1) (X AV Y)): A% — A.

Then we compute the homology of the associated complex, C,(E(1),(XAE
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(iii)

Y)), see Definition 3.5.2.

Consider a diagram F € Ho(L,;Sp***®V). By Convention 2.2.2, F is a
projective cofibrant object, so in particular, it is objectwise cofibrant.

The external smash product X A Y as defined in (4.6)

— A —: LlspCN X LlspCN SN LlSpC’NXCN7

is Quillen bifunctor, so in particular it preserves cofibrant objects. This
implies that X ALY is cofibrant in L;Sp“~* | so in particular object-
wise cofibrant. Now, for any subposet ¢: P <— Cy X Cy, e.g., any of the
slice categories of the projection functor pr (4.4), we have the pullback
functor

v LySpENxey 5 L,Sp”.

This functor is not necessarily a left Quillen functor (with respect the
projective model structures, see Proposition 2.2.12). However, the dia-
gram *(X AMY), is objectwise cofibrant, which means that geometric
realization of the simplicial replacement still models the homotopy col-
imit of the diagram (*(X AL Y). In particular, the skeletal filtration of

all the restrictions is always Reedy cofibrant, see Definition 2.2.21.

By Proposition 3.5.5, the homology of the complex Cy(E(1),(XALY)) is
isomorphic to the homology of the normalized complex N, (E(1),(X A
Y)). This means in practice that we will ignore degenerate simplices

when we construct the associated complex.
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(v) Consider a crowned diagram X € L as follows.

We have that for each i € Z/(2p — 2)Z
Zi = B(.(Xo)li] = B().-i(X,)

and

B, = E(1).(X5)li] = E(1):-i(X3,).

are objects of the splitting B, that is, the E(1),E(1)-comodules Z¢
and B! are concentrated in degrees = 0 (mod 2p — 2). Since e.g.
E(1),—;(X,) is concentrated in degrees = 0(mod 2p — 2) this implies
that E(1),(X¢,) is concentrated in degrees = —i (mod 2p—2). Similarly,
given another crowned diagram Y in £, with

Zi = B).(Y,)lj] = B(1)._,(¥;,)

*

and

Bl = BE(1).(Y5)j] = E(1).—(Y)

*

we have as above that E(1),(Y;;) and E(1),Y}s, are concentrated in de-
grees = —j (mod 2p — 2). Now given diagrams X,Y € L, assume that
for every i,j € Z/NZ and a € {f,(} the underlying E(1),-modules
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(vi)

(vii)

E(1).(X,,) and E(l)*(Ya;) are projective as F(1),-modules. So, from
Proposition 3.1.7, for any such pair we have that that the smash prod-

ucts X,, AF Yo,
B(1). (X, " Yay ) 2 B(1).(Xa,) @01y, B(L)(Yar).

Furthermore, FE(1).(X,, AL Yor) is concentrated in degrees = —i —
j(mod 2p — 2). Since objects in the split category B , see 3.4 are
concentrated in degrees congruent to 0 mod 2p — 2 and the definition

of the tensor product 3.1.6 we have that for n =14+ j
B(1)_n (X5, N Y) 2 B @ 29

Note that we have removed the grading in B® and Z7 above since we

have summed them up due to the tensor product.

The above is the reason that we will assume the hypothesis that the
diagrams X,Y € L are objectwse projective. We will see in Chapter 6
in the proof of the main Theorem, why this is a reasonable assumption

to make.

From the above discussion, it follows that if we have, for example,

Xp, N Yg, with i + j = n, then
B(L)n (X5, AY3) =0

for m # —n (mod 2p — 2).
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(viii) The category L;Sp is equipped with the E(1)-local model structure,
a left Bousfield localization of the stable model structure on Sp, see
Proposition 2.6.10. We equip L;Sp‘~ with the model structure of
Proposition 2.2.12. By Example 2.3.11, (L;Sp®~,A) is a monoidal

model structure.

4.5.6 The Start of the Proof

Now we are ready to start the proof of Proposition 4.5.2.

Proof. We will start by working out the spectral sequence (4.17). Recall the

poset pr /v, which looks as follows

Here i + j = n, and so the functor X A Y: pr/~, — L,Sp is
Xﬁi+1 NF YCi—l XC'L NE Y/Bj Xﬁi NF YCj XCi—l NE Y/Bj+1

NN SN SN

L L L
Xﬁ¢+1 A Yﬁj X/J’i A Yﬁj Xﬁi A Yﬁjﬂ

Our goal is to compute
H,(pr /v E(1)y(X A¥Y))  forallp>0andallq€Z

which form the E?-terms of the spectral sequence (4.17). In order to do so,
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we apply the homological functor E(1)_,(—) to the above diagram to get the
diagram

E(].)_n(X /_\]L Y) pr /771 - A= COHlOdE(l)*E(l).

By Discussion (v) the diagram E(1)_,(X A¥Y) looks as follows

Bitl @ ijl 7i® Ej Bi® Zj Bi-l g ZjJrl

SN NE NN

Bi® B

(4.19)

We write the morphisms as

fii=L®l: BB — 7@ B (4.20)

g; =101l B @B — B @Z (4.21)

to distinguish, for labeling purposes, the two different morphisms in the
simplicial replacement below. Notice that since B* and B’ and projective
E(1),-modules, they are flat automatically, hence the morphisms (4.20) and
(4.21) are monomorphisms. Next, we consider the simplicial replacement of

the diagram E(1)_,(X A" Y). We have the diagram

srep (E(1)_n(X A" Y)) : A% — A = Comodpq). p1).-
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Following Definition 2.4.14 we have that

step (E(1)-n(X AMY)), = €D ((Bi B)e (Zeb)e (B ® Zf))

step (E(1)_o(X A4 Y)), = @D <(Bi ® B);, @ (B @ Eﬂ‘)gi’j)

1+j=n

with face maps given by “source” and “target” respectively. Notice that

because of the shape of the poset pr/~,, for all m > 2, the simplices
srep (E(1)_,(X A" Y))m

consist of solely of degenerate simplices. Now we consider the associated

complex of the above simplicial object,
Co(B(1)-n(X AVY),

see Definition 3.5.2. We shortly explain the differential of the complex
C.(E(1)_,(X ALY)),

O=dy—dy: CL(E(1) (X A“Y)) = Co(E(1)_,(X AFY)).

Notice from (4.19), we can consider the simpler case where the diagram 4.19

looks as follows.
7i® B Bi® 7

‘fu\ 9ij

B ® B
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Then, the differential of the associated complex of the simplicial replacement

of the above diagram, in this simpler case, is as follows

Oy =dy—di: (B@B)® (B ®B)— (Be®B)& (Z @ B)& (B« Z)
(4.22)

(@, y) = (z+y, —fi(x), —g5(y)).  (4.23)

See Example 3.5.8. By Lemma 3.5.4 the Oth homology of the above complex
is just the pushout B! ®@ Z/ Hpiwn Z2° © Bi. The first homology is just

the kernel of the differential 0,

,;, given in (4.22). Since the maps f;; and

g;; are injective, this forces d;;(x,y) = 0 if and only if + = y = 0, which
implies the the first homology is 0. It follows from the diagram (4.19), the
differential O of the complex C,(E(1)_,(X A¥Y)) is the direct sum of the
above differentials 0;; for i +j = n. Now that we know the differential of the

complex C,(E(1)_,(X A Y)) we will compute its homology. The grou
p p gy group
Ho(pr /7a: E(1)a(X AV Y))

is the colimit of the diagram E(1)_,(X A¥Y’). By inspecting the diagram
E(1)_,(X ALY above we can see the colimit of the diagram is a direct sum

(coproduct) of pushouts, that is,

Ho(pr /7n; E(1)_n(X A¥Y)) = colim E(1)_,(X A Y)

pr/Tn
=P |7z |] BoZ
i+j=n BiQBJ
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Similar to the simpler case
Hi(pr /9n; B(1)-n(X A°Y))
is the kernel of the differential
do — dy: srep(E(1)_, (X A¥Y)); = srep(E(1)_n(X A¥Y))o.
Since it is a direct sum of the simpler differentials 0;; in (4.22), it follows that
Hy(pr /om; E(1) (X AVY)) = 0.
All the higher homologies
Hy(pr /93 B(1)-n(X A" Y))

vanish for all ¢ > 2.

Next we apply the homology functor E(1)_,_1(—) to the diagram X AL

Y: pr /v, — L1Sp and we have the diagram
E(l),n,l(X AL Y)I pr /7n — A= COIHOdE(l)*E(l)

SN NN
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Clearly,
Ho(pr /Yn; E(1)-n-1(X A*Y)) =0,

and

Hy(pr /7 EQ) -yt (X AEY)) = € B @ B

i+j=n+1
By the Discussion in (vii) it follows that for all p > 0 and all m # —n, —n —

1 mod 2p — 2), the terms
Hy(pr /705 B(1)m (X A" Y))

all vanish. This completes the computation of the E%-terms of the spectral
sequence (4.17). It is concentrated in degrees (0,m) and (1,m — 1) with
m = —n mod 2p — 2. Therefore the spectral sequence collapses and we have

a short exact sequence:

0— @ 7' B @ B®Z | = E(1)_.(E,)— GB B'®B =0
i+j=n BiQBJ i+j=n+1

(4.24)

This concludes the calculation of the spectral sequence (4.17).

We are moving on to calculate the spectral sequence (4.18). Recall the

poset J, from Example 4.4.6. It is a subposet of pr /(,, which is the following.

(CiJrl; <2'71)
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By Remark 4.4.7 the inclusion functor 6,,: J,, — pr /(, has a left left adjoint

L, see (4.14), and we have

E;, = hoc%im(x ALY & hocolim 6], (X ALY,
pr n n

see (4.15). So, instead of the spectral sequence (4.18) we can compute the

following spectral sequence
Hy(Jui (1) (0(X A" ¥))) = E(1)y(hocolim 05, (X A*Y))
since both converge to the same target, namely

E(l)*(hocJalim 05 (X NMY)) = E(l)*(h%S?}im(X AV Y)) = E(1).(E:,).

In fact this can be made stronger. The adjunction L: pr/{, = J,: 6, induces

a natural isomorphism
Ho(pr/Co; EJ(X A Y)) = Ho(J, 05 E, (X A2 Y)).

By Discussion (vii), and from the diagram J,, we only need to consider again
E(1)_n(—) and E(1)_,,—1(—). So, firstly we apply E(1)_,,(—) to the diagram
0x (X AMY) and get the J,-diagram in A

E(l)_n(QZ(X /\IL Y)) — .A = COH]OdE(l)*E(l)
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which looks as follows

7t ® ’szel 7'® Zj Zi-1 g Zi+1

N NN

From the above we get that

Ho(ui EQ) 03X 5-Y)) = €D 7' 2 7,

i+j=n

and

H,(Jy; E(D)_(05(X A" YY) =0, p> 1.

Next, we will apply the functor F(1)_,_1(—) and we get the diagram
E(1) o 1(6;(X A°Y)) = A = Comodpy. 5

which is as follows.

NN N

Bz+1 ® B] Bz ® B]+1

From the above we get that

Hy(Jo; E(1) 1 (05(XA°Y)) = €D B'oB

i+j=n+1

165



and

Hy(Jai EQ) -r (B5(X A2 Y)) =0 p=0and p > 2

This completes the computation of the E?-terms of the spectral sequence.
It is concentrated in degrees (0, m) and (1,m — 1) with m = —nmod 2p —
2. Therefore, the spectral sequence collapses and we have a short exact

sequence:
0= P 202 - EQ)_u(E,)—~ P BB —o. (4.25)
i+j=n i+j=n+1

Now that we have calculated both spectral sequences we can continue with
the proof. The map of posets ¢: pr /v, — pr/(, induces morphisms on
homologies of categories with coefficients E(1)_,(—) and E(1)_,_1(—) re-

spectively, i.e.,

H. (pr/ 30 E(D) (X R0 Y)) = H.(pr/Goi B(1)_p(X A" Y)) 2 H.(Ju B(1)_0(65(X 7*Y))

H.(pr/ 3 B(1) -1 (X AV Y)) = Hi(pr/Go; E(1) -t (X A"Y) 2= Ho (T3 E(1) - (6, (X A"

and the natural map E(1).(E,,) — E(1).(E¢,) which is induced by 1, is

compatible with the morphism of spectral sequences. Hence we have a mor-
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phism of short exact sequences.

0— @ (20 B lpep B ©Z) —EW)(B,)— @ B &b —0

i+j=n | i+j=n+1

0 P Ziwz E()_n(E,)— @ B ®B —0.
i+j=n itj=n+l
(4.26)

By naturality, the left vertical map is the direct sum of the pushout-product

maps

NON: |zl [ BeZ | —-2eZ.
Bi®Bi

By Lemma 4.7.6 the map AiDXj is injective which means that so is the direct
sum, i.e., the left vertical map. The short five lemma implies now that the
morphism

E(1)-n(Ey,) = E(1)-n(E,)

is an injection. In particular, E(1).(E,,) and E(1).(E,,) are concentrated
in the correct degrees and the induced morphisms E£(1).(E,,) = E(1).(E,)

are injections. This concludes the proof of the proposition. [

4.6 Cones of the New Diagram

Recall from Definition 4.4.2, and Corollary 4.5.3 we have the bifunctor

i*Lpr (=AY =) Lx L — L.
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Recall from (4.1), that for a diagram X € £ we defined

CHX) := E(1)s-n(cone(Xp,,, = X¢,)) = E(1)wn(cone(kn)).
The goal of this section, together with the next one, Section 4.7, is to prove
the following proposition.
Proposition 4.6.1. Let X,Y € L such that for every n € Z/(2p — 2)Z and
a € {f,(} the underlying E(1).-modules of
are projective. There is a natural isomorphism

Q(*Lpr (X AL Y)) = 9(X) @ Q(Y).

The above proposition will follow from Corollary 4.6.4 and Proposition

4.7.3.

4.6.2 Cones of the Diagram *F

In this subsection we will show that Q(i*E) is a good candidate for the
tensor product Q(X) ® Q(Y). We start with the following proposition. We
recall some notation for crowned diagrams.For X,Y € L;Sp°¥] we denote

the structure morphisms k;: Xg, ., — X¢, and k;: Ys,.,, — Y3

Proposition 4.6.3. Let X, Y, E as above and consider now i* E, the pullback

of E along i: Cy — Dy as an object of L. For everyn € Z/(2p — 2)Z there
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1$ a canonical isomorphism
» " ~ L 2
cone(i"Eg, ,, —i"E, ) = \/ cone(k;) N~ cone(k;).
i+j=n

Proof. Recall the slice categories of the functor pr: Cy x Cxy — Dy, namely
pr /p, see Example 4.4.3 and pr/~,, see Example 4.4.4. Below we reproduce

the functor

X AYY: pr/¢, — LiSp,

and the red color shows the image of the map of posets ¢: pr/v,+1 — pr /¢,

(Gir G5)
/ N\
CZ?/B] 5@74}
. (Bit1:¢) (Ci» Bjr1) o
Ny R
(Bi+1, B5) (Bi Bj+1)
(Bir, o) o

Recall from (4.9)

E¢, = hocolim(pr/¢, 5 Cy x Cy ﬂ> LiSp),

and we committed an abuse of notation by writing

hocolim(X A" YY) = hocolim 7*(X A" Y).
pr/¢n pr/Gn

Also, recall from (4.12) that the morphism E, ., — E, is the canonical
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morphism

hocolim ¢*(X A" Y') — hocolim(X A" Y)

pr /'YnJrl pr /Cn

which is induced by the map of posets ¢: pr /v,+1 — pr/¢,. The pullback
functor

¢*: Ho(L;SpP /") — Ho(L,SpP"/"+1)

has a left adjoint defined by the homotopy left Kan extension, see Proposition
2.5.7
L : Ho(LySpP /1) =2 Ho(L,SpP* /o) : ¢*.

The counit of the derived adjunction e: L¢¢p* — Id provides the canonical

natural transformation

exiiy: Loo* (X AMY) — X Ay, (4.28)

Lastly, since LL¢, is a homotopy left Kan extension, by Corollary 2.5.8, we

have the canonical isomorphism

hocolim ¢*(X A% Y) = hocolim Lé¢* (X A Y).

pr/Yn+1 pr/Cn
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So, the diagram X A¥Y: pr /¢, — L;1Sp looks as follows.

o A YCJ

A

Xpin NYp,
(4.29)

The diagram Lg¢*(X ALY) € Ho(LlSppr/C") is the following.

XQ-H A )/C] HXﬂ +1/\Y/3 +1 ¢ N Yﬁﬁ-l

Xﬁ A Yﬁa Xﬁz h
Xﬁerl A Yv(] \ / X A Yﬁ]+1

Xﬂz+1 A Yﬁj /\ YB]+1

Xﬁi+1 A Yﬂj+1
(4.30)

We briefly explain how we calculated the left homotopy Kan extension Lg¢* (X AL

Y'). From the formula (2.5.9) of calculating homotopy Kan extensions, we can
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calculate the homotopy left Kan extension L¢, at an object (c, ay) € pr/¢,

as follows

(Lepop* (X A= Y))(ar ) 2 hocolim(e/ (s, ) > pr/Amss —rs L,Sp).

Recall from Remark 2.4.7 the slice f/d = {c € C | f. < d} for a map of posets
f: C — D. For the object ((;, 5;), the slice ¢/((¢;, 5;)) consists only of the

object the object (5;41,;), which implies

(L¢!¢*(X A Y))(Ci:ﬁj) = X/Bi+1 A Yﬁj'

For the object (5;,(;) the argument is the same as above. For (5;, 3;) the

slice category ¢/(3;, B;) is empty which means

(L) (8,8,) = *.

For the object (;, (;) the slice category ¢/(((;, (;)) is the poset

ﬂz+1 C] <Z> ﬁ]+1

T T

(ﬁz-l-laﬁ] Bz—i—laﬁj—f—l /Bmﬁj-i-l)-

But the subposet

(5i+17 ﬁjﬂ) - (Ci, 5j+1)

|

(57;-1-17 <j)
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is homotopy final, which means
(Lono™ (X A Y))(Ci,Cj) = hOCQHm(X A Y),

that is, the homotopy colimit (pushout)

kA1
Xﬂi+1 A Yﬁj+1 - XCi A Yﬁj+1

1/\%]'[/
X5i+1 A }/Cj
Next, we calculate the cone of the natural transformation

exiy: Lo (X AMY) = X ALY

see (4.28), of diagrams in Ho(L;SpP”/*"). Recall the cone construction of a

natural transformation in a simplicial model category of diagrams from (2.5).

cone (EXK]Ly) : pr /¢, — LiSp

(cvs, ) — cone ((bg (X AL Y )(asar) = (X AL Y)(asm)) .

In other words, we are taking objectwise cones of the canonical map from

the diagram (4.30) to the diagram (4.29). This means that cone (exzLy) is
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the following diagram.

cone(k; 0% k;)

/ A\

C'A Y, Xg, A CY

(4.31)

Here, we have denoted provisionally

C" := cone(k;) = cone(X;1; — X¢,)

= cone(k;) = cone(Yj 1 — Y¢,)

due to spacing.

Next, we determine the homotopy colimit of the above diagram, that is, of
the diagram cone (5 XK]Ly). One way is to observe that the homotopy colimit
of the above diagram is isomorphic in Ho(L;Sp) to the homotopy colimit of

(finite) coproduct of squares

¥ Xp, NYp, ——cone(k;) A Yp, (4.32)

| l

X, A cone(k;) — cone(k; O* %J)

where we can consider the above as an object in Ho(L;Sp!*[M). Formally
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this is by taking the visually obvious map of posets f: [1] x [1] — pr/(, and

considering the pullback
1 Llsppr/én N Llsp[l]x[l}.

The poset [1] x [1] has the bottom right corner as a final object which im-
plies the homotopy colimit of the diagram (4.32) is naturally isomorphic to
cone(k; O %j) One can see this by noting that the inclusion of a terminal
object in a category is a right adjoint, and the result follows from Lemma
2.4.28. Hence the homotopy colimit over pr/(, is, up to natural isomorphism,
the coproduct

\/ cone(k; O* Cone(Ej)).

i+j=n
The other way of seeing it is by pulling back the above diagram to 6,,: J, —

pr /(.. We get the diagram

cone (ki1 Ok;j_4) cone(k; O k) cone(k;—1 O kj4q)

TR R TR

All in all, we have that the homotopy colimit of the diagram (4.31) is

hocolim (cone(e yzy) = \/ cone(k; O~ %J) (4.33)

pI‘/Cn 7,+]=’I'L

Finally, by Corollary 2.3.22, for each pair i, j € Z/NZ we have the canonical
isomorphism

cone(k; O* EJ) >~ cone(k;) A" cone(k;).
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The coproduct of these isomorphisms, together with (4.33) gives us that

hocolim (cone(e yzy)) = \/ cone(k;) A" cone(Ej).

pr/Cn i4j=n

We write the above calculations formally. In order to calculate the homotopy

cofiber (cone) of the morphisms i*Eg , — i*E,, it is the same thing to

calculate the homotopy cofibers E, . — E,.
cone (i*Eg,,, — i*E,) = cone (E,, ., — E¢,)

= cone (hocolim " (X A*Y) — hocolim(X AF Y))

Pr /Vnt1 pr/Cn

= cone (hocolim $1¢* (X A*Y) — hocolim(X AF Y))

pr/Cn pr/Cn

2~ hocolim (cone (gzﬁ;qﬁ*(X AY) — (X AF Y)))

pr/Cn

= \/ cone(k; (" %J)

i+j=n

= \/ cone(k;) A" COHG(E]‘)

i+j=n

We have the the following corollary.

Corollary 4.6.4. Let X,Y € L and E = Lpr (X AYY) and assume further-

more for every n € Z/N and a € {¢, 5}

E(1).(X,,) and E(1).(Ya.,) are projective E(1).-modules,
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then there is a canonical isomorphism in A = Comodg), p(1)

CI(i"E) = E(1)«—n(cone(i"Bp, ,, — i*E,)) = ) CLX)® CI(Y).

i+j=n

Proof. Given a crowned diagram X € L,Sp°Y recall that for every n € Z/N

we have the following distinguished triangle
kn L 1o}
Xg,., — X, = cone(k,) = XXg, ..

Applying E(1),_,(—) to the above distinguished triangle we have the short

exact sequence

ZMX) = CM(X) — BMY(X).

By our assumption, for « € {(,5} and every n € Z/N the comodule
E(1).(X,,) is a projective E(1),-module and therefore also Z"(X) and B"*1(X)
are projective F(1),-modules. By the long exact sequence of Ext(—,—) and
the characterization of projective dimension, see [10, Lemma 4.1.6], this

means that the
CHX) = E(1)i_p(conek,) are also projective F(1)-modules.

This means that also the unshifted E(1).(conek,) are projective E(1),-

modules for every n € Z/N. By Proposition 3.1.7,

E(1),(cone ky A" cone%t) = E(1).(conek,) ®pg(), £(1).(cone k)
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where we regard the right hand side as a comodule with the canonical co-

module structure on the tensor product, (3.3). By Proposition 4.6.1 we have

cone(i*Eg,,, = i"E¢,) = \/ cone(k;) AL cone(k;),
i+j=n

and applying the functor £(1).(—) we have

E(1).(cone(i*Eg, , — i"E,)) = E(1). < \/ cone(k;) A cone(/; ))

i+j=n

I

@ E(1),(cone(k;) A ConeEj)

i+j=n

o @ E(1).(conek;) ®E(1)*(COH€EJ')-

i+j=n

Shifting the above by [n] = [i + j] we have

CI(i*E) = €P CLX) e Ci(Y).

i+j=n

4.7 Differentials

4.7.1 Introduction

In the previous section, we showed in Corollary 4.6.4 that given diagrams

X,Y € L satisfying certain hypotheses we can construct naturally a new
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diagram *F € L such that

B> @) Cix) @ CY)
it+j=n
as graded objects, so the diagram i*E is a good candidate that models the
tensor product C?(X) ® C2(Y). The final step in order to show Proposition
4.6.1 is to prove that that the differentials of the complex C?(i*E) coincide
with the differentials of the tensor product C?(X)®C?(Y). That is, we have
to show that

CITE,d) = (C(X)® C*(Y), dg)

where dg is the differential of the tensor product of the complexes (Cg(X), d)
and (C2(Y),d). Before we move on to the proof, let us recall from Section
4.2 how the differentials of the complex Q(X) = (C?(X), d) are defined using
the structure morphisms of the crowned diagram X. So, let X € £ and we
will construct the morphism (differential) d": C*(X) — C*(X). Recall
Definition 2.2.31 of an elementary triangle associated to a map. We have the

following sequence.

cone(Xs,,, —= Xe,) 5 BX5,,, —=5 BXe L 2 Scone(Xs,., — X))
(4.34)

We apply the functor E(1)._,(—) to the above and we have.

d": C*(X) — B"™Y(X) — Z"Y(X) — CrH(X). (4.35)
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4.7.2 Reduction to the Case of Quasi-Periodic Disks

In this subsection we will discuss how it suffices to actually prove a much
simpler case. The following is based on Franke & Ganter, [18, Remark 7.2.4].
Let L2 € C*~2(B) and choose s € Z. Consider the following map of cochain

complexes

0 Ls——1I¢ 0 . (4.36)
S R
s—1 s s+1 s+2

. ds—2 L ds—l L ds L ds+1 L ds+2

where the top cochain complex is still considered as an object of C*~2(B)
The top cochain complex is the complex (D°L?®)*, and we denote the above
map as

frs: (D°L®)® — L°.

Under the equivalence of categories Q: £ — C*~2(B) there are objcts X’
and X in £ and a morphism F': X — X’ such that the morphism fj s is

realized as Q(F'). That means there are isomorphisms
QX)) = (L), QX =L°

and the following diagram commutes.

Q(F)
—

Q(X) Q(X")

«| lg

(D*L®)* T L*
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Let now M? be another cochain complex and let ¢ € Z. Similarly to (4.36)

we have the morphism
Farer (D'M')* — M®.

Again, under the equivalence Q there are crowned diagrams Y and Y’ and a

morphism G: Y — Y’ such that
o) = (DM, Q)= A

and the following diagram commutes.

o(v) 2L o(y)

«| l%

(DtMt)o M.

fae

Recall that the tensor product (D*L*)* ® (D'M")* has only three nontrivial

entries periodically, in which n = s + ¢.

((DSLS). ® (DtMt)o)n = L*® Mt
((D*L*)* @ (D'M")*)"™ = (L* @ M") @ (L* ® M")

n+2

((DsLs)o ® (DtMt)o) = I3 ® Mt

Tensoring the morphisms fr ; and fvz , we have the morphism of cochain

complexes

frs® farg: (DL°)* @ (D'MY)* — L* @ M
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which looks as follows.

L @ M!

(@MY e (LF@ M) —. .. (4.37)
(d°®id,id®d?)

— P Lo M b L'eoM

i+j=n i+j=n+1

Here the left vertical morphism is the inclusion of the (s, ¢)th summand, and

the right vertical map is the universal map out of the coproduct.

By Propositions 4.5.2 and 4.6.1 the diagrams i*pr, (X A*Y") and i*pr, (X' AL

Y’) are in £ and moreover, there are natural isomorphisms.

CMipr(X AV Y)) = P (DL @ (D'L')Y n={s+ts+t+1s+t+2}

i+j=n

(4.38)

C(ipr (X' AMY) = D Lo’ nel (4.39)
i+j=n

By the isomorphisms (4.38) and (4.39), if we show that the differentials of the
complex C?(i*pr)(X A Y')) are the same as the differentials on the complex

(D*L%)' @ (D'M?) we will have

Ce(i*pry(X ALY)) = (D*L*)' @ (D'MY).

If the above holds for every s,t € Z, by the isomorphism (4.39) and the

commutativity of the squares in 4.37 we will also have

Ce(i*pry( X' A YY) =2 L* @ M*
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and the following diagram commutes:

C*(i*pr (X AFY)) —— C*(i*pr (X' AL YY)

! J

(DsLs)o ® (DtMt)o - Lo ® M..

We note that the above argument holds if we consider L, M? as objects in

dA. This concludes the remark.

Following the above discussion, we move on to prove the case for disks.
Recall that the differentials on the disks are the identity morphisms hence

the differential for n = s + ¢ on the tensor product is

d": (D°L*) @ (D'MY))" = ((D*L*)* @ (D'MY)*)"" (4.40)
d": Lo M' — (L°@ M") & (L° @ M")

rRy— (z@y, (-1)lz®y)

and similarly for the other nontrivial differential. The complex (D*L*)* is

mapped via Q! to the following crowned diagram X € £

CONNNN, T

Here the non-trivial entries are at the (s + 1)-spot, i.e., X = X = A
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and ks: A — . To verify, we calculate

C*(X) = E(1),_s(cone(ks)) = E(1),_s(cone(A — %)) = E(1),_s(XA)

C*H(X) = E(1)s_s_1(cone(x — A)) = E(1),_s_1(A).
Furthermore, from the crowned diagram X above we have
d*=1:C5(X) — C5HH(X). (4.42)

A similar claim holds for (D'*M")*, which is mapped to a crowned diagram
Y in which Y, , =Y, , = A where the only non-trivial morphism is the

identity.

Proposition 4.7.3. Let X and Y be the objects of L that correspond to the

quasi-periodic disks (D*L®)* and (D*M?")*. Then
(C2(I"Lpry (X A7Y)),d) = (CH(X) ® C2(Y), dg)
where (C(X) ®@ Cu(Y),dg) is the tensor product of cochain complexes.

Proof. For technical reasons we consider Franke’s algebraic model as the cat-
egory of differential graded objects in A, see Definition 3.3.3. By the discus-
sion in Subsection 3.3.5 there is no loss of information since the equivalence

of categories

F: (CHA),®) — (dA,®)

is strong symmetric monoidal. By Proposition 4.5.2 and Proposition 4.6.1
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we can construct a diagram
E = Lpr(X A" Y) € Ho(L,Sp™V),

such that

i*E € L and cone(i"Eg, ., — "E,,) = \/ cone(k;) A cone(%j).

i+j=n

For convenience we will write
E: i"Bg, ., — 1", and Iy i"Eg, — E¢,

for the structure maps of the diagram i*FE. Recall from (4.34) that the
differential C"(i* E) — C™1(i*E) is obtained by applying F(1)._,(—) to the

composition of maps
cone(ky,) = Si*Eg,,, — Si*E,,, — Scone(kni1). (4.43)

This is the same as the composition of maps

~

cone(k,) = SE., ., — YEc, ., — Ycone(kyi1).

In+1

By Proposition 4.6.1, we have:

~

cone(kyss) = cone(ky) A" cone(ky)

~

cone(kgity1) = (cone(ks+1) A cone(%t)) \Y (cone(ks) A cone(%tﬂ)) ,
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and the rest are trivial maps due to the structure of the crowned diagrams

X and Y. Directly from the structure morphisms of the crowned diagrams

X and Y we have

~

cone(ksi) = (SA) A (SA)
cone(kysi41) = (A A EZ) Y (EA A ﬁ) .

So, it remains to compute the values E, .,

E¢ ., Ec,.,,, and the map
E

vortsr — Eeoyrr- The map

— Ee,..) = cone(EsH) — YE

cone(FE ettt

Vs+t+1

is the canonical map cone(ks ;) — S A¥ E see Definition 2.2.31. Simi-

Vs+t+1

larly, the map

B h — Scone(ksiii1)

is the suspension of the canonical map Ee,_,,,, — cone@sﬂﬂ) = cone(E¢,,,,, =
E¢,....), see again Definition 2.2.31. To compute the above, let us recall from
Example 4.4.6 the poset J,, with inclusion 6,,: J,, < pr/(,, which has a left
adjoint L: pr/(, — J,, and which for ¢ + 7 = n modulo 2p — 2 looks as

follows.

(<z+1 CZ

(Bi+1, B5) (Bis Bj+1)
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Also, recall from Example 4.4.4 the poset pr /7,, which for i + 7 = n looks

as follows.

(Bi—i—la Ci—l) (Cza B]) (ﬁla CJ) (Ci*l? /8j+1)

So, we have

Eh:hm?MHXKLYEHm%MmﬂﬁXKLYL
pr/Cn n

E,, = hocolim(X A" Y).

Pr/Yn
Furthermore, the maps
Ew,yn_,'_1 — Ecn and E’Yn+1 — ECn-H

are the maps of homotopy colimits induced by the map of posets
Y pr/Ynt1 = pr /G and @ pr/vns1 = Pr/Gusa
respectively. For the following we set ¢ = s + t. The diagram
0:(X A“Y): Jy — LiSp

consists only of * hence £, = E¢,,, = x. Continuing with calculating F¢,_,, =

Ec,.,,., we have the poset Joy1. The diagram 6}, ,(X A"Y) € Ho(L,Sp’*+")
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looks as follows.

NSNS\

ANA (4.44)

Here, there only non-trivial entry is at (f8s,1, 8;11). From the diagram above

we get

Ee..,.y = Ec,,, = hocolim(X A"Y) = ho;ohm@ (X AMY) 2 TAA A

pr/Cg+1

and E

Yq+2°

We continue to do the same (briefly) for £, | E Recall the

Yq+1

poset pr/7, from Example 4.4.4, which for i + j = n looks as follows.

(Bit1,Gie1) (Gi» Bj) (Bi, Gj) (Gi—1, Bj+1)

The value E

Ya+2

is the homotopy colimit of the diagram XALY" € Ho(L,SpP/s+2)

which is

VAV AN NVAN

(4. 45
The non-trivial entries are at the places (Ss+1, fi+1) (the bottom), (Csu1, Bra1)

(on the left) and (Bsi1,(+1) (on the right) and the non-trivial morphisms
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are identities as shown. Hence F. ~ AN A. Similarly, we have

Yn+2

E,, = hocolim(X A" Y) & x

Pr/vq

= hocolim(X A¥Y) =~ DA A A.

pr/’7q+1

E

Yq+1

Let us move on to calculate the map cone(Eq) — S'AE From Definition

Va+1°
2.2.31 we have the pushout square
kg
E’Yq+1 ECq
(I,O)NE,  , — cone(if\q)
"
S'AE, .,

which based on our computations above is the following

S(ANA) x

| |

(I,0) AS(A A A) — cone(ky,)

STAS(AA A).

Recall from Proposition 4.6.3, (4.33), and Corollary 2.3.22 there is a series

of canonical isomorphisms

~

cone(%q) = cone(kyys) = cone(k, 0% k;) = cone(k,) A cone(ky).

189



In our particular case for diagrams X and Y such that ks: A — A and

k: A — * this is
cone(Eq) >~ cone(k, 0" k) 2 S2AAN A~ DA ASA 2 cone(k,) A" cone(ky).

This implies that the universal map out of the pushout (the dotted map) is

the identity map. Thus, the map

~

cone(k,) - XE

Yq+1

is the map YA A DA - Y2(AN X) which is the composition of the canonical
map described above and the identity map. From the posets above we can

see directly that the map

-~

lq+1 )

Ya+1 - E<q+1

is the identity map induced by

¢ pr /7q+1 — pr/CqH-

Therefore the map
Slpe1: E

Yg+1 — ZECqH

is the identity map
1: 22(ANA) = S2(AA A).
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Lastly it remains to figure out the map

Ec, ., — cone(kyq1) = cone(E,, .,

— ECqul)'

Recall from the proof of Proposition 4.6.1 that cone(EqH) can be written as

a homotopy colimit.

cone(EqH) = hocolim (cone(exzy))
pr/Cq—O—l

where ¢: pr/v,42 — pr/(,+1 and where ¢ is the counit of the derived ad-
junction (Lé¢y, ¢*). Pulling back the diagram cone(eysry) to J,41 with the

inclusion 0,41: J,11 — pr/¢,+1 we get the diagram

ANTA SAAA

NN\

with non-trivial entries at ((si1,() and ((s, (1) respectively. Recall the

diagram 6%, | (X AY): J4q1 — LySp from (4.44)

SN NSNS\

ANA

The only non-trivial entry is at (8511, 8i41), left top being ({511, (;) and right

top being ((s, (r4+1). Because of the shape of the underlying posets and the
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map, we can safely ignore the trivial entries, so the map

o~

E, ., — cone(kyi1)

Yq+1

can be taken as the map of homotopy pushouts
hocolim(x <— A A A — %) — hocolim(A A $A + « — AN A)
induced by the following map of pre-pushout posets.

*

|

AANTA

*

|

YANA.

ANA
l

Now consider the above map of diagrams and the following map at the bot-

tom.
I ANA >|L<
AWZZ v Eﬂfﬁ
SAAA ¥ SAANA

a Here 7 is the map
ANSA=AN(S"ANA) 2 (AANSHAA TS (S"AAANAZSANA

(The first map is the associativity isomorphism.) By Lemma 4.7.5, the in-
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duced map of homotopy colimits is up to weak equivalence the diagonal map
diag: SAA A — (SANA)V (SANAA).

Hence, the map (4.43) is up to weak equivalence the diagonal map but with
a sign introduced by the twist map as above. This implies that that indeed
the differential

ds+t: Cs+t<i*E) N Cs+t+1<i*E)
coincides with the differential of the tensor product of

s+t+1

(('rye (tht)>s+t - (1) o (D))

We do not need to consider the other differential, namely to check that the
differential

ds—l—t-i—l . Cs+t+1(i*E) N Os+t+2(i*E)
coincides with the differential

) s+t+1 ) s+t+42

((DSLS) ® (D'LY = ((DSLS) ® (D'LY

since by construction (C?(i*E), d) is a cochain complex and that means that

by necessity d**'*! o d*** = 0. This concludes the proof. O

4.7.4 Technical Lemmas

In this subsection we prove two technical lemmas that are used in the the

proofs. We put them here so they do not disrupt the flow of the proofs. The
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first lemma shows that the canonical map from a suspension of a spectrum
to the wedge product of suspensions is, up to natural isomorphism, the di-
agonal map. The second lemma shows that the pushout-product of injective

morphism is injective in the abelian category of E(1),-modules.

Lemma 4.7.5. Let X be a spectrum and consider the following map of ho-

motopy pushouts.
hocolim(* <= X — %) — hocolim(XX + %« — XX)

Then the above map is, up to isomorphism in Ho(Sp) the diagonal map

diag: XX — XX VXX

Proof. Let CX = (1,0) A X be the cone of X and let i: X — CX be the
canonical inclusion (this is an h-cofibration). We choose a model for ¥X as

the homotopy pushout
YX = hocolim(CX + X — CX).

In fact, this we can take this to be the ordinary pushout colim(CX + X —
CX) since i: X — CX is an h-cofibration and the gluing lemma. From
the model that we chose for the homotopy pushout, that is, the following

pushout
X —CX

|

CX — XX
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the two maps CX — XX are the inclusions of the top and bottom “hemi-

spheres®’. From this model we get directly that the induced map on pushouts

CX «+* X ‘s 0Xx

S

YX < * s XX

where w: I — S! is the projection is indeed the diagonal map diag: X —
X VX X. Hence, the induced map of homotopy pushouts is the diagonal

map up to natural isomorphism. ]

Lemma 4.7.6. Let X, Y, U,V be projective E(1).-modules and let f: X —Y
and g: U — V be injective E(1).-module maps. Then the pushout-product

map f g is injective.

Proof. Since g: U — V is a monomorphism we have the short exact sequence
0—>Ui>Vi>cokerg—>O.

Notice that the dimension of the abelian category F(1).-modules is 1, which
implies that coker g is a projective module since it is a submodule of V. Since

X is flat, X ® — is an exact functor which means the sequence

0—>X®U§%X®V—1§Z>X®Cokerg—>0
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is short exact. Consider the diagram

0—>X®UﬂX®Vﬁ>jX®cokerg—>O

o

0—Y&®U P X ® coker g ——0

H ngj Lf@l

0—>Y®UT€)Q>Y®V—1®7Y®COI{GIQ—>O

where P is the pushout of 1 ® g and f ® 1. Since the top left square is

cocartesian, the canonical map

coker(1 ® g) — coker(Y ® U — P)

is an isomorphism so the middle row is also exact. Notice now the morphism

f®1: X ®cokerg — Y ® coker g,

which is the right bottom vertical arrow, is injective since coker g is projective.

Now applying the snake lemma gives us that f [ g is a monomorphism.
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Chapter 5

Homotopy Colimit Calculations

5.1 Introduction to the Chapter

In this short chapter we will deal with the right half of the diagram (1.3).

The goal of this chapter is to prove the following theorem.

Theorem 5.1.1. For any pair of diagrams (X,Y) € Ho(L,Sp“)xHo(L,Sp‘Y),

the homotopy colimit of the Cy-diagram
i*Lpr (X A¥Y) € Ho(L;Sp™)

1s naturally isomorphic to the smash product of the homotopy colimits of X

and Y, that s,
hocolim (¢*Lpr, (X A*Y)) = hocolim X A" hocolim Y.
CN ’ CN CN

We will prove the above theorem by breaking it apart into smaller easier
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to prove lemmas that we explain in the section below.

5.2 Calculations

Recall the diagram (1.3). In the previous chapter we showed that the left half
side of the diagram commutes up to natural isomorphism. In this chapter we
will deal with the right half side of the diagram and show that it commutes

up to natural isomorphism.

Ho(L,Sp“) x Ho(L,Sp“Y) —= Ho(L,Sp)

(ney

~L

)(~)

hD

Ho (L, Sp“ e
pry
Ho(LlspDN)

¥

Ho(L,Sp*)

hC N

Ho(L,Sp)

Let us briefly recall all the functors involved.

(i) The top horizontal functor is the smash product of homotopy colimits

of crowned diagrams, that is,

hocolim X A hocolim Y,
Cn Cn

(ii) The first vertical functor is the derived functor of the objectwise smash
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products of crowned diagrams
— AF —: Ho(LSp™) x Ho(L;Sp®) — Ho(L;Spy*e~)

see (4.7),

(iii) The second vertical functor is the homotopy left Kan extension along

pr: Cy x Cy — Dy,

Lpr /(- Ak —): Ho(LlSpCNXCN) — Ho(LlspDN),

(iv) The third vertical functor is the pullback functor i*: Ho(L;Sp™™) —

Ho(L,Sp“Y), induced by the functor i: Cy — Dy.

(v) The first diagonal functor is the homotopy colimit functor

hocolim: Ho(L;Sp“¥*~¥) — Ho(LSp).

CNXCN

(vi) The second diagonal functor is also the homotopy colimit functor

ho%olim: Ho(L,Sp”") — Ho(L,Sp).
N

(vii) The bottom horizontal functor is again the homotopy colimit functor

ho%olim: Ho(L,Sp“~) — Ho(L,Sp).
N

(viii) finally, the right vertical functor is just the identity functor.
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By Corollary 4.5.3 given crowned diagrams X,Y € L satisfying certain hy-

potheses, we have that *Lpr, (X ALY Y) € £. So we can rewrite the above

diagram as follows.

L x L ——— Ho(L,Sp)

AL /
~

Ho(LySp™v ev)
Lpr, (5.1)

HO(LlsPDN)

i*

2

L ——— Ho(LSp)

Lemma 5.2.1. The top triangle commutes, that is,

hocolim X A¥ hocolimY 2 hocolim(X Ak Y).
Cn Cn CnXCn

Proof. This follows from Corollary 2.3.26 as a direct application for C =D =

Cn O
Next, we deal with the middle triangle.

Lemma 5.2.2. The middle triangle commutes, that is,

hocolim(X A¥Y) = ho%olim Lpr, (X A¥Y).
N

CNXCN

Proof. This follows directly Corollary 2.5.8 as a direct application for the

map of posets pr: Cy x Cy — Dy. n

The last lemma that we need is the following.
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Lemma 5.2.3. The bottom triangle commutes, that 1s,

hocolim 7" F = hocolim E.
CN DN

We will prove the above lemma by proving that the functor i: Cy — Dy
is homotopy final, see Definition 2.4.24. By Remark 2.4.26, given a diagram

E € Ho(L,Sp™), to check that the canonical morphism

¢;: hocolim¢*FE — hocolim E

Cn Dy

is an isomorphism it suffices to check that for any n € Z/(2p — 2)Z and any

a € {(,v, B} the slice categories

an/i ={al, € Cy:i(a)) > an}

of the functor i: Cy — Dy are contractible. Recall from Remark 2.4.27

Quillen’s criterion.
Proposition 5.2.4. The functor i: Cy — Dy is homotopy final.

Proof. We will prove the above proposition by applying Quillen’s criterion
of conical contractible posets [36, Section 1.5]. First, we identity the slice
categories (,/i,7,/i and (3, /i and then we will check that they are indeed

conically contractible. We start first with (,/i. By definition

Qn/Z = {an € Cy: Z(an) > Cn} = {gn}

Since this poset contains only one element it is is obviously contractible. The
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next slice categories are of the form ~, /i. By definition,

which is the poset
Cn,]_ Cn

N

B

We choose 3, and Id: v, /i — =, /i. Directly from above we can see that v, /i

is conically contractible. The last case are the slices (3, /i. By definition,

Bn/l - {an S CN: Z<an) Z Bn}7

which is the poset

Cn—1 Gn
N
Bn Bn

We choose f,, and the map of 3,/i — (,/i as follows, (,—1 — (o1, (y —
Gy Br-1 = Ca—1, Bn = Bn. With these choices, we can see that the poset 3, /i

is conically contractible. O]

Finally we end with a short proof of Theorem 5.1.1. By combining Lemma
5.2.1, Lemma 5.2.2 and Lemma 5.2.3, we get that all the smaller triangles in
(5.1) commute. Combined, we have that the whole diagram (5.1), commutes

and the proof is concluded.
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Chapter 6

Franke’s Realization functor R

1s a ®-functor

In this last chapter we will at last prove our main theorem. We will combine

the results of Chapters 4 and 5.
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6.1 Proof of the Main Theorem

Before we move to the proof we recall the following diagram which summa-

rized our overall strategy.

DY(A) x D*(A) === Ho(L;Sp*Y) x Ho(L;Sp“¥) — Ho(L;Sp)  (6.1)

Ho(LlspCN XCN) .
ocohmDN
—@Lk— L pry=HoLanp, =
Ho(L,Sp™™)
La*
Q71
D(A) Ho(L,Sp“Y) , Ho(L,Sp).
I5) hocolime y;

Recall from Section 3.4 that we consider Franke’s algebraic model to
be the model category C'(A)qproj- This model category together with the

tensor product (C'(A)qproj; ®) is a monoidal model category. Also, recall

that R = hocolim¢, cQ ™.

Theorem 6.1.1. The realization functor R: (D'(A), @) — (Ho(L:Sp), AL)
1s a ®-functor, i.e., it preserves the monoidal products up to a natural iso-

morphism

R(C* @ D?) =2 R(C?) N R(D?).

Proof. Let M? and N be objects in D'(A) = Ho(C*(A)qproj)- By our Con-

vention 2.2.2; both objects are cofibrant. Since M is cofibrant, the functor

M*. & —: Cl(A)q.proj — Cl(A)Q»PYOj
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is a left Quillen functor, see [21, Remark 4.2.3], which means it preserves cofi-
brant objects. Since both objects are cofibrant, the tensor product M? @ N?
represents the derived tensor product in (D'(A),®"Y) and in particular it
also cofibrant. Recall from Definition 3.4.6, that the cofibrant objects in
C'(A)qproj are the same as those in C'(A)yelproj, see Lemma 3.4.5. This
means that M?, N? and M? ® N? are in particular degreewise dualizable
E(1).E(1)-comodules and hence by Lemma 3.2.2 they are degreewise pro-

jective as F(1),-modules.

We recall some notation from Section 4.2. Given a crowned diagram

X e LlspCN

we set
ZHX) = E()n(X¢,), BIX) = E(1)en(Xp,), CHX) = E(1)sn(cone(Xg,,, = Xc,)).
Next we recall Franke’s functor Q (4.2)
Q: L — C*2(B)x=C'(A)
that constructs an object C2(X) € C*~%(B) = C!(A), i.e.,

d-1 d° dt d?
N G e W Ghit W O S
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We use the notation Z!'(X) = kerd" and B} = imd".

By the discussion above, for the twisted complex M? for any n € Z the
underlying E(1),-module M is projective. Notice that the global homolog-
ical dimension of the abelian category of Z,[vi, vy !-modules is equal to 1,
ie.,

dim Z,[v1, 07" = 1,

which implies that any submodule of a projective Z [v1, vy l-module is itself
projective. Hence, any submodule of M is a projective F(1),-module. In
particular, the submodules ker d” and im d"~! of M are projective E(1),-
modules. Under the equivalence of the abelian categories C'(A) = C*~2(B),
the kernels and images of the differentials are also projective for M? €
C?*7%(B). In similar fashion, the kernels and images of the differentials of
the complex N? are all projective E(1),-modules. Let now Q! be an in-

verse to Franke’s Q functor and we let

X = QM) Y= QUN),

By our discussion above, it follows that for the crowned diagrams X and Y,
for any n € Z/(2p — 2)Z and « € {3, (}, the underlying E(1)-modules of the
E(1).E(1)-comodules,

E(1).(X,,) and E(1).(Y,,)

206



are projective. Now, by Theorem 4.3.1
Q(*Lpry(X A" Y)) 2 Q(X)® Q(Y) = M ® N
that is, the left hand side of the diagram (6.1) commutes. By Theorem 5.1.1
hocc(])vlim (#*Lpr (X AV Y)) = ho%(])vlimX AV ho%(])vlimY.

that is, the right hand side of the diagram (6.1) commutes. Finally, Franke’s

realization functor (4.3) is defined by
R = hocolimoQ~!
Cn

and the proof is concluded.
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