ORTHOGONAL SPECTRA AND STABLE HOMOTOPY THEORY

STEFAN SCHWEDE

ABSTRACT. These are course notes for the class Algebraic Topology II taught by the author at Bonn
University in the summer terms 2022 and 2026.

CONTENTS
Introduction 1
1. Sequential spectra and stable homotopy groups 3
2. Orthogonal spectra 18
3. Basic examples and constructions 26
4. Ring and module spectra 29
5. Cofibration categories 40
6. The stable homotopy category 55
7. Triangulated categories 65
8. Thom spectra and bordism 79
Exercises 99
References 103
INTRODUCTION

These notes aim to develop into an introduction to the foundations of stable homotopy theory and
‘algebra’ over structured ring spectra, based on orthogonal spectra. One possible road towards ‘spectral
algebra’ is an associative and commutative smash product on a good point-set level category of spectra,
which lifts the well-known smash product pairing on the homotopy category. Between the mid 1990’s until
around 2010, this was the preferred approach, and it is the path we will take in these notes. In recent years,
the higher categorical approach pioneered by Lurie [24, 25] has become increasingly popular and versatile.
And as more and more foundations are being worked out in this language, the theory grew more and more
powerful; in the long run, I expect the higher categorical approach to prevail. Still, higher categorical theory
demands a substantial intellectual investment for learning the basic formalism, and a model based approach
should continue to have its merits.

We begin with a quick historical review and attempt at a motivation. A much more comprehensive
and detailed history and of the early days of stable homotopy theory with many more references can be
found in May’s [32]. The first construction of what is now called ‘the stable homotopy category’, including
its symmetric monoidal smash product, is due to Boardman [4, 5] (unpublished); accounts of Boardman’s
construction appear in [51], [48] and [1, Part III] (Adams devotes more than 30 pages to the construction
and formal properties of the smash product).

To illustrate the drastic simplification that occurred in the foundations in the mid-90s, let us draw an
analogy with the algebraic context. Let R be a commutative ring and imagine for a moment that the
notion of a chain complex (of R-modules) has not been discovered, but nevertheless various complicated
constructions of the unbounded derived category D(R) of the ring R exist. Moreover, constructions of
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the derived tensor product on the derived category exist, but they are complicated and the proof that the
derived tensor product is associative and commutative occupies 30 pages. In this situation, you could talk
about objects A in the derived category together with morphisms A ®% A — A, in the derived category,
which are associative and unital, and possibly commutative, again in the derived category. This notion may
be useful for some purposes, but it suffers from many defects — as one example, the category of modules
(under derived tensor product in the derived category), does not in general form a triangulated category.

Now imagine that someone proposes the definition of a chain complex of R-modules and shows that
by formally inverting the quasi-isomorphisms, one can construct the derived category. She also defines
the tensor product of chain complexes and proves that tensoring with suitably nice (i.e., homotopically
projective) complexes preserves quasi-isomorphisms. It immediately follows that the tensor product descends
to an associative and commutative product on the derived category. What is even better, now one can
suddenly consider differential graded algebras, a ‘rigidified’ version of the crude multiplication ‘up-to-chain
homotopy’. We would quickly discover that this notion is much more powerful and that differential graded
algebras arise all over the place (while chain complexes with a multiplication which is merely associative
up to chain homotopy seldom come up in nature).

Fortunately, this is not the historical course of development in homological algebra, but the development
in stable homotopy theory was, in several aspects, as indicated above. In the stable homotopy category
people could consider ring spectra ‘up to homotopy’, which are closely related to multiplicative cohomology
theories. However, the need and usefulness of ring spectra with rigidified multiplications soon became
apparent, and topologists developed different ways of dealing with them. One line of approach uses operads
for the bookkeeping of the homotopies which encode all higher forms of associativity and commutativity,
and this led to the notions of A..- respectively Eo-ring spectra. Various notions of point-set level ring
spectra had been used (which were only later recognized as the monoids in a symmetric monoidal model
category). For example, the orthogonal ring spectra had appeared as .7, -prefunctors in [31], the functors
with smash product were introduced in [6] and symmetric ring spectra appeared as FSPs defined on spheres
in [17, 2.7).

At this point it had become clear that many technicalities could be avoided if one had a smash product
on a good point-set category of spectra which was associative and unital before passage to the homotopy
category. For a long time no such category was known, and there was even evidence that it might not
exist [23]. In retrospect, the modern spectra categories could maybe have been found earlier if Quillen’s
formalism of model categories [36] had been taken more seriously; from the model category perspective, one
should not expect an intrinsically ‘left adjoint’ construction like a smash product to have a good homotopical
behavior in general, and along with the search for a smash product, one should look for a compatible notion
of cofibrations.

In the mid-90s, several categories of spectra with nice smash products were discovered, and simultane-
ously, model categories experienced a major renaissance. Around 1993, Elmendorf, Kriz, Mandell and May
introduced the S-modules [14] and Jeff Smith gave the first talks about symmetric spectra; the details of
the model structure were later worked out and written up by Hovey, Shipley and Smith [19]. In 1995, Ly-
dakis [26] independently discovered and studied the smash product for I'-spaces (in the sense of Segal [43]),
and a little later he developed model structures and smash product for simplicial functors [27]. Except for
the S-modules of Elmendorf, Kriz, Mandell and May, all other known models for spectra with nice smash
product have a very similar flavor; they all arise as categories of continuous (or simplicial), space-valued
functors from a symmetric monoidal indexing category, and the smash product is a convolution product
(defined as a left Kan extension), which had much earlier been studied by the category theorist Day [10].
This unifying context was made explicit by Mandell, May, Schwede and Shipley in [30], where another ex-
ample, the orthogonal spectra were first worked out in detail. The different approaches to spectra categories
with smash product have been generalized and adapted to equivariant homotopy theory [12, 28, 29] and
motivic homotopy theory [13, 20, 21].

There are already several good sources available which explain the stable homotopy category, starting
with Adams’ classic [1], and including [2, 38, 46]; these references do not focus on structured ring and
module spectra, though. The monograph [14] by Elmendorf, Kriz, Mandell and May develops this theory
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in one of the competing frameworks, the S-modules, in detail. It has had a big impact and is widely used,
for example because many standard tools can simply be quoted from that book. The theory of orthogonal
spectra is by now also highly developed, but the results are spread over many research papers. The aim of
these notes is to collect some basic facts about orthogonal spectra in one place, and use them to introduce
the stable homotopy category as a tensor triangulated category. Needless to say that the tensor triangulated
category stable homotopy category is only a shadow of the ‘true’ structure, i.e., the symmetric monoidal
stable co-category of spectra. . .

Prerequisites. As a general principle, I assume knowledge of basic algebraic topology and unstable
homotopy theory. On the other hand, no prior knowledge of stable homotopy theory is assumed. In
particular, the eventual plan is to define the stable homotopy category using orthogonal spectra and develop
its basic properties from scratch.

Conventions. Throughout this book, a space is a compactly generated space in the sense of [33], i.e., a
k-space (also called Kelley space) that satisfies the weak Hausdorff condition. Two extensive resources with
background material about compactly generated spaces are Section 7.9 of tom Dieck’s textbook [49] and
Appendix A of the author’s book [40]. Two other influential — but unpublished — sources about compactly
generated spaces are the Appendix A of Gaunce Lewis’s thesis [22] and Neil Strickland’s preprint [45]. We
denote the category of compactly generated spaces and continuous maps by T.

It will be convenient to define the n-sphere S™ as the one-point compactification of n-dimensional eu-
clidean space R™, with the point at infinity as the basepoint. We will sometimes need to identify the
1-sphere with the space [0, 1]/{0, 1}, the quotient space of the unit interval with identified endpoints. The
precise identifications do not matter, but for definiteness we fix a homeomorphism now. Our preferred
homeomorphism is

20 — 1
x(1—2) "

Here the understanding is that the formula describes the function on the open interval (0,1) (which is
mapped homeomorphically to R), and that the map extends continuously to the quotient space by sending
the identified endpoints to the point at infinity in S*.
The topological spaces we consider are usually pointed, and we use the notation 7, (X) for the n-th
homotopy group with respect to the distinguished basepoint, which we do not record in the notation.
Acknowledgments. I would like to thank Phil Piitzstiick for spotting many typos in earlier version of
the document, and for suggesting improvements of the exposition.

t ¢ [0,1)/{0,1} — S', z+—>

1. SEQUENTIAL SPECTRA AND STABLE HOMOTOPY GROUPS

Definition 1.1. A sequential spectrum consists of a sequence of pointed spaces X,, and continuous based
maps o,: S' A X,, — Xy, for n > 0. A morphism f: X — Y of sequential spectra consists of
based maps f,: X,, — Y, for n > 0, which are compatible with the structure maps in the sense that
fianoon =0,0(SYA f,) for all n > 0. We denote the category of sequential spectra by Sp™.

We refer to the space X,, as the n-th level of the sequential spectrum X.

Construction 1.2 (Stable homotopy groups). Primary invariants of spectra are their homotopy groups:
for k € Z, the k-th homotopy group of a sequential spectrum X is defined as the colimit

m(X) = colimy, T4k (Xn)
taken over the stabilization maps defined as the composite

STA— (0n)«
7rn+k(Xn) — TMi4n+k (Sl AXn) U—> 7T1+n+k(X1+n) .
If k is negative, then the colimit system is only defined for n > —k. For large enough n, the set m,11(X,)
has a natural abelian group structure and the stabilization maps are homomorphisms, so the colimit 7 (X)
inherits a natural abelian group structure.
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Example 1.3 (Sphere spectrum and suspension spectra). The sphere spectrum S is given by S,, = S™, the
n-sphere. Then structure maps
o, @ STAST — glin
are the canonical homeomorphisms.
Every pointed space K gives rise to a suspension spectrum %°° K with values

(S®°K), = S"ANK .

The structure map o,: S' A S* A K — S A K is the smash product of the canonical homeomorphism
with K. For example, the sphere spectrum S is isomorphic to the suspension spectrum £*°S5%. A sequential
spectrum X is isomorphic to a suspension spectrum (necessarily that of its zeroth space Xy) if and only if
every structure map o,: S* A X,, — X1, is a homeomorphism. The homotopy group

T (K) = 1 (Z°K) = colimy, mp4x(S™ A K)
is called the k-th stable homotopy group of K. If K is a well-pointed based space, (i.e., the inclusion of
the basepoint {ko} — K has the homotopy extension property in the category T of unbased spaces),
then S™ A K is (n — 1)-connected, see for example [49, Corollary 6.7.10]. So the groups 7 (3X*°K) vanish
in negative dimensions, i.e., the suspension spectrum 3*°K is connective. For example, every space that
admits a CW-structure is well-pointed for every choice of basepoint.

The homotopy group 7 (S) = colim,, 7, +x(S™) is called the k-th stable homotopy group of spheres, or
the k-th stable stem, and will be denoted 7}. The group =}, is trivial for negative values of k. The degree of
a self-map of a sphere provides an isomorphism 7§ = Z. For k > 1, the homotopy group =3, is finite. This
is a direct consequence of the Freudenthal’s suspension theorem and Serre’s calculation of the homotopy
groups of spheres modulo torsion, which we recall without giving a proof.

Theorem 1.4 (Serre). Let m >n > 1. Then

T (S™) & {

Thus for k > 1, the stable stem m}, = m(S) is finite.

(finite group) ®Z  if n is even and m = 2n — 1
(finite group) else.

As a concrete example, we inspect the colimit system defining 7§, the first stable stem. Since the universal
cover of S is the real line, which is contractible, the theory of covering spaces shows that the groups 7, 5"
are trivial for n > 2. The Hopf map

n o S CC2\{o} 2% Cp!xg?

is a locally trivial fiber bundle with fiber S*, so it gives rise to a long exact sequence of homotopy groups.
Since the fiber S' has no homotopy above dimension one, the group m3S? is free abelian of rank one,
generated by the class of 1. Here, and throughout the book, we identify the complex projective space CP!
with the 2-sphere S? via the homeomorphism from S? to CP! that sends (x,y) € R? to [z + iy, 1] € CP!
and the point at infinity in S? to the line [1,0].

By Freudenthal’s suspension theorem the suspension homomorphism — A S1': 73(5?) — 74(S?) is
surjective and from 74 (S?) on the suspension homomorphism is an isomorphism. So the first stable stem 75
is cyclic, generated by the image of i, and its order equals the order of the suspension of 1. On the one hand,
7 itself is stably essential, since the Steenrod operation Sq? acts non-trivially on the mod-2 cohomology of
the mapping cone of 7, which is homeomorphic to CP2.

On the other hand, twice the suspension of 7 is null-homotopic. To see this we consider the commutative
square

(z,9) 8"  ,Cp! [ : Y]

[l 1]

(z,y) 8 ————CP'  [z:7]
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in which the vertical maps are induced by complex conjugation in both coordinates of C2. The left vertical
map has degree 1, so it is homotopic to the identity, whereas complex conjugation on CP' 2 §2 has degree
—1. So (—1) o5 is homotopic to 7. Thus the suspension of 7 is homotopic to the suspension of (—1) o 7,
which by the following lemma is homotopic to the negative of n A S*.

Lemma 1.5. LetY be a based space, m > 0 and f: S™ — S™ a continuous based map of degree k. Then
for every homotopy class © € m,(S™ AY) the classes (f NY).(x) and k -z become equal in w11, (ST AY)
after one suspension.

Proof. Let dj,: S' — S be any pointed map of degree k. Then the maps S' A f,d AS™: ST — gl+m
have the same degree k, hence they are based homotopic. Suppose « is represented by ¢: S™ — S™ AY.
Then the suspension of (f A Y).(x) is represented by (ST A f AY) o (St A ) which is homotopic to
(dp NS™ AY)o (ST A@) = (S Ap)o (di AS™). Precomposition with the degree k map dj A S™ of S1"
induces multiplication by k, so the last map represents the suspension of & - z. O

The conclusion of Lemma 1.5 does not in general hold without the extra suspension, i.e., (f AY).(z)
need not equal k -z in 7,(S™ AY): as we showed above, (—1) o 7 is homotopic to 7, which is not
homotopic to —7 since 7 generates the infinite cyclic group m3(S5?).

As far as we know, the stable homotopy groups of spheres don’t follow any simple pattern. Much
machinery of algebraic topology has been developed to calculate homotopy groups of spheres, both unstable
and stable, but no one expects to ever get explicit formulae for all stable homotopy groups of spheres. The
Adams spectral sequence based on mod-p cohomology and the Adams-Novikov spectral sequence based on
MU (complex cobordism) or BP (the Brown—Peterson spectrum at a fixed prime p) are the most effective
tools we have for explicit calculations as well as for discovering systematic phenomena.

Example 1.6 (Multiplication in the stable stems). The stable stems 7% = 7, (S) form a graded commutative
ring which acts on homotopy groups of every other spectrum X. We denote the action simply by a ‘dot’
e xm(X) — me(X) .
The definition is essentially straightforward, but there is one subtlety in showing that the product is well-
defined. We let f: S™tk — S™ and g: S"*! — X, represent classes in 7§ and m;(X), respectively. We
denote by f - g the composite
gmAktntl _fAI o gm X, o™ Xpin

and then define
(1.7) -9l = (=1 [f g
in the group 74 (X).

We check that the multiplication is well-defined. If we replace f: S™*t* — S™ by its suspension
SUA f: §ttmtk .y gl+m then

(Sl Nf)-g = GlerO(Sl NfNg) = U7rl+no(sl/\0m)°(sl NfNg) = Um+no(S1 AN(f-9)) -

Since the sign in the formula (1.7) does not change, the resulting stable class is independent of the repre-
sentative f of the stable class in 7. Independence of the representative for m;(X) is slightly more subtle.

If we replace g: S"*! — X,, by the representative o,, 0 (S* Ag): ST+ — X, ., then f-g gets replaced
by the lower horizontal composite in the commutative diagram

S'AfAg
Sl+m+k+n+l Sl+m A Xn
X1,m+rAS™T lxl,m/\xn
f/\Sl/\g m+1
Sm+k+1+n+l Sm+1 A Xn U;) Xm+1+n

v

f(ono(S'Ag))
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By Lemma 1.5 the map x1,,AX,, induces multiplication by (—1)™ on homotopy groups after one suspension.
This cancels part of the sign (—1)™** that is the effect of precomposition with the shuffle permutation
X1,m+k on the left. So in the colimit m4;(X) we have

[f-(ono(S"Ag)] = (D" [0™ T (S"AfAg) = (1) [f-g] .

Since the dimension of S' A g is one more than the dimension of g, the extra factor (—1)¥ makes sure that
product [f] - [g] as defined in (1.7) is independent of the representative of the stable class [g].

Now we verify that the dot product is biadditive. We only show the relation z- (y+y') = z-y+2z-y/, and
additivity in z is similar. Suppose as before that f: S™** — §™ and g,¢': S — X,, represent classes
in } and m;(X), respectively. Then the sum of g and ¢’ in m,4;(X,,) is represented by the composite

inch Vg’
Sn+l pinc Sn+len+l gvg Xn )

In the square

S™ AXn, kNSt
m+n+k+1 i m+k+n+l
S S fA(g+g")
pinch/\ldl
fA(gVvg')
pinch Sm+k A (SnJrl\/SnJrl) S™ A Xn
gmAntk+l, gmtntk+l Sgmtk4ntl,, gm+k+n+tl FAQV(fAG')

(8™ AXn, .k ASTV(S™ Axn k ASY)

the right part commutes on the nose and the left square commutes up to homotopy. After composing with
the iterated structure map ¢™: S™ A X,, — X, 4n, the composite around the top of the diagram becomes
f-(g+¢'), whereas the composite around the bottom represents [f] - [g] + [f] - [¢']. This proves additivity
of the dot product in the right variable.

If we specialize to X = S then the product provides a biadditive graded pairing -: 7 x 7} — 7, of
the stable homotopy groups of spheres. We claim that for every sequential spectrum X the diagram

s
7Tj><

s x i X m(X) ————— 75 X (X))

‘XTVZ(X)J/ J/

Ty X (X)) ————— T (X)

commutes, so the product on the stable stems and the action on the homotopy groups of a spectrum are
associative. After unraveling all the definitions, this associativity ultimately boils down to the equality

(1) . (=1)UtRm — (_q)kn . (—q)ilm+n)

and commutativity of the square

q m SINc™ q
STAS™A X, SN gan X,

’iAan J{a’q

Sq+m AN Xn T} Xq+m+’n
o



ORTHOGONAL SPECTRA AND STABLE HOMOTOPY THEORY 7

Finally, the multiplication in the homotopy groups of spheres is commutative in the graded sense. Indeed,
for representing maps f: S™t* — §™ and g: St — S™ the square

Sm+k+n+l frg Sm+n

Sn+l+m+k , Sn+m
gnf

commutes. After one suspension, the two vertical coordinate permutations induce the signs (—1)(m+k)(”+l)
and (—1)™", respectively, on homotopy groups. So in the stable group we have

[1-19] = =D [f gl = ()M g f] = (=DM [g] - [f] -
The following table gives the stable homotopy groups of spheres through dimension 8:

n 0 1 2 3 4 5 6 7 8
s Z Z]2 | Z)2 | Z/24 0 0 7]2 | Z/240 | (Z/2)?
generator L n 772 v v? g no, €

Here v and o are the Hopf maps which arises unstably as fiber bundles S7 — S* respectively S — S8.
The element ¢ in the 8-stem can be defined using Toda brackets as € = no + (v, n, v). The table contains or
determines all multiplicative relations in this range except for 3 = 12v. A theorem of Nishida’s [35] says
that every homotopy element of positive dimension is nilpotent.

Example 1.8 (Eilenberg-Mac Lane spectra, sequential version). For an abelian group A and n > 0, we
let K (A, n) be an Eilenberg—MacLane space of type (4, n), i.e., a pair (K(A,n),p,) consisting of a based
space admitting a CW-structure such that the homotopy group my (K (A, n),*) is trivial for k£ # n, and
an isomorphism @, : m,(K(4,n),*) = A. Since QK (A, 1+ n) is also an Eilenberg-MacLane space of type
(A,n), there is a continuous based map p,: K(4,n) — QK(A,1 + n) making the following diagram
commute:

(pn)«

(K (A, n), %) Tn(QK (A, 14 1), %) —— 1110 (K(A, 1+ n), %)

(1.9)

o~ o~

©Pn Pltn

A

The unnamed isomorphism is the adjunction isomorphism. Moreover, such a p, is unique up to based
homotopy, and it is a weak homotopy equivalence. We write o,,: S' A K(A,n) — K(A,1+ n) for the
adjoint of the map p,, under the adjunction (S' A —, Q). Then the data

HA = {K(A,n)7 Un}nZO

form a sequential spectrum, an Filenberg—Mac Lane spectrum for the group A. Because the group
Trtn (K (A, n), %) is trivial for all k # 0 with k+n > 0, the stable homotopy group 7y, (H A) is trivial for k # 0.
And the commutativity of the diagrams (1.9) guarantees that the isomorphisms ¢,,: m,(K(A,n),*) = A
assemble into an isomorphism

v : mo(HA) =LA
In Example 3.3 we discuss a more refined version of the Eilenberg—MacLane spectra, one that does not

depend on choices of Eilenberg-MacLane spaces, and that assembles into a lax symmetric monoidal functor
from abelian groups (under tensor product) to orthogonal spectra (under smash product).

Example 1.10 (Smash products with and functions from spaces). For a based space K, smashing with K
and taking based mapping space from K are an adjoint functor pair

—ANK : — map*(Kv_) = (_)K
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We can lift these functors to sequential spectra by applying them levelwise. More precisely, for a sequential
spectrum X we define new sequential spectra X A K and map, (K, X) by

(XANK)p, = XpANK and map, (K, X), = map,(K,X,) .

The structure maps do not interact with K: the n-structure map for X A K is
S'AXAK), = SSAX AK 20 X AK = (XAK)14n .
The n-structure map for map, (K, X) is the composite

map, (K,0n)
o

S* Amap, (K, X,) — map,(K,S' A X,) map, (K, X14,)

where the first is an assembly map that sends x A f to the map sending k € K to = A f(k).

Just as the functors — A K and map, (K, —) are adjoint on the level of based spaces, the two functors
just introduced are an adjoint pair for sequential spectra. The adjunction unit n: X — map, (K, X A K)
and counit e¢: map, (K, X) A K — X are defined levelwise as coevaluation and evaluation maps:

M @ Xpn — map, (K, X, AK), nu(z)(k) = oAk
€n map*(KaXn)/\K — Xa En(f)(k) = f(k)

An important special case of this construction is when K = S is a 1-sphere, i.e., the one-point compact-
ification of R. In this case we call X A S! the suspension of X, and we call QX = map,(S*, X) the loop
spectrum of X. We obtain an adjunction between — A S' and ) as the special case K = S! of the previous
adjunction.

Definition 1.11. A morphism f: X — Y of sequential spectra is a stable equivalence if the induced map
me(f): m(X) — m(Y) is an isomorphism for all integers k.

In Proposition 1.27 we prove that stable equivalences are closed under various constructions such as
suspensions, loop, shift adjoint, wedges, and finite products.

We will develop some of the basic properties of homotopy groups for sequential spectra. We being by
showing that looping and suspending a spectrum shifts the homotopy groups. The loop homomorphism
starts from the isomorphism

@ Tpgk(QXn) = Tt (Xn)
that is defined by the same adjunction as above, i.e., the class represented by a continuous based map
f:8"F — QX,, is sent to the class of the map f: S"TFt1 — X, given by f(s At) = f(s)(t), where
s € S"k and t € S'. As n varies, these particular isomorphisms are compatible with stabilization maps,
so they induce an isomorphism
a : m(QX) — T (X)
on colimits.

The maps — A St: T4 (X0n) — Toaks1(Xn A SY) given by smashing from the right with the identity
of the circle are compatible with the stabilization process for the homotopy groups of X and X A S!,
respectively, so upon passage to colimits they induce a natural map of homotopy groups

—ASY D m(X) — e (X ASY)
which we call the suspension homomorphism.
As before we let n: X — Q(X A S1) and e: (2X) A S — X denote the unit respectively counit
of the adjunction. Then for every map f: S"™* — QX,, we have f = ¢, o (f A S') and for every map
g: S"tk — X,, we have g A S* =17, 0 g. This means that the two triangles

_AS?
T (X)) m(X) . T (X A SY)

(1.12) \ / \ /
—AS? Th1(€) (1) “

7Tk+1 QX /\S1 Wk(Q(X/\Sl))
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commute.

Proposition 1.13. Let X be a sequential spectrum.

(i) The loop and suspension homomorphisms
a @ (X)) — w1 (X) and —ASY (X)) — mep (X ASY

are isomorphisms of homotopy groups.
(ii) The unitn: X — Q(XASY) and counit e: (QX)AS' — X of the adjunction are stable equivalences.
(iii) For every continuous based map h: S™ — S™, the morphism of sequential spectra X Nh: X NS™ —
X A S™ induces multiplication by the degree of h on all homotopy groups.

Proof. (1) We already argued that the loop homomorphism « on homotopy groups is bijective since it is
the colimit of compatible bijections. The case of the suspension homomorphism — A St is slightly more
involved. We show injectivity first. Let f: S"** — X, represent an element in the kernel of the suspension
homomorphism. By stabilizing, if necessary, we can assume that the suspension fAS: P+l 5 X, A S1
is nullhomotopic. Then o, 070(fAS!): Sntk+l s X, 4 is also nullhomotopic, where 7: X, AS? =2 STAX,,
is the twist homeomorphism. The maps o, o 7o (f A S?) and o, o (S A f), the stabilization of f, only
differ by a coordinate permutation of the source sphere, hence the stabilization of f is nullhomotopic. So f
represents the trivial element in 7 (X), which shows that the suspension homomorphism is injective.

It remains to show that the suspension homomorphism is surjective. Let g: S"T#+t1 — X, A S be a
map which represents a class in 741(X A S'). We consider the map f = o, o7 o0g: S"HFHl — X,
where 7 is again the twist homeomorphism. We claim that (—1)"*%. (f A §1): gntk+i+l o x,, A S1
represents the same class as g in w1 (X A S1). To see this, we contemplate the diagram:

Gltn+kt1 S1hg
X1,ntkAST

AST 1
gkl 907 A GLA g1 TAS LGl A X A ST

lan/\sl

fast Xiin A sl

The composite through the upper right is the stabilization of g, and the composite through the lower left
represents (—1)" "% . (f AS?). However, the upper triangle does not commute! The failure to commutativity
are the involutions of S'*7+*+1 and S A X, A S which interchange the outer two sphere coordinates in
each case. This coordinate change in the source induces multiplication by —1; the coordinate change in the
target is a map of degree —1, so after a single suspension it also induces multiplication by —1 on homotopy
groups (see Lemma 1.5). Altogether this shows that the upper triangle commutes up to homotopy after
one suspension, and so the suspension map on homotopy groups is also surjective.

(ii) Since loops and suspension homomorphism are bijective and the triangles (1.12) commute, the unit
and counit of the adjunction are stable equivalences.

(iii) Because the iterated suspension homomorphism

—AS™" (X)) — Tepm (X AS™)
is bijective by part (i), every class in Ty, (X A S™) has a representative of the form f A S™: §nthtm
X,, A S™ for some continuous based map f: S¥t" — X,,. So
(X AR)FAS™ = [(Xa AR) o (fFAS™)] = [(FAS™) o (ST AR)] = [fAS™] deg(h). O
Corollary 1.14. For every morphism f: X — Y of sequential spectra, the following conditions are
equivalent.

(a) The morphism f: X — Y is a stable equivalence.
(b) The morphism Qf: QX — QY is a stable equivalence.
(c) The morphism f: X A ST — Y A S is a stable equivalence.
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A morphism f: ANSY — X of sequential spectra is a stable equivalence if and only if its adjoint f: A—
QX is a stable equivalence.

Proof. We only need to prove the last statement. The morphism f and its adjoint are related by f =
eo (f ASY) where e: (QX) A S! — X is the counit of the adjunction. The counit is a stable equivalence
by Proposition 1.13. We conclude that the morphism f is a stable equivalence if and only if the morphism
FASY AANSY — (QX) A S is. Since suspension shifts homotopy groups, this happens if and only if f is
a stable equivalence. O

1.1. Mapping cone and homotopy fiber. Now we review the mapping cone and the homotopy fiber of
a map of based spaces in some detail, along with their relationships to one another and to suspension and
loop space. The (reduced) mapping cone Cf of a morphism of based spaces f: A — B is defined by

Cf = (AN[0,1])Us B .
Here the unit interval [0, 1] is pointed by 0 € [0, 1], so that A A[0, 1] is the reduced cone of A. The mapping
cone comes with an inclusion i: B — Cf and a projection p: C'f — A A S!; the projection sends B to
the basepoint and is given on A A [0,1] by p(a A z) = a A t(z) where
2z —1

x(l—x) "
What is relevant about the map t is not the precise formula, but that it passes to a homeomorphism between
the quotient space [0,1]/{0,1} and the circle S, and that it satisfies t(1 — z) = —t(z).

We observe that an iteration of the mapping cone construction yields the suspension of A, up to homotopy.

t:[0,1] — S! is defined as t(z) =

Lemma 1.15. Let f: A — B be any continuous based map.
(i) The collapse map
*Up : Ci=(BA[0,1))u;Cf — AAS!
is a based homotopy equivalence.
(ii) The square

Ci— 2 BAS!

*UPJ lB/\T

A/\SlT)B/\Sl
A

commutes up to natural, based homotopy, where T is the involution of S* given by T(x) = —z.

(iii) Let B: Z — B be a continuous based map such that the composite i: Z — C'f is null-homotopic.
Then there exists a based map h: Z A St — A A S such that (f ASY)oh: ZANS* — B A ST s
homotopic to B A S*.

Proof. (i) A homotopy inverse r: AA ST — (B A[0,1]) U; Cf of * U p is defined by the formula
a2z in Cf for 0 <z <1/2, and
rlaNz) = .
fl@yA(2—=22) in BA[0,1] for 1/2 <2 < 1.
We give explicit based homotopies between the two composites r and *Up and the respective identity maps.
The space Ci = (B A[0,1]) U; Cf is homeomorphic to the quotient of the disjoint union of B A [0, 1] and

AN[0,1] by the equivalence relation that identifies f(a) A1lin BA[0,1] with aAlin AA[0,1] for all a € A.
So we can define a homotopy on the space C¢ by gluing two compatible homotopies. The homotopy

[0,1] x (BA[0,1]) — Ci, (t,bAz)—bA(1—1t)z in BA[0,1].
and the homotopy

aN(l+t)x inCf for0<z<1/(1+t), and

0,1 > (A0 1)) — €, (t’an)H{f(a)A(2—x(1+t)) in BA,1] for 1/(14+1) <z <1,
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are compatible, and the combined homotopy starts at ¢ = 0 with the identity and ends at ¢ = 1 with the
map 7o (x U p).
A homotopy from the identity of A A S* to (x Up) or is given by

[0,1] x (AASY) — AASY, (t, anz) — aA(l+1)

which is to be interpreted as the basepoint if (1 + ¢)x > 1.
(ii) Again we glue the desired homotopy from two pieces, namely

[0,1] x (BA[0,1]) — BAS*, (t, bAx) — bA(1+t—1),
which has to be interpreted as the basepoint if x < ¢t and
[0,1] x (AA[0,1]) — BAS', (t, ahz) — fla)A(t+a—1)

which has to be interpreted as the basepoint if ¢ + x < 1. The two homotopies are compatible and the
combined homotopy starts with the map (BA 7)o (pUx) for t = 0 and it ends with the map (f AS*)o (xUp)
fort = 1.

(iii) Let H: Z A[0,1] — Cf be a based null-homotopy of the composite i8: Z — Cf, ie., H(zA1) =
i(B(2)) for all z € Z. The composite paH: Z A [0,1] — A A S? then factors as paH = hpz for a unique
map h: ZA St — AASh

To analyze (f AS1)oh we compose it with the map *Upz: (ZA[0,1])Uzx1 (ZA[0,1]) — Z A ST which
collapses the second cone and which is a homotopy equivalence by (i). We obtain a sequence of equalities
and homotopies

(fASYoho(xUpz) = (fAS") o (xUpa)o((BAI0,1])UH)
~ (BAT)o(pgU=x)o ((BA]0,1])UH)
(BAT)o (BAS") 0 (pzUx)
= (BASYH o (ZAT)o(pzUx) =~ (BASYH o (xUpy)
Here (BA[0,1))UH: CZUzx1 CZ — CBU; Cf = C(i). The two homotopies result from part (ii) applied

to f respectively the identity of Z. Since the map * U pyz is a homotopy equivalence, this proves that
(f A SY) o h is homotopic to B A S?. O

Now we can introduce mapping cones for sequential spectra. The mapping cone Cf of a morphism of
sequential spectra f: X — Y is define levelwise:

(116) (Cf)n = C(fn) = (Xn/\[ov 1]) Uf, Y, ,

the reduced mapping cone of f,: X,, — Y},. The structure maps are induced by the structure maps of X

and Y, and they do not interact with the cone coordinate. The inclusions i,,: Y,, — C(f,) and projections

pn: O(fn) — X, A ST assemble into morphisms of sequential spectrai: Y — C'f and p: Cf — X A SL.
We define a connecting homomorphism 0: wp41(Cf) — m(X) as the composite

x —AS™!
(1.17) The (Cf) 2o M (X ASY) =22 mu(X)

where the second map is the inverse of the suspension isomorphism — A S1: mp(X) — mp1 (X A SY). If
we unravel all the definitions, we see that § sends the class represented by a based map g: S"**+1 — Cf,
to (—1)"** times the class of the composite

grtktl 9y op o Py x A St ML Gl X Ty XL
Proposition 1.18. For every morphism f: X — Y of sequential spectra the long sequence of abelian
groups

s (X)L () s m(Cf) 2 (X)) — e

s exact.



12 STEFAN SCHWEDE

Proof. We start with exactness at m,(Y). The composite of f: X — Y and the inclusion Y — Cf
is levelwise the constant map at the basepoint, so it induces the trivial map on 7. It remains to show
that every element in the kernel of i, is in the image of f,. Let 8: S"t* — Y,, represent an element in
the kernel. By increasing n, if necessary, we can assume that i3: S"** — C(f,) is null-homotopic. By
Lemma 1.15 (iii) there is a based map h: S"**+1 — X, A S! such that (f, A S!) o h is homotopic to
B A S'. The composite

- X1.n h TXn,S1
ho. Gltnth ALtk ogndktl B x oA Gl XS, gla X,

then has the property that (S' A f,) o h is homotopic to S* A 8. The map o, o h: SI+ntk Xi4n
represents a homotopy class in 7, (X) and we have

fullonoh] = [fiznoonoh] = [ono(S'Afa)oh] = [oao(STAB)] = [A].
So the class represented by 3 is in the image of fi: m(X) — m(Y).

We now deduce the exactness at 7, (Cf) and m,_1(X) by comparing the mapping cone sequence for
f+ X — Y to the mapping cone sequence for the morphism i: Y — C'f (shifted to the left). The collapse
map

*xUp : Ci = CYU; Cf — XAS!
is levelwise a homotopy equivalence by Lemma 1.15 (i), and thus induces an isomorphism of homotopy
groups. Now we consider the diagram

pU*

Ci Y A St

S e e

X/\51TY/\51
A

cf

whose upper row is part of the mapping cone sequence for the morphism ¢: ¥ — C'f. The left triangle
commutes on the nose and the right triangle commutes up to based homotopy by Lemma 1.15 (ii). The
involution 7: S' — S has degree —1, so the automorphism Y A7 of Y A S! induces multiplication by —1
on homotopy groups. We get a commutative diagram

(V) —— s 1 (CF) e (C) o1 (Y)
(_ASI)O(*UP)*J/: l(—l)
7Tk(Y) Z—*) 7T;€(Cf) f} 7T;€_1(X) 7) 7Tk_1(Y)

(using for the right square the naturality of the suspension isomorphism). By the previous paragraph,
applied to i: Y — Cf instead of f, the upper row is exact at mx(Cf). Since all vertical maps are
isomorphisms, the original lower row is exact at 7 (Cf). But the morphism f was arbitrary, so when
applied to i: Y — Cf instead of f, we obtain that the upper row is exact at m;(C%). Since all vertical
maps are isomorphisms, the original lower row is exact at m,_1(X). This finishes the proof. U

A continuous map f: A — B of spaces is an h-cofibration if it has the homotopy extension property,
i.e., given a continuous map ¢: B — X and a homotopy H: A x [0,1] — X such that H(—,0) = ¢f,
there is a homotopy H: B x [0,1] — X such that H o (f x [0,1]) = H and H(—,0) = . An equivalent
condition is that the map A x [0,1] Usxo B — B x [0, 1] has a retraction. For every h-cofibration the map
C'f — B/A which collapses the cone of A to a point is a based homotopy equivalence, see for example [16,
Proposition 0.17] or [49, Proposition 5.1.10] with B = x.

Let f: X — Y be a morphism of sequential spectra that is levelwise an h-cofibration. Then by the
above, the morphism ¢: Cf — Y/X that collapses the cone of X is a level equivalence, and so it induces
an isomorphism of homotopy groups. We can thus define another connecting homomorphism

(1.19) 0 mp(Y/X) — mp—1(X)
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as the composite of the inverse of the isomorphism ¢, : 7, (Cf) — 7, (Y/X) and the connecting homomor-
phism 7, (Cf) — mp_1(X) defined in (1.17).

Corollary 1.20. Let f: X — Y be a morphism of sequential spectra that is levelwise an h-cofibration and
denote by q: Y — Y/X the quotient map. Then the long sequence of homotopy groups

s (X)L () s (VX)) < i (X) —
18 exact.

Now we discuss the homotopy fiber, a construction ‘dual’ to the mapping cone. The homotopy fiber of a
morphism f: A — B of based spaces is the fiber product

Ff = xxpBOUxg A = {(\a)e BOU x4 XN0) =% A1) = f(a)},

i.e., the space of paths in B starting at the basepoint and equipped with a lift of the endpoint to A. As
basepoint of the homotopy fiber we take the pair consisting of the constant path at the basepoint of B and
the basepoint of A. The homotopy fiber comes with maps

0B - Ff 4 A
the map ¢ is the projection to the second factor and the value of the map i on a loop w: S' — B is
i(w) = (wot,x*).

We can apply the homotopy fiber levelwise to a morphism f: X — Y of sequential spectra. The
homotopy fiber F'f is defined by

(Ff)n = F(fn)
the homotopy fiber of f,: X,, — Y,,. The inclusions i, : Q(Y,,) — (Ff), and projections ¢, : (Ff), —
X, assemble into morphisms of sequential spectra i: QY — Ff and p: Ff — X.
We define a connecting homomorphism 0: mp41(Y) — i (F f) as the composite

(1.21) e (Y) 2 mu(QY) —s mu(Ff)

where a:: 7, (QY) — m144(Y) is the loop isomorphism.
We can compare the mapping cone and homotopy fiber as follows. For a map f: A — B of based
spaces we define a map h: F(f) x [0,1] — (AA[0,1]) Uy B=Cf by

hat) {a/\2t for 0 < ¢ < 1/2, and

AN2-2t) for1/2<t<1.

We note that the two formulas match at ¢ = 1/2 because A(1) = f(a) = a A 1in Cf. Since h(),a,0) and

h(A,a,1) are the basepoint of the mapping cone for all (A, a) in Ff, the map h factors over a based map
h: (FF)nS' — CFf,

which satisfies hoq = h and is natural in f. So for a morphism f: X — Y of sequential spectra, the maps
h for the various levels together form a natural morphism

h: (FF)NS' — CFf.
Proposition 1.22. For every morphism f: X — Y of sequential spectra the long sequence of abelian
groups
. ; s
D m(Ff) o m(X) Lo m(Y) S mea(Ff) — -
is ezact and the morphism h: (Ff) AS' — Cf is a stable equivalence.

Proof. The long sequence is exact because it is obtained from the unstable long exact sequences for the
homotopy fiber sequences (F'f), — X,, — Y,, by passage to the colimit (which is exact).
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For showing that h is a stable equivalence it suffices to show that the composite h,o(—ASY): T (Ff) —
mk+1(Cf) is an isomorphism. We claim that the diagram

G

(V) — s m(Ff) — 2

(X)
(-1)& h*o(—/\S’l)J
(X)

Try1(Y) i—*>7fk+1(Cf) — Tk

commutes. The morphism hy o (— A S?): 7, (Ff) — mry1(Cf) and the identity maps of the homotopy
groups of X and Y thus give a natural map from the long exact sequence of the homotopy fiber to the long
exact sequence of the mapping cone, with an extra sign. A sign does not affect exactness of a sequence,
and so the five lemma shows that h, o (— A S!) is an isomorphism. Hence h is a stable equivalence.

We still have to justify the commutativity of the previous diagram. For the right square this is the
definition of the connecting homomorphism, naturality of the suspension isomorphism and the fact that the
composite

(FIAST L5 cf 25 X A8
is homotopic to ¢ A S* via the homotopy
0,1] % (FAASY) — XAS', (5 (ha)As) —s an2s/(2—1t) for0<s<1-1t/2, and
* for1—t/2<s<1,
(to be interpreted levelwise). Indeed, these facts together supply the relation
Soheo(=ASY) = (=ASHop.oh.o(—AS
= (=ASTHo(gAnSY)o (=S
= (~AS o (-ASYoq = q..

For the left square we need that the diagram

(QY)AS — T S (Ff)AS!
| |
Y , Cf

commutes up to based homotopy, where € is the adjunction counit. One possible such homotopy is
[0,1] x (QY)ASY) —  CFf
* for 0 <z <t/2, and
(t, wAz) +——
w2(1-t)/(2—2)) fort/2<x<1.
Given this, we have

h(8(y) A ST

he(is(@™H (y)) ASY) = (ho(iASY) (a7 (y) A ST
= —(’L o 6)*((]{_1(?/) A Sl) :(1.12) —’L*(y)
and this finishes the proof. O

For every Serre fibration ¢: E — B of topological spaces the map ¢: FF — F(y) from the strict
fiber to the homotopy fiber that sends e € F' to (const,,e). is a weak equivalence. We let f: X — YV
be a morphism of sequential spectra that is levelwise a Serre fibration; then by the above the morphism
¢: F — F(f) from the strict fiber to the homotopy fiber of f is a level equivalence. So we can define
another connecting morphism

0 m(Y) — mp_1(F)
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as the composite of the connecting homomorphism 74(Y) — m,_1(Ff) defined in (1.21) and the inverse
of the isomorphism ¢, : m_1(Ff) — w1 (F).

Corollary 1.23. Let f: X — Y be a morphism of sequential spectra that is levelwise a Serre fibration; let
t: F — X denote the inclusion of the fiber over the basepoint. Then the long sequence of homotopy groups

— m(F) 2 m(X) L (V) S mea(F) —
s exact.
We draw some consequences of our previous results.

Proposition 1.24. (i) For every family of sequential spectra {X'};cr and every integer k the canonical
map

@ Wk(Xi) — Tk (\/ XZ)
icl iel
is an isomorphism of abelian groups.
(i) For every finite indexing set I, every family {X'}icr of sequential spectra and every integer k the
canonical map

Tk <HX1> — H Wk(Xi)
icl iel
is an isomorphism of abelian groups.
(iii) For every finite family of sequential spectra the canonical morphism from the wedge to the product is
a stable equivalence.

Proof. (1) We first show the special case of two summands. If A and B are two sequential spectra, then the
wedge inclusion i4: A — AV B has a retraction. So the associated long exact homotopy group sequence
of Proposition 1.18 splits into short exact sequences

0 — m(A) A m(AVB) s 1 (C(ia)) — 0.
The mapping cone C(i4) is isomorphic to (C'A) V B and thus homotopy equivalent to B. So we can replace
7 (C(ia)) by 7 (B) and conclude that 7, (A V B) splits as the sum of 7, (A) and w4 (B), via the canonical
map. The case of a finite indexing set I now follows by induction.
In the general case we consider the composite

@ieI T(XT) — (viEI Xi) - Hiel m(X')

where the second map is induced by the projections to the wedge summands. This composite is the canonical
map from a direct sum to a product of abelian groups, hence injective. So the first map is injective as well.
For surjectivity we consider a continuous based map f: "¢ — Vier X! that represents an element in
the k-th homotopy group of \/,.; X*. Since the source of f is compact, there is a finite subset .J of I such
that f has image in vjeJ X}, see for example [40, Proposition A.18]. Then the given class is in the image of

T (\/jeJ Xj); since J is finite, the class is in the image of the canonical map, by the previous paragraph.

(ii) Unstable homotopy groups commute with products, which for finite indexing sets are also sums,
which commute with filtered colimits.

(iii) This is a direct consequence of (i) and (ii). More precisely, for finite indexing set I and every integer
k the composite map

P r(x) — m(\/ X) — m(J[ X)) — [[m(X)

i€l i€l i€l i€l
is an isomorphism, where the first and last maps are the canonical ones. These canonical maps are isomor-
phisms by parts (i) respectively (ii), hence so is the middle map. |
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Remark 1.25. The restriction to finite indexing sets in parts (ii) of the previous corollary is essential, and
it ultimately comes from the fact that infinite products do not in general commute with sequential colimits.
Here is an explicit example: we consider the spectra SS? obtained by truncating the sphere spectrum above

level i, i.e.,
(Sgi)n _ S™ forn < z:,
x forn>i+1

with structure maps as a quotient spectrum of S. Then S<* has trivial homotopy groups for all 7. The Oth
homotopy group of the product ], S=? is the colimit of the sequence of maps

Hwn(S") — H Tpe1 (ST

i>n i>n+1

which first projects away from the factor indexed by ¢ = n and then takes a product of the suspensions
homomorphisms — A St: 7, (S") — m,41(S™"1). The colimit is thus isomorphic to the quotient of an
infinite product of copies of the group Z by the direct sum of the same number of copies of Z. Hence the
right hand side of the canonical map

<i <i
o (Hi2187 ) — Hizl mo(87)
is trivial, while the left hand side is not.

Proposition 1.26. (i) Let e™: X™ — X™%1 be morphisms of sequential spectra that are levelwise
closed embeddings, for m > 0. Let X*° be a colimit of the sequence {€™ }n,>9. Then for every integer
k the canonical map

COlimmZO ﬂk(Xm) — ﬂk(Xoo)

is an isomorphism.

(i) Let e™: X™ — X™H and f™: Y™ — Y™ be morphisms of sequential spectra that are levelwise
closed embeddings, for m > 0. Let ¢™: X™ — Y™ be stable equivalences that satisfy ™+ o e™ =
fMoy™ for all m > 0. Then the induced morphism ¥°>°: X°° — Y *° between the colimits of the
sequences is a stable equivalence.

(iii) Let fm™: Y™ — Y™ be stable equivalences of sequential spectra that are levelwise closed embeddings,
for m > 0. Then the canonical morphism f:Y? — Y to a colimit of the sequence {fM}m>0 is a
stable equivalence.

Proof. (i) We let f: S"** — X2 be a based continuous map that represents a class in 7 (X°°). Since
the sphere S™** is compact and X° is a colimit of the sequence of closed embeddings X" — Xt  the
map f factors through a continuous map

fosmh — X
for some m > 0, see for example [18, Proposition 2.4.2] or [40, Proposition A.15]. The same reasoning
applies to homotopies, so the canonical map

colimy, >0 Tntk(X)') — Tnpr(X2F)

is bijective. Passing to colimits over n proves the claim.
Parts (ii) and (iii) are direct consequences of (i). O

As far as I can see, the suspension functor — A S' does not in general preserve weak equivalences of
spaces, hence not level equivalences of sequential spectra [give example]. However, — A S* preserves stable
equivalences.

Proposition 1.27. (i) A wedge of stable equivalences is a stable equivalence.
(ii) A finite product of stable equivalences is a stable equivalence.
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(iii) Consider a commutative square of orthogonal spectra

A—"4B

(1.28) fl Jg

CT>D

and let h = (Cf)Ug: Ci — Cj be the map induced by f and g on mapping cones. Then if two of
the three morphisms f,qg and h are stable equivalences, so is the third.

(iv) Consider a commutative square (1.28) of sequential spectra. Let e: F'i — F'j be the map induced by
f and g on homotopy fibers. Then if two of the three morphisms e, f and g are stable equivalences, so
is the third.

(v) Consider a commutative square (1.28) of sequential spectra for which one of the following conditions
holds:

(a) the square is a pushout and i or f is levelwise an h-cofibration.
(b) the square is a pullback and j or g is a levelwise a Serre fibration.
Then f is a stable equivalence if and only if g is.

(vi) Let K be a based space that admits a CW-structure. Then the functor — N K preserves stable equiva-
lences of sequential spectra.

(vil) Let K be a based space that admits a finite CW-structure. Then the functor map, (K, —) preserves
stable equivalences of sequential spectra.

Proof. Part (i) holds because the homotopy groups of a wedge are the direct sum of the homotopy groups
of the wedge summands (Proposition 1.24 (i)). Part (ii) holds because the homotopy groups of a finite
product are the product of the homotopy groups of the factors (Proposition 1.24 (ii)). Part (iii) follows
by applying the 5-lemma to the long exact sequences of the mapping cones of i and j (Proposition 1.18).
Part (iv) follows by applying the 5-lemma to the long exact sequences of the homotopy fibers of i and j
(Proposition 1.22).

(v) We start with case (a) of a pushout square. Since the square is a pushout, the morphism j: C' — D
descends to an isomorphism j/i: C'/A = D/B between the two vertical quotient spectra; and the morphism
g: B — D descends to an isomorphism ¢g/f: B/A = D/C between the two horizontal quotient spectra.

If f is levelwise an h-cofibration, then the long exact homotopy group sequence for the quotient spectrum
C/A (Corollary 1.20) shows that f is a stable equivalence if and only of C'/A has trivial homotopy groups.
Since h-cofibrations are stable under cobase change, the same is true for g: the morphism g is a stable
equivalence if and only of D/B has trivial homotopy groups. So f is a stable equivalence if and only if g is.

If ¢ is an h-cofibration, the argument is similar, but slightly different. In this case we compare the
two long exact homotopy group sequences for the horizontal quotient spectra (Corollary 1.20). Since
g/f: B/A =2 D/C is an isomorphism, the 5-lemma shows that f is stable equivalence if and only if ¢ is.
The comparison map for the homotopy groups of the

The case (b) of a pullback square is strictly dual, using strict fibers instead of quotient spectra, and
Corollary 1.23 in place of Corollary 1.20.

(vi) The functor — A K preserves mapping cones, so by the long exact homotopy group sequence of
Proposition 1.18 it suffices to show the following special case: let X be a sequential spectrum all of whose
homotopy groups vanish; then all homotopy groups of the spectrum X A K vanish, too.

We let K,, denote the n-skeleton in a CW-structure on K. We show first, by induction on n, that the
spectrum X A K, has trivial homotopy groups. The induction starts with n = —1, where there is nothing
to show. For n > 0 the quotient K,,/K,_; is homeomorphic to a wedge of n-spheres. Since homotopy
groups take wedges to sums, the suspension isomorphism allows us to rewrite the homotopy groups of
XN (K,/Kp_1) as

(XA (K /Kumr) = m(X AN M) = m\ (X A8") = @ mea(X) .
This group is trivial by the hypothesis on X.
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The inclusion K,_1; — K,, is an h-cofibration of based spaces, so the induced morphism X A K,,_1 —
X A K, is an h-cofibration of sequential spectra; these morphisms are then in particular levelwise closed
embeddings, giving rise to a long exact sequence of homotopy groups (Corollary 1.20). By the previous
paragraph and the inductive hypothesis, the spectrum X A K, has vanishing homotopy groups. This
completes the inductive step.

Since K is the sequential colimit, along h-cofibrations of based spaces, of the skeleta K, , the spectrum
X A K is the sequential colimit, along h-cofibrations sequential spectra, of the sequence with terms X A K,,.
These h-cofibrations are in particular levelwise closed embeddings, see for example [40, Proposition A.31].
So homotopy groups commute with such sequential colimits (Proposition 1.26 (i)), so also X A K has
vanishing homotopy groups.

(vii) We start with a special case and let X be a sequential spectrum whose homotopy groups vanish.
We show first that then the homotopy groups of the spectrum map, (K, X) vanish, too. We argue by
induction over the number of cells in a CW-structure of K. The induction starts when K consists only
of the basepoint, in which case map, (K, X) is a trivial spectrum and there is nothing to show. For the
inductive step we assume that the homotopy groups of map, (K, X) vanish and L is obtained from K by
attaching an n-cell. Then the restriction map map, (L, X) — map, (K, X) is levelwise a Serre fibration
whose fiber is isomorphic to

map, (L/K,X) = map,(S",X) = Q"X .

The homotopy groups of this spectrum are isomorphic to the shifted homotopy groups of X, and these
vanish by assumption. The long exact sequence of Corollary 1.23 and the inductive hypothesis then show
that the homotopy groups of map, (K, X) vanish.

The functor map, (K, —) commutes with homotopy fibers; so two applications of the long exact homotopy
group sequence of a homotopy fiber (Proposition 1.22) reduce the general case to the special case. U

2. ORTHOGONAL SPECTRA

Orthogonal spectra are used, at least implicitly, already in [31]; the term ‘orthogonal spectrum’ was
introduced by Mandell, May, Shipley and the author in [30], where the (non-equivariant) stable model
structure for orthogonal spectra was constructed. Before giving the formal definition we try to motivate it.
An orthogonal spectrum X assigns a based space X (V) to every inner product space, and it keeps track of
an O(V)-action on X (V) and of a way to stabilize by suspensions. When doing this in a coordinate-free
way, the stabilization data assigns to a linear isometric embedding ¢: V' — W a continuous based map

o, SWPWVIAX(V) — X(W)

where W — (V) is the orthogonal complement of the image of ¢. This structure map should ‘vary
continuously with ¢’, but this phrase has no literal meaning because the source of ¢, depends on . The
way to make the continuous dependence rigorous is to exploit the fact that the complements W — (V') vary
in a locally trivial way, i.e., they are the fibers of a distinguished vector bundle, the ‘orthogonal complement
bundle’, over the space of L(V, W) of linear isometric embeddings. All the structure maps ¢, together define
a map on the smash product of X (V) with the Thom space of this complement bundle, and the continuity
of the dependence on ¢ is formalized by requiring continuity of that map. All these Thom spaces together
form the morphism spaces of a based topological category, and the data of an orthogonal spectrum can
conveniently be packaged as a continuous based functor on this category.

Construction 2.1. We let V and W be inner product spaces. Over the space L(V, W) of linear isometric
embeddings sits a certain ‘orthogonal complement’ vector bundle with total space

EV,W) = {(w,p) e WXLV,W) [w LoV)}.

The structure map &(V, W) — L(V, W) is the projection to the second factor. The vector bundle structure
of £(V, W) is as a vector subbundle of the trivial vector bundle W x L(V, W), and the fiber over p: V — W
is the orthogonal complement W — (V') of the image of .
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We let O(V, W) be the Thom space of the bundle £(V, W), i.e., the one-point compactification of the
total space of £(V, W). Up to non-canonical homeomorphism, we can describe the space O(V, W) differently
as follows. If the dimension of W is smaller than the dimension of V', then the space L(V,W) is empty
and O(V, W) consists of a single point at infinity. Otherwise we can choose a linear isometric embedding
@: V. — W, and then the maps

OW)/OW —¢(V))  — L(V,W), A-OW —¢(V)) — Ap and
OW) xow -y SV 2V — OV, W), [Aw] — (Aw, Ap)
are homeomorphisms. Here, and in the following, we write
for a closed subgroup H of G and a based G-space A; the equivalence relation is gh A a ~ g A ha for all
(g,h,a) € GXH xA. Put yet another way: if dim V' = n and dim W = n+m, then L(V, W) is homeomorphic
to the homogeneous space O(n + m)/O(m) and O(V, W) is homeomorphic to O(n + m) Xo(m) S™. The
vector bundle £(V, W) becomes trivial upon product with the trivial bundle V| via the trivialization
VW) xV =2 WxLV,W), ((w,e),v) — (w+e(v), ).
When we pass to Thom spaces on both sides this becomes the untwisting homeomorphism:
(2.2) OV, W)ASY = SWALV,W), .

The Thom spaces O(V, W) are the morphism spaces of a based topological category. Given a third inner
product space U, the bundle map

VW) x&U,V) — &UW), (w,9), (v,¢)) — (w+ ), py)
covers the composition map L(V, W) x L(U,V) — L(U, W). Passage to Thom spaces gives a based map
o: O(V,IW)AO(U,V) — O(U,W)
which is clearly associative, and is the composition in the category O. The identity of V is (0,Idy) in
oV, V).

Definition 2.3. An orthogonal spectrum is a based continuous functor from O to the category T of based
spaces. A morphism of orthogonal spectra is a natural transformation of functors. We denote the category
of orthogonal spectra by Sp.

Given two inner product spaces V and W we define a continuous based map
iv : SV — OW,VaWw) by v — ((v,0),(0,-)),

where (0,—): W — V @& W is the embedding of the second summand. We define the structure map
ovw: SV AX(W) — X(V @& W) of the orthogonal spectrum X as the composite

SV Axw) X o v e wy A xw) X x(vaw).
Often it will be convenient to use the opposite structure map
(2.4) o XV)ASY — X(VeWw)

which we define as the following composite:

X(V)ASW L oW A x(v) Y xwaev) 2T x v e w)

Remark 2.5 (Coordinatized orthogonal spectra). Every inner product space is isometrically isomorphic to
R™ with standard inner product, for some n > 0. So the topological category O has a small skeleton, and
the functor category of orthogonal spectra has ‘small’ morphism sets. Up to isomorphism, an orthogonal
spectrum X is determined by the values X,, = X (R™), the action of O(n) on it, and the structure maps
on: SYAX,, — X1, for n > 0. This also leads to a more explicit ‘coordinatized’ description of orthogonal
spectra in a way that resembles a presentation by generators and relations. We refer to Exercise E.1 for
more details.
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2.1. Constructions. We discuss various constructions which produce new orthogonal spectra from old
ones. Whenever possible, we describe the effect that a certain construction has on the homotopy groups.

Example 2.6 (Limits and colimits). In any category of continuous based functors, limits and colimits
exist, and they are defined objectwise. In particular, the category of orthogonal spectra has all limits and
colimits, and they are defined levelwise. Let us be a bit more precise and consider a functor F': J — Sp
from a small category J to the category of orthogonal spectra. Then we define an orthogonal spectrum
colim; F' at an inner product space V by

(colimy F') (V) = colime; F()(V),
the colimit in the category of pointed spaces. The structure maps ares the composite

O(V, W) A (colimje s F(j)(V)) = colimje s (O(V, W) A F(j)(V)) D2 EDEW - oty FGYW) ;

here we exploit that smashing with any based space is a left adjoint, and thus the natural map
colim;jc ;/(O(V,W)AF(j)(V)) — O(V,W) A (colimjec sy F(V))

is an isomorphism, whose inverse is the first map above.
The argument for inverse limits is similar, but we have to use that structure maps

OV,WMANX(V) — X(W)
of an orthogonal spectrum X can also be defined in the adjoint form, as maps
X(V,W) : X(V) — map,(O(V,IW),X(W)) .
We can thus construct a limit of F': J — Sp by taking
(imyF)(V) = lim;e s F(5)(V),
and the structure map is adjoint to the composite

. limy F'(5)(V,W . . . .
limjey FW) 222 EDEW, iy map, (O(V, W), F(j)(W)) = map, (O(V, W), (limjc; F(5)(W)) ;

we exploit that as a right adjoint, the functor map,(O(V, W)—) preserves limits.

Example 2.7. We let F': T, — T, be any continuous endofunctor on the category of based spaces. Then
for every orthogonal spectrum X, the composite functor

o X T LT,
is another orthogonal spectra. Similarly, we can apply F' levelwise to morphisms of orthogonal spectra, so
that composition with F' becomes a functor

Fo— : S8p — Sp.

Example 2.8 (Smash products with and functions from spaces). For a based space A, smashing with A
and taking based mapping space from A are an adjoint pair of continuous functors

SAA = map,(A,-) = ()4
We can thus apply these functors levelwise to orthogonal spectra as explained in Example 2.7; for every
orthogonal spectrum X, this yields two new orthogonal spectra X A A and X4. More explicitly, we have
(XANA)V) = X(V)ANA and map, (A, X)(V) = map, (4, X(V))

for an inner product space V. The structure maps and actions of the orthogonal groups do not interact with
A: the group O(V) acts through its action on X (V'), and the structure maps are given by the composite

O'V,W/\A

SYAXANAW) = SYAX(W)ANA
and by the composite

X(VeW)AA = (XAA)(VaW)

map, (A,ov,w)
_—

SV Amap, (A, X(W)) — map,(A4,SV A X(W)) map, (A4, X (Ve W))
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where the first is an assembly map that sends v A f to the map sending a € A to v A f(a).
Just as the functors — A A and map, (A4, —) are adjoint on the level of based spaces, the two functors just
introduced are an adjoint pair on the level of orthogonal spectra. The adjunction

(2.9) Sp(X,map,(A,Y)) — Sp(X ANA,Y)

takes a morphism f: X — map,(A4,Y) to the morphism f°: X A A — Y whose Vth level f*(V): X(V)A
A—Y(V)is f(V)(xAa) = f(V)(z)(a).

An important special case of this construction is when A = S! is a 1-sphere, i.e., the one-point compact-
ification of R. The suspension X A S! is defined by

(XASH(V) = X(V)A S,
the smash product of the Vth level of X with S*. The loop spectrum QX = map, (S, X), defined by
QX)(V) = QX(V) = map,(S', X(V)),

the based mapping space from S* to the Vth level of X. We obtain an adjunction between — A S! and
as the special case A = St of (2.9).

We note that if X is an Q-spectrum, then so is X, provided we also assume that A is cofibrant (for
example a CW-complex). Indeed, under this hypothesis, the mapping space functor map, (A4, —) takes the
weak equivalence 7,,: X,, — Q2X, 41 to a weak equivalence

XA map*(AvXn) M map*(A,QXn+1) = Q(X;“Lq+1) )

n

In Proposition 1.27 we prove that stable equivalences are closed under various constructions such as
suspensions, loop, shift adjoint, wedges, and finite products. As we hope to show later, up to stable
equivalence, every orthogonal spectrum can be replaced by an {2-spectrum.

Clearly, every orthogonal spectrum has an underlying sequential spectrum, obtained by forgetting the
actions of the orthogonal groups. The homotopy groups of an orthogonal spectra are, by definition, the
homotopy groups of the underlying sequential spectrum.

Now we can introduce mapping cones for orthogonal spectra. In essence, we take mapping cones ‘objec-
tiwse’ as in the case of sequential spectra (1.16), and the extra structure goes along for the ride. In more
detail, the mapping cone Cf of a morphism of orthogonal spectra f: X — Y is defined by the pushout
square:

x—71 .y
All ll
XA[0,1] —Cf

Because colimits and smash product with spaces in the categories of sequential and orthogonal spectra are
objectwise, this amounts to defining C'f by taking mapping cones levelwise/objectwise:

@NWV) = C(f(V)) = XWVIAD, 1) Uy Y(V),

where V is any inner product space. Moreover, the orthogonal group O(V) acts on (Cf)(V) through the
given action on X (V) and Y (V') and trivially on the interval. The inclusions ¢(V): Y(V) — C(f(V)) and
projections p(V): C(f(V)) — X(V)AS! assemble into morphisms of orthogonal spectrai: Y — C'f and
p: Cf — X A S'. The homotopy fiber F(f) is the fiber product

Ff = sxy Y0U xy X
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i.e., the pullback in the cartesian square of orthogonal spectra:

Ff—21 X

e

yiou — Ly xy
(evo,evy)
Here ev;: YI%U — ¥V for i = 0,1 is the ith evaluation map which takes a path w € V%! to w(i), i.e., the
start or endpoint. Limits and mapping objects in spectra are taken objectwise, so (Ff)(V) = F(f(V)),
the orthogonal group O(V') acts on (Ff)(V) through the given action on X (V') and Y (V) and trivially on
the interval. The inclusions i(V): QY (V) — (Ff)(V) and projections ¢(V): (Ff)(V) — X (V) assemble
into morphisms of orthogonal spectra i: QY — F f and p: Ff — X.

Construction 2.10. We define a forgetful functor
w: Sp — SpN
from orthogonal to sequential spectra. For an orthogonal spectrum X, we define n-level of the the sequential
spectrum uX by
(uX), = X(R"),
the value at R™ endowed with the standard inner product (z,y) = Y., #;4;. The n-th structure map is
on = oppn : S'AX, = SEAXRY) — XRY™) = X1y, .

On morphisms, the forgetful functor evaluates at R™. We will refer to uX as the underlying sequential
spectrum of X.

Definition 2.11. The homotopy groups of an orthogonal spectrum are the homotopy groups of the un-
derlying sequential spectrum. A morphism f: X — Y of orthogonal spectra is a stable equivalence if the
induced map 7 (f): 7 (X) — 7, (Y) is an isomorphism for all integers k.

By design, the forgetful functor u: Sp — Sp" creates homotopy groups and preserves and detects
stable equivalences. It also commutes with all categorical construction that we considered so far, namely
limits, colimits, and smash product with — A K, and mapping spectra from map, (K, —) any based space
K. This means that all structure results about homotopy groups and stable equivalence that we proved for
sequential spectra in Section 1 also apply to orthogonal spectra. In particular, the following features and
results are also apply to orthogonal spectra:

e the loop and suspension isomorphism (Proposition 1.13 (i));

e the unit 7: X — Q(X A S!) and counit e: (2X) A S — X of the loop-suspension adjunction are
stable equivalences for every orthogonal spectrum X (Proposition 1.13 (ii));

e the long exact homotopy group sequence for the mapping cone of a morphism of orthogonal spectra
(Proposition 1.18);

e the long exact homotopy group sequence for the strict cofiber of a morphism of orthogonal spectra
that is levelwise an h-cofibration (Corollary 1.20);

e the long exact homotopy group sequence for the homotopy fiber of a morphism of orthogonal spectra
(Proposition 1.22);

e the long exact homotopy group sequence for the strict fiber of a morphism of orthogonal spectra
that is levelwise a Serre fibration (Corollary 1.23);

e homotopy groups takes wedges of orthogonal spectra to directs sums, and they take finite products
of orthogonal spectra to products (Proposition 1.24);

e for every finite family of orthogonal spectra, the canonical morphism from the wedge to the product
is a stable equivalence (Proposition 1.24);

e stable equivalence of orthogonal spectra are stable under colimits of sequences of morphisms that
are levelwise closed embeddings (Proposition 1.26);
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e stable equivalence of orthogonal spectra are stable under arbitrary wedges, under finite products,
under cobase change along levelwise h-cofibrations, under base change with levelwise Serre fibra-
tions, under smash product with arbitrary based CW-complexes, and under maps from finite based
CW-complexes (Proposition 1.27).

Definition 2.12 (Homotopy relation). Two morphisms of orthogonal spectra fo, fi: A — X are called
homotopic if there is a morphism

H A/\[O,1]+ — X,
called a homotopy, such that fo = H oig, and f; = H o4;. The morphisms i;: A — AA[0,1]4 for j =0,1
are the ‘end point inclusions’ which are given levelwise by i;(a) = a A j.

A homotopy between spectrum morphisms is really the same data as a collection of based homotopies
between fo(V) and f1(V): A(V) — X (V) for all inner product spaces V', compatible with the O(V')-actions
and structure maps. In particular, homotopic morphisms induce the same map of homotopy groups.

Homotopies can equivalently be given in two adjoint forms. By the adjunction (2.9) a homotopy H: AA
[0,1]+ — X from fy to f1 is adjoint to a morphism H: A — X0 guch that evg oH = fy and evy oH = f;
where ev;: X 01 5 X for j = 0,1 is given levelwise by evaluation at j € [0,1]. Finally, the homotopy H
is also adjoint to a morphism of (unbased) spaces [0,1] — map(A, X), i.e., a path in the mapping space,
to be discussed in Example 3.10 below. So two morphisms are homotopic if and only if they lie in the same
path component of the mapping space map(A4, X).

For morphisms of orthogonal spectra, ‘homotopy’ is an equivalence relation. We denote by [A, X| the set
of homotopy classes of morphisms from A to X, i.e., the classes under the equivalence relation generated
by homotopy.

A morphism f: A — B of orthogonal spectra is a homotopy equivalence if there exists a morphism
g: B —> A such that gf and fg are homotopic to the respective identity morphisms. Hence every homotopy
equivalence of orthogonal spectra is in particular levelwise a based homotopy equivalence of based spaces.
So for morphisms of orthogonal or sequential spectra we have the implications

homotopy equivalence = level equivalence = stable equivalence.

In general, the reverse implications do not hold. However, every stable equivalence between {2-spectra is a
level equivalence.

Example 2.13 (Shift). We let W be an inner product space and denote by
-eWw .0 — O
the continuous functor given on objects by orthogonal direct sum with W, and on morphism spaces by
oU, V) — OUaeW,VeW), (v,e) — ((v,0),p®dW).

The Wth shift of an orthogonal spectrum X is the composite
(2.14) shX = Xo(—aW).
In other words, the value of sh"' X at an inner product space V is

sV X)(V) = X(Vaw).
The orthogonal group O(V') acts through the monomorphism — & W: O(V) — O(V & W). The structure
map U[S}j‘v/v X of sh" X is the structure map 05 vew of X. As an example, the shift of a suspension spectrum
is another suspension spectrum, sh"(Z®°K) = %°°(SW A K). In the special case W = R, we simply write
sh X for sh®X.

Since composition of functors is associative, the shift construction commutes on the nose with all con-
structions on orthogonal spectra that are given by post-composition with a continuous based functor as in
Example 2.7. This applies in particular to smashing with and taking mapping space from a based space A,
ie.,

(s X)A A = sh"(X AA) and map,(A,sh" X) = sh"(map, (4, X)) .
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So we can — and will — omit the parentheses in expressions such as sh"’ X A A.
The shift construction is also transitive in the following sense. The values of shv(shWX ) and s
at an inner product space U are given by

sh(shW X)(U) = X(UeV)a W)

hew x

and
YOV X\ U) = X(Ua (VoWw)).
We use the effect of X on the associativity isomorphism
UeVieW 2 Us(VeW), ((uv),w) — (u,(v,w))
to identify these two spaces; then we abuse notation and write
sh”(sh"V'X) = shV®" X .
The suspension and the shift of an orthogonal spectrum X are related by a natural morphism
Ae s X ASY — shVX .
In level U, this is defined as A% (U) = oty the opposite structure map (2.4), i.e., the composite

Wwis o X (7
X(U)ASY W% oV A xU) T x(vaeu) XY xev) = 60 X)) .
In the special case V = R we abbreviate \§ to Ax: X A S? — sh X.
The A-maps are transitive in the sense that for another inner product space W, the morphism
coincides with the two composites in the commutative diagram:

Vew
)\X

XASVEW _Z L x ASVASY XY WX ASY

VoW v
Ax NS J{ l)\shwx

shY X ASW — 5 shV(sh" X) =——=5shV®"' X
sh'(AY)

The existence of the natural morphism Ax: X A S' — sh X is a feature of orthogonal spectra that
is not shared by sequential spectra. Indeed, while X A S and sh X make perfect sense for sequential
spectra, and while these constructions extend to endofunctors

—ASY, sh o SpY — SpY,

there is no natural morphism from X A S! to sh X in the context of sequential spectra. A popular mistake
is the misconception that for a sequential spectrum X, the collection of based continuous maps

(XASYH, = X,AS8" T S'AX 2 X1, = (shX),
were to form a morphism of sequential spectra — they do not!

Our next aim is to show that the morphism Ax is in fact a stable equivalence. We let k be any integer
and we observe that

T4k (sh X) = colim,, 7p414%((sh X)(R™))
= colim, m, 111 x(X(R"™)) = colim, m, 1 (X(R")) = m(X) .
Proposition 2.15. Let X be an orthogonal spectrum.
(i) Let A € O(n) be an orthogonal matriz, and let f: S"** — X,, be a continuous based map. Then
[(X(A) o f] = det(A)-[f]
in the group in mi(X).
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(ii) For every integer k, the map

T (X A S T sk X) = me(X)

is inverse to the suspension isomorphism up to the factor (—1)*.

(iii) The morphism
Ax : XAS' — shX  and its adjoint  Ax : X — QshX ,
are stable equivalences of orthogonal spectra.

Proof. (i) We abbreviate the determinant to d = det(A4) € {£1}, and we write §: S — S! for the
onepoint compactification of multiplication by d on R; so § is a based continuous map of degree d. Then
we contemplate the commutative diagram:

Gl+n+k STAX (A)of) S'AX, In Xiin

n+k —1 d 0
SAS J JSAX(A ) Jx(oAl

Sl+n+k Sl—/\f> Sl A\ Xn 0_4"> Xl-‘,—n

The matrix (g Agl) has determinant 1, so it lies in the same path component of O(1 4+ n) as the identity

matrix. Since O(1 + n) acts continuously on X;,, a path in O(1 + n) between these two matrices induces

a homotopy from the map X (g Agl) to the identity of Xi4,. So the composite around the diagram

through the upper right corner is homotopic to the stabilization of X (A) o f, and it thus represents the

class [X(A) o f]. The composite around the lower left corner represents d - [f], so this proves the claim.
(ii) The composite

_ASt A
(X)) 25 (XA S PN (shX) = m(X)
sends the class represented by a based continuous map f: S"t* — X, to the class of the composite

X(Xl,n)

f/\Sl n
gkl 1227, X, A8t T STAX, T X X1 -
This composite equals the composite
ntk, STA n X(x1,n
Skl Xewnl, gk S, gl T, T X

which represents the class
(=)™ (X (xan) 0 on(STA P =@ (1) -det(xin) o lon(ST A F)] = (-1)*-[f] -

(iii) The suspension homomorphism — A St: 74 (X) — 754 1(X A S?) is an isomorphism by Proposition
1.13. So the morphism Ax induces an isomorphism on all homotopy groups by part (ii), and it is thus a
stable equivalence. The adjoint Ax is then a stable equivalence by Corollary 1.14. O

We can now deduce various equivalent characterizations for stable equivalences. Some parts of this have
already been shown in the previous propositions, but they are repeated here for easier reference.

Proposition 2.16. For a morphism f: A — B of orthogonal spectra the following are equivalent:

(i) the morphism f is a stable equivalence;

) the mapping cone C'f of f has trivial homotopy groups;

) the suspension f A S': AANSY —s B A S is a stable equivalence;
v) the shift sh f: sh A — sh B is a stable equivalence;

) the homotopy fiber F(f) of f has trivial homotopy groups;

) the loop Qf: QA — QB is a stable equivalence.
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Proof. Conditions (i) and (ii) are equivalent by the long exact sequence of homotopy groups for a mapping
cone, see Proposition 1.18. Conditions (i), (iii) and (vi) are equivalent because the suspension and loop
constructions shift the homotopy groups, see Proposition 1.13. The natural morphism Ax: X AS! — sh X
is a stable equivalence by Proposition 2.15; so conditions (iii) and (iv) are equivalent. Conditions (i) and (v)
are equivalent by the long exact sequence of homotopy groups for a homotopy fiber, see Proposition 1.22. [J

3. BASIC EXAMPLES AND CONSTRUCTIONS

Before developing any more theory, we give some examples of orthogonal spectra which represent promi-
nent stable homotopy types. We discuss the sphere spectrum (Example 3.1), suspension spectra (Example
3.2), Eilenberg-Mac Lane spectra (Example 3.3), and Thom spectra (Example 3.6). It is a nice feature of
orthogonal spectra that one can explicitly write down these examples in closed form with all the required
symmetries.

Example 3.1 (Sphere spectrum). The orthogonal sphere spectrum S is given by S(V) = SV with functo-
riality by the map
OV, WIANSY — S | (w,o)Av — w4+ ¢(v) .

Unraveling this shows that O(V)-acts on S as the onepoint compactification of the tautological action on
V', and the structure maps

ovw : SYASY — SVOW

are the canonical homeomorphisms. The sphere spectrum is isomorphic to the orthogonal spectrum O(0, —)
represented by the 0-dimensional inner product space.

Example 3.2 (Suspension spectra). Every pointed space K gives rise to an orthogonal suspension spectrum
Y*° K with values

(Z®K) (V) = SYAK .
The functoriality is by the map
OV,WIANSYAK — SYAK, (w,o)AvAk — w4+ o)Ak .

Unraveling this shows that O(V)-acts on SV A K as the onepoint compactification of the tautological action
on SV and trivially on K. The structure map oV,W SVASWAK — SV®W A K is the smash product of
the canonical homeomorphism with K. For example, the sphere spectrum S is isomorphic to the suspension
spectrum £ S°.

Example 3.3 (Eilenberg—Mac Lane spectra, orthogonal version). For an abelian group A, the FEilenberg—
Mac Lane spectrum H A is defined at an inner product space V' by

(HA)(V) = A[SY],

the reduced A-linearization of the V-sphere. Let us review the linearization construction in some detail
before defining the rest of the structure of the Eilenberg—Mac Lane spectrum.

For a general based space K, the underlying set of the A-linearization A[K] is tensor product of A with
the reduced free abelian group generated by the points of K. In other words, points of A[K] are finite sums
of points of K with coefficients in A, modulo the relation that all A-multiples of the basepoint are zero.
The set A[K] is topologized as a quotient space of the disjoint union of the spaces A™ x K™ (with discrete
topology on A™), via the surjection

IT A" x K™ — AK], (a1,....an k1, kn) = > ai- ks
i=1

n>0

There is a natural map H, (K, A) — m,(A[K],0) from the reduced singular homology groups of K with
coefficients in A to the homotopy groups of the linearization: let x = >, a; - f; be a singular chain of K
with coefficients a; in A, i.e., every f; : V* — K is a continuous map from the topological n-simplex. We
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use the abelian group structure of A[K] and add the maps f; pointwise and multiply by the coefficients, to
get a single map z : V" — A[K], i.e., for z € V" we set

z(z2) = Zai'fi(z)'

If the original chain x is a cycle in the singular chain complex, then the map x sends the boundary of the
simplex to the neutral element 0 of A[K]. So x factors over a continuous based map V" /0V"™ — A[K].
After composing with a homeomorphism between the n-sphere and V" /9V" this maps represents an element
in the homotopy group m,(A[K],0). If K has the based homotopy type of a CW-complex, then the map
H,(K,A) — m,(A[K],0) is an isomorphism [ref]. In the special case K = S™ this shows that the A[S"]
has only one non-trivial homotopy group in dimension n, where it is isomorphic to A. In other words,
(HA),, = A[S™] is an Eilenberg—Mac Lane space of type (A4, n).

Now we return to the definition of the Eilenberg-Mac Lane spectrum H A. The functoriality of H A is by
the map

OV W) AAISY] — AlS™], (@) A (D aw) — Yai- (w+e(w).

Unraveling this shows that O(V)-acts on A[SY] through its action on SV and the functoriality of A[—].
And the structure map oy : SV A (HA)(W) — (HA)(V @ W) is given by

SV ANASY] — A[SVEV] | wA (Zai cw;) — Z a; - (v Aw;) .
i i
A non-trivial fact is that the adjoint structure maps
Gvw = A[S"] — map,(SV, A[SVEW])
are weak equivalences for all inner product spaces V' and W. In particular, the adjoint structure maps
Gn @ (HA), = A[S"] — map, (5", A[S"*"]) = Q((HA)11,)

are weak equivalences. Hence all maps in the colimit system defining 7o(H A) are bijective, and so the
canonical map

(3.4) A = m(A[S°]) — colim, m,(A[S"]) = mo(HA)

is bijective. This map is also additive, and hence an isomorphism of abelian groups. More is true: the
homotopy groups of the orthogonal spectrum HA are concentrated in dimension zero, i.e., the group
7 (HA) is trivial for k # 0.

We shall see in Example 4.14 below that the Eilenberg—Mac Lane functor H can be extended to take
rings to orthogonal ring spectra and modules to module spectra.

Eilenberg-Mac Lane spectra enjoy a special property: the n-th space (HA), = (HA)(R") = A[S™] and
the loop space of the next space (HA),+1 are both Eilenberg-Mac Lane spaces of type (A,n), and in fact
the map &, : (HA), — Q(HA),+1 adjoint to the structure map is a weak equivalence for all n > 0.
Spectra with this property play an important role in stable homotopy theory, and they deserve a special
name:

Definition 3.5. An orthogonal spectrum is an Q-spectrum if for all n > 0 the map &, : X,, — QX144
which is adjoint to the structure map o,,: S* A X,, — Xi+n is a weak homotopy equivalence.

Example 3.6 (Thom spectra). We introduce an orthogonal spectrum MO. For an inner product space V'
we let L(V, V) be the space of linear isometric embeddings from V' into V*° = @, ., V, with the weak
topology as the union of the Stiefel manifold L(V, V™). With this topology, L(V, VOC)ES a closed subspace
of the space map(V, V) of all continuous maps with the function space topology internal to the category
T, see for example [41, Proposition A.5 (ii)]. If V' is non-zero, then V*° is infinite dimensional and the
space L(V, V) is contractible, see for example [40, Proposition 1.2.21]. The orthogonal group O(V') acts
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freely and continuously from the right on L(V, V) by precomposition, and the orbit space of this action
identifies with the Grassmannian of dim(V')-planes in V°°, via the homeomorphism

LV, V=)/O(V) = Gramw)(V™), ¢ 0V) — ¢V).
The tautological vector bundle over the Grassmannian corresponds to the vector bundle
L(V.V=) xown) V. — L(V,V=)/O(V), [pv] — ¢-O(V).
We can thus form the Thom space of this vector bundle
MO(V) = L(V,V®)y Aow) SV .
The group O(V) also acts continuously from the left on L(V,V°°) through its diagonal action on V°°; we
give MO(V) the induced action, i.e.,
A [‘pvv] = [(AOO) © (pav} .

The same construction gives an orthogonal spectrum M .SO by dividing out only the action of the special
orthogonal group SO(V) of V. The Thom-Pontryagin construction provides homomorphisms Qko —
7, (MO) from the group of bordism classes of k-dimensional smooth closed manifolds to the k-th homotopy
group of the spectrum MO, and similarly for the other families of classical Lie groups. A celebrated theorem
of Thom’s [47] says that the Thom-Pontryagin map is an isomorphism. We intend to discuss these and
other examples of Thom spectra in more detail in a later chapter.

Construction 3.7 (Free orthogonal spectra). For every inner product space V', the evaluation functor
evy @ Sp — T,
at V has left adjoint
Fy : T, — Sp.
The value of the left adjoint at a based space K is
FyK = O(V,-)ANK |,

the objectwise smash product of the represented functor O(V,—) : O — T, with K. The adjunction
property is an instance of the enriched Yoneda lemma.

The free orthogonal spectrum Fy K comes naturally with a right action of the orthogonal group O(V)
by precomposition; we will refer to this as the ‘right action on the free coordinates’. This right O(V)-action
action is continuous and by automorphisms of orthogonal spectra. Moreover, the adjunction bijection

T.(K,X(V)) = Sp(FyK,X), fr— f
is natural for morphism of orthogonal spectra in X, so it is equivariant for the two natural left actions of

o).

We show in the next proposition that the free orthogonal spectrum Fy K generated by a based space K
in level V is stably equivalent to the V-fold loop of the suspension spectrum of K. If dim(V) = m, this
implies an isomorphism of homotopy groups

Vv
Tk (Fy K) % (Y (S%K)) 2 7y (7K
to the stable homotopy groups K, shifted by the dimension of V.

Proposition 3.8. Let V' be an inner product space and K a based space. The morphism of orthogonal
spectra
oV FyK — QY(Z%K)
adjoint to the based continuous map
K 5 a"(SYAK) = QV(E®K)(V)

is a stable equivalence.
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Construction 3.9 (Semifree orthogonal spectra). There are somewhat ‘less free’ orthogonal spectra which
start from a pointed O(V')-space L; we want to install L in level V| and then fill in the remaining data of
an orthogonal spectrum as freely as possible. In other words, we claim that the forgetful evaluation functor

evy : Sp — O(V)-T., X+— X(V)

has a left adjoint which we denote Gy ; we refer to Gy L as the semifree orthogonal spectrum generated by
L in level V. (The evaluation functor evy also has a right adjoint, but we won’t use it.) The spectrum
Gy L is explicitly given by

GyL = O(V,—) Nowv) L.
In other words: the value of Gy L at W is O(V,W) Ap(vy L, the orbit space of O(V,W) A L by the

equivalence relation that equalizes the two O(V)-action on O(V, W) and L. The ‘semifreeness’ property of
Gy L is another instance of the enriched Yoneda lemma.

Example 3.10 (Mapping spaces). There is a whole space of morphisms between two orthogonal spectra.
For orthogonal spectra X and Y, every morphism f : X — Y consists of a family of based maps {f(V) :
X (V) — Y (V)}y indexed by inner product spaces V which satisfy some conditions. Every inner product
space is isomorphic in the category O to R™ with the standard inner product, for some n. So a morphism
f:X — Y is already completely determined by the family of maps {f,, : X;, — Y3, }n>0. Said differently:
the map

Sp(X,Y) — ] To(Xn,Yy)

n>0

sending f to the collection so its values at all R™ is injective. Moreover, the image of this evaluation map is a
closed subset in the product of the mapping spaces [[,, -, map, (X, Y3); we topologize the set of morphisms
Sp(X,Y) of orthogonal spectra by giving it the subspace topology of the (compactly generated) product
topology. We denote this mapping space by map(X,Y).

For this mapping space topology, the adjunction bijection

Sp(Fv,Y) = Y(V), f+— f(V)(0Idv)
is in fact a homeomorphism
map(Fy,Y) = Y(V).
Furthermore, for a pointed space K and orthogonal spectra X and Y we have adjunction bijections

map, (K, map(X,Y)) = map(X AK,Y) = map(X,map,(K,Y)),

where the first mapping space is taken in the category T, of compactly generated based spaces.
We have associative and unital composition maps

map(Y, Z) Amap(X,Y) — map(X, 7).

Indeed, for orthogonal spectra of topological spaces this is just the observation that composition of mor-
phisms is continuous for the mapping space topology.

4. RING AND MODULE SPECTRA

Definition 4.1. An orthogonal ring spectrum is an orthogonal spectrum R equipped continuous (O(V') x
O(W))-equivariant multiplication maps

pvw : R(VYARW) — R(VaeW)

and a unit « € R(0) that satisfy the following two conditions:
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(Associativity) For all inner product space U, V and W, the square

R(U)Apv,w

R(U)ANR(V)AR(W) RU)ANRV e W)

uu,v/\R(W)l J/MU,VGBW

RU®V)ARW) T RUsVeaeW)
commutes.
(Structure maps) For all inner product spaces V' and W, the composite
—ALA— ov,0AR(W)

SV AR(W) =22%5 8V A R(0) A R(W) 2222220 R(V @ 0) A R(W) 2 R(V) ARW) 22% R(V W)
is the structure map oy, and the composite

R(V)/\C"g,pw nv,w
Sy

R(V)ASW Z22Z5 R(V) A R(0) A SV RV)ARO® W)= R(V)ANRW) 2% R(V e W)

is the opposite structure map oy,
An orthogonal ring spectrum R is commutative if the square

R(V) A RW) -2 ROW) A R(V)

Mve;wl JMW,V

RV &@W) — s ROW @ V)

commutes for all inner product spaces V and W.
A morphism orthogonal ring spectra is a morphism f : R — S of orthogonal spectra such that
F0)(®) =15, and f(VEW)o uﬁw = u‘s/,W o (f(V)A f(W)) for all inner product spaces V and W.

Remark 4.2. e Special cases of the structure map conditions are that the composite

LAN— Hrv,w

R(W) — R(0O)ANR(W) —— R(0& W)
coincides with the effect of R on the isometry (0,—) : W =2 0@ W, and the composite
R(V) =24 R(V)AR(0) £2% R(V @ 0)

coincides with the effect of R on the isometry (—,0) : V = V & 0, respectively.

o If the multiplication maps pyv,w : R(V) A R(W) — R(V & W) are commutative, then the two
structure map conditions are equivalent.

e By instances of the associativity and structure map axioms, the two composites

av,0

SV =M SV AR0) ZX% R(V @) S0,

R(V)

and

op
%0,v

SV T ROYASY DY Roev) O,

R(V)
are equal. We will denote the common composite by vy : SV — R(V) and also call it a unit map
of the ring spectrum R.

e Since the (generalized) unit maps and the multiplication maps determine the structure maps of the
underlying orthogonal spectrum of R, one could equivalently define orthogonal ring spectra as a
collection of based O(V)-spaces R(V) equipped with unit maps ¢y : SV — R(V) and multiplication
maps py,w : R(V)AR(W) — R(V@&W) that satisfy certain relations. The possibility of describing
orthogonal ring spectra in this way is often convenient when presenting explicit examples.
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Remark 4.3. We will show later that orthogonal ring spectra can also be interpreted as the monoid
objects with respect to the symmetric monoidal smash product on the category of orthogonal spectra. This
is very much analogous to the situation in classical algebra: typically, one first encounters rings as abelian
groups equipped with another binary operation that is biadditive, associative, distributive and unital. Any
typically, one realizes later that the category of rings is equivalent to the category of monoids with respect
to the tensor product of abelian groups. Similar comments apply to the modules over ring spectra that we
shall now introduce.

Definition 4.4. A left module over an orthogonal ring spectrum R is an orthogonal spectrum M equipped
with continuous (O(V') x O(W))-equivariant action maps

avw : R(V)AMW) — MV &W)

that satisfy the following two conditions:
(Associativity) For all inner product space U, V and W, the square

R(U) A R(V) A MW) D2V | pary A M(V & W)

/_LU,\//\M(W)\L J/Oéu,veaw

RUSV)ANMW) oV MUasVeoW)
commutes.
(Unitality) For all inner product spaces V and W, the composite

SYAMW) 225 RVYAMMW) 22 M(V e W)
is the structure map oy, w .
A morphism of left R-modules is a morphism f : M — N of orthogonal spectra such that and f(V @
W)o a{‘,/{W = aaw o (R(V) A f(W)) for all inner product spaces V and W. We denote the category of left
R-modules by R mod .

The forgetful functors which associates to an orthogonal ring spectrum or module spectrum its underlying
orthogonal spectrum have left adjoints. We intend to construct the left adjoints in after introducing the
smash product of orthogonal spectra. The left adjoints associate to an orthogonal spectrum X the ‘free
R-module’ R A X respectively the ‘free orthogonal ring spectrum’ T'X generated by X, which we will refer
to as the tensor algebra.

Construction 4.5. We let R be an orthogonal ring spectrum. The forgetful
R-mod — Sp

from left R-modules to orthogonal spectra preserves and reflects limits and colimits. An abstract justification
for this is the fact — hopefully to be proved later — that the forgetful functor has both a left adjoint and a
right adjoint.

Similarly, for every based space K, the adjoint functors

—AK
Sp m—— Sp

map, (K,—)

have a preferred lift to an adjoint functor pair on the category of left R-modules. For example, if M is an
R-module, then the action maps for M A K are simply the maps

ay i = atfw AK : RV)ANMAK)W) =RV)AMW)AK
— MVeW)AK = (MAK)(VeW).
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Construction 4.6 (Shifting modules). Shifting by an inner product space W lifts to an endofunctor of
the category of R-modules. Indeed, if M is an R-module, we define an R-action on the shifted orthogonal
spectrum sh"' M as the collection of maps

afy M = aMyow ¢ RU)AhY M)(V) = RU)A MV & W)

S MUSVOW) = shM)(UaV) .

Construction 4.7 (Multiplication on homotopy groups). We let M be a left module over an orthogonal
ring spectrum R: We introduce a pairing

(4.8) - Wk(R)XWl(M) — 7Tk+l(M)

that makes the homotopy groups of M into a graded module over the homotopy groups of R. We let
f:8mtk —+ R, and g : S"* — M, represent classes in 7;,(R) and (M), respectively. We denote by
f - g the composite

Sm-‘rk-i-n-H fAg R,, A M, Xm,n Mm+n
and then define
k
[f1-1g) = (=1 -[f -4l

in the group w4 (M).

The definition is clearly a generalization of the action of the stable stems on the homotopy groups of an
orthogonal spectrum as defined in (1.7), recalling that 75 = 7 (S), and orthogonal spectra are canonically
left modules over the sphere ring spectrum S.

The multiplication maps py.w : R(V) A R(W) — R(V & W) make R into a left module over itself; so
for this R-module, the pairing specializes to an internal pairing

(4.9) - me(R) x m(R) — mea(R)

Proposition 4.10. Let R be an orthogonal ring spectrum, and let M be a left R-module.
(i) The pairing
: m(R) x m(M) — 7 (M)
is well-defined and biadditive.
(ii) Let 1 € mo(R) denote the homotopy class of the unit map v : S° — Ry. Then for every class

y € m (M) the relation 1 -y =1y holds,
(iii) The following square commutes for all integers j, k and I:

75 (R) % mi(R) x m (M)~ e, (R) x (M)

-Xﬁm(]VI)l l

Tjak(R) X (M) ————————— Tj4p1 (M)

(iv) The pairings (4.9) make the homotopy groups of R into a graded ring with identity element 1 € mo(R).
If R is commutative, then this product on w.(R) is graded-commutative.
(v) The pairings (4.8) make the homotopy groups of M into left module over the graded ring m.(R).
(vi) For every morphism v : M — N of left R-modules, the homomorphism of graded abelian groups
Yot T (M) — 7 (N) is m(R)-linear.
(vil) The collections of suspension and loop isomorphisms

— NSt Wk(M) — 7Tk+1(M/\Sl) and (a7 Tk(QM) — 7Tk+1(M)

are m.(R)-linear.
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(viii) Let f: M — N be a homomorphism of left R-modules and let Cf and Ff be the mapping cone and
homotopy fiber, respectively, of f, endowed with the natural R-action. Then the connecting homomor-
phisms

0 T (Cf) — mp(M) and § @ M1 (N) — m(Ff)

defined in (1.17) and (1.21), respectively, are w.«(R)-linear. Hence the long exact sequences of homotopy
groups of Propositions 1.18 and 1.22 are 7.(R)-linear.

Proof. We check that the multiplication is well-defined. The following square commutes by naturality and
the associativity and unitality properties of the multiplication and action maps:

1 Sl/\ozmm, 1
SUA Ry A My, ——2"" s SUA Miyin

om AM,, l’/l/\Rm/\Mn L1 /\MnJ( Om+n
R1 N n

RiARm AM, —"""" s Ri A Rpn

Ji,ufl,”m,/\Mn al,vn«#nl
%

R1+m A Mn M1+m+n

Al4m,n
So if we replace f : S™*t* — R,, by its suspension o, o (S' A f) : S1+™+tF & Ry, ., then
(Om-(S"AF)-g = arpmmo ((om- (ST A F) Ag)
= Q1m0 (Om AMy)o(STAFAg)
= Om+n© (Sl AN mn(fAG)) = Omen o (Sl AN(f-9)) -

Since the sign in the formula (1.7) does not change, the resulting stable class is independent of the repre-
sentative f of the stable class in 7 (R).

Independence of the representative for m; (M) is slightly more subtle. The following diagram commutes by
the associativity and structure map conditions on the multiplication and action maps, and the equivariance
of the action map o m n:

om AMp,

SYA R, A M, Riim AN M,
R(Xl,m)/\M,[ m}
twist AM,, Rm+1 AN Mn M1+m+n
P, 1AMy,
/ lM(xl,m@R")
Am+1,n

R, M,
Ry ASYA M, —mM e o p ARy A M,

M Qm,14+n

Ry A My,

Mm+1+n

\

If we replace g : S™*! — M,, by the representative o,, o (S' A g) : S*"*T — M, we now obtain
f(ono(S'Ag) = amisno(fA(0no (ST Ag)))
= mitno(RmAan)o(fAS Ag)
= M(X1,m ®R™) 0 Q1m0 (0m A M,,) o (twistg, s1) o (f ASAg)
= M(X1,m ®R") 0 0iqmn 0 (Om AM,) o0 (S*AfAg)o (Xm+k,1 A Snth
= M(x1m ®@R™) 0 (0m(S" A f) - g) 0 (Xmika AS™)
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By Proposition 2.15 (i), the map M (x1,,m ® R™) induces multiplication by (—1)" on homotopy groups.
This cancels part of the sign (—1)™** that is the effect of precomposition with the shuffle permutation
Xm+k,1 A S™T on the left. So in the colimit mj4;(X) we have

[f - (ono (S Ag)] = (1) [om(S"AS)-9)] = (1) [f-g].
Since the dimension of ¢,,(S! A g) is one more than the dimension of g, the extra factor (—1)¥ makes sure
that product [f] - [¢g] as defined in (1.7) is independent of the representative of the stable class [g].

The proof that the product is biadditive is the same as for action of the stable stems on the homotopy
groups of any sequential spectrum in Example 1.6, based on the stability of pinch maps under smashing
with a sphere.

Property (ii) is straightforward from the unitality property of the action of R on M: this requirements
says in particular that for every continuous based map ¢ : S"+* — M,,; the composite

gl = GO A gntl N9 poa A, 20 A,
agrees with g. So 1-[g] = [ao.n o (t A g)] = [g].

The associativity property is also fairly straightforward, and analogous to associativity of action of the
stable stems in Example 1.6. Indeed, if e : SP*/ — R, f: S™k — R, and g : S"T! — M,, represent
classes in 7;(R), m(R) and m (M), respectively, then the diagram

Sptitmtk+ntl

w eN(f-9)

Ry A Ry A M, e By A Mo
\%/\Mn m‘
(e-f)Ng Rp-l"fﬂ A MTL ptmon Mp+7n+n

commutes. So
([e]- /D) - [g) = (1™ - (=)™ [(e-f)-g]
= (=D (=1 e (fg)] = ] - (1] [9]) -
iv) Biadditivity, associativity and unitality of the pairing were established in parts (i), (ii) and (iii).
(iv) Y, y y pairing parts (i), (i) (iii)
The graded-commutativity is again shown by a similar argument as for the stable stems in Example 1.6.

Indeed, we let f : S™*k — R,, and g : S"*' — R, represent classes in 7 (R) and 7,(R). Then the
following diagram commutes:

fAg Hm,n
gmtktntl I op AR, R

an+k,n+lJ{ ltwist JR(XM,TL)

grtltmtk R AR, S Ry
gnf Hntm
commutes. The coordinate permutation X, 4x.ni; of S™HF+7+ induces the sign (—1)™+F)(+0). and the
map R(Xm,n) induces multiplication by (—1)™" on homotopy groups, by Proposition 2.15 (i). This yields
the relation
[f1-[g) = (D) [f-g] = (D)™ g f] = (D) -[g]-[f] .

in the group 74+ (R).

(v) Biadditivity, associativity and unitality of the action of m,(R) on m.(M) were established in parts
(i), (i) and (iii).
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Property (vi) is almost obvious: if f : S™** — R,, and g : S"*! — M,, represent classes in 71 (R)
and 7;(M), then

f'(wnog) = am,no(f/\(wnog)) = OémynO(Rm/\’(/)n)O(f/\g)
¢m+n°am,no(f/\g) = ¢m+no(f'9)-

Hence
[f]-0ulg) = (D™ [f - Wnog)] = (=D Wmsno (f-9)] = ¥:(1f]-[9)
in the group 74 (N).
Property (vii) is also straightforward from the definitions. For the suspension homomorphisms we let
f:8m™* — R, and g : S"*! — M,, represent classes in 7 (R) and (M), respectively, then

(f'g)/\Sl = (ammo(f/\g))/\Sl = (amyn/\Sl)o(f/\g/\Sl)) = f‘(g/\Sl)~

We have used that the action map a%’fzsl i Ry A (M A SY), is the map a%[’n ASY: Ry A M, NS We
conclude that

(L1 [h ASt = (D [(f-9) A ST = (=D [f-(gA 8] = [f]-([gh A S

in the group m,y11(M A SY). The 7. (R)-linearity of the loop isomorphisms can be proved by similarly
explicit manipulations, or by exploiting that the loop isomorphism coincides with the composite

QM) 255 (M)A SY) S m (M)

The suspension homomorphism for QM is 7, (R)-linear by the above. The adjunction counit € : (QQM) A
S1 — M is a homomorphism of R-modules, so its effect on homotopy groups is . (R)-linear.

(viii) The connecting homomorphism § : 7;11(Cf) — 7, (M) is defined as the composite of the effect
of the morphism p, : 741 (Cf) — mr4+1(M) and the inverse of the suspension homomorphism. The map
Py is T, (R)-linear by part (vi); the suspension isomorphism is 7, (R)-linear by part (vii), hence its inverse is
7. (R)-linear, too. So the connecting homomorphism for the mapping cone is 7, (R)-linear. The argument
for the connecting homomorphism of the homotopy fiber is dual. O

4.1. Examples of ring spectra.

Example 4.11 (The orthogonal sphere ring spectrum). The orthogonal sphere spectrum S from Example
3.1 is a commutative orthogonal ring spectrum with respect to the canonical homeomorphisms py,w :
SV ASW = SVEW as multiplication maps, and the identities as unit maps ¢ty : ¥ — S(V)). The forgetful
functor from the category of left S-modules to the category of orthogonal spectra is an isomorphism of
categories. In this sense, S-modules ‘are’ orthogonal spectra.

Example 4.12 (Spherical monoid rings). We let M be a topological monoid. The multiplication and unit
of M induces the structure of orthogonal ring spectrum on the unreduced suspension spectrum %M, as
follows; The unit is the point 0 A 1 € SO A M, where 0 € S° = {0, 00} is the non-basepoint and 1 € M is
the multiplicative unit. The multiplication map py,w is given by the composite

(EXM)V)A(EEM)(W) =SV AMLASY A M,

SV AtwistAM pv,w Amult.
—>

(S ASWYA(M x M), SYEWAM, = (STM)(VaeW).

o

We write SM for the resulting orthogonal ring spectrum and refer to it as the spherical monoid ring of
the topological monoid M. If the multiplication of M is commutative, then so is the one of SM. A left
SM-action on an orthogonal spectrum amounts to the same data as a continuous left action of the monoid
M by endomorphisms of orthogonal spectra.

Example 4.13 (Monoid ring spectra). We let R be an orthogonal ring spectrum R and M a topological
monoid. We define an orthogonal ring spectrum RM by RM = R A\ My, i.e., the levelwise smash product
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with M with a disjoint basepoint added. The unit map is the point ¢t A 1 € R(0) A M, there 1 € M is the
multiplicative unit. The multiplication map py,w is given by the composite

(R(V) A M)A (ROW) A M) (R(V)ARW) A (M x M)y WM ooy @ w) A M,

In the special case when R =S is the sphere ring spectrum, then RM becomes the spherical monoid ring of
Example 4.12. If both R and M are commutative, then so is RM. A left RM-module amounts to the same
data as a left R-module together with a continuous left action of the monoid M by R-linear endomorphisms.

Example 4.14 (Eilenberg-MacLane ring spectra). We let A be a ring, associative and unital, but not
necessarily commutative. We let M be a left A-module. Then A and M have underlying additive abelian
groups, which have associated orthogonal Eilenberg—MacLane spectra HA and HM as introduced in Ex-
ample 3.3. The A-action on M induced an H A-action on HM as follows: for inner product spaces V and
W, the action map is given by

avw : (HAWV)ANHM)W) = ASYIAM[SY] — M[SVEWY] = (HM)(V o W)
(Z a; - V) N (Z m;-w;)  — Z(aimj) - (v Nwj)

We also define unit maps
vy 2 8V — A[SY] = (HA)(V) by ) = 1-v.

This data makes H A into an orthogonal ring spectrum, and H M into a left H A-module spectrum. Moreover,
if the multiplication of A is commutative, then so is the multiplication of HA. And the isomorphism (3.4)
between A and mo(HA) is a ring isomorphism, relative to which M = 7o(HM) is an isomorphism of left
A-modules.

Example 4.15 (Matrix ring spectra). If R is an orthogonal ring spectrum and m > 1 we define the
orthogonal ring spectrum M,, (R) of (m x m)-matrices over R by

Mm(R) = Inap*(m+aR/\m+) .

Here my = {0,1,...,m} with basepoint 0, and so M,,(R) is a m-fold product of a m-fold coproduct (wedge)
of copies of R. So ‘elements’ of M,,(R) are more like matrices which in each row have at most one nonzero
entry. The multiplication

Hv,w ©omap, (m+> R(V) N m+) A map, (m+= R(W) A m+) — map, (m+7 R(V D W) A m+)
sends f A g to the composite

R(V)/\g pnv,wAm4
=

my L5 R(V) Ay R(V)AR(W) Am. RVe&W)Am, .

Example E.7 is devoted to constructing an isomorphism of graded rings 7. (M, (R)) = M, (7. (R)), i.e., the
topological matrix construction realizes the algebraic matrix construction.

Example 4.16 (Opposite ring spectrum). For every orthogonal ring spectrum R we can define the opposite
ring spectrum R°P by keeping the same spaces, orthogonal group actions and unit maps, but with new
multiplication u?}”w on R°P given by the composite

RP(V)ARP(W) = R(V)ARW) 225 RW) A R(V)
Ve gw e v) EOY RV aw) = RV o W) .

By definition, an orthogonal ring spectrum R is commutative if and only if R°®? = R. If we were to define
the category of right modules over R, we would find that it is isomorphic to the category of left modules
over R°P.

For example, we have (RM)°P = (R°P)(M°P) for the monoid ring spectrum (Example 4.12) of a topo-
logical monoid M and its opposite, and (HA)°? = H(A°P) for the Eilenberg-Mac Lane ring spectrum
(Example 4.14) of an ordinary ring A and its opposite.
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By the centrality of the unit, the underlying orthogonal spectra of R and R°P are equal (not just
isomorphic), hence R and R°P have the same (not just isomorphic) and homotopy groups. The purpose of
Example E.8 is to show that

T (RP) = (m(R))P
(again equality) as graded rings, where the right hand side is the graded-opposite ring, i.e., the graded
abelian group 7. (R) with new product z -op y = (=1)* -y - x for x € T (R) and y € m(R).

Example 4.17 (Thom ring spectra). In Example 3.6 we introduced the orthogonal Thom spectrum MO.
Its value at an inner product space V is

MO®V) = L(V,V=)4 Aoy SY

the Thom space of the tautological vector bundle over the Grassmannian of dim(V)-planes over V*>°. We
extend this to a commutative orthogonal ring spectrum as follows. If W is another inner product space, we
define a multiplication map

wyw © MOV)AMOW) — MOV e W)
by
(L(V,V®)y Aoy 8Y) A (LW, W) Aoy SV) —
LVeW,(VeW)®) s Aowaew) 57"
[ps 0] A [, w] — [rvw e (p@Y), vew]
Here Ky, : V> @ W™ = (V @ W)™ is the shuffling isometry
kv,w ((v1,v2,...), (w1, we,...)) = ((v1,w1), (v2,wa),...) .
The multiplication maps are associative and commutative, and they are unital with respect to the maps
w=liv,—] : 8V — L(V,V™)y Aowy SY = MO(V)
where iy (v) = (v,0,0,...) : V — V' is the isometric embedding as the first summand.

Example 4.18. The Thom spectrum MO of the previous example admits a ‘periodization’, i.e., a Z-
graded commutative orthogonal ring spectrum MO P whose degree 0 component is M O, and whose degree 1
component contains a unit of dimension 1. The definition of M OP is the same as for MO, with the only
difference that we take Thom spaces over the full Grassmannian of all subspaces, of all dimensions, in V.
In more detail, we define
MOP(V) = \/ LR* V™), Aog S* .
k>0

In much the same way as for MO, this is the Thom space of the tautological vector bundle — of non-constant
rank! —

[TL®R*, V=) xoumRE — T Gri(V®), [p,0] — o(RF).

k>0 E>0
The structure maps, multiplication and unit maps are defined in the same way as for M O.

The orthogonal spectrum MOP is Z-graded, with m-th homogeneous summand

MOP[m](V) — L(Rdim(V)+m,Voo)+ /\O(dim(V)+m) Sdim(V)+m .

Then MOPIO = MO and

Mop =\/ _ MOP™

me

as orthogonal spectra.



38 STEFAN SCHWEDE

We want to explain the periodicity of the ring spectrum MOP. For the following argument it will be
convenient to use a homeomorphic description of the tautological vector bundle — and hence its Thom space
— as the subspace of V> x Gr(V®°) consisting of those pairs (v, L) with v € L. The homeomorphism from
the previous description takes

[, 2] € LR", V™) xpm) R"

to (¢(z), ¢(R™)).
We let t € 7_1 (MOP!=1) be the class represented by the point

(0,{0}) € Th(Gro(R*®)) = MOPIY(R) = (MOPI=), .
We let o € m(MOP!) be the class represented by the map
52— Th(Gry(R®)) = MOPY(R) = (MOPY), | 2 — (2,R?).

Here R? denotes the 2-dimensional subspace of R>® spanned by the first two coordinates. As the next
proposition shows, MOP is periodic in the sense that ¢ is a unit in the graded ring m, (M OP), with inverse
0.

Theorem 4.19. (i) The relation t-o =1 holds in mo(MOP).
(ii) The relation 2 = 0 holds in wo(MO). In particular, all homotopy groups of MO and MOP are
s -vector spaces.
(iii) For every m > 0, the orthogonal spectrum MOPU is stably equivalent to MO AS™; for every m < 0,
the orthogonal spectrum MOP™ is stably equivalent to Q=™ (MO).

Proof. (i) The class t - o is represented by the composite

52 22 OIDAEED, o pl-l(R) A MOPW(R) 5 MOPPI(R & R)
where the first map is the smash product of the defining representatives for ¢ and ¢. Expanding the

definition of ur g identifies this composite as the map
52 — MOPUR&R), (z,y9) — ((0,2,0,),(0&R)& (0&R)) .
This differs from the representative of the unit 1 € mo(MOP) by the action of the linear isometry
R* — R*, (a,b,c,d) — (b,d,c,a) .

This isometry has determinant 1, and is this homotopic in O(4) to the identity. So the representatives of
t-o and 1 are homotopic, and we conclude that ¢ - o =1 in 7o(MOP).

(ii) The relation 2 = 0 is now a formal consequence: let R be any commutative orthogonal ring spectrum
that has an invertible element ¢ € 7 (R) in an odd degree k. The graded-commutativity of the multiplication
(Proposition 4.10 (iv)) yields t* = —#2, and hence 2t* = 0. Since ¢ is invertible, multiplication with ¢ is
injective, so 2 = 0 in 7(R). The graded multiplication in particular makes the group m;(R) into a module
over the ring mo(R), so all the groups m;(R) are Fa-vector spaces.

(iii) Since the class t € 7_1 (MOP!=1) is invertible by part (i), multiplication by it is an isomorphism

t-— 1w (MOPHFH) = T (MOPWY ;

the inverse is given by multiplication by o € m (M OPM). We will now show that multiplication by ¢ is
realized, in a certain precise way, by a periodicity morphism j : MOP — sh(MOP): the value at an inner
product space V is the map

i(V) : MOP(V) — MOP(V&R) = sh(MOP)(V)
(z,L) =  (i(x),i*(L))

induced by the linear isometric embedding i : V° — (V@ R)*> with ¢ : V — V ® R the embedding as
the first summand. The morphism j is even a homomorphism of left M O P-module spectra. The morphism
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j is homogeneous of degree —1 in terms of the Z-grading of MOP, i.e., it restricts to a morphism of
orthogonal spectra
j : MOP™ s sh(MOPM™)
where m is any integer.
The map j(V') factors as the composite

mop(v) 2 pvopvy A MOPR) Y% MOP(V @R) = sh(MOP)(V) .

Since the point (0,{0}) of MOP(R) represents the class ¢, this shows that the map
Je ¢ Tt (MOPP Y 5 mp (sh(MOPIM™)Y)) = mp(MOPM™)

is multiplication by the class t. In particular, j, is an isomorphism, and hence j is stable equivalence from
MOPI™ U to sh(MOPI™). By Proposition 2.15, MOP!+1 is then also stably equivalent to MOPI™ A ST,
For m > 0, the orthogonal spectrum MOP!™ is thus stably equivalent to MO A S™, by induction. For
m > 0, the orthogonal spectrum MO is stably equivalent MOPI=") A §™  Hence Q~™(MO) is stably
equivalent Q=" (MOPI=™ A §™), which is stably equivalent to MOP[="! by Proposition 1.13. O

Example 4.20 (Complex Thom spectra). We define another Thom spectrum MU, the unitary (or complex)
analog of MO. Closely related, strictly commutative ring spectrum models for this homotopy type have
been discussed in various places, for example [31], [15, Example 5.8], [44, Appendix A] or [8, Section 8].
The Thom ring spectra MU, M SU and M Sp representing unitary, special unitary or symplectic bordism
have to be handled slightly differently from real Thom spectra such as MO in the previous example. The
point is that MU and M SU are most naturally indexed on ‘even spheres’, i.e., one-point compactifications
of complex vector spaces, and M Sp is most naturally indexed on spheres of dimensions divisible by 4.
However, a small variation gives MU, M SU and M Sp as commutative orthogonal ring spectra, as we shall
now explain. The complex cobordism spectrum MU plays an important role in stable homotopy theory
because of its relationship to the theory of formal groups laws. There is also a periodic version MUP
of MU, a Z-graded commutative ring spectrum whose k-th summands is stably equivalent to a 2k-fold
suspension of MU.

We let Vo = C ®g V' denote the complexification of a real vector space V. If V is endowed with a
euclidean inner product, then V¢ inherits a hermitian inner product by the R-bilinear extension of

A@vuew) = A-p- (v,w),
for \,u € C and v,w € V. Given two hermitian inner product spaces U and U’, we write LE(U,U’) for
the space of C-linear isometric embeddings. If W and W’ are finite dimensional, we give LE(W, W’) the
topology as a complex Stiefel manifold. If W' is infinite dimensional, we give LE(W, W’) the resulting weak
topology.
We first consider the collection of pointed spaces MU with
MU(V) = LY(Ve, VE)+ Augvey 8*°
the Thom space of the complex vector bundle
LE(Ve, VE°) xuwe) Ve — Gragimen (VE®) -

Here U(V¢) = LE(V, Vo) is the unitary group of the hermitian inner product space Ve. The O(V)-action
arises from the diagonal action on V{#°, similarly as in the case of MO above.
There are O(V) x O(W)-equivariant multiplication maps

avw : MUV)AMUW) — MUV & W)
[, 2] N[yl — [V (e @), (2,9)]

where "V- (o @ 1)) denotes the 'conjugate’ of ¢ 1 : Vo & W — Vi & WE° by the preferred C-linear
isometries

VeaWe = (VaW)e and VEaWE = VaWw)X.
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There is a unit map ¢ : S — MU(0), but instead of a unit maps from the sphere SV, we instead have a
unit maps

Ly SVC — MU(V), V= (iv,iv(v)),

where iy : Vo — V{° is the embedding as the first summand. Thus we do not end up with an orthogonal
spectrum since we only get structure maps SY¢ A MU(W) — MU(V @& W) involving even-dimensional
spheres. In other words, MU has the structure of what could be called an ‘even ring spectrum’.

In order to get an honest orthogonal ring spectrum, we have to tweak the construction somewhat, by
‘looping with imaginary spheres’. We define

MU(V) = map, (S, MU(V)) ,

the ¢V-loop space of the previously defined Thom space MU (V'), where iV is the R-subspace of V¢ consisting
of the vectors i ® v for v € V. A commutative multiplication is given by

pyw : MUVYAMUW) — MUVaeW), fAgvr— f-g.
Here f: SV — MU(V), g: SW — MU(W), and f - g denotes the composite
SIVeW) ~ iV A giW N TRy ABTT(W) LY BIT(V @ W) |
The unit maps vy : SV — MU(V) are adjoint to
SV ASY > §Ve Wy MUV .

These multiplication maps unital, associative and commutative, and make MU into a commutative orthog-
onal ring spectrum.
The homotopy groups of MU are given by

7k (MU) = colim,, 7,4+r(map,(S™, MU(R™))) = colim,, mo,+x(MU(R"™)) ;

by the unitary analog of Thom’s celebrated theorem, they are isomorphic to the ring of cobordism classes
of stably almost complex k-manifolds.

Essentially the same construction gives an orthogonal spectrum MSU. The symplectic bordism and
M Sp can also be handled similarly, but one need to replace the field of complex numbers by the skew-field
of quaternions.

5. COFIBRATION CATEGORIES

We will eventually introduce the stable homotopy category as the localization of the category of or-
thogonal spectra at the class of stable equivalences. Most of the formal properties of the stable homotopy
category are shared by the derived category of any orthogonal ring spectrum, so we will develop the theory
in this generality, see Section 6 below.

If all we had was the relative category of orthogonal spectra and stable equivalences, it would be hard
to prove anything useful about its localization, the stable homotopy category. This is where some kind of
additional structure comes in handy. We will use cofibration categories. This notion was first introduced
and studied (in the dual formulation) by Brown [7] under the name ‘categories of fibrant objects’. Closely
related sets of axioms have been explored by various authors, compare Remark 5.2.

Definition 5.1. A cofibration category is a category C equipped with two classes of morphisms, called
cofibrations and weak equivalences, respectively, that satisfy the following axioms (C1)—(C4).

(C1) All isomorphisms are cofibrations and weak equivalences. Cofibrations are stable under composition.
The category C has an initial object and every morphism from an initial object is a cofibration.

(C2) Given two composable morphisms f and ¢ in C, if two of the three morphisms f, g and gf are weak
equivalences, then so is the third.
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(C3) Given a cofibration i : A — B and any morphism f: A — C, there exists a pushout square

A—1sc
i J
B——D
J
in C and the morphism j is a cofibration. If additionally ¢ is a weak equivalence, then so is j.
(C4) Every morphism in C can be factored as the composite of a cofibration followed by a weak equiva-
lence.

An acyclic cofibration is a morphism that is both a cofibration and a weak equivalence.

We will often decorate cofibrations by a tail at the arrow, as in > ; will often denote weak equiva-
lences by a tilde over the arrow, as in —— ; hence acyclic cofibrations come with a tail and a tilde, as

~

in —— .
We record some elementary consequences of the axioms:
e In a cofibration category a coproduct BV C of any two objects in C exists by (C3) with A an initial
object, and the canonical morphisms from B and C' to B V C' are cofibrations.
e Ifi: A— B and i : A — B’ are cofibrations, so is their coproduct ¢ 117 : AIl A” — BII B'.
Indeed, applying (C3) to the two pushout squares

. -/
? / ? /

A——B AY—B

S P S

AITA— BIT A’ Bl A»——BII B’
ilIA’ BII:/

shows that ¢ II A" and B II ¢’ are cofibrations, hence so is their composite, by (C1). The same
argument shows that whenever 7 and i’ are acyclic cofibrations, so is 7 IT4'.

The homotopy category of a cofibration category is a localization at the class of weak equivalences, i.e., a
functor v : C — Ho(C) that takes all weak equivalences to isomorphisms and is initial among such functors.
The homotopy category always exists if one is willing to pass to a larger universe. To get a locally small
homotopy category (i.e., have ‘small hom-sets’), additional assumptions are necessary; one possibility is to
assume that C has ‘enough fibrant objects’, compare Remark 5.14. We recall some basic facts about the
homotopy category of a cofibration category in Theorem 5.13.

Remark 5.2. The above notion of cofibration category is due to K.S.Brown [7]. More precisely, Brown
introduced ‘categories of fibrant objects’, and the axioms (C1)—(C4) are equivalent to the dual of the axioms
(A)—(E) of Part I.1 in [7]. The concept of a cofibration category is a substantial generalization of Quillen’s
notion of a ‘closed model category’ [36]: from a Quillen model category one obtains a cofibration category
by restricting to the full subcategory of cofibrant objects and forgetting the class of fibrations.

Cofibration categories are closely related to ‘categories with cofibrations and weak equivalences’ in the
sense of Waldhausen [52]. In fact, a category with cofibrations and weak equivalences that also satisfies
the saturation axiom [52, 1.2] and the cylinder axziom [52, 1.6] is in particular a cofibration category as in
Definition 5.1. Further relevant references on closely related axiomatic frameworks are Baues’ monograph [3]
and Cisinski’s article [9]. Radulescu-Banu’s extensive paper [37] is the most comprehensive source for
basic results on cofibration categories and, among other things, contains a survey of the different kinds of
cofibration categories and their relationships.

A property that we will frequently use is the following gluing lemma. A proof of the gluing lemma can
be found in Lemma 1.4.1 (1) of [37].
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Proposition 5.3 (Gluing lemma). Let C be a cofibration category. Consider a commutative C-diagram

At B— O

A ¢——B —— '

such that i and i' are cofibrations and all three vertical morphisms are weak equivalences. The the induced
morphism between the horizontal pushouts AUg C — A’ Up: C' is a weak equivalence.

A special case of the gluing lemma is particularly important. Let i : A — B be a cofibration, and let
f: B — C be a weak equivalence. Applying the gluing lemma to the commutative diagram

A" «\B——B

"

A<—<B*>C’

yields that the morphism ¢ in the pushout square

B%C

i
A % AU C
is a weak equivalence, too.

5.1. The homotopy relation. One key feature that makes the homotopy category of a cofibration category
more manageable that an arbitrary localization is a ‘calculus of fractions’ for morphisms in the homotopy
category. We will develop this part of the theory now.

Definition 5.4. Let A be an object of a cofibration category C. A cylinder object for A is a quadruple
(I,i0,11,p) consisting of an object I, morphisms ig,i; : A — I and a weak equivalence p : I — A
satisfying pip = pi; = Id4 and such that ig + 41 : AIl A — I is a cofibration.

Two morphisms f,g: A — Z in a cofibration category are homotopic if there exists a cylinder object
(I,ip,i1,p) for A and a morphism H : I — Z (the homotopy) such that f = Hig and g = Hi.

Every object has a cylinder object: axiom (C4) lets us factor the fold map Id+Id: AITA — A as a
cofibration ig 4+ 41 : ALl A — I followed by a weak equivalence p: I — A.

Since the morphism p in a cylinder object is a weak equivalence, v(p) is an isomorphism in Ho(C)
and so y(ig) = 7(i1) since they share v(p) as common left inverse. So if f and g are homotopic via H,
then v(f) = v(H)v(io) = v(H)7v(i1) = v(g). In other words: homotopic morphisms become equal in the
homotopy category. The converse is not true in general, but part (ii) of the ‘calculus of fractions’ (Theorem
5.13 ) says that the converse is true up to post-composition with a weak equivalence.

Proposition 5.5. Let A and Z be objects in a cofibration category C.

(i) ‘Homotopy’ is an equivalence relation on the set of morphisms C(A, Z).
(ii) Postcomposition with any C-morphism Z —s Z preserves the homotopy relation.
(iii) Let f,g: A — Z be homotopic, and let o : A — A be any C-morphism. Then there is an acyclic
cofibration s : Z — Z' such that the two morphisms sfp,sqgp : A — Z' are homotopic; moreover,
the homotopy can be witnessed by any cylinder object for A.
(iv) Let f,g: A — Z and 7 : A — A be C-morphism such that T is a weak equivalence. If fr,g7: A —
Z are homotopic, then f and g are homotopic.
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Proof. (i) For reflexivity we let (I, g, 11, p) be any cylinder object for A. Then for any morphism f : A — Z,
the morphism fp: I — Z is a homotopy from f to itself.

For symmetry we let H : I — Z be a homotopy from f: A — Z to g: A — Z, based on some
cylinder object (I,i,%1,p). Interchanging the roles of iy and i; yields another cylinder object (1,11, 0, p)
for A. The same morphism H : I — Z is now a homotopy from g to f based on this new cylinder object.

As a preparation for the transitivity relation we explain how two cylinder objects (I,4g,41,p) and
(J,jo,j1,q) for A can be glued into a third cylinder object (I Us J,lg,l1,7). We define I Us J by a
choice of pushout

A g

i b
I>T> 1 Ua J
Such pushout exists because i; and jy are cofibrations. Since i; and jy are acyclic cofibrations, so are a
and b, by (C3). We define
l() = aio and ll = b]l .
The universal property of the pushout provides a unique morphism r : I U4 J — Z such that
ra = p and rb = q.

Then
rlp = raig = piy = Ida ,
and similarly rl; = Id4. Sincea: I — IUs J and p : Z — A are weak equivalences, the 2-out-of-3 axiom
(C2) and the relation ra = p show that r is a weak equivalence.
Since the coproduct of two cofibrations is a cofibration, the pushout square

ATTATI ATI A0t rpy g

o |

AMATA——— TUx J
lo+li 2+
shows that the lower horizontal morphism is a cofibration. Since embedding ATTA — AIT AII A as the
first and last summand is a cofibration, too; we conclude that lo +1y : AIlA — I Uy J is a cofibration.
This concludes the proof that the quadruple (I U4 J,lo,l1,7) is indeed a cylinder object for A.

For transitivity we consider three morphisms f,g,h : A — Z, a homotopy H : I — Z from f to g
based on a cylinder object (I,4g,i1,p), and a homotopy K : J — Z from g to h based on the cylinder
object (J, jo,j1,q). Because

H’L'lzg:KjolA—>Z,
the universal property of the pushout provides a unique morphism H U K : I U4 J — Z such that
(HUK)a = H and (HUK) = K.

Then
(HUK)ZO = (HUK)(IZO = HZ() = f 5
and similarly (H U K)l; = h. In other words: H U K is a homotopy from f to h.

(ii) Given a homotopy H : I — Z between two morphisms f : A — Z to g : A — Z and any
morphism ¢ : Z — Z, then ¢ H is a homotopy, based on the same cylinder object, from ¥ f to 1¥g. So
‘homotopy’ is stable under postcomposition. B

(iii) We let (I,49,1,p) and (J, jo,j1,q) be cylinder objects for A and A, respectively. We start with a
preliminary construction that fixes the defect that cylinder objects we not assumed to be functorial. The
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left vertical morphism in the commutative square

A 11 A ioptite I
Jo+i1 P
J—A
»q

is a cofibration; so a pushout of the initial part of the diagram exists. We apply the factorization axiom
(C4) to the morphism
(p)Up © JUzual — A;
we obtain a cofibration and a weak equivalence
pUt : JUzual — T and p I — A
whose composite is (pq) Up. We define

ig, = tip :A — I'  and i} = tiy A — I';

< ple
A— s ATT
i0+1
il 44 !
P , t
N
A
©

then the following diagram commutes:

A

=

Jo+J1

(5.6) I I

A

We claim that the quadruple (I',i(.i},p") is a new cylinder object for A. Because the morphisms p and p/
are weak equivalences, so is t : I — I’ by 2-out-of-3. Because jo + j; : AIl A — .J is a cofibration, so is
the canonical morphism I — J Uz 4 I. Since the morphism @ Ut : J Uz I — I’ is a cofibration by
design, we conclude that ¢t : I — I’ is a cofibration. Because iy + 11 : AIl A — I is a cofibration, so is

B G —

ig+1i] = to(ig+i1) : AUA—T" .

The upshot of this discussion is that we have constructed a new cylinder object (I’,14(.7},p") for A, an acyclic
cofibration ¢t : I — I’, and a morphism @ : J — I’ such that the diagram (5.6) commutes.

Now we prove part (iii). We let H : I — Z be a homotopy from f: A — Z to g: A — Z, based on
the cylinder object (I,14g,41,p). We define the acyclic cofibration s : Z — Z’ by a choice of pushout:

I—sr
Hl ln
Z—— 7
Then
Kpjo = Kigp = Ktiop = sHigp = sfe,
and similarly k@j; = sgp. In other words, the morphism x@ : J — Z’ is a homotopy from sfy to sgep.

(iv) Since f7 is homotopic to g7, there is a cylinder object (.J, jo, j1, ¢) for A and a homotopy H : J — Z
from fr to gr. We form a pushout

AN A2
THT\LN N\t’_—
AT A— 1T

i0+11
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The morphism ig 44 : AIl A — I is then a cofibration because jg + ji1 is; and the morphism 7 is a weak
equivalence because 7117 is, by the gluing lemma. The universal property of the pushout provides a unique
morphism p : I — A such that

pig = pip = Idgy and pT = Tq .

Because 7, T and ¢ are weak equivalences, so is p, by 2-out-of-3. We conclude that (I,4g,41,p) is a cylinder
object for A.
The relations

fm = Hjo and gr = Hj;
and the universal property of the pushout provide a unique morphism K : I — Z such that
Kiy = f, Kip =y and K7 = H.
In particular, K is a homotopy from f to g. U

5.2. Localization by fractions. We can now exhibit a localization of a cofibration category at the class
of weak equivalences, by a construction that resembles the definition of fractions.

Construction 5.7. We let C be a cofibration category. We define a category Ho(C) with the same objects
as C. Morphisms in Ho(C) from A to B are equivalence classes of pairs (f,7) consisting of C-morphisms
f:A— Z and 7 : B — Z with the same target, and such that 7 is an acyclic cofibration. Two such
pairs (f,7) and (f’,7') are equivalent if there are acyclic cofibrations a : Z — Z and b : Z' — Z such
that the following diagram commutes up to homotopy:

PR
PN

:u
N>—> N‘<—<N

We write (f,7) = (f’,7’) for this relation.
Proposition 5.8. The relation ~ is an equivalence relation.

Proof. The relation ~ is clearly reflexive and symmetric, because the homotopy relation is reflexive and
symmetric. But we need to argue that it is also transitive.

We suppose that (f,7) =~ (f’,7') via two acyclic cofibrations a : Z — Z and b : Z' — Z, ie
such that af is homotopic to bf’ : A — Z’, and ar is homotopic to br’. And we suppose that also
(f',7) = (f",7") via two acyclic cofibrations a’ : Z' — Z' and V' : Z" — Z', i.e., such that a’f’ is
homotopic to V' f : A — Z', and a'7’ is homotopic to b'7".

Because b and a’ are acyclic cofibrations, we can choose a pushout:

AN
i
I E
Moreover, the morphisms « and 5 are also acyclic cofibrations. The homotopy relation is compatible with
postcomposition, so
aaf ~abf' = Bd f' ~ gy f’ and aat ~ abr’ = Ba’'t' ~ BT .

Since the homotopy relation is transitive, the acyclic cofibrations cwa : Z — E and gV : Z"” — E witness

that (f,7) ~ (f",7"). U
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Construction 5.9. We continue with the definition of the category Ho(C). Morphisms in Ho(C) from A to
B are equivalence classes under the relation = of pairs (f : A — Z,7: B — Z) such that 7 is an acyclic
cofibration. We write

\Nf: A— B
for the equivalence class of the pair (f, 7).

Now we define composition in the category Ho(C). We consider two pairs of morphisms (f,7) and (g,0)
that represent morphisms 7\f : A — B and o\g : B — C in Ho(C). Because 7 : B — Z is an acyclic
cofibration, there is a pushout in C:

B—2-y
(510) TIN NI@[;

ZTH/V

Moreover, the morphism ) is an acyclic cofibration, too. We then define the composite by

(5.11) (@\g) o (T\f) = (Wo)\(ef) -

Theorem 5.12. Let C be a cofibration category.

(i) The composition (5.11) is well-defined and makes Ho(C) into a category.
(ii) The assignments y(A) = A and v(f) =Id\f define a functor v : C — Ho(C).
(iii) For every acyclic cofibration T : B — Z in C, the morphism ~(7) is an isomorphism with inverse
7\1Idz, and the relation
N = (1) o)
holds for all C-morphisms f: A — Z.
(iv) The functor vy : C — Ho(C) takes weak equivalences to isomorphisms.
(v) The functor v: C — Ho(C) is a localization of C at the class of weak equivalence.

Proof. (1) We start by observing that the composition (5.11) does not depend on the choice of pushout
(5.10). Indeed, any two choices of pushout are canonically isomorphic, and the resulting pairs (¢ f, o) are
then ~-equivalent via isomorphisms.
The equivalence relation = is generated by three ’elementary’ instances:
(1) for every acyclic cofibration a : Z — Z, the pair (f,7) is equivalent to (af,ar);
(2) for all pairs of homotopic morphisms f, ' : A — Z, the pair (f, ) is equivalent to (f/, 7);
(3) for all pairs of homotopic acyclic cofibrations 7,7’ : B — Z, the pair (f,7) is equivalent to (f, 7).
So it suffices to show that pre- and postcomposition is compatible with each of these elementary relations.
We start with postcomposition by the morphism represented by a pair (g,0), for a C-morphisms ¢ :
B — Y and an acyclic cofibration ¢ : C' — Y.
Relation (1): We choose two pushout squares in C:

L}Y

~

B

R
Z — w
A
Z——V

K

The composite is then a pushout, too. So

(c\g) o ((ar)\(af)) = (Wo)\(kaf) = (Mao)\(Apf) = (Wo)\(¢f) = (o\g)o(T\[) -
Relation (2): We choose a pushout (5.10). Postcomposition preserves the homotopy relation; because
fif'+ A — Z are homotopic, so are of,of : A — W. Hence (¢f, o) = (pf’,vo).
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Relation (3): we choose three pushouts

BT 7
BLA@%W
7|~ ~lw e

Because 7 and 7’ are acyclic cofibrations, so are the morphisms 1, 9', @ and 3. Postcomposition preserves
the homotopy relation; since 7 and 7" are homotopic, we conclude that
apr = apg = PYlg = BY'T ~ By't.

Because 7 is a weak equivalence, Proposition 5.5 (iv) shows that ap : Z — V is homotopic to S¢’.

Unfortunately, precomposition with f : A — Z need not preserve the homotopy relation. However,
Proposition 5.5 (iii) provides an acyclic cofibration s : V' — V' such that sapf : A — V' is homotopic
to sBy’ f. Moreover,

sapo = sBYoc : C — V.

So the acyclic cofibrations sa: W — V’ and s : W/ — V' witness that (pf,v0o) =~ (¢'f,¢'0).

Now we turn to precomposition by the morphism represented by a pair (e, ), for a C-morphism e : & —
X and an acyclic cofibration v : A — X.

Relation (1): We choose two pushout squares

The composite is then a pushout, too. So

((am)\(af)) o (W\e) = (Cam)\(uxe) = (u&T)\(uxe) = (€7)\(xe) = (T\f)o (¥\e) .

Relation (2): we choose three pushouts

A>—>X

%
~
I
o~
<—<<;

X—>U’>—>V
X

Because v is an acyclic cofibration, so are the morphisms ¢, £, o and 3. Postcomposition preserves the
homotopy relation; since f is homotopic to f/, we conclude that

axv = off = BEf ~ BEf = BX'v.

Because v is a weak equivalence, Proposition 5.5 (iv) shows that ay : X — V is homotopic to Bx’.
Postcomposition preserves the homotopy relation, so also

axe ~ Bye.

Moreover,
abt = B¢t : B — V.
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So the acyclic cofibrations « : U — V and 8 : U’ — V witness that (xe, £7) = (x/e, &'7).

Relation (3): We choose a pushout

L}Z

A

Jo -
X—Y%U

Postcomposition preserves the homotopy relation. So if 7,7’ : B — Z are homotopic, so are 7,67’ : B —

U. Hence (xe,&T) = (xe, &T').

Now that we know that composition in Ho(C) is well-defined, we can easily check that it is associative. We
consider three pairs (e, v), (f,7) and (g,0) that represent composable fractions. We choose three pushouts

B—.Yy
R
Atz w
11
v

X—U——
X W

Then the two composite squares are pushouts, too. So

(0\g) o ((T\f) o (W\e)) = (a\g) o (§7)\(xe)) = (Ao)\(uxe)
(o)\(pf)) o (W\e) = ((a\g) o (T\f)) o (W\e) -

For every object A, the fraction Id 4\Id 4 is clearly a two-sided unit for composition.

(ii) The proof that + is indeed a functor is straightforward.

(iii) To calculate the composite (7\Idz) o y(7) = (r\1dz) o (Idz \7) we must choose a pushout of two
instances of the identity of Z; the square consisting of four instances of Idz does the job, and it yields the
relation

(T\Idz) ovy(r) = (7\Idz)o(Idz\7) = 7\7 = Idg\Ildp .
In order to calculate the other composite, we choose a pushout
B—V——Z
T~ ~ | Y1

I——7ZUg Z
Yo

Because ¢¥o7 = ¥17 and 7 is a weak equivalence, Proposition 5.5 (iv) shows that ¢ and 1, are homotopic.
The acyclic cofibration ¢ : Z — Z Up Z thus witnesses that (Idz,Idz) = (¢, ¥1). So

’Y(T) @) (T\ Idz) = (IdZ \’7’) o (T\Idz) = wl\”(/JO = Idz\IdZ .

(iv) We claim that every C-morphism f: A — B admits a factorization f = ¢j such that j: A — Z
is a cofibration and the morphism g : Z — B is left inverse to an acyclic cofibration r : B — Z. To prove
the claim we use an abstract version of the mapping cylinder factorization. We choose a cylinder object
(I,i0,11,p) for A, and form a pushout

—f

A

ilIN NIT
I— I B=Z
®
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The universal property of the pushout provides a unique morphism ¢ : Z — B such that gqp = fp and
qr = Idp. In particular, ¢ is left inverse to the acyclic cofibration r. We define j = ¢ig : A — Z. Then

q = qpio = fpin = f.
Moreover, the square
AuB -, 4B
i0+i1 Jj+r
1 — Uy B=27

is a pushout; so j+r: AIl B — Z is a cofibration. Since the canonical morphism A — AIl B is a
cofibration, too, so is the morphism j.

Now we can prove part (iv). We factor the given weak equivalence f : A — B as provided by the above
claim, so that f = ¢j, and ¢gr = Idg for an acyclic cofibration r : B — Z. Because f and ¢ are weak
equivalences, so is j; hence j is an acyclic cofibration. Thus «(r) and 7(j) are isomorphisms by part (iii).
Because

V(@) on(r) = ~(gr) = ldp,
the morphism ~y(g) is an isomorphism, and inverse to y(r). So

-1

Y(f) = @) o) = ()" o) = r\j

is an isomorphism.

(v) We let F': C — D be any functor that takes weak equivalences to isomorphisms. We have to show
that F' factors uniquely through the functor v : C — Ho(C).

Claim: let f,g : A — B be homotopic C-morphisms. Then F(f) = F(g). Indeed, there is a cylinder
object (I,14p,i1,p) for A, and a homotopy H : I — B such that

Hig = f and Hiy = g.
Because p is a weak equivalence, the morphism F(p) : FI — F A is an isomorphism. Because F(p) is an
isomorphism and
F(p)o F(io) = F(poio) = F(lda) = F(poir) = F(p)o F(ir),
we conclude that F(ig) = F(i1). Hence
F(f) = F(H)oF(ig) = F(H)o F(in) = F(g) .

Now we can prove the uniqueness property of a localization. Let G : Ho(C) — D be any functor such
that G oy = F. Because +y is the identity on objects, G agrees with F' on objects. On morphisms we have

G(T\f) = G(y(1)" on(f)) = G(r(1) " o G(Y(f) = F(r)" o F(f).

So the effect of G on morphisms is determined by the effect of F' on morphisms.
For the existence part of a localization, we define G : Ho(C) — D on objects by G(A) = F(A). On
morphisms, we define

G(T\f) = F(r)" o F(f) .
To show that this is well-defined, we suppose that (f,7) ~ (f’,7'). Since the equivalence relation = is
generated by the three elementary instances, it suffices to check these elementary cases.

For the relation (1) we let a : Z — Z is any acyclic cofibration. Then F(a) is an isomorphism, and
hence

F(ar)™ o F(af) = F(r)"'oF(a)"' o F(a) o F(f) = F(r)™ o F(f) .

Relations (2) and (3) are also fine because F' takes the same value on homotopic morphisms.
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Now we argue that G is indeed a functor. Clearly G(14\14) = Idp(4), so G preserves identities. Now
we let (f,7) and (g,0) represent two composable morphism 7\f : A — B and ¢\g : B — C in Ho(C).
We choose a pushout square (5.10). Then

Fp)oF(r) = F(¢)oF(g) .
Because 7 and v are weak equivalences, F(7) and F(¢) are isomorphisms, and thus
F(y)" o F(p) = F(g)oF(r)™"
Hence

G((o\g) o (T\[)) = G((Wo)\(¢f)) = F(yo)" o Fef)
= F(o) ' o F(y)™ o F(p) o F(f)
= F(o) ' oF(g)o F(r) ' o F(f) = G(o\g)oG(7\f)) - 0
The specific construction of the localization v : C — Ho(C) immediately implies the following corollary,

which we will refer to as a ‘calculus of fractions’ for Ho(C). The theorem states the main properties of the
localization functor without reference to the specific construction.

Theorem 5.13 (Calculus of fractions). Let C be a cofibration category and v : C — Ho(C) a localization
at the class of weak equivalences. Then:

(i) Every morphism in Ho(C) is a ‘left fraction’, i.e., is of the form (7)™ o y(f), where f and T are
C-morphisms with the same target, and T is an acyclic cofibration.

(ii) Given two morphisms f,g: A — B in C, then v(f) = v(g) in Ho(C) if and only if there is an acyclic
cofibration s : B — B such that sf and sg are homotopic.

Proof. Part (i) is a restatement of the relation 7\ f = (7)™ o y(f).
(ii) If there is an acyclic cofibration s : B — B with sf ~ sg, then

V(s)ov(f) = (sf) = v(sg) = v(s)o7(g) .
We have exploited that every functor that inverts weak equivalences takes the same value on homotopic
morphisms, compare the proof of Theorem 5.12. Because s is a weak equivalence, the morphism v(s) is an
isomorphism, and hence v(f) = v(g).
Conversely, the relation v(f) = 7(g) means that (f,Idp) ~ (g,Idp). So there are homotopic acyclic

cofibrations a,b : B — Z such that af is homotopic to bg. We choose a pushout in C:

B—2sZ

al~ o~

Z — W
Postcomposition preserves the homotopy relation, so we conclude that

pa = b ~ a .

Because a is a weak equivalence, Proposition 5.5 (iv) shows that ¢ and % are homotopic. Proposition 5.5
(iii) provides an acyclic cofibration ¢ : W — B such that

toaf ~ taf .

Because the homotopy relation is transitive, the relations

toaf ~ tpaf ~ tpbg = tpag

show that s = tpa : B — B can serve as the desired acyclic cofibration. (]
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Remark 5.14. On the face of it, the homotopy category of a cofibration category raises set-theoretic issues:
in general the hom-‘sets’ in Ho(C) may not be small, but rather proper classes. One way to deal with this
is to work with universes in the sense of Grothendieck; the homotopy category of a cofibration category
then always exists in a larger universe. Another way to address the set theory issues is to restrict attention
to those cofibration categories that have ‘enough fibrant objects’. An object of a cofibration category C
is fibrant if every acyclic cofibration out of it has a retraction. If the object B is fibrant, then the map
v :C(A4, B) — Ho(C)(A, B) given by the localization functor is surjective: an arbitrary morphism from A
to B in Ho(C) is of the form v(s)~1y(a) for some acyclic cofibration s : B — Z. Since B is fibrant, there
is a retraction r : Z — B with rs = Idp , and then ~(s)~!vy(a) = 7(ra). Moreover, if two C-morphisms
f,g: A — B become equal after applying the functor v, then there is an acyclic cofibration s : B — B
such that sf is homotopic to sg. Composing with any retraction to s shows that f is already homotopic
to g. So the map C(A, B)/homotopy— Ho(C)(A, B) sending the class of f to v(f), is bijective. We say
that the cofibration category C has enough fibrant objects if, for every object X, there is a weak equivalence
r : X — Z with fibrant target. For example, if C is the collection of cofibrant objects in an ambient
Quillen model category, then it has enough fibrant objects.
If r: X — Z is a weak equivalence with fibrant target, then for every other object A the two maps

Ho(C)(4,X) 2% Ho(C)(A,Z) <= C(A,Z)/homotopy

are bijective, so the morphisms Ho(C)(A4, X) form a set (as opposed to a proper class). So, if C has enough
fibrant objects, then the homotopy category Ho(C) has small hom-sets (or is ‘locally small’).

Now that we have a good handle on the homotopy category of a cofibration category, we can use the
calculus of fractions to derive additional desirable properties. The homotopy category will typically have
only very few limits and colimits. But it always has finite coproducts, and general coproducts and finite
products are inherited from the cofibration category.

Proposition 5.15. Let C be a cofibration category.

(i) The localization functor v : C — Ho(C) preserves finite coproducts. In particular, the homotopy
category Ho(C) has finite coproducts.

(ii) Let I be any set. Suppose that C has I-indexed coproducts, and that the classes of cofibrations and
acyclic cofibrations are closed under I-indezed coproducts. Then the localization functor v : C —
Ho(C) preserves I-indexed coproducts. In particular, the homotopy category Ho(C) has I-indexed
coproducts.

Proof. (i) A cofibration category always has finite coproducts, and cofibrations and acyclic cofibrations are
closed under finite coproducts. So part (i) is a special case of part (ii).

(ii) Since the localization functor 7 can be arranged to be the identity on objects, we drop v in front of
objects to simplify the notation. Now we consider an I-indexed family {X;};cr of C-objects. We denote a
coproduct of the family by \/,.; X;, and we write x; : X; — \/,.; X; for the universal morphisms. We
must show that for every C-object Y, the map

(5.16) Ho(C)(\/ Xi,Y) — HjeIHO(C)(Xj»Y) , Y (Yor(ky))jer
iel
is bijective. For surjectivity we let (¢; : X; — Y') be any I-indexed family of morphisms in Ho(C). By
the calculus of left fractions, we can write
vy = ()" o(f;)
for some families of C-morphisms f; : X; — W; and s; : Y — W, such that the morphisms s; are acyclic

cofibrations. We choose a coproduct of the family {W;};c; and a coproduct of the constant family {Y }er
of copies of Y. Then we form the C-morphisms

\Vx s w £ \y Sy
iel il o er
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where V denotes the fold morphism. Since coproducts of acyclic cofibrations are acyclic cofibrations, the
middle morphism is an acyclic cofibration. So we can form the morphism

Y(V)oy(Vs) oV i) VXi — ¥
iel
in the homotopy category. Then for every j € J, the following diagram commutes:

X, fi W,

Vier Xi VFi *Vier Wi ¢ 1 Vi

Hence
(V) oy (\ si) " o (\ fi) o (i) = ¥(V) oxv(\s:) " ov((\ i) o))
= (V) ov(\ s:) "t ov(ky) o v(f5)
= (V) or(kj) o y(si) L on(fy) = 2(s) ten(fy) = ¥5 .

So the map (5.16) sends the morphism (V) o y(\/ s;) 7! o y(\ fi)to the original family (¢;);es, and thus
the map (5.16) is surjective.

For injectivity we consider two morphisms v, 9’ : \/,.; X; — Y in Ho(C) such that v oy(k;) = 9’ oy(k;)
for all j € I. We start with the special case where ¥ = ~(f) and ¢’ = ~(f’) for two C-morphisms
L Ve Xi — Y. Because

V(frj) = Yor(k;) = ¢ ov(k;) =7(f'r;)

the calculus of left fractions provides acyclic cofibrations t; : ¥ — Y; such that t;fr; : X; — Y is
homotopic to ¢, f'k; : X; — Y, for every j € I. We choose a pushout:

Vi) Y ——Y
Vit |~ ~|t

\/iejyi ?Y/

Since coproducts of acyclic cofibrations are acyclic cofibrations, the left vertical morphism is an acyclic
cofibration, and hence so is the right vertical morphism ¢ : Y — Y.

For each j € I, we choose a cylinder object Z; of X; and a homotopy H; : Z; — Y; from t; fr; to t; f'k;.
Since coproducts preserve cofibrations and acyclic cofibrations, the coproduct \/,.; Z; is a cylinder object
for \/,o; Xi, where we leave the additional data of a cylinder object implicit. Moreover, the composite

\/Z 5\ Y Yy

i€l el

is then a homotopy from tf to tf’. We conclude that v(tf) = v(¢tf’) in Ho(C). Since ¢ is a weak equivalence,
~(t) is an isomorphism in Ho(C), and so v(f) = v(f’). This proves injectivity in the special case.

Now we treat the general case, and we let ¥, : \/,.; X; — Y be arbitrary morphisms in Ho(C) such
that 1 oy(k;) =" oy(k;) for all j € I. The calculus of left fractions provides C-morphisms f : \/,.; X; —
W, f Vi Xi — W', s:Y — Wand s’ : Y — W’ such that s and s’ are acyclic cofibrations and
such that

Y = (s)"tor(f)  and ¢ = () Ton(f) .
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We choose a pushout:

Y——W
S/IN NIt
Wi——V

Then t and ¢’ are acyclic cofibrations because s and s’ are. We now obtain the relation
V(tf)oy(ki) = v(t)ov(s)opoy(r;) = (') oy(s) o) oy(k;) = v({t'f') ov(k;)
for every j € I. The special case treated above lets us conclude that y(¢f) = v(¢'f’). Thus
V(ts)op = A(tf) = AT'f) = y(t's") o).
Because the morphism 7(ts) = y(t's’) is an isomorphism, also 1) = ¢)’. This completes the proof. O

Theorem 5.17. Let C be a cofibration category.

(i) The localization functor ~ : C — Ho(C) preserves terminal objects.

(ii) Let I be any set. Suppose that C has I-indexed products, and that the class of weak equivalences is
stable under I-indexed products. Then the localization functor v : C — Ho(C) preserves I-indexed
products. In particular, Ho(C) has I-indezed products.

Proof. (i) Logically speaking, part (i) is a special case of part (ii) for I = (). However, part (i) can easily
be proved directly, as follows. We let % be a terminal object of C. We write py : A — * for the unique
morphism from a C-object A to *. By the calculus of fractions, any morphism from A to * in Ho(C) is of
the form ~y(s)~! o y(f) for some C-morphism f : A — C and a weak equivalence s : ¥ — C. Because * is
terminal, the unique morphism po : C' — * is right inverse to s, and hence also a weak equivalence. Hence

Y(s)THor(f) = vpe) o (f) = Apcof) = y(pa) -
So ¥(pa) is the only element of Ho(A, ), and hence * is also a terminal object of Ho(C).
(ii) We consider any I-indexed family {X,;};cr of C-objects. We let []..; X; denote a product of the

i€l
family, with projections p; : [[;c; Xis — X;. We must show that for every C-object A, the map

iel
(5.18) HO(C)(A7HXi) — HHO(C)(Aan)7 Y — (v(pj) o )jer
iel jeI

is bijective.

For surjectivity we consider an I-family of morphism #; : A — X, in Ho(C). The calculus of fractions
lets us write 1; = y(s;) "t ov(f;) for some C-morphisms f; : A — Z; and weak equivalences s; : X; — Z;.
The morphism [[;.; si : [[;e; Xi — [I;c; Zi is then a weak equivalence by hypothesis. We claim that the

map (5.18) takes the morphism
H S fz ZEI) A — H Xz
icl icl

to the given family (¢;);ecr. Indeed, the the following diagram commutes:

(fi)ier Is:

A HzeIZ <—HZEI
g Zj+——X;
So
i) o v([[s) " o v((fi)ier) = (s5) ™ ov(py) o V(fi)ier) = Y(s) " o(fi) = .

i€l

For injectivity we consider two morphisms ¢, : A — [],; X; in Ho(C) such that

(5.19) v(pj)ow = v(pj)oy
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for all j € I. We must show that then ¢ = 1. We start with the special case where ¢ = v(f) and ¥ = v(g)
for C-morphisms f,g: A — [[;c; Xi. Then
V(pjof) = i) er(f) = () evlg) = v(pjog)

for all j € I. The calculus of fractions provides weak equivalences s; : X; — Xj such that s;p; f : A — )_(j
is homotopic to s;p;g. We let

H . — X;

be a homotopy, based on some cylinder object (17, Lg, L{,pj) for A, that witnesses s;p;f ~ s;p;g.
Because the morphisms p’ : I/ — A are weak equivalences, so is [[,c;p" : [[,c; I* — [];c; A- Hence
Y(IT;e; ") is an isomorphism. The morphisms

Hz,f) : HA — HIi and HLZI : HA — Hli
iel iel iel iel iel iel
are both right inverse to [],.; p; so the morphisms ([];c; ¢§) and v(I];c; ¢4) are both right inverse to the
isomorphism v(I;c; p*). Hence
v([Tw%) = ~(II4) -

iel el

We write A : A — [],.; A for the diagonal morphism, i.e., p; o A =1Id, for all i € I. Then

’Y(Hsi)O’Y(f) =7 H(Sz‘pif))OV(A)

Because the morphisms s; are all weak equivalences, their product is also a weak equivalence. Hence
([ Lies 5¢) is an isomorphism, and we conclude that v(f) = v(g).

Now we let ¢,v : A — [];c; X; be arbitrary morphisms in Ho(C) that satisfy (5.19). The calculus of
fractions provides C-morphisms f : A — Z and g : A — Z’ and acyclic cofibrations s : [],.; X; — Z
and t: [[,c; Xi — Z’ such that

¢ =) oy(f) and ¥ = ()" or(g) -
We choose a pushout:
HiEIXV%Z
t|~ ~lt
2V

Then 5 and ¢ are acyclic cofibrations because s and ¢ are. So

u:§t:fs:HX¢—>V
icl
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is an acyclic cofibration, too. For every j € I we choose a pushout:

[Tie; Xi——V

X]‘>—> Xj

Vi

We write
F:A—>HX,- and G:A—)HXi
i€l iel
for the morphisms with components

pjoF = gitf : A — X; and pjoG = gjosg : A — Xj.

Then
v(pj) oy (F) = ~(g;tf) = (qg Joy()ov(s)op = v(gj)ov(u)owp
= Y(vj)ov(pj) o = Y(vj) ov(pj) 0¥
= (gj) ov(u)o Y(gj) 0 (8) ov(t) 0¥
= 7(gj) ov(5) 0 (g) = 1(g;59) = v(pj) o (G) .

The special case proved in the previous paragraph thus shows that v(F) = v(G).
Because all the _morphisms vj + X; — X; are weak equivalences, so is their product [];.;vs
[Lic; Xi — II;c; Xi- The following diagram commutes:

A

So
o = () oy(f) = (vt evn(F),
iel
and similarly ¢ = v(]],c; vi) ' © 7(G). Hence ¢ =1, as claimed. O

6. THE STABLE HOMOTOPY CATEGORY

In this section we introduce the stable homotopy category as the localization of the category of orthogonal
spectra at the class of stable equivalences. Most of the formal properties of the stable homotopy category
are shared by the derived category of any orthogonal ring spectrum, so we will develop the theory in this
generality. Since the category of orthogonal spectra is isomorphic to S-mod, this is always included as the
special case of the sphere ring spectrum S.

Definition 6.1. The derived category D(R) of an orthogonal ring spectrum R is the localization of the
category of R-modules at the class of stable equivalences.

We write
v : R-mod — D(R)
for the localization functor. In other words, ~ is initial among all functor from R-mod that take stable
equivalences to isomorphisms. We will exhibit a cofibration structure on the category of R-modules that has
the stable equivalences as its weak equivalences, see Theorem 6.8. So the theory of cofibration categories
provides a construction of D(R) via the ‘calculus of fractions’, see Theorem 5.12.
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The special case of the sphere spectrum deserves explicit mentioning:

Definition 6.2. The stable homotopy category SH is the localization of the category of orthogonal spectra
at the class of stable equivalences.

While is can generally be difficult to explicitly describe morphism sets in a localization of a category
at a random class of morphisms, we can already calculate certain morphisms sets in D(R) using only the
universal property as a localization, see the following Theorem 6.4.

Construction 6.3. We let E be a sequential spectrum, and we let A be a based space. We define a set
E{A} by

E{A} = colim, [S" A A, E,]. ,
where [—, —], denotes the set of based homotopy classes of based continuous maps. The colimit is taken
along the maps

[S" A A, Enle 505 [SYASTAA S A Bl 7% (ST A AL Byl

Some comments about the construction E{A} are in order.

e The construction E{A} is covariantly functorial in the sequential spectrum E, and contravariantly
functorial in the based space A.

e For n > 2, the set [S™ A A, E,]. has a natural abelian group structure by ‘pinch sum’; using any
pinch map of S™. In other words, if f,g : S® A A — X represent two classes, then their sum is
represented by the composite

STAA PR gny gy A A = (SPVAYA STV A) TG X

The stabilization maps are homomorphisms, so the colimit E{A} inherits an abelian group structure
that is natural in £ and in A.

e For A = S*, the preferred homeomorphisms S™ A S* =2 S"*F let us identify [S™ A S¥, E,]. with
[S"tE E,]« = Tnak(Ey); under these bijections, the stabilization maps coincide with the stabiliza-
tion maps that define the stable homotopy group 7 (E). So in the colimit over n, we obtain a
natural isomorphism

E{S*"} = mu(E).
e Under the adjunction bijections
[S"ANAE,). = [S",map, (A, E,)]. = mp(map, (A4, E),)

the stabilization maps coincide with the stabilization maps that define the stable homotopy group
mo(map, (A, E)). So we obtain another natural isomorphism

E{A} = mo(map,(4,FE)) .
Given an orthogonal ring spectrum R and a based space A, we define the tautological class
ta € (RANA){A}
as the class represented by the based continuous map
wA—: S°"NA — ROO)AA,
where 1o : S — R(0) is the unit map of the ring spectrum structure.

Theorem 6.4. Let R be an orthogonal Ting spectrum, and let A be a based space that admits the structure
of a finite CW-complex.
(i) The functor
(=){A} : R-mod — (sets)

takes stable equivalences to bijections.
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(ii) Let ® : R-mod — (sets) be a functor that takes stable equivalences to bijections. Then evaluation at
the tautological L4 is a bijection

Nat g mod—s(sets) ((=){A}, @) — ®(RAA), 7 — 7(a) .
(iii) The pair (R A A,14) represents the functor
(—){A} : D(R) — (sets), M +—— M{A}.
Proof. (i) If A admits the structure of a finite CW-complex, then map, (A, —) preserves stable equivalences
by Proposition 1.27 (vii). So the functor
SpN — Ab, E — mo(map,(A,E))

takes stable equivalences to isomorphisms. Because E{A} is naturally isomorphic to mo(map, (A, E)), this
proves the first claim.

(ii) To show that the evaluation map is injective we show that every natural transformation 7 :
(=){A} — ® is determined by the element Traa(ta). We let M be any R-module and f: S" A A — M,
a representative for a class in M{A}. The adjoint of f is then a based continuous map P A— Q"M,.
There is thus a unique morphism of R-modules

ff T RANA — Q"sh" M
such that the composite

LAN— fﬁ(o) n
A L Ro)AA 2 (Qrsht M)(0) = Q" M,

is f°. The value of f# at an inner product space V is the composite
RV)AA TN pyy A (M) = R(V) A (Q°M)(R?)
S QPM(V e RY) = (Qsh M)(V) .
This morphism then satisfies
FHAYea) = N {AYS] i (Qsh” M){A},
where 5\7;4 : M — Q" sh™ M is the stable equivalence discussed in Proposition 2.15. The diagram

(RAA){A} — 2 (on e (A} XZ{A} M{A}

TR/\AJ J{TQ" sh™ M lTM

RN A) —— - (" sh" M) <q>(f—) (M)

commutes and the two right horizontal maps are bijective. So
O(fH)(traa(ta)) = manae m(FH{AYa)) = Tamswr (AR AANSD) = @O (rua[f]) -

Since <I>(;\}}4) is bijective, this proves that 7ps[f] is determined by the value of 7 on the tautological class ¢ .

It remains to construct, for every element y € ®(R A A), a natural transformation 7 : (—){A} — @
with 7graa(ta) = y. The previous paragraph dictates what to do: we represent any given class in M{A} by
a continuous based map f: S™ A A — M,,. Then we set

rulf] = (i) H@(fF)(Y) -
We verify that the element 7p/[f] is independent of the representative for the class [f]. To this end we
need to show that 7p/[f] does not change if we either replace f by a homotopic map, or if we stabilize
it. If f: S®" AN A — M,, is homotopic to f, then the morphism f* is homotopic to f¥ via a homotopy of
morphisms of R-modules
K : RANAA[0O, 1]y — Q"sh" M .
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The morphism ¢ : RAAA[0, 1] — RAA that maps [0, 1] to a single point is a homotopy equivalence, hence a
stable equivalence, of R-modules. So ®(q) is a bijection. The two embeddings ig,i; : RAA — RAANA[0, 1]+
as the endpoints of the interval are right inverse to ¢, so ®(q) o ®(ig) = ®(¢) o ®(i1) = Id. Since ®(g) is
bijective, ®(ig) = ®(41). Hence
O(f) = ®(Koig) = ®(K)od(ip) = ®(K)od(iy) = ®(Koiy) = d(fF).
This shows that 75/[f] does not change if we modify f by a homotopy.
Now we replace the representative by its stabilization o,(S' A f) : S1*" A A — M;,,,. We define a

morphism of R-modules
koo QUsh" M — QUsh!'t M

at an inner product space V' as the map
(V) : Q"M(V ®R") — QM(V @R
that sends h : S™ — M(V & R"™) to the composite

OR,V HRN

gln SO gl A Ay o R TEVER MRV @ RY) MTRVERD,

MV oRY™) .

We claim that the following diagram commutes:

# A
RaA—T  songmare My

w%\ Ql+n gpl+n ar 4

For the left part, it suffices to check commutativity at the zero inner product space and after precomposition
with (9 A —: A — Rg A A. This amounts to the commutativity (directly visible upon inspection of all
definitions) of the triangle

A4>Q"M

\\) lﬁ(o)
((Tn(sl/\f))b Ql+nM1+n

For the right part, we must verify the commutativity of the following triangles:

A (V
oMV e RY) )

H(V)l /
Ql+nM Ve RlJrn) AV

Upon adjoint the various sphere coordinates, this becomes the commutativity of the outer part of the
following diagram:

SYAMV) A S fwistAST M(V)A St A S
Sl/\o(‘)/pmﬂ op,vAS™ UVR/\S"\L
SYAM(V @R™) MROV)AS" —————— M(VOR)A S T Ritn
M(TR V)/\Sn
mﬁgv»ml "(‘)/peak,nwl
MER®V aR) MV @R

M (mr,v OR™)

Anyhow, the commutativity of the previous diagram yields the relation
O(A) o d(fF) = @A) T o B(r) 0 B(fF) = BT o @((an(S" A )Y



ORTHOGONAL SPECTRA AND STABLE HOMOTOPY THEORY 59

and hence the class 7p[f] remains unchanged upon stabilization of f.

Now we know that 7/[f] is independent of the choice of representative for the class z, and it remains
to show that 7 is natural. But this is straightforward: if ¢» : M — N is a morphism of R-modules and
f:8"NA— M, arepresentative for a class in M{A}, then ¢, o f : S™ A A — N,, represents the class
W{A}[f]. Moreover, the following diagram of R-modules commutes:

7t A
RAA—— S Q"sh"M+——2 M

\ lQ b P}
(¥nof)? sk N ———— N

N

So naturality follows:

(@ {A}f]) = (@OR) ™! o @((¥n © £)F))()

= (2(A}) ' 0 @(Q"sh™¥) 0 (f*))(y)

= (2(¥) o @(A\j) Lo @(fH))(y) = D) (rmlf]) -
Finally, the class ¢4 is represented by 19 A A : S° A A — Rg A A, and (19 A A)* is the identity of R A A.
Hence TR/\A(LA) = ‘I)(IdR/\A)(y) =Y.

(iii) We will implicitly identify natural transformations between functors that invert stable equivalences
with natural transformations between the induced functors on the derived category. This is legitimate
because precomposition with v : R-mod — D(R) is an isomorphism of categories from Fun(D(R),C) to
the full subcategory of Fun(R-mod,C) spanned by the functors that invert stable equivalences.

We apply part (ii) to the functor D(R)(RA A, —) oy : R-mod — (sets). We obtain a unique natural
transformation

T @ (—){A} - D(R)(R NA,—)orxy
such that 7raa(ta) = Idgaa. On the other hand, the Yoneda lemma provides a unique natural transfor-
mation
j o DIR)RAA-) — (-){A)
such that jraa(Idgraa) = ta. The composite j o 7 then satisfies

(Toj)raa(ldraa) = Traa(ta) = Idpaa .
So again by the Yoneda lemma, 705 : (—){A} = (—){A} is the identity natural transformation. Similarly,
the composite j o 7 satisfies
(JoT)rra(ta) = jraa(ldraa) = ta .
So the uniqueness clause in part (i) shows that jo7: D(R)(RA A, —) = D(R)(R A A, —) is the identity
natural transformation. (]

Example 6.5 (Representing m,). Theorem 6.4 (iii) effectively says that we can identify the morphism
group D(R)(RA A, M) in the derived category of a ring spectrum R with the group M{A} that was defined
in concrete terms from the based space A and the spaces in the underlying sequential spectrum of M.

For A = S*, the group M{S*} identifies with the homotopy group m(M), in a way that identifies the
tautological class tgr with the class 1 A S¥ € (R A S¥), the image of the multiplicative unit 1 € my(R)
under the iterated suspension isomorphism — A S¥ : mo(R) =2 7, (R A S*). So for A = S*  Theorem 6.4 (iii)
specializes to a bijection

D(R)(RAS*, M) = m (M), ¢ — ¢ (1ASY).
In the special case R = S of the sphere ring spectrum, R A S* becomes the suspension spectrum > S*. So
in this case we obtain a bijection
SH(E®S* X) = m(X)

that is natural in the orthogonal spectrum X.
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To establish further properties of SH and D(R) we will exploit that the stable equivalences of orthogonal
spectra and R-modules participate in certain cofibration structures.

Definition 6.6. A morphism of orthogonal spectra ¢ : A — B is an h-cofibration if it has the following
homotopy extension property. For every morphism of orthogonal spectra ¢ : B — X and every homotopy
H:AN|0,1]+ — X such that Hy = ¢i, there is a homotopy H : BA [0, 1]y — X such that Hy = ¢ and

Ho(in]0,1]4)=H.
There is a universal test case for the homotopy extension problem, namely when X is the pushout:

A=Y 5 an0,1],

)

So a morphism ¢ : A — B is an h-cofibration if and only if the canonical morphism
BU; (AN[0,1]4) — BA0,1]4

has a retraction. Also, the adjunction between —A[0, 1] and (—)%1 lets us rewrite any homotopy extension
data (¢, H) in adjoint form as a commutative square:

A x10]

B———X

A solution to the homotopy extension problem is adjoint to a lifting, i.e., a morphism X : B — X% such
that M\i = H and evyol = . So a morphism i : A — B is an h-cofibration if and only if it has the left
lifting property with respect to the evaluation morphisms evy : X% — X for all orthogonal spectra X.

The three equivalent characterizations of h-cofibrations quickly imply various closure properties: every
class of morphisms that can be characterized by the left lifting property with respect to some other class
has the closure properties listed, see Exercise E.9.

Proposition 6.7. (i) The class of h-cofibrations of orthogonal spectra is closed under retracts, cobase
change, coproducts and sequential compositions.
(ii) For every orthogonal spectrum X, the unique morphism x — X from the initial orthogonal spectrum
is an h-cofibration.
(iii) Ewery h-cofibration of orthogonal spectra is levelwise an h-cofibration of based spaces.

Theorem 6.8. For every orthogonal ring spectrum R, the category of R-modules is a cofibration category
with respect to the morphisms that are h-cofibrations or stable equivalences of underlying orthogonal spectra,
respectively.

Proof. Most of the axioms are straightforward from the definitions. For (C1) we note that clearly, all
isomorphisms are h-cofibrations and stable equivalences; the constant functor O — T, with value a one-
point space has a unique structure of R-module that makes it an initial object. And the unique morphism
from an initial orthogonal spectrum to any other orthogonal spectrum is an h-cofibration by Proposition
6.7 (ii).

The class of stable equivalences clearly satisfies the 2-out-of-3-property (C2). The h-cofibrations are
closed under cobase change by Proposition 6.7 (i); and h-cofibrations that are simultaneously stable equiv-
alences are stable under cobase change by Proposition 1.27. So axiom (C3) holds.

Finally, a morphism X — Y of R-modules factors in the category R-mod as the composite of the
mapping cylinder inclusion —A0 : X — X A[0,1]4 U Y, followed by the projection X A[0,1]4 U Y — Y
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to the ‘end’ of the cylinder. This projection is a homotopy equivalence of orthogonal spectra, and hence a
stable equivalence. The following square is a pushout:

xux =Y oxqy

(=A0)+(—=A1)
X A[0,1]y —— X A[0,1]1 Up Y

The left vertical morphism is an h-cofibration, hence so is the right vertical morphism. Because the summand
inclusion X — X ITY is an h-cofibration, too, we conclude that the mapping cylinder inclusion — A O :
X — X A[0,1]4 Uy Y is an h-cofibration. This verifies the factorization axiom (C4). O

Remark 6.9. The stable equivalences of R-modules can be complemented in many different ways into a
cofibration category, i.e., there are several other choices of classes of cofibrations that also satisfy the axioms
of Definition 6.7 in conjunction with the stable equivalences. Two examples are:

e The h-cofibrations of R-modules, i.e., morphisms that have the homotopy extensions property
internal to the category R-mod.
e The cofibrations in the model category structure on R-mod from [30, Theorem 12.1].

Since the homotopy category — and also the underlying co-category — of a cofibration category are indepen-
dent (up to equivalence) of the class of cofibrations, the choice of cofibrations is not particularly important,
and is mostly a matter of taste and convenience.

Example 6.10. We let R be an orthogonal ring spectrum, and we consider the cofibration structure on
the category of left R-modules from Theorem 6.8. For every R-module M the inclusions of the endpoints
of the interval and the unique map from [0, 1] to a one-point space induce a factorization

MvM 2 praf01]y 2 M

as an h-cofibration of R-modules followed by a homotopy equivalence of R-modules.

So the ‘cylinder’ M A [0,1]4 is indeed a cylinder object in the abstract sense of Definition 5.4, and
morphisms of R-modules that are homotopic in the ‘concrete’ sense (where a homotopy is a morphism
defined on M A [0,1]4+) are also homotopic in the ‘abstract’ sense (i.e., where a homotopy is a morphism
defined on a general cylinder object).

One should beware, however, that the converse is not true: if f and g are homotopic in the abstract
sense of Definition 5.4, then there need not be a ‘classical homotopy’ defined on M A [0,1].

With enough of the theory of cofibration categories available from Section 5, we can fairly easily show that
the stable homotopy category, and more generally the derived category of any orthogonal ring spectrum, is
an additive category, i.e., there is a natural commutative groups structure on the homomorphism sets such
that composition is biadditive. This definition makes it sound as if ‘additive category’ is extra structure on
a category (namely the addition on morphism sets), but in fact, ‘additive category’ is really a property of
a category (namely having finite sums which are isomorphic to products). So we present the construction
of the addition on hom-sets in this generality.

Definition 6.11. A category C is preadditive if it has a zero object, finite coproducts, and for every pair
of objects X and Y the morphisms p; =Id+0: XIIY — X and po =0+Id: XIIY — Y make XIIY
into a product of X and Y, where ‘0’ is the unique morphism which factors through a zero object.

In other words, we demand that for every object A the map
C<A5XHY) — C(A7X)XC(A7Y) ) fH(plfaPQf)
is a bijection.

Example 6.12. The category of abelian groups is preadditive, and so is the category of left modules over
any ring. The category of abelian monoids is preadditive.
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Construction 6.13. Let C be a preadditive category. We can define a binary operation on the morphism
set C(A, X) for every pair of objects A and X. Given morphisms a,b: A — X welet alb: A — X II X
be the unique morphism such that p(aLlb) = a and pa(alb) = b. Then we define a +b: A — X as
V(aLld) where V=Id+1Id: X [T X — X is the fold morphism.

Proposition 6.14. Let C be a preadditive category.

(i) For every pair of objects A and X of C the binary operation + makes the set C(A, X) of morphisms
into an abelian monoid with the zero morphism as neutral element. Moreover, the monoid structure
s natural for all morphisms in both variables, or, equivalently, composition is biadditive.

(ii) If, moreover, the shearing morphism p1 LV : X I X — X 11 X s an isomorphism, then the abelian
monoid C(A, X) has additive inverse, i.e., is an abelian group, for every object A.

(iii) Let F,G : C — AbMon be two functors that preserve zero objects. Suppose moreover that the functor
G preserves finite coproducts. Then every natural transformation between the underlying set-valued
functors of F' and G is automatically additive.

(iv) Let G : C — AbMon be a functor that preserves zero objects and finite coproducts. Then for all
objects A and X of C and every element a € G(A) the evaluation map

C(A,X) — GX), fr— G(f)a)
18 a monoid homomorphism.

Proof. (i) The proof is lengthy, but completely formal. For the associativity of ‘+’ we consider three
morphisms a,b,¢c : A — X. Then a + (b + ¢) respectively (a + b) + ¢ are the two upper and lower
composites around the commutative diagram:

XX
al(b+c)
v
% \
alble X
/

A—— XXX

w}
a+b)le
(a+b) Y1 X

The commutativity is a consequence of two elementary facts: first, bla = (aLb)T where 7: X I X —
X IT X is the automorphism which interchanges the two factors; this follows from py7 = ps and po7 = py.
Second, the fold morphism is commutative, i.e., Vr =V : X I X — X. Altogether we get

a+b = V(ald) = Vr(ald) = V(bla) = b+a.

As before we denote by 0 € C(A, X) the unique morphism which factors through a zero object. Then we
have 10 = 47a in C(A, X II X) where 43 : X — X IT X is the embedding as the first factor. Hence
a+0=V(al0) = Vija = a; by commutativity we also have 0 + a = a.

Now we verify naturality of the addition on C(A4,X) in A and X. To check c¢(a + b) = ca + ¢b for
a,b: A— X and ¢: X — Y we consider the commutative diagram

calch

Amyﬂy

alb clle
albl JV lv
Y

XX X
v

c
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in which the composite through the lower left corner is ¢(a + b). We have
p1(cc)(ald) = (Idy +0)(cIIc)(ald) = (c+ 0)(ald)
= ¢(Idx 40)(aLld) = cpi(ald) = ca = pi(calch)
and similarly for py instead p;. So (c¢Il¢)(aLd) = calch since both sides have the same ‘projections’ to the
two summands of Y IT' Y. Since the composite through the upper right corner is ca + cb, we have shown
c(a+b) = ca+ cb.

Naturality in A is even easier. For a morphism d : E — A we have (alb)d = adlbd : E — X I X
since both sides have the same ‘projections’ ad and bd, respectively, to the two summands of X IT X. Thus
(a + b)d = ad + bd by the definition of ‘+’.

(ii) An arbitrary abelian monoid M has additive inverses if and only if the map

M? — M?*, (z,y)— (z,2+7)

is bijective. Indeed, the inverse of x € M is the second component of the preimage of (z,0).
Every morphism f: A — X II X satisfies f = (p1f)L(p2f), and hence

(p1f) + (p2f) = V((prf)L(p2f)) = V.
So for the abelian monoid C(A4, X) the square

(p1LV)o—

C(AXTIX) C(A,XTIX)
(1710—7:020—)lu uJ{(mo—,pzo—)
C(A, X)? C(A, X)?

(a,b)—(a,a+Db)

commutes. Moreover, both vertical maps are bijective. Since V_Lp; is an isomorphism, the upper map is
bijective, hence so is the lower map, and so the monoid C(A, X) has inverses.

(iii) Let 7 : F = G be any natural transformation between the underlying set-valued functors, i.e.,
the maps 7x : F(X) — G(X) are not assumed to be additive. We write 41,93 : X — X IT X for the
two morphisms that exhibit X II X as a coproduct of two instances of X. Because F' and G preserve zero
objects, they also preserve zero morphisms. We consider two classes « and y in F(X); we claim that

(6.15) mxux (F(i1)(x) + F(i2)(y)) = G(in)(7x(2)) + G(iz)(7x (y))
in the abelian monoid G(X IT X). To show this we observe that

G (p1)(mxux (F(in)(2) + F(i2)(y))) = mx (F(p1)(F(ir)(z) + F(i2)(y)))
= Tx(F(prir) (@) + F(pri2)(y)))

mx (F(ldx)(z) + F(0)(y)) = 7x(x)

G(ldx)(7x (2)) + G(0)(7x (x))
() + (

1)

z)+ F
z)+ F

G(p1i1)(tx () + G(pri2)(Tx (y))
G(p1)(G(i

(x (2)) + G(i2)(7x ()
in G(X). Similarly,

G (p2) (Txux (F(in)(2) + F(i2)(y))) = G(p2)(G(in)(rx (x)) + G(i2)(7x (v))) -

Since the functor G preserves coproducts, and because abelian monoids form a preadditive category, the
morphism
(G(p). Glp2)) : GIXIIX) — G(X) x G(X)
is bijective; so this shows the relation (6.15). The fold morphism V : XIIX — X satisfies Voi; = Vois =
Idx. So
F(V)(F(i1)(x) 4+ F(i2)(y)) = F(Voi1)(z)+ F(Vois)(y) = z+y.
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So we can finally conclude with the desired relation:
x (F(V)(F(i1)(2) + F(i2)(y)))
= G(V)(rxux (F(ir)(z) + F(i2)(y)))
6.15) = G(V)(Gli2)(7x (z)) + Gi2) (7x (y)))
G(Voir)(rx(z)) + G(Voiz)(x(y) = 7x(z) +7x(y) -

Part (iv) is a special case of (iii), with F' = C(A, —) a represented functor. O

x (7 +y)

Definition 6.16. A category C is additive if it is preadditive and for every object X of C, the shearing
morphism V1p; : XII X — X II X is an isomorphism.

We let R be an orthogonal ring spectrum. We recall that v : R-mod — D(R) denotes a localization
of the category of R-modules at the class of stable equivalences. Since the stable equivalences participate
in the cofibration structure of Theorem 6.8, the calculus of fractions is available to describe morphisms in
D(R).

For k € Z, the functor 7, : R-mod — Ab takes stable equivalences to isomorphisms. We abuse
notation and also write 7, : D(R) — Ab for the unique factorization of 7y, through the localization functor
v : R-mod — D(R).

Theorem 6.17. Let R be an orthogonal ring spectrum.

(i) The localization functor v : R-mod — D(R) preserves arbitrary coproducts and finite products. In
particular, the derived category D(R) has arbitrary coproducts and finite products.
(ii) The derived category D(R) is additive.
(iii) A morphism f: M — N of R-modules is a stable equivalence if and only if v(f) is an isomorphism
in D(R).

Proof. (i) The category of R-modules has arbitrary coproducts and products, and both are created on the
underlying orthogonal spectra. Moreover, stable equivalences are preserved under arbitrary coproducts and
finite products by parts (i) and (ii) of Proposition 1.27. So the localization functor preserves arbitrary
coproducts by Proposition 5.15, and it preserves finite products by Proposition 5.17.

(ii) The trivial orthogonal spectrum is a zero object in R-mod. Since the localization functor preserves
initial and terminal objects, the trivial orthogonal spectrum is also a zero object in D(R). For any pair of
R-modules M and N, the canonical morphism

MVN — MxN

is a stable equivalence by Proposition 1.24 (iii). The localization functor v : R-mod — D(R) takes this
stable equivalence to an isomorphism in D(R). Because 7 preserves finite coproducts and products, the
derived category D(R) is preadditive.

It remains to show that for every R-modules M, the morphism Vip, : M & M — M & M is an
isomorphism in D(R). For every integer k the composite map

Wk(vl_pz)
ST

(M) & mp(M) B e )

ﬂ_k(M@M) ((Pl)*;(Pz)*)

Tk (M) X Tk (M)
sends (x,y) to (z + y,y) where the first and last maps are the canonical ones. The composite map is an
isomorphism since 7 (M) is a group, i.e., has additive inverses. Since canonical maps are isomorphisms, so
is the middle map; thus V_Lp; induces isomorphisms of homotopy groups. and is thus a stable equivalence.
Hence the shearing morphism V_Lp; is an isomorphism in D(R).

(iii) Since the functor m; : R-mod — Ab factors through the localization D(R), and since v(f) is an
isomorphism in D(R), the morphism f induces isomorphisms on all homotopy groups. So f is a stable
equivalence. O

Now we record that suspension functor for R-modules becomes invertible at the level of the derived
category. In more detail, we recall from Proposition 2.16 that the functor —AS! preserves stable equivalences
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of orthogonal spectra, and hence also of R-modules. So the composite functor yo(—AS!) : R-mod — D(R)
takes stable equivalences to isomorphisms. The universal property of the localization functor v : R-mod —
D(R) provides a unique functor
S : D(R) — D(R)

that satisfies ¥ oy = 0 (= A S1). In particular, 3 is given on objects by ¥X = X A S'. Moreover, the
behavior on morphisms is as follows. Every morphism M —s N in D(R) is of the form (7)~! o y(f) for
two morphisms of R-modules f : M — Z and 7 : N — Z such that 7 is a stable equivalence. Then
TASL: NASY— Z ASTis a weak equivalence, too, and

S((r) o) = A ASH) T oy(fASY .

Proposition 6.18. For every orthogonal ring spectrum R, the suspension functor ¥ : D(R) — D(R) is a
self-equivalence of the derived category of R.

Proof. The loop functor Q2 : R-mod — R-mod preserves stable equivalences by Proposition 2.16. The
universal property of the localization functor 4 : R-mod — D(R) thus provides a unique functor
¥t D(R) — D(R)

that satisfies X710y = 70 Q. The two composite constructions Q(M A S') and (2M) A S come with
natural stable equivalences

n: M — QMASY) and e : (QMYAS' — M,
the unit and counit of the adjunction of (—ASt,Q), see Proposition 1.13. Since all functors in sight descend
to the derived category, these natural stable equivalences descend to natural isomorphisms

ldprpy 2 S "'oY  and ToX™! = Idpp

of endofunctors on D(R). So X! is a quasi-inverse to the suspension functor ¥, which is thus an equivalence
of categories. O

7. TRIANGULATED CATEGORIES

‘We have seen that the stable homotopy category, and more generally the derived category of an orthogonal
ring spectrum, is an additive category with coproducts and finite products. In this section we make D(R)
into a triangulated category. The arguments apply more generally to certain classes of cofibration categories,
and we work in that generality. First we recall the definition.

Let T be a category equipped with an endofunctor ¥ : T — 7. A triangle in T (with respect to the
functor ) is a triple (f, g, h) of composable morphisms in 7 such that the target of h is equal to ¥ applied
to the source of f. We will often display a triangle in the form

Alsptyocxa.

A morphism from a triangle (f, g, h) to a triangle (f’,¢’, h’) is a triple of morphismsa: A — A’, b: B —
B’ and ¢: C — C’ in T such that the diagram

AL g9 ot 54

T

A B s O ——— A
f g h

commutes. A morphism of triangles is an isomorphism (i.e., has an inverse morphism) if and only all three
components are isomorphisms in 7.

Definition 7.1. A triangulated category is an additive category 7T equipped with a self-equivalence
3 : T — T and a collection of triangles, called distinguished triangles, which satisfy the following axioms
(T0) — (T5).
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We refer to the equivalence ¥ of a triangulated category as the suspension, since that is what it will be in

our main example. In algebraic contexts, this equivalence is often denoted X — X|[1] and called the ‘shift’.

(T0) The class of distinguished triangles is closed under isomorphism.

(T1) Every morphism f is part of a distinguished triangle (f, g, h).

(T2) For every object X the triangle 0 — X x5 0is distinguished.

(T3) [Rotation] If a triangle (f, g, h) is distinguished, then so is the triangle (g, h, =X f).

(T4) [Completion of triangles] Given distinguished triangles (f,g,h) and (f’,¢’,h’) morphisms (a,b)

satisfying bf = f’a, there exists a morphism ¢ making the following diagram commute:

At op_ 9 o va

[T

A B — ' —— DA
f g h

(T5) [Octahedral axiom] For every pair of composable morphisms f : A — B and f': B — D there is
a commutative diagram

At B9 ot iy
A— sD— 3 E— %A
£r J h
g’ y J'Ef
F F——%B
W (Sg)oh/
B ——YC
g

such that the triangles (f,g,h), (f',¢',h'), (f' f,¢",h") and (z,y, (Xg) o k') are distinguished.

The above formulation of the axioms appears to be weaker, at first sight, than the original axioms of
Verdier [50, I1.1]; however, we show in Proposition 7.17 below that the weaker axioms imply the stronger
properties: part (iii) establishes an ‘if and only if” in the rotation axiom (T3), and part (iv) is the octahedral
axiom in its original form.

We recall that a category C is pointed if it has a zero object, i.e., an object that is simultaneously initial
and terminal; we will denote zero objects by '«’. In pointed categories, we will denote a coproduct of two
objects X and Y by X VY.

Definition 7.2. Let C be a pointed cofibration category. A functorial cone consists of a functor C : C — C
and a natural transformation ¢ : Id — C such that for all C-objects X, the morphism ¢tx : X — CX is a
cofibration, and the unique morphism CX — x is a weak equivalence.

The main example for our purposes is the category of modules over an orthogonal ring spectrum. There,
the standard cone M A0, 1] together with the ‘end point inclusion” — A1 : M — M A[0, 1] form a functorial
cone for the cofibration structure of Theorem 6.8, compare also Example 6.10. However, there are many
other examples, see Example 7.12 or Example 7.14 below.

Construction 7.3. Let C be a pointed cofibration category with a functorial cone. Then the suspension
functor
>:C — C
is defined by
BX = (CX)/ix |
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i.e., XX is defined as a pushout
X— %

| |

CX ——3¥X
ax

Any morphism CX — CY is a weak equivalence by the 2-out-of-3 property, because the unique mor-
phisms CX — % and CY — % are weak equivalences. So if f: X — Y is a weak equivalence, then the
gluing lemma (Proposition 5.3) shows that the morphism X f : X — XY is a weak equivalence.

Because the suspension functor preserves weak equivalences, it descends to a functor on the homotopy
category ¥ : Ho(C) — Ho(C), for which we use the same name. Indeed,the composite functor v o ¥ :
C — Ho(C) takes weak equivalences to isomorphisms. The universal property of the localization functor
v : C — Ho(C) provides a unique functor

Y : Ho(C) — Ho(C)

that satisfies ¥ oy = yo 3. In particular, ¥ is given on objects by the previous suspension functor, and the
behavior on morphisms is as follows. Every morphism X — Y in Ho(C) is of the form v(7)~! o y(f) for
two C-morphisms f: X — Z and 7: Y — Z such that 7 is a weak equivalence. Then X7 : XX — %7
is a weak equivalence, too, and

S(y(r) T o(f) = A(ET) e (TS) .

Construction 7.4. We introduce the distinguished triangles in the homotopy category of a pointed cofi-
bration category with functorial cones. The elementary distinguished triangle associated to a C-morphism
1 : X — Y is the sequence

() (1)

X Y

ol v(p) TX

Here C1 is the mapping cone of 1, defined by a pushout square

Xy

1770

CX ——Cvy

The third morphismis p=gx U0: Cyp = CX Uy Y — XX

A distinguished triangle is any triangle (f, g, h) in Ho(C) which is isomorphic to an elementary distin-
guished triangle, i.e., such that there is a C-morphism v : X — Y and isomorphisms a : X — A,
b:Y — B and ¢: Cy — C in Ho(C) that make the diagram

X v(%) v ~(3) o v(p) sy

a | bJ,& ulc &JZG

A B C YA
f 9 h

commute.

Construction 7.5 (Distinguished triangles from cofibrations). As we shall now explain, cofibrations are
another source of distinguished triangles. Given any cofibration j : A — B in C, we write B/A for any
cokernel of j, and ¢ : B — B/A for the projection. This is a slight abuse of notation, because B/A depends
on the morphism j (and not just on its source and target). Applying the gluing lemma to the commutative
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diagram

CA+“2 a1 4B

* A B

J

shows that the morphism
0Ug : Cj = CAU; B — B/A
is a weak equivalence. We define the connecting morphism §(j) : B/A — XA in Ho(C) as
5(j) = v(p)oy(0Ug)™ :B/A — TA.

Here p = (gx U0) : C'j — X A is the ‘projection’ that was already considered above. The following diagram
commutes by definition:

A () B (@) Cj v(p) A4
A — B B/A — YA
() ~(a) 3(4)

The upper row is an elementary distinguished triangle and all vertical morphisms are isomorphisms. So the
lower triangle is distinguished.

Proposition 7.6. Let C be a pointed cofibration category with functorial cones. A triangle if Ho(C) is
distinguished if and only if it is isomorphic to a triangle of the form (v(j),v(q),8(4)) for some cofibration
j:A— B.

Proof. We already showed that triangles of the form (v(5),v(q),d(j)) for cofibrations j are distinguished.
For the reverse implication we consider any C-morphism ¢ : X — Y. We choose a factorization ¢ = mj
for some cofibration j : X — Z and some weak equivalence 7 : Z — Y. All vertical morphisms in the
following commutative diagram are weak equivalences, either by definition of by the gluing lemma:

X2z Yy z7/x

X1,z Y 0" ,vx
e
X——Y ——Cp—— 35X

After applying the localization functor, we thus obtain a commutative diagram in Ho(C) in which all vertical
morphisms are isomorphisms:

: a(j

X () 7 () Z/X G) »X

:J'y(w) 1\%(101 um)oy(0ug) !

X Y , Cv X
() v (i) v(Py)

This shows that the elementary distinguished triangle of ¢ : X — Y is isomorphic to one of the form
(v(4),7(9),6(5))- O
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Proposition 7.7. Let C be a pointed cofibration category with functorial cones, and suppose that Ho(C)
is additive. Let ¢ : X — Y be a C-morphism. Then the connecting homomorphism of the cofibration
i:Y — Cv satisfies the relation

0(i) = —3v() : ¥X — XY .
Proof. We start by showing that the two morphisms
qy U0, 0Ugqy : CYUy CY — XYY

become additive inverses in the abelian monoid Ho(CY Uy CY, ¥Y). To this end we consider the morphism
£:CY Uy CY — XY V XY induced by taking horizontal pushouts of the commutative diagram

Lty Viy \v4

CYyvcy YVY Y
CYvcCcy YVY *
Lty Viy

Then
(Idgy +0) 0 ¢ = ¢y UO and (04+1Idsy)o& = 0Ugy .
This means that
() = ey V0)Ly(0Uqy)
as morphisms in Ho(C). The following square commutes in C:

CY Uy CY — 5 XY VY

Idu Idl JV

CYTZY

Because the cone CY is weakly equivalent to the zero object, it becomes a zero object in Ho(C). We
conclude that

Y(gy U0) +~4(0Uqy) = (V) o (v(gy U0)Ly(0Ugy)) = v(V)oy(§) = 0

in the abelian monoid Ho(CY Uy CY,XY). This proves that y(¢gy U0) = —y(0 U gy)
Now we consider the morphism ¢ : CY U; CiYp — CY Uy CY, induced by taking horizontal pushouts of
the commutative diagram

oyveox < vy x Y Ly
1d vc(w)l wvwl lw
CYvcCcy YVY Y
Ly Viy A\v4

Then
(gvy U0)o ¢ = gy UO and (OUgy)o¢ = (Z)o(0UDp)
as C-morphisms CY U; Ciy — XY Thus
5(i) = ~v(gy U0)oy(0OUpP)~"
gy U0)or(¢)or(0Up)
= —(0Ugy) oy(¢)oy(0OUp)~
= —y(ZY)oy(0Up)oy(0UpP)™" = —(Zy) . O

Now we can state and prove the main result of this section.
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Theorem 7.8. Let C be a pointed cofibration category with functorial cones. Suppose moreover that Ho(C)
is additive, and that the suspension functor ¥ : Ho(C) — Ho(C) is an autoequivalence of categories. Then
the suspension functor and the class of distinguished triangles make the derived category Ho(C) into a
triangulated category.

Proof. It remains to prove the axioms (T0) — (T5).

(TO0) By definition, the class of distinguished triangles is closed under isomorphism.

(T1) We let f: A — B be a morphism in Ho(C). We appeal to the calculus of fractions (Theorem
5.13) to write f = v(s) "t o (1) for two C-morphisms 1) : A — D and s : B — D such that s is a weak
equivalence. Then the following diagram of triangles commutes in Ho(C):

YA
YA

All vertical morphisms in the diagram are isomorphisms, and the lower row is an elementary distinguished
triangle. So the upper row is the desired distinguished triangle starting with f.

! v(is) ()

Cy
Cy

Y(%) (i) ~(p)

(T2) The identity Idx : X — X is a cokernel of the unique morphism 0 : * — X. So the triangle
(0,Idx, 0) is distinguished by Construction 7.5, applied to the cofibration 0 : * — X.

(T3 — Rotation) We let (f,g,h) be a distinguished triangle; we need to show that the triangle
(g, h,—Xf) is also distinguished. Since the class of distinguished triangles is closed under isomorphisms,
it suffices to consider the elementary distinguished triangle (y(¢),v(¢),v(p)) associated to a C-morphism
¥ : X — Y. The morphism i : ¥ — C% is a cofibration, and the morphism p = gx U0 : C¢ =
CX Uy Y — XX exhibits the suspension XX as a cokernel of 7. So the triangle
RICNSINICNG 35 QICN

Y XYY

is distinguished, as explained in Construction 7.5. By Proposition 7.7, the connecting morphism 6(¢) of the
cofibration i : Y — C% is the additive inverse of the morphism Yv(¢) = v(Z¢) : ¥ X — ¥Y. So the
rotated triangle (v(i),v(p), —Xv(¢)) is distinguished.

(T4 — Completion of triangles) We are given two distinguished triangles (f, g, h) and (f’,¢’, ') and
two morphisms a and b in Ho(C) satisfying bf = f’a as in the diagram:

At Bt oM v
|
al lb lc J/Ea
3
A — B — ' — A
f g h

We have to extend this data to a morphism of triangles, i.e., to find a morphism ¢ making the entire
diagram commute. If we can solve the problem for isomorphic triangles, then we can also solve it for the
original triangles. By Proposition 7.6 we can thus assume that the triangles (f,g,h) and (f’,¢’, ') are the
distinguished triangle arising from two cofibrations j : A — B and j' : A’ — B’ via Construction 7.5.
We start with the special case where a = v(«) and b = «(8) for C-morphisms o : A — A’ and
B : B — B’. Then v(j'a) = v(8j), so the calculus of fractions (Theorem 5.13 (ii)) provides an acyclic
cofibration s : B’ — B, a cylinder object (I,1g, i1, p) for A and a homotopy H : I — B from Hiy = sj'a to
Hiy = sfj. The following diagram of cofibrations on the left commutes in C, so the diagram of distinguished
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triangles on the right commutes in Ho(C) by the naturality of the connecting morphisms:

A J B A v(5) B v(q) B/A 3(4)
~ | jpuB ¥(jpUB) | = = | y((4puUB)/A)
A—" U, B A2 r B9 1y, ByA 20,
QJ HUsB v(aﬂ ~(HUsB) ~((HUsB) /o) lwm
e e % (@) B S o
~|s v(s) | = 2| y(s/A")
Ak—if—aB’ A’ 7 B’ ) B%W——Rﬁ—ﬁEA

The canonical morphism x : B — I U;, B is right inverse to jpUB : I U;; B — B, so
Y(s) " oy (HUsB) oy(jpUB)™ = ~(s)~" oy(H UspB)oy(r)
= 2(s) " on(sB) = v(B) = b.
So the morphism
¢ = y(s/A) " oy((HUsB)/a)or((jpU B)/A)™" « B/A— B'/A’

is the desired filler. B B
In the general case we write a = v(s) " 1v(a) where o : A — A and s : A’ — A are C-morphisms and
s is an acyclic cofibration. We choose a pushout

At s Auy B

{N {

Ar——— B’
J

Another application of the calculus of fractions lets us write y(s')b = v(t)"'y(8) : B — AUa B’ where
B:B— Bandt: AUsg B' — B are C-morphisms, and ¢t is an acyclic cofibration. We then have

V(tk)y(a) = y(th)y(s)a = y(ts")y(j")a = ~(ts\oy() = v(B)v()

so by the special case, applied to the cofibrations j : A — B and tk : A — B and the morphisms
a:A— Aand B: B — B, there exists a morphism ¢ : B/A — B/A in Ho(C) making the diagram

/

v(7) B v(q) B/A 6(7) A
v(a)J/ B)J{ ¢ lEv(a)
b ~(tk) B 7(a) B\//fl 5(th) S A
V(S)Tu T& gTv(t's’/S) uTEW(S)
B

S

B /A ——— S A
v(5") v(q") 64"
commute (the lower part commutes by naturality of connecting morphisms). Since s is an acyclic cofibration,
so is its cobase change s’. By the gluing lemma the weak equivalences s : A" — A and ts' : B" — B
induce a weak equivalence ts'/s : B’/A" — B/A on quotients and the composite
y(ts'/s)7!

B/A —— B/A B'JA

in Ho(C) thus solves the original problem.
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(T5 - Octahedral axiom) We start with the special case where f = ~(j) and f’ = ~(j’) for cofibrations
j:A— Band j : B— D. Then the composite j'j : A — D is a cofibration with v(j'j) = f'f. The
diagram

A () v(gq5) 3(4)

B B/A YA
(") v(3'/A)
D D/A
v(3'3) v(ay5) oG'5)
v(g;0) v(D/4) ‘ZVU)
D/B=——==D/B ETTITE B
J
567 8(3'/A)=(S(g;))8(5")
»B— E(B/A)

Sv(q5)

then commutes by naturality of connecting morphisms. Moreover, the four triangles in question are the
distinguished triangles of the cofibrations j, j/, j/j and j'/A: B/A — D/A.

In the general case we write f = (s)"'v(a) for C-morphisms a : A — B’ and s : B — B’, such
that s is a weak equivalence. Then a can be factored as a = pj for a cofibration j : A — B and a weak
equivalence p : B — B’. Altogether we then have f = ¢ o y(j) where ¢ = v(s)"1 ov(p) : B — B is an
isomorphism in Ho(C). We can apply the same reasoning to the morphism f'¢ : B — D and write it as
f'op =1o~y(j') for a cofibration j' : B — D and an isomorphism 1 : D — D in Ho(C). The special case
can then be applied to the cofibrations j : A — B and j’ : B — D. The resulting commutative diagram
that solves (T5) for (v(j),v(j')) can then be translated back into a commutative diagram that solves (T5)
for (f, f') by conjugating with the isomorphisms ¢ : B — B and 1 : D — D. This completes the proof
of the octahedral axiom (T5), and hence the proof of the theorem. O

Remark 7.9. Theorem 7.8 is not best possible in the sense that the functoriality of the cone is unnecessary
and the additivity requirement for Ho(C) is redundant. Indeed, in a pointed cofibration category, we can
always choose a cone, i.e., a factorization of the unique morphism X — * as a cofibration ¢ : X — C
followed by a weak equivalence C' — *. The suspension is then again the cokernel X = C/X of the
cofibration ¢. While such cones might not be functorial at the level of the cofibration category, one can
show that the suspension construction descends to an endofunctor of the homotopy category, compare
[39, Proposition A.4]. In this sense, functoriality of cones is an unnecessary assumption. Moreover, the
assumption that the suspension functor is an autoequivalence of Ho(C) already implies that Ho(C) is additive,
see [39, Proposition A.8]. In this sense, the additivity hypothesis is redundant. The reason why we require
the unnecessary assumptions in Theorem 7.8 is that they simplify the proof substantially. The reader is
invite to consult [39, Theorem A.12] for a proof that does not require functoriality of cones additivity.

Example 7.10 (Triangulated structure on D(R)). Now we specialize to the most important case for
our purposes, the pointed category of modules over an orthogonal ring spectrum R, with the cofibration

structure from Theorem 6.8. A functorial cone is given by smashing with the interval [0, 1], based at 0. We

recall that t : [0,1] — S is the quotient map defined by t(z) = m%f:i). The morphism

ANt 0 AN[0,1] — AAS?

witness the suspension AA S as a cokernel of the ‘cone inclusion” —A1: A — AA0,1]. So the suspension
functor associated to this functorial cone is the usual suspension.
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The elementary distinguished triangle in D(R) associated to a morphism ¢ : A — B of R-modules is
thus the sequence

() (1)

A B cy 2P wa
Here CYp = AN0,1] Uy B is the usual mapping cone of 1, i : B — C4 the inclusion, and p = (AAt) U0 :
Cyp — ANSL
A distinguished triangle is any triangle (f,g,h) in D(R) which is isomorphic to an elementary dis-
tinguished triangle, i.e., such that there is a morphism v : A — B of R-modules and isomorphisms
a:A— X, b:B—Y and c: C¢y — Z in D(R) that make the diagram

A Y(¥) B (1) o v(p) A

T

X Y Z X
f 9 h

commute.

We showed in Theorem 6.17 (ii) that the derived category D(R) is additive, and in Proposition 6.18 that
the suspension functor ¥ : D(R) — D(R) is a self-equivalence. So Theorem 7.8 applied, and yields:

Corollary 7.11. For every orthogonal ring spectrum R, the suspension functor and the class of distinguished
triangles make the derived category D(R) into a triangulated category.

Example 7.12 (Triangulated structure on K(A)). We let A be an additive category, and we write Ch(A)
for the category of Z-graded chain complexes in A. We write K(A) for the algebraic homotopy category,
with the same objects as Ch(A), and with chain homotopy classes of chain maps as morphisms. We call a
chain map f: A — B in Ch(A) a cofibration if it is dimensionwise a split monomorphism, i.e., for every
n € Z there is an A-object C' and an isomorphism A,, ® C' & B,, that restricts to f,, : A, — B,, on the
first summand. Exercise E.10 (c) is devoted to showing that these cofibrations and the chain homotopy
equivalences form a cofibration structure on the category Ch(A). And the content of Exercise E.11 is to
check that the quotient functor = : Ch(.A) — K(A) to the algebraic homotopy category is a localization
at the class of chain homotopy equivalence. So in this particular case, the abstract notion of homotopy
category coincides with the concrete notion.

The category Ch(A) is clearly pointed: any complex consisting only of zero objects is a zero object in
Ch(A). The usual algebraic cone provides a functorial cone in the sense of Definition 7.2: the cone C'A of
a complex A is defined by

(CA)n = An @An—l
with differential
dy(a,a') = (dy(a) +(=1)"-d, dj_y(a)) .
The cone C'A is chain contractible, and the inclusions of the first summand define a cofibration ¢4 : A —
C'A, so we have exhibited a functorial cone. The projections to the second summands witness the shift A[1]
as a cokernel of the ‘cone inclusion’ 14 : A — C'A. So the suspension functor associated to this functorial
cone is the shift functor.

The elementary distinguished triangle in K(A) associated to a chain morphism ¢ : A — B is thus the

sequence

4 T g C ~(p) AL .
Here Ctp = CA Uy B is the algebraic mapping cone of ¢; in more explicit terms, this complex is given by
(CA), = B, @A,
with differential
d? (b,a) = (d (b) + (=1)" - Yu-1(a),dy_y(a)) .
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The morphism i : B — C% the inclusion as the first summands, and p : Ci¢p — A[1] is the projection to
the second summands. A distinguished triangle is any triangle (f, g, h) in K(A) which is isomorphic to an
elementary distinguished triangle.

In the previous example, already the cofibration category Ch(A) is additive, and so is the homotopy
category KC(A). Moreover, since the suspension functor is the shift functor, it is already invertible at the
level of complexes, and hence also at the level of the homotopy category K(A). So Theorem 7.8 applies,
and yields:

Corollary 7.13. For every additive category A, the shift functor and the class of distinguished triangles
make the homotopy category of complexes K(A) into a triangulated category.

Example 7.14 (Triangulated structure on D(S)). We let S be an associative and unital ring. We write
Ch(S) for the category of Z-graded chain complexes of left S-modules. We recall that a chain map in Ch(S)
is a quasi-isomorphism if it induces isomorphisms of all homology groups. Exercise E.10 (d) is devoted to
showing that the cofibrations from the previous Example 7.12 (i.e., dimensionwise split monomorphisms)
and the quasi-isomorphism form another cofibration structure on the category Ch(S). We let v : Ch(S) —
D(S) be a localization at the class of quasi-isomorphisms; the target D(S) is called the derived category of
the ring S. Since every chain homotopy equivalence is in particular a quasi-isomorphism, this localization
factors through the quotient 7 : Ch(S) — k(S -mod) discussed in the previous example, and the resulting
functor 7 : K(S-mod) — D(S) is also a localization at the quasi-isomorphisms (or rather their images in
K(S-mod)).

The algebraic cone discussed in the previous example is also a functorial cone with respect to the quasi-
isomorphisms; the shift functor preserves quasi-isomorphisms and thus descends to an invertible functor
on D(S). The resulting distinguished triangles in the derived category D(S) can thus be described in two
equivalent ways:

e as those triangles that are isomorphic to
A () B v(4) Cip v(p) A[]

form some morphism ¢ : A — B in Ch(S);
e and as those triangles that are isomorphic to distinguished triangles in K(S-mod) under the local-
ization functor 7 : K(S-mod) — D(S).

Corollary 7.15. For every ring S, the shift functor and the class of distinguished triangles make the derived
category D(S) into a triangulated category.

In fact, the arguments leading up to Corollary 7.15 work just as well for any abelian category instead
of the special case S-mod of the category of left S-modules; however, as we have not discussed abelian
categories, we concentrated on the special case of modules above.

Remark 7.16 (D(S) versus D(HS)). In Example 4.14 we associated to a ring S an Eilenberg-MacLane
ring spectrum H.S. The derived category D(S) of the ring S and the derived category of the orthogonal ring
spectrum H S are in fact equivalent as triangulated categories, in such a way that the composite functor

D(S) = D(HS) -+ S-mod

is naturally isomorphic to the homology functor H,,. In this sense, homology algebra of modules over rings
is subsumed in stable homotopy theory.

We will not construct an equivalence D(S) & D(HS) in this document. It can be obtained by combining
the following results in the literature. A competing framework for ring and module spectra is given by the
category of symmetric spectra of simplicial sets as developed by Hovey, Shipley and Smith [19]. In this
context, there is also an Eilenberg-MacLane symmetric ring spectrum (HS)Z,,, see [19, Example 1.2.5] (but
the ring Z replaced by the ring S). Theorem 5.1.6 of [42] provides a chain of Quillen equivalence of model
categories between the stable model structure on (HS)Z, ,-modules and a certain model structure on Ch(S)
with the quasi-isomorphism as weak equivalences. By taking geometric realization levelwise we obtain
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an Eilenberg-MacLane symmetric ring spectrum (HS )top of topological spaces (as opposed to simplicial
sets); the Quillen equivalence of geometric realization and singular complex extends to a Quillen equivalence
between symmetric (HS)2-modules in simplicial sets and symmetric (HS), ,-modules in spaces, although
I do not have an explicit reference for this fact. The symmetric ring spectrum (HS )top is also isomorphic to
the underlying symmetric spectrum of the orthogonal ring spectrum H.S. So [30, Corollary 0.6] shows that
the forgetful functor is a right Quillen equivalence between orthogonal HS-modules and symmetric modules
over (H S)top Quillen equivalences of model cateories in particular induce equivalence of the localizations
at the respective classes of weak equivalences. So the chain of Quillen equivalences sketched above yields
the desired equivalence between D(S) and D(HS).

Proposition 7.17. Let T be a triangulated category. Then the following properties hold.
(i) For every distinguished triangle (f, g, h) and every object X of T, the two sequences of abelian groups

T4, X) 789, 7, x) T2, (g, x) T8 14, x)
and

T(x, 4) T 7 x, By T 7 x, o) T, 7(x, 24)
are exact.

(ii) Let (a,b,c) be a morphism of distinguished triangles. If two out of the three morphisms are isomor-
phisms, then so is the third.

(iii) Let (f,g,h) be a triangle such that the triangle (g, h, —Xf) is distinguished. Then the triangle (f,g,h)
is distinguished.

(iv) Let (f1,91,h1), (f2,92,he) and (fs,gs,hs) be three distinguished triangles such that fi and fo are
composable and f3 = faf1. Then there exist morphisms T and § such that (Z,g,(Xg1) o he) is a
distinguished triangle and the following diagram commutes:

Al p 2 oM va
|
t
A D E YA
f3 93 | hs
g2 Iy J{Eh
v +
F F—3%B
hz J{(Egl)ohg
>B——XC
X1

(v) For every distinguished triangle (f, g, h) the following three conditions are equivalent:
e The morphism f: A — B has a retraction, i.e., there is a morphism r such that rf =1Id 4.
e The morphism g : B — C' has a section, i.e., there is a morphism s such that gs = Id¢.
e The morphism h : C — XA is zero.
(vi) Let (f,g,h) be a distinguished triangle and s : C — B a morphism such that gs = Id¢. Then the
morphisms f: A — B and s : C — B make B into a coproduct of A and C.
(vii) Let I be a set and let (f;, gi, hi) be a distinguished triangle for every i € I. Then the triangles

@IA EB @ B, _®9i @I c, ko(®hi) Z(@I A)

1, 4 1 01, 3 2o T, 00 =20 (T, 40

are distinguished, whenever the respective coproducts and products exist. Here k : @; XA, —
S(B; A4) and k : (], Ai) — [[; £A; are the canonical isomorphisms.

and
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(viil) Let A® B be a coproduct of two objects A and B of T with respect to the morphismsis: A — A®B
andig : B — A® B. Then the triangle
A4y ApB 22 B LixA
is distinguished, where pp is the morphism determined by ppia =0 and ppip = Idp.

Proof. We start by showing that for every distinguished triangle (f, g, h) the composite ¢f is zero. Indeed,
by (T4) applied to the pair (Id, f) there is a (necessarily unique) morphism from any zero object to C such
that the diagram

A4 0 YA
|
A——B—; C $A

commutes, so gf = 0 (the upper row is distinguished by (T2) and (T3)).

(i) Since gf = 0 the image of T (g, X) is contained in the kernel of T (f, X). Conversely, let ¢ : B — X
be a morphism in the kernel of T(f, X), i.e., such that ¢»f = 0. Applying (T4) to the pair (0,%) gives a
morphism ¢ : C — X such that the diagram

f

A B¢ YA
0 X X 0
Id

commutes (the lower row is distinguished by (T1)). So the first sequence is exact at 7 (B, X). Applying
this to the triangle (g, h,—Xf) (which is distinguished by (T3)), we deduce that the first sequence is also
exact at T(X,C).

The argument for the other sequence is similar, but slightly more involved and depends on the assumption
that the functor ¥ is fully faithful. Since gf = 0, the image of 7 (X, f) is contained in the kernel of T(X, g).
Conversely, let ¢ : X — B be a morphism in the kernel of 7(X,g), i.e., such that gi» = 0. Applying (T4)
to the pair (¢,0) gives a morphism @ : XX — ¥ A such that the diagram

X 0 nx —nx
1{ j . sz
B——C——SA—YB

commutes (both rows are distinguished by (T1) and (T2)). Since shifting is full, there exists a morphism
¢ : X — A such that ¢ = Ty, and hence X(fp) = (£f)(Z¢) = L¢p. Since shifting is faithful we have
fo =1, so v is in the image of T (X, f). Altogether, the first sequence is exact at T (X, B). If we apply
this to the triangle (g, h, —Xf) (which is distinguished by (T3)), we deduce that the first sequence is also
exact at T(X,C).

(ii) We first treat the case where a and b are isomorphisms. If X is any object of 7 we have a commutative
diagram

TX, A) — o 7(x, B) — % T(X,0) — " 7(x,24) -0, 7(x, £B)

a*J( b*l C*J J{(Ea)* J(Eb)*

T(X, A" TT(X, B') —— T(X,C") Tff(X, AN WT(X,ZB’)
* 9« * - *

where we write f, for T(X, f), etc. The top row is exact by part (i) applied to the distinguished triangles
(f,g9,h) and (g,h, —Xf). Similarly, the bottom row is exact. Since a and b (and hence Ya and 3b) are
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isomorphisms, all vertical maps except possibly the middle one are isomorphisms of abelian groups. So the
five lemma says that c, is an isomorphism. Since this holds for all objects X, the morphism ¢ : C — C’
is an isomorphism.

If b and ¢ are isomorphisms, we apply the previous argument to the triple (b, ¢, Xa). This is a morphism
from the distinguished (by (T3)) triangle (g, h,—Xf) to the distinguished triangle (¢, h’,—Xf’). By the
above, Ya is an isomorphism, hence so is a since shifting is an equivalence of categories. The third case is
similar.

(iii) If the triangle (g, h, —Xf) is distinguished, then so is (=X f, —Xg, —Xh) by two applications of (T3).
Axiom (T1) provides a distinguished triangle

ALy B 20y ova

and by three applications of (T3), the triangle (=X f, —Xg, —Yh) is distinguished. By (T4) there is a
morphism ¢ : XC — XC such that the diagram

w4 yp 2 w0 T2 w2y
S A SB N0 — 324
- —%g —>h

commutes. By part (ii), ¢ is an isomorphism. Since suspension is an equivalence of categories, we have
¢ = Xc for a unique isomorphism ¢ : ¢ — C. Then (Ida,Idg, ¢) is an isomorphism from the triangle

(f,g,h) to the distinguished triangle (f, g, h). So the triangle (f, g, h) is itself distinguished.
(iv) Axiom (T5) provides a commutative diagram

Al g ? so " va
A D E YA
f3 g// h//
g’ Y lzfl
F F T) ¥B
b (Zg)oh’
YB——XC
g

such that the triangles (f1,g,h), (f2,¢",h'), (f3,g”,h") and (z,y,(Xg) o h') are distinguished. By (T4)
there is a morphism ¢ : € — C that makes (Ida,Idp,¢) a morphism of triangles from (f1,g1,h1) to
(f1, 9, h); this morphism is an isomorphism by part (ii). Similarly, there is an morphism ¢ : F — F such
that (Idp,Idp, 1) an isomorphism of triangles from (f2, g2, ha) to (f2,¢’, h’). Finally, there is an morphism

v: E — E such that (Id4,Idp,v) an isomorphism of triangles from (fs, g3, hs) to (f3,g"”,h"”). If we set

T =v'lep: C — E and g ="'y : E — F,
then the desired diagram commutes. Moreover, the triple (¢, v,t) is an isomorphism from the triangle
(Z, 7, (Xg1)h2) to the triangle (z,y, (Xg)h’). Since the latter triangle is distinguished, so is the former.
(v) By part (i), the composite of two adjacent morphism in any distinguished triangle is zero. So if s is
a section to g, then h = hgs = 0. Similarly, if r is a retraction to f, then h = (=Xr)(—=Xf)h = 0 because
the triangle (g, h, —Xf) is distinguished. Conversely, if h = 0, then the sequence

T(C,9)

T(C,B) T(C,0) —— 0
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is exact by part (i), and any preimage of the identity of C' is a section to g. Similarly, the sequence

T(—Zf,2A)
e

T(SB,5A) T(SA,B4) —— 0

is exact because the triangle (g, h, —Xf) is distinguished. So there is a morphism 7 : ¥B — ¥ A such
that —7 o Xf = Idga. Since X is full, there is a morphism r : B — A such that Yr = —7, hence
E(rf) = (Er)(2f) =Idga. Since X is faithful, r is a retraction to f.

(vi) Since s is a section to g, the morphism 7T (g, X) is injective. By part (v) the morphism f has a
retraction, so T (f, X) is surjective. The first exact sequence of part (i) thus becomes a short exact sequence
of abelian groups

T(9,X) T(HX)

0—T7(C,X) T(B,X) TAX)—0.
Because T (s, X) is a section to the first map, the map (T (f, X), T (s, X)) : T(B,X) — T(A, X)xT(C, X)
is bijective, i.e., the morphisms f and s make B a coproduct of A and B.
(vii) We choose a distinguished triangle:

P, 4 o P, B ¢ P, A

We apply axiom (T3) to the canonical morphisms «; : A; — @;A; and & : B; — ;B; and obtain
morphisms ¢; : C; — C such that the diagrams

h

: Eyoh YA,
Hjl K;J Pi J{ZK‘j
i @IBi g C h E(@IAi)

commute. We claim that then the morphisms ¢; : C; — C make C into a coproduct of the objects C;.
For this we observe that the diagram

Dfi

—(ZBfi)« (B fi)«

T(2(D,Bi), X) (S(B,4:), X) ——— T(C, X) —2— T(D,Bi, X) T(D,Ai X)

((Eﬁi)*)l ((ENE)*)J ((w)*)l J((Ni)*) J,((M)*)

[I,7(£B;, X) ST [I,7T(24;, X) T [[,7(C;, X) T [I[,7(Bi, X) O [[,7(A, X)
commutes by construction of the morphisms ¢;. The top row is exact by part (i), the bottom row is exact
as a product of exact sequences. The four outer vertical maps are isomorphisms by the universal property
of coproducts, so the middle vertical map is an isomorphism by the 5-lemma. This shows that C' is a
coproduct of the C;’s in a way that makes g = ®g; : @,;B; — C and h = ko (®h;) : C — S(P, A;).

The statement about products of triangles can be proved in an analogous fashion. Alternatively, one
can reduce to the first case by exploiting that products in 7 are coproducts in the opposite category T°P,
which is triangulated with respect to the opposite triangulation (compare Exercise E.14).

(viii) This the special case of part (vii) for the two exact triangles

PN N, BN 3| and 0—BME,B_40

whose sum is the triangle in question, which is thus distinguished. O
Example 7.18 (Shift preserves distinguished triangles). The shift functor sh : R-mod — R-mod of

Example 2.13 and Construction 4.6 preserves stable equivalences, see Proposition 2.16. So the shift functor
descends to a functor on the derived category

sh : D(R) — D(R)

for which we use the same name. Moreover, shifting commutes with smashing with a based space on the
nose, i.e., (sh X) AN A = sh(X A A); so we can (and will) leave out parentheses in such expressions. Since the
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suspension functor on D(R) is induced by smashing with S*, the shift functor commutes with the suspension
functor, again on the nose, both on the point-set level and also on the level of the derived category. We
will now argue that shifting also preserves distinguished triangles on the nose.

Proposition 7.19. Let R be an orthogonal ring spectrum. For every distinguished triangle (f,g,h) in
D(R), the triangle

sh f sh g

shA —— shB shh

shC shA A St

is also distinguished.

Proof. We may assume without loss of generality that (f,g,h) is the elementary distinguished triangle
(v(¥),~v(i),v(p)) of some morphism of orthogonal spectra ¢ : A — B. The shift functor sh : R-mod —
R-mod on the level of orthogonal spectra commutes on the nose with suspension and mapping cones, i.e.,
sh(A A SY) = (shA) A SY, sh(Cy) = C(shep), and similarly for the morphisms that participate in the
mapping cone sequences. So the elementary distinguished triangle

v(sh) y(shi)

sh A sh B she BP0 A n St

associated to the shifted morphism sh : sh A — sh B is equal to the triangle (sh~y(f),sh~(g),sh~y(h)).
So the latter triangle is distinguished, which proves the claim. O

The previous proposition can be rephrased as saying that the shift functor sh : SH — SH is an exact
functor of triangulated categories if we equip it with the identity isomorphism sho(— A St) = (— A S1)osh.

8. THOM SPECTRA AND BORDISM

In Example 4.17 we introduced the commutative orthogonal ring spectrum MO; as the terms of this
spectrum are Thom spaces of universal vector bundles, it is referred to as a Thom spectrum. In this section
we sketch a proof of Thom’s celebrated theorem [47] that the so-called Thom-Pontryagin construction defines
an isomorphism of homology theories from the geometrically defined bordism theory to the homology theory
represented by MO is an isomorphism.

8.1. Homology theories from spectra. We write T, for the category of based spaces, i.e., compactly
generated spaces equipped with a distinguished basepoint. Morphisms in T, are all based continuous maps.
Definition 8.1. A generalized homology theory {Ex, 0} consists of the following data:
e a functor
E; : T, — (abelian groups)
for every integer k;

e a natural transformation 0 : Eyy1(Cf) — Ej(A) for every integer k, where f : A — B is a based
continuous map, and C'f = AA[0,1] Uy B is the reduced mapping cone of f.

This data has to satisfy the following axioms:
o (Additivity) For every family {A;};cr of based spaces the canonical map
P Ev4) — En(\ A)
iel iel
is an isomorphism.
e (Homotopy invariance) If f,g : A — B are based homotopic, then Ej(f) = Ex(g): Ex(4) —
E(B).
e (Exactness) For every continuous based map f : A — B, the sequence

o B () - Bu(4) 2, gy 229, Buef) — -

of F-homology groups is exact.
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Example 8.2 (Generalized homology from a spectrum). We let E be a sequential spectrum, and k an
integer. We define the E-homology of a based space A as

Ek(A> = 7T/€(E/\A) .

The functors Ej form a generalized homology theory with respect to the connecting homomorphism (1.17)
of the long exact homotopy group sequence

0 : Ek+1(cf) — Ek(A) s
i.e., the composite of the map

Bpn (Cf) DB (EAAASY

and the inverse of the suspension isomorphism mp(E A Ay ) = mp 1 (E A AL A SY). The additivity property
is Proposition 1.24 (i), combined with the fact that E'A — takes wedges of based spaces to coproducts of
spectra. Homotopy invariance is the homotopy invariance of stable homotopy groups. And exactness is a
special case of Proposition 1.18.

Remark 8.3. Every generalized homology theory has the following additional properties.

(a) The additivity property for X =Y = {x} one-point spaces shows that the canonical map and the fact
that the wedge of X and Y is another one-point spaces shows that the addition homomorphism

Ei(x) ® Ex(x) — Ex(*)

is an isomorphism. But this forces Ej = 0 to be the trivial group.
(b) Every based homotopy equivalence f: X — Y induces an isomorphism Ey(f) : Er(X) — Ex(Y).
(¢) The previous two items show that Fj(X) = 0 whenever X is contractible to its basepoint.
(d) Because Ei(x) = 0, the long exact sequence for the E-homology of the unique map t4 : A — x
specializes to isomorphisms

0 : Ek+1<CtA) i} Ek(A) .

The ’projection’ p : Ctq4 — A A S' is a homeomorphism, so we obtain a suspension isomorphism
Ek+1(p)0871 : Ek(A) — E]H_l(A/\Sl) .

(e) Let (B, A) be a pair of spaces with the homotopy extension property. Then the quotient map 0UIdp :
AN[0,1]]Us B = C(incl) — B/A is a based homotopy equivalence; so it induces an isomorphism
E(C(incl)) = Ey(B/A). The long exact sequence of the inclusion can thus be turned into an exact
sequence

E}, (incl) Ey (proj)
E— Em——

oo — Epy1(BJA) 25 Ey(A) E(B) En(BJA) — -+ |

where

§ = 0oEp1(0UIdp)™t .

Remark 8.4 (Relative and unreduced theories). We let {E), 0} be a generalized homology theory.
For an unbased space X, we define the unreduced E-homology by
EBi(X) = En(X4),

i.e., the original theory of X with a disjoint basepoint added. Because the functor (—); : T — T, takes
disjoint unions to wedges, the additivity property in the unreduced version becomes the statement that for
every family {X;},c; of unbased spaces the canonical map

D i x) — B(]X)
iel iel
is an isomorphism.
For a pair (X,Y) of unbased spaces, we write

CYUy X = Y x [0,1]UY><1X/N
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for the unreduced mapping cone of the inclusion. Here the equivalence relation identifies (1,y) with y € X
for all y € Y, and it collapses Y x 0 to a point. We take the cone point — the equivalence class of Y x 0 —
as the basepoint. We then define the relative E-homology by

Ek(X,Y) = Ek(CYUY X)

The based space CY Uy X is homeomorphic to the reduced mapping cone of the based inclusion ¢ : Y, —
X, where we added disjoint basepoints to X and Y. So the long exact sequence for ¢ is an exact sequence

s B (X,Y) -5 B () 20D B X)) s B(XLY) — -
If Y = {zo} is a single point, then CY Uy X deformation retracts onto X; for if X is pointed by xg, then
Ep(X,{z0}) 2 Er(X).
The original functors can be recovered from the unreduced theory as follows. The inclusion i : X — C/()
Proposition 8.5. Let {Ey, 0} be a generalized homology theory. Let tel; X; be the mapping telescope of a

sequence of continuous maps

fo f1 f2

Xo X3 Xy

Then the canonical maps jp, @ X, — tel; X; provide an isomorphism

colimmzo E;(Xm) — E:(telizo Xl) .
Proof. The mapping telescope participates in a pushout square

[liso Xi x{0,1} —— [1;50 Xi

IJ lj

HiZO X; x [0, 1] e teli X;

For x € X;, the upper vertical map sends (z,0) to z, and it sends (z, 1) to f;(x). The two vertical maps have
the homotopy extension property, so we obtain a long exact sequence involving the E-homology of [ [, , X,
of tel; X;, and of the cokernel of the h-cofibration j. This cokernel is homeomorphic to \/,~,(Xi)+ A S, s0
the sequence becomes an exact sequence

e — Ek+1(\/(X¢)+ A Sl) i) E;(szoXl) — E;:(tel, Xz) — Ek(\/(XZ)Jr A Sl) —
i>0 i>0

Additivity and the suspension isomorphism provide isomorphisms

i>0
P EF X)) — PEa((X)r ASY) = Era(\/ (Xi) 4 A SY)
i>0 i>0 i>0

These isomorphism turn to exact sequence into another exact sequence
A
= P EHX) S PEHX) — B (teli Xi) — P E (X)) — -
i>0 i>0 i>0
We omit the verification that the morphism A is given by
A(z) = z—(fi)«(x)

for all x € E,j (X;). Since this map is injective, the sequence provides an isomorphism

coker | Id—f. : @D Ef (X;) — P EHX:) | = Ejf(tel; X;) .
i>0 i>0
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The cokernel is a presentation of the colimit of the sequence of abelian groups

Ek(XO) Ex(fo) Ek(Xl) Er(f1) Ek(XQ) Er(f2)

This proves the claim. Il

If X is a CW-complex with skeleta X,,, then the maps tel;>o X; — X that collapses the intervals in
the mapping telescope is a homotopy equivalence. So Proposition 8.5 yields:

Corollary 8.6. Let {Ey,0} be a generalized homology theory. Let X be a CW-complex with skeleta X,,.
Then the inclusions X,, — X provide an isomorphism

colimy, >0 B (X,n) — B (X) .

As we discussed in Example 8.2, a sequential is enough to represent a generalized homology theory. If
the sequential spectrum is underlying an orthogonal ring spectrum FE, then we obtain additional structure
in the form of ‘external products’

(87) X Ek(A) X EZ(B) — Ek_H(A/\B) R
where A and B are two based spaces. This pairing is a generalization of the homotopy group pairing (4.8),
and defined similarly, as follows. We let f : S™t% — E, A A and g : S"t' — E,, A B represent classes
in B,(A) = m,(E N A) and Ei(B) = m(E A B), respectively. We denote by f - g the composite

gmtkdntl N g N ANE AB

rAaAsAb—rAsAaAb

U, n NANB
—_—

E,AE,NANAB Erman(AAB)

and then define
(-1 = (=)™ -[f ]
in the group mp i (EAAAB) = Ep1 (AN B).
For A = S° we can use the unique natural isomorphisms E A S? = E and S° A B 2 B to identify Ej(S°)
with 7 (E), and Ex(S° A B) with Ex(B).

Proposition 8.8. If E is an orthogonal ring spectrum, then the pairings (8.7) are associative, unital and
graded-commutative. They make the E-homology groups E«(B) = {Ex(B)}rez into a graded module over
the graded ring m.(E).

8.2. Bordism. Now we recall bordism groups and their relationship to the homology theory defined by
the Thom spectrum MO. In Construction 8.27 we introduce the Thom-Pontryagin map, which is an
isomorphism from bordism to M O-homology.

Definition 8.9. A singular manifold over a space X is a pair (M, h) consisting of a closed smooth manifold
M and a continuous map h : M — X. Two singular manifolds (M, h) and (M’', h') are bordant if there
is a triple (B, H, ) cousisting of a compact smooth manifold B, a continuous map H : B — X and an
equivariant diffeomorphism

v MUM' = OB
such that (H o )|y = h and to (H o ¢)|p = 1.

Bordism of singular manifolds over X is an equivalence relation. Reflexivity and symmetry are straight-
forward; transitivity is established by gluing two bordisms along a common piece of the boundary. To get
a smooth structure on the glued bordism that is compatible with the action one needs smooth collars.

We denote by N, (X) the set of bordism classes of n-dimensional singular manifolds over X. This set
becomes an abelian group under disjoint union. Every element z of N,,(X) satisfies 2z = 0: for every closed
smooth manifold M, the manifold M x [0, 1] bounds a disjoint union of two copies of M. The groups N,,(X)
are covariantly functorial in continuous maps, by post-composition.

Proposition 8.10. (i) Let ¢,¢’ : X — Y be homotopic continuous maps. Then g, = ¢, as homomor-
phisms from N, (X) to N,(Y).
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(ii) For every weak equivalence ¢ : X — Y the induced homomorphism ¢, : Np(X) — N (Y) is an
isomorphism.
(iii) Let {X;}ier be a family of spaces. Then the canonical map

P, Mx) — M (I, %)

18 an isomorphism.

Proof. (i) We let H : X x [0,1] — Y be a homotopy from ¢ to ¢’ and (M, h) a singular manifold over X.
Then (M x[0,1], Ho(hx[0,1]),%) is a bordism from (M, ph) to (M, ¢’h), where ¢p : MUM — 9(M x [0, 1])
identifies one copy of M with M x {0} and the other copy with M x {1}. So ¢.[M,h] = [M,p o h] =
M, o ] = @, [M, h].

(ii) For surjectivity of ¢, we consider any singular manifold (M, g) over Y. Every smooth manifold M
admits a triangulation, and hence also the structure of a CW-complex, compare [53]. Since ¢ is a weak
equivalence there exists a continuous map h : M — X such that ph is equivariantly homotopic to g. Part
(1) then shows that ¢.[M, h] = (ph)[M,Idy] = g.[M,Idy] = [M, g].

The argument for injectivity is similar. We consider a singular manifold (M, h) over X that represents
an element in the kernel of ¢,. There is then a null-bordism (B, H,v) of (M, ¢h). Again there is a CW-
structure on B for which the boundary is a subcomplex. Since ¢ is a weak equivalence, there exists a
continuous map H' : B — X such that H' o4 = h. The triple (B, H', 1) thus witnesses that [M,h] = 0.
Since ¢, is a group homomorphism, it is injective.

Property (iii) holds because compact manifolds only have finitely many connected components, so all
continuous reference maps from singular manifolds or bordisms have image in a finite union. (|

Now we state the key exactness property of bordism in the form of a Mayer-Vietoris sequence. The
definition of the boundary map needs the existence of separating functions as provided by the following
lemma.

Lemma 8.11. Let M be a compact smooth manifold, C and C' two disjoint, closed subsets of M, and
s OM — R
a smooth map such that
CNoM C s *(0) and  C'NOM Cs(1) .
Then there exists a smooth extension r : M — R of s such that C C r=1(0) and C’ C r=1(1).
Proof. Since M is compact, hence normal, the Tietze extension theorem provides a continuous map ry :
M — R that extends s and satisfies C C 75 '(0) and ¢’ C 75 '(1). By smooth approximation, we can

then find a smooth map r : M — R that coincides with 7, on C' U C”" U &M this is the desired separating
function. 0

Construction 8.12 (Bordism boundary map). We define a boundary homomorphism for a Mayer-Vietoris
sequence. We let X be a space and A, B C X open subsets with X = AU B. Then a homomorphism

8 : No(X) — No_1(ANDB)

is defined as follows.

We let (M,h) be a singular manifold that represents a class in A, (X). The sets h=1(X — A) and
h=1(X — B) are disjoint closed subsets of M; we let 7 : M — R be a separating function as provided by
Lemma 8.11, i.e., such that h=1(X — A) € »=1(0) and h=}(X — B) C r~1(1). We let t € (0,1) be any
regular value of . Then

Mt = Tﬁl(t)

is a smooth closed submanifold of M of dimension n — 1 (possibly empty), and h; = h|pz, lands in AN B;
so (My, hy) is a singular manifold over AN B.
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Proposition 8.13. In the situation above, the bordism class [My, hy] is independent of the choice of regular
value t, of the choice of separating function and of the representative for the given class in Ny(X). The
resulting map

0+ No(X) — Nou1(ANB),  [M,h] — [My, Iyl

s a group homomorphism.
Proof. We let t <t/ be two regular values in (0, 1) of the separating function . Then
(r_l[t7 t/]7 h|r*1[t,t/]a iIlCl)

is a bordism from (r~1(t), hl,~1(s)) to (r~1(t'), h|,-1(4r)), so the bordism class does not depend on the regular
value.

Now we let (M, h) and (N, g) be two singular manifolds over X in the same bordism class, and we let
(B, H,) be a bordism from (M,h) to (N,g). Welet r : M — R and 7 : N — R be two separating
functions. Lemma 8.11 lets us extend this data to a smooth separating function

v:B — R
such that Vol =7, Woyy|y =T,
HYX-A)CVv ) and H (X -B)Ccv'(1).
We choose a simultaneous regular value ¢ € (0,1) for ¥, r and 7. Then

(@), Hlg-1)> Ylr-1y0r-11))

is a bordism from (r~'(t), h|,-1(s)) to (F~'(t),glz—1(+)). This shows at the same time that the bordism
class is independent of the choice of separating function and of the choice of representing singular manifold.
Additivity of the resulting boundary map is then clear: a separating function for a disjoint union can be
taken as the union of separating functions for each summand. O

Now we formulate the property that makes bordism a homology theory. A proof of the following propo-
sition can for example be found in [49, Proposition 21.1.7].

Proposition 8.14. Let X be a space and A, B C X open subsets with X = AUB. Leti4: ANB — A,
iP:ANB — B, j4: A — X and jB% : B — X denote the inclusions. Then the following sequence of
abelian groups is exact:

(7%5)
_jf

S N (AN B) S A (4) e NL(B) No(X) 25 N 1(ANB) — ...

We define the reduced bordism group of a based space X as
No(X) = coker (N, () — No(X))
the cokernel of the homomorphism induced by the basepoint inclusion. If (M, h) is a singular manifold over
X, then we use the notation [[M, h]] for the class it represents in the reduced bordism group N, (X). The
unique map wu : X — * is retraction to the basepoint inclusion, so the map
(proj, u) :+ Nu(X) — Nu(X) @ No(*)

is an isomorphism. On the other hand, if we add a disjoint basepoint to an unbased space Y, then the
composite

No(V) 2 AL () 29 ALY

is an isomorphism.

Remark 8.15. In much of the classical literature, the reduced bordism group /\~/'n(X ) of a based space
(X, z0) is defined differently, namely as the group N, (X, zo) of bordism classes of pairs (M, h) where M
is a compact smooth manifold with boundary, and h : M — X is a continuous map with h(OM) = {zo}.
In this context, a bordism from (M,h) to (M’ k') is a triple (B, H,%) consisting of a compact smooth
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(n + 1)-manifold B, a continuous map H : B — X, a decomposition ¢ : M UM’ UV = dB as regularly
embedded submanifolds such that

VAM=0M, VAM =0M', oV =0MIIoM ,

(Ho)|p=hand (Ho)|py =h and H(V) = {x0}.
The comparison map

No(X) — No(X, x0)

sends the class of [[M, h]] to the class of (M, h); this is well defined because pairs (M, h) with closed M
and h constant to xo represent the trivial class in N, (X, zo) of bordism classes of pairs (M, k). Indeed, as
a witness we may take B = M x [0, 1], define H : M x [0,1] by H(x,t) = h(x) and use the decomposition
P MIIV 2 9(Bx0,1]) with V.= M x {1}. Then H()(V)) = {xo} because we assumed that h is constant
at xg.

For injectivity we consider a singular manifold (M, h) with M closed that represents the trivial class
in NV, (X, 20). We let (B, H,v¢) be a bordism that witnesses this. Because M is are closed, 1 identifies
the boundary 9B with the disjoint union M II V' So we can also interpret (B, H,1) as bordism between
the singular manifolds (M, h) and (V, (H o1)|y), and hence [[M, h]] = [V, (H o ¥)|y]] in N,,(X). Because
H(p(V)) = {x0}, the class [[V, (H o 1)|y]] in trivial in the cokernel A, (X).

For surjectivity we consider any pair (M, h) representing a class in NV, (X, z¢). We let DM = M Ugpys M
denote the double of M, and we define h : DM — X as the continuous map that restricts to h on the first
copy of M, and that sends the second copy of M to the basepoint 2. Then (M, h) is bordant to (DM, h),
so the class [M, h] is the image of [[DM, h]].

Construction 8.16. We consider a continuous map f : X — Y and let
Cf = CXUyY = (X x[0,1]UsY)/X x {0}
denote its unreduced mapping cone. The two open sets
A = X x[0,1)/X x {0} and B = X x(0,1luyY

are G-invariant and together cover the mapping cone. The intersection AN B is homeomorphic to X x (0, 1),
so the open covering has an associated boundary homomorphism

8 No(CF) — Na_1(X x (0,1))

as in Construction 8.12. We take the cone point as the basepoint of C f; this is contained in the subset A, so
the map ¢ : N, (¥) — N, (Cf) induced by the basepoint inclusion factors through j& : Ny, (A) — N, (Cf),
and the composite 0 o ¢ is trivial by exactness of the excision sequence. The boundary map thus factors
over the reduced bordism group. We define a ‘reduced boundary map’ 9 as the composite

Na(CF) =25 Nuia (X % (0,1) 220 N,y (X)

Proposition 8.17. For every continuous map f : X — Y, the following sequence of abelian groups is
exact:
« iy v 0
L No(X) LI NL(Y) s NL(CF) - Nai(X) —

Proof. We use the open covering of the mapping cone C'f as in the definition of the boundary map. In the
diagram

X y —Y L 0of
m»—)(m,1/2)J/ iJ
ANB B cf

incl incl
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the right square commutes and the left square commutes up to homotopy. Moreover, all vertical maps are
homotopy equivalences, so they induce isomorphisms in bordism, by Proposition 8.10. So the resulting
diagram of bordism groups commutes:

No(X) —L s N (V) =2 N (O

% :l

)
Nu(AN B) —— N, (B) —— N,(CY)

Moreover, all vertical maps in this diagram are isomorphisms, so we can substitute N,,(X) and N, (Y") into

the long exact excision sequence of Proposition 8.14. Since A is contractible to the cone point, we can also
replace the corresponding summand by the coefficient group, and the result is an exact sequence

e N (X)) ) N (Y)Y @ N () — N (CF) -2 Ny (X) — ...
The sequence then remains exact if we divide out the summand A, (*) and replace the absolute bordism

group of C'f by the reduced group J\~/n(C f). O

If f: A — B is an h-cofibration of spaces, then the projection ¢ : Cf — B/A from the mapping
cone to the quotient is a based homotopy equivalence. So we can substitute N,(B/A) into the long exact
mapping cone sequence of Proposition 8.17 and obtain a long exact sequence of abelian groups:

L No(A) I N(B) - No(BJA) — Nu1(A) — ...
The bordism groups come with natural products, given by the biadditive maps
X 0 Np(X) X No(Y) — N (X xY), [M,h] x [N,g] = [M xN,hxg].

These products are suitably associative, commutative and unital. The product pairing descends to a pairing
on reduced bordism groups if the spaces X and Y are based. Indeed, the composite

N (X) @ Np(Y) =5 Nopan(X X Y) —Z N (X AY) 225 AL (X AY)

annihilates the image of N, (%) @ N,,(Y') and the image of N,,(X) @ N}, (%), where ¢: X XY — X AY is
the quotient map; so the composite factors uniquely over a homomorphism

At Np(X) @ Np(Y) — Ny (X AY) .
We shall now recall the suspension isomorphism in bordism. We define
d = [[S*,1ds1]] € Ni(SY),

the reduced bordism class of the identity of S'; here S' is given the standard smooth structure, with atlas
given by the inclusion R — S = R U {oo} and the open embedding R — S! sending = to 1/x.

Proposition 8.18. For every based CW-complex X, the exterior product map
—Ad : Np(X) — N1 (X ASY
is an_isomorphism. For every continuous map f: X — Y between based spaces, the homomorphism
Pi : Noi1(Cf) — N1 (X A SY) agrees with the composite
No(CF) 25 Nu(X) 29 N (X ASY) .
Proof. We apply Proposition 8.17 to the map f : X — * to a one-point space. The cone of this map is
X® = X x[0,1]/ ~,

the unreduced suspension of X, where X x {0} and X x {1} are collapsed to one point each. The map
f« : Nu(X) — N, (%) is a split epimorphism. So the long exact sequence provided by Proposition 8.17
reduces to a short exact sequence:

0 — N1 (X°) 25 N(X) 5 Nou(x) — 0
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Since X is cofibrant in the based sense, the projection

2s — 1

¥ X° — XASY) qla,s] = o
s(1—s)

that collapses {xo} x [0, 1] is a homotopy equivalence.
Then the composite

N (X ASY) 2 Fr(x0) -2 Nou(X) 29 R7,(x)

is an isomorphism. We claim that the relation
proj(d(yH(z A d))) = =

holds for all classes = € ./\~/'n(X ). Since projod ot ! is an isomorphism, so is smash product with the class
d.

This relation, in turn, is a consequence of the geometric origin of the class d, the product in bordism
and the boundary map. In more detail, we suppose that x = [[M, h]] for a singular manifold (M, h) over
X. We define a continuous map H : M x S' — X° by

Him,z) = [h(m),(zl—l—l)/2] for z € [—11,1]7 and
[zo, (271 +1)/2] for z € ST\ (—1,1).

Then the following square commutes up to homotopy:

M xSt — 2 xo

||

X><SlT>X/\S1
Hence
u[[M x ST H]] = [[M x S',qo(hx S]] = [[M,h]]Ad,
and thus
AW ([IM, bl Ad)) = O[[M x S*, H]] .

To calculate this geometric boundary we use the smooth separating function

(z+1)/2 for z € [-1,1], and

r: MxSt — [0,1], r(m,z) = {(z1+1)/2 for z € ST\ (=1,1)."

Then 1/2 is a regular value of this separating function, and the preimage over this regular value is r=1(1/2) =
M x {0, 00}, two disjoint copies of M. The function H takes the copy M x {oco} to the basepoint of X,
so this copy does not contribute to the reduced bordism group. The restriction of H to the other copy
M x {0} is the original map h, so we obtain

é[M X Sl,H] = [[M X {0700}3H|M><{0,oo}“ = [[Mv h“
in the reduced bordism group of X. O

Now we work our way towards the Thom-Pontryagin construction that assigns to every bordism class
over a space X a homology class in MO, (X ;). We break the construction up into two steps, and we first
discuss the fundamental class, a basic invariant associated with a closed smooth manifold.

Construction 8.19. It will be convenient to slightly modify the definition of MO, given in Example 3.6.
We introduce a sequential spectrum MO’ by MO[, = %, and

MO!, = Th(Gr,(R®)) ,
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the Thom space of the tautological n-plane bundle over the Grassmannian of n-planes in R*, for n > 1.
The structure map

on 1 S'AMO, — MO, isgivenby on(zA(v,L) = ((z,v),R&L);

here z € R, v € L C R*.

We observe that MO’ is stably equivalent to the underlying sequential spectrum of the commutative
orthogonal ring spectrum MO defined in Example 4.17. The reader should beware that MO’ does not
extend to an orthogonal ring spectrum in any natural way, so the multiplicative structure gets lost on the
way from MO to MO'.

Any linear monomorphism « : V. — W between euclidean inner product spaces, possibly infinite
dimensional, induces a continuous based map of Thom spaces

ax : Th(Grp,(V)) — Th(Gr,(W)), a.(v,L) = (a(v),a(L)) .
For n > 1, we define a linear isometric embedding
(8.20) P" o R — (R™)* by
Y (x1, 22, 23,...) = (X1, 22,...,24),(0,...,0,2,41),(0,...,0,2p42),(0,...,0,2p43),...) .
The main point about this definition is that the following diagram of linear isometric embeddings commutes:

(2, (Y1592, )= (291,92, )

R @ R*® R
R@d)”l J/wl«{»n
R D (Rn>oo (RlJrn)oo

(z,(v1,v2,v3,... )~ ((z,v1),(0,v2),(0,v3),...)

The upper horizontal isometry is implicitly used in the definition of the structure map of MO’; and the
lower horizontal isometry is implicitly used in the definition of the structure map of MO. So the following
diagram of Thom spaces commutes:

ST A MO!, === 8" A Th(Gr,(R*®)) —— S* A Th(Gr14,(R®)) =—= MO},
SlA(wn)*J SlAw::J lwi*" Jwi*"
S'A MO(R") == S" A Th(Grp,((R")®)) —— §* A Th(Gryn((R1+7)*)) == MO(R*")

The upshot is that the based continuous maps 2 : MO/, — MO(R"™) for a morphism of sequential spectra
Y : MO — u(MO).

We claim that moreover, ¥} is a based homotopy equivalence for every n > 1. Indeed, the space
L(R*°, (R™)*°) of linear isometric embeddings is contractible; so there is a path through linear isometric
embeddings from ¥"™ to a linear isometric isomorphism k£ : R*® = (R™)*°. Any such path induces a
homotopy between ¥} and the homeomorphism k.. So ¥} is based homotopic to a homeomorphism, it is
a based homotopy equivalence. So for every based space A, the map ¢ : MO, NA — MO(R™) A Ais a
based homotopy equivalence, and the morphism ) A A : MO’ AN A — u(MO) AN A = u(MO A A) induces
isomorphism of homotopy groups

(8.21) MOL(A) = MO(A) .

Construction 8.22 (Thom-Pontryagin construction). To every smooth compact manifold M of dimension
k, possibly with boundary, we associate a fundamental class
(M) € MO(M/OM) = 7w (MO' A (M/OM)) .

This class records the homotopical information in the stable normal bundle of M, and it is the geometric
input for the Thom-Pontryagin map to M O-homology.
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For the construction we choose a smooth embedding i : M — R"**_ for some n > 0. We use the
standard inner product on R"** to define the normal bundle v of the embedding by

v = {(v,m) e R"™* x M: v L (Di)(T,,M)} ;

in other words: the fiber of this normal bundle over a point m € M is the orthogonal complement in R™***
of the image of the tangent space T,,M. By multiplying with a suitably large scalar, if necessary, we can
assume that the embedding is wide in the sense that the exponential map

D(v) — R"™  (v,m) — v + i(m)

is injective on the unit disc bundle of the normal bundle, and hence a closed embedding. The image of
this map is a tubular neighborhood of radius 1 around i(M). The boundary of D(v) is the union of the
unit sphere bundle S(v) and the restriction D(v|gas) of the unit disc bundle to the boundary of M. So
the exponential map restricts to an open embedding on the open unit disc bundle D(u\ M\QM) over the
complement M \ OM of the boundary. It thus determines a Thom-Pontryagin collapse map

c(i) © S™E s Th(Gr, (R"*)) A (M/OM)

as follows: every point outside of lD)(V|M\3M) is sent to the basepoint, and a point v + i(m), for (v,m) €
b(V\M\aM), is sent to

(o itm) = (= (DT ) A

Here and below, the Thom space is always taken for the tautological vector bundle over the respective
Grassmannian. Now we let (M) denote the class of the composite

stk O T (G (R™F)) A (M/OM)

SO,y (G (R)) A (MJOM) = MO, A (M/OM) |

where the second map is induced by the ‘standard’ linear isometric embedding

VTR RYTR 5 RO (. mpgr) — (T2, Tagrs 0,0,..0)

Proposition 8.23. The fundamental class (M) in MO, (M/OM) associated to the smooth compact k-
manifold M is independent of the choice of wide embedding i : M — R ¥,

Proof. If we enlarge the embedding i : M — R™* by the linear isometric embedding o : R* ¢ — R1+7+k
with a(v) = (0,v), then the collapse map c(«i) associated with the composite embedding a0 i : M —
R'*7** is homotopic to the composite

1 ; o_k
grnth 22, Gt A (G, (RT) A (M oM 2D,

Th(Gry (RN A (M/OM) |
where
ok © 8* ATh(Gr,(R"*)) — Th(Griin((R™™%)) is defined by z A (v,L) = ((z,v),R®S L) .

Moreover, the following square commutes:

StakrntFk

S A Th(Gro (R™F)) — 2y 61 A Th(Gra (R®)) =—— S A MO,
akl Jo’n
Th(GT1+n(R1+n+k)) W Th(GT1+n(ROO)) _— MO/1+n

So the stabilization of (k2+*A(M/0))oc(i) : S"*F — MO, A (M /) is homotopic to (k1T kA (M/OM))o
c(ai) : SYTR — MO}, A (M/8); thus the classes in MO} (M/9) arising from i and a o i coincide.
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Now we consider two different wide embeddings i : M — R"**¥ and j : M — R™"**. By working with
the maximum of n and n and appealing to the previous paragraph, we can assume without loss of generality
that n = n. The map

M x[0,1] — R @R  (m,t) — (t-i(m), (1 —1t)-i(m))

is a smooth isotopy through wide embeddings between 4 into the second summand and 4 into the first
summand. This isotopy induces a homotopy between the two collapse maps. Similarly, the map

M x[0,1] — R"™F @Rk  (m,t) — (t-i(m), (1 —1t)-5(m))

is a smooth isotopy through wide embeddings between j into the second summand and 4 into the first
summand. This isotopy induces a homotopy between the two collapse maps. So altogether the collapse
maps based on i and j become homotopic after composition with the embedding R"+¢ — R4 g R+
as the second summand. By the first paragraph, the class (M) does not depend on the smooth embedding
i. O

Example 8.24. We claim that the image of the fundamental class (S') € MO;(S}) under the reduction
map q : S’}r —— S' that identifies the additional basepoint with the ‘intrinsic’ basepoint oo satisfies the
relation
(8.25) (8" = 1AS8?
in the group MOy (S1).
One possible wide smooth embedding of S! into an inner product space is the embedding
x—1
iz +1
into the complex numbers, where the symbol i’ refers to the imaginary unit in C; this map is sometimes

called the ‘Cayley transform’, and it maps S* onto the unit sphere S(C). The class . (S!) is then represented
by the composite

j: S — C=R?*, jx) =

52/\11

S? Th(Gri1(R?*)) A Sy —— Th(Gri(R®))AS* .
The Hurewicz theorem lets us calculate the homotopy group that is home to this composite:

7o (Th(Gri(R®)) A SY) = my(RP® ASY) = Hy(RP™®ASYZ) = H(RP®;Z) = 7./2 .

c(4)

To finish the argument, one would now have to argue that the previous composite represents the generator
of this group.

Now we show that the fundamental class is compatible with disjoint unions and taking boundaries. For
part (ii) of the following proposition we exploit that for every smooth compact manifold M, the inclusion of
the boundary O0M — M has the homotopy extension property. One way to see this is exploit that M can
be triangulated in such a way that M is a subcomplex. In particular, the pair (M, M) admits a relative
CW-structure. Alternatively, we can appeal to the existence of collars.

Proposition 8.26. Let M and N be smooth compact k-manifolds.

(i) Letil : M — M UN and i®> : N — M U N denote the inclusions into a disjoint union. Then the
relation

(MUN) = iL(M) + ()
holds in the group MO} ((M UN)/(OM UON)).
(ii) The relation
S(M) = (9M)
holds, where
5+ MOL(M/(OM)) — MOj_,(9M)s)
is the connecting homomorphism (1.19) of the inclusion OM — M.
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Proof. (i) We let p! : (M UN)/(OM UON) — M/OM and p* : (M UN)/(OM UON) — N/ON denote
the two projections, i.e., p! takes N to the collapsed boundary, and p? takes M to the collapsed boundary.
We choose any wide smooth embedding i : M U N — R™** and observe that the composite

Id Apt

stk O T (G (R A (MU N)/(OM UAN) 27 Th(Gr, (R™)) A (M/OM)
is on the nose the collapse map for M based on the restriction of the embedding i to M. We then obtain
P(MUN) = (M) = p(i;(M)+(N)) ;

the second relation uses that p' oi! is the identity, p?oi! is the trivial map and p! is additive. The analogous
argument shows that p2(M U N) = p2(il(M) + i2(N)). Since homotopy groups are additive on wedges,
the map

(pt,p?) : (MO ' A(MUN)/(OM UON)) — m(MO' A (M/OM)) x m(MO' A (N/ON))
is bijective, and this proves the claim.
(ii) By definition, the connecting homomorphism (1.19) is the composite of three maps

MO} (M/(aM)) LA

MOL(C(@M) Upnr M) 25 MOL(OM)4 AS') =25 MO}, ((9M),) .
We choose a collar, i.e., a smooth embedding ¢ : OM x [0,2] — M such that ¢(—,0) : M — M is the
inclusion and the image of 9M x [0, 2) is an open neighborhood of the boundary inside M. The collar allows
us to identify M with the mapping cylinder of the inclusion ¢ : 0M — M. More precisely, we define a
continuous map

C : M — OM x [0,1}U8M><1M

by
(x,t) if m = c(x,t) for (z,t) € OM x [0, 1],
((m) = Sc(x,2(t—1)) if m=c(x,t) for (z,t) € OM x [1,2],
m ifme M\ (M x[0,2)).

The map ( is a continuous bijection between compact Hausdorff spaces, and hence a homeomorphism. The
map ( identifies the boundary of M with the ‘start’ OM x {0} of the cylinder; it factors through a based
homeomorphism
C: M/OM —= C(OM)Ugpsxa M = Cu

to the unreduced mapping cone of the inclusion. The composite (0UId ;) ol : Civ —» Cis based homotopic
to the identity, by interpolating through the collar coordinate. The effects of the maps (0 U Idas) o ¢ :
Cv— M/ and ¢ : M/OM — Ct on MO’-homology are thus inverse to each other. So the connecting
homomorphism equals

(pé)* —ASt

MO} (M/(9M)) MOL((9M)4 A S") MO} ,((9M),) -

The map pC : M/(OM) — (OM), A S* is explicitly given by
(pO)(m) = {x A % %f m = c(z,t) for (z,t) € OM x [0,1],
* ifme M\ (M x[0,1)).
Now we choose a wide smooth embedding
i OM — R"F.
Then we choose a wide smooth embedding
ji M — ROTEH

that ‘coincides with ¢ x R near the boundary’, with respect to the chosen collar. More precisely, we arrange
7 so that

ilez,t) = ((),1)
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for all (x,t) € OM x [0,1].
Because the embedding j is the product of 7 with the identity on the collar, the following square commutes
up to based homotopy:

gkl <) Th(Gr,(R*TFH1) A (M/OM)

c(i)/\Sll Jld APC)

Th(Grp, (R ) A (M), A S? — Th(Gr, (R 1)) A (OM), A St

where o : R*F — R+ +1 i o(z) = (x,0). This witnesses the relation
(PO (M) = (OM) A S!
in the group m41(MO A (OM), A St). The desired relation follows:

(OM) = (O)(M)AS™H = 6(M) . U

Construction 8.27. The Thom-Pontryagin construction defines a natural transformation of homology
theories

0 = 9(X) : Nu(X) — MO.(X),

as we now recall. We let (M, h) be a k-dimensional singular manifold over a based space X. The way we
have set things up, all the geometry is already encoded in the fundamental class (M) € MOy (M,); the
rest is a formal procedure, by simply pushing the class forward and use the functoriality of MO’ (—):

O[M,h] = h.(M) € MO,(X) .

Proposition 8.28. The class ©[M,h] in MOk(X) only depends on the bordism class of the singular
manifold (M, h).

Proof. We let (M, h) be a singular manifold that is null-bordant. We choose a null-bordism (B, H : B —
X, : M = 0B), so that H|gp oY = h. We write ¢ : 9B — B for the inclusion. Then

ho(M) = (Hovot) (M) = H.(t.(0B)) = H.(w(6(B))) = 0.

The third equation is Proposition 8.26 (ii); the last equation exploits that the connecting homomorphism
§: MO, (B/OB) — MO ((0B)) and the map t.a : MO} ((0B)y) — MO (B;) occur back-to-back
in an exact sequence, so their composite is the zero homomorphism. Since the fundamental class is additive
on disjoint unions (Proposition 8.26 (i)), O[M, h] only depends on the bordism class of (M, h). O

Theorem 8.29. (i) The Thom-Pontryagin map © : Ni(X) — MOy (X) is additive.
(ii) The Thom-Pontryagin map is compatible with the boundary maps in the mapping cone sequences in
bordism and MO-homology, i.e., © is a transformation of homology theories.

Proof. Part (i) is a direct consequence of the additivity of the fundamental classes established in Proposition
8.26 (i). We let (M, h) and (N, g) be two singular k-manifolds over X. The sum [M, h]+[N, g] is represented
by the singular k-manifold (M II N, h + g). So
O(IM, W] + [N,g]) = OIMIIN,h+g] = (h+g).(MIIN)
= (h+9)(ix(M) +iZ(N)) = ((h+9)i') (M) + ((h+ g)i*)(N)
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(ii) We let f: X — Y be a continuous map. Compatibility of the Thom-Pontryagin construction with
the boundary homomorphism amounts to the commutativity of the following square:

(_A—W>Nk(X)

o

N1 (Cf) ———— N1 (X4 A SY) ~

| | l

M0k+1(cf) T} MOk+1(X+ A Sl) W MOk<X+)

1R

19)

Here p: Cf — X, A S is the projection. Indeed, the upper composite agrees with the boundary map in
bordism by Proposition 8.18; the lower composite is the homotopy theoretic boundary map by the definition
in (1.17) and the fact that the suspension isomorphism in M O-homology is exterior multiplication with the
class 1 A ST € MO, (SY).

The Thom-Pontryagin construction is natural for continuous maps, so it remains to show the commu-
tativity of the right square above. Assuming multiplicativity of the Thom-Pontryagin construction — see
Proposition 8.31 below — the relation (8.25) gives

OxAd) = Ox)AOd) = O(x)A(1ASY) = O(x)AS!
for all z € Ny(X). O
The following is Thom’s celebrated theorem [47, Theorem IV.8]:
Theorem 8.30. For every space X and k > 0, the Thom-Pontryagin map
O(X) : N(X) — MO4(Xy)
is an tsomorphism.

Proof. We start with the special case where X = % is a one-point space. Then the reference map to X is
no information, so the group Nj(*) becomes the bordism group N}, of smooth closed k-manifolds. So we
must show that the Thom-Pontryagin map

O : Nk — Fk(MO/)

is an isomorphism. This is a classical argument using basic tool from differential topology; we review the
argument for surjectivity.

We consider a based continuous map f : S"** — MO/ = Th(Gr,(R>)) that represents a class
in 7, (MO’). Since the sphere S"** is compact, the map f has image in Th(Gr,(V)) for some finite-
dimensional linear subspace V' of R>.

Because Gr, (V) is compact, the Thom space of the tautological n-plane bundle over Gr,(V) is the
onepoint compactification of the total space. So Th(Gr,(V)) has a preferred smooth structure away from
the basepoint at oo, and the zero section of the tautological bundle defines a smooth embedding

s Grp(V) — Th(Grn,(V)), L ~— (0,L).

We choose a based homotopy from f to another map g : S"** — Th(Gr,(V)) that is smooth (away from
the basepoints) and transverse to the zero section. The zero section has codimension n, so

M = g7 (s(Gra(V)))

is a smooth closed submanifold of S™** of codimension n that misses the basepoint at co. In other words,
M is a smooth closed k-manifold inside S"**\ {co} = R"**; if we use the inclusion M — R"** to
calculate the class ©[M], the representing map will be homotopic to g, and hence O[M] = [g] = [f] is the
class in 7 (M O) we started with. This proves surjectivity of the Thom-Pontryagin map.

Assuming now that the map © : N, — m(MO’) is an isomorphism for all integers k, we can complete
the argument by formal reasoning. Source and target of © are homology theories in X. So cell induction
proves the claim when X is a CW-complex. Both functors N and m (MO’ A (—)4) take weak equivalences
of spaces to isomorphisms; so by CW-approximation, the claim follows for all spaces X. (]
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The sequential spectrum MO’ is stably equivalent to the commutative orthogonal ring spectrum MO
discussed in Example 4.17. As we explained in (8.21), the homology theories represented by MO’ and MO
are naturally isomorphic. In the rest of the discussion, we use the isomorphism (8.21) to identify these
two homology theories. In particular, we now view the Thom-Pontryagin construction as taking values in
MOy (X) (as opposed to MO, (X)). Because MO underlies an orthogonal ring spectrum, the homology
theory M O,, which comes with exterior products as explained in Proposition 8.8. We now explain that the
Thom-Pontryagin construction is also multiplicative.

Proposition 8.31. Let M and N be smooth closed manifolds of dimension k and l, respectively.
(i) The relation
(M x N) = (M) x(N)
holds in the group MOy (M x N).

(ii) The Thom-Pontryagin map is multiplicative, i.c., for all classes © € Ni(X) and y € Ni(Y), the
relation

Oz Ay) = O(x) AO(y)
holds in MOp (X ANY).
Proof. (i) We choose wide smooth embeddings
i M — R™*  and  j: N — R,
The product map
ixj : MxN — RTHEHnH

is then another wide smooth embedding that we use for the Thom-Pontryagin construction of M x N. The
normal bundle of 7 x j is the exterior direct sum of the normal bundles of ¢ and j. The unit disc D(V & W)
of the direct sum is contained in the product D(V) x D(W) of the unit discs, so the exponential tubular
neighborhood for ¢ x j is contained in the product of the exponential tubular neighborhoods for ¢ and j.
The collapse map

Sm+k+n+l M} Th(Grm+n(Rm+k+n+l)) A (M % N)+
is homotopic to the composite
gmtk p gntt LMW py (G (R™HEY A ML) A (Th(Grn (R™Y) A N )
Sl Th(Grm (R™ ) A Th(Gra (R™H)) A (M x N)4

Rl AMXN
o O (G (R A (M N

here
el Th(Gry (R™TF) A Th(Gr, (R™) — Th(Grp g (R™ T
is ,deﬁned by (v,L) A (w, K) —  ((v,w), L& K) .
The following diagram commutes up to homotopy through linear isometric embeddings, simply because the

Stiefel manifold L(R™+* @ R™+ (R™+7)%°) is contractible:

kel
Homn

Rerk ) RnH Th(GTm+n (Rm+k+n+l))

K'm,+k®nn+lJ J’K:L+k+n+l

R @ R*> R

(Rm)oo P (Rn)oo (Rm+n)oo

Kpm gn
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Here 9™ : R® — (R™)* was defined in (8.20) for the purposes of comparing MO’ and MO. The
multiplicativity now follows from the fact that the following diagram of induced maps of Thom spaces
commutes up to based homotopy:

k,l

Th(Grym (R™*) A Th(Gry (R™1)) 7"y Th(Grypn (R™HE7H))

’{:n+k/\’if+lJ( l’i:‘n#»k«l»n«#l

Th(Grum (R®)) A Th(Gry (R®)) Th(Grmn(R™))
w:"'mp::i lw;“"
Th(Grm ((R™)>)) A Th(Gry, ((R")>)) Th(Grmn ((R™F7)>))
MO, A MO, — MOuin

Part (ii) is a formal consequence of the multiplicativity of the fundamental classes. We consider singular
manifolds (M,h: M — X) and (N,g: N — Y"). The class [[M, h]] A [[V, ¢]] is then represented by the
singular manifold (M x N,qo (h x g)), where ¢ : X x Y — X AY is the quotient map. Then

OfM x N,go (hxg)ll = (go(hxg))(MxN)

(g0 (hxg))«({M) x (N))

= qu(he(M) x g.(N))

he(M) N g(N) = O[[M,h]] AO[[N,g]] .

in the group MOp4;(X AY). The second equation is Proposition 8.26 (ii). O

Construction 8.32 (The orientation). Every closed k-manifold M has a fundamental homology class
[M] € Hp(M;F2)

that is uniquely characterized by the property that for every point z € M, the image of [M] in the local
homology groups Hy (M, M\ {z};Fs) is non-zero. We obtain a natural transformation of homology theories
from bordism to mod-2 singular homology by

Nio(X) — Hy(X;Fs), [M,h] —> hM].

This is well-defined on bordism classes because whenever M is the boundary of a compact (k + 1)-manifold
W, then the fundamental class [M] is the image of the fundamental class [W] € Hy41(W, M;F3) under the
connecting homomorphism 0 : Hy11(W, M;Fy) — Hy(M;F2) of the pair (W, M). Hence the class [M] is
in the kernel of the homomorphism Hy(M;Fy) — Hy(W;Fs) induced by the inclusion M — W. Thom
showed in [47, Théoréme II1.2] that the map from bordism to mod-2 homology is surjective.

We have seen in Theorem 8.30 that bordism is represented by the Thom spectrum MO. Moreover,
singular homology with coefficients in an abelian group A is represented by the Eilenberg—MacLane spectrum
HA. One can show that there is a unique non-zero morphism

w : MO — HI,y

is the stable homotopy category SH, sometimes called the orientation of M O; and this morphism represents
the natural transformation that evaluates at the fundamental class.

Now we turn to explicit calculation of the unoriented bordism ring N,.

Example 8.33. A 0-dimensional closed manifold is a finite set. Bordism between 0-dimensional manifold
are finite disjoint unions of closed intervals. Since an interval connects two points, two 0-dimensional closed
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manifolds are bordant if and only their cardinalities have the same parities. In other words, the map
No — Z/2, [M] —> |M| mod 2

is an isomorphism.

A 1-dimensional smooth closed manifold is a finite disjoint union of circles. A circle is the boundary of
a 2-disc, so every 1-dimensional smooth closed manifold is null-bordant. Hence the bordism group N; is
trivial.

The cardinality of a finite set is also its Euler characteristic. We observe that the Euler characteristic
modulo 2 is in fact a bordism invariant in all even dimensions.
Proposition 8.34. Let k € N be even.

(i) The boundary of every compact (k + 1)-manifold has an even Euler characteristic.

(ii) The Euler characteristic modulo 2 is a bordism invariant of smooth closed k-manifolds.

Proof. (i) We let B be a compact (k + 1)-dimensional manifold with boundary 0B. Then the double
DB = BUpp B is a closed (k + 1)-manifold. Since k + 1 is odd, Poincaré duality implies that x(DB) = 0.
Additivity of Euler characteristic shows that

2-x(B) = x(9B) = x(DB) = 0.

So the boundary 0B has an even Euler characteristic, as claimed.
(ii) If M and N are closed k-manifolds and M IT N 22 9B for some compact (k + 1)-manifold B, then

X(M) +x(N) = x(9B)

is even by part (i). O

Example 8.35 (Real projective spaces). For every even k > 2, the real projective k-space RP* has Euler
characteristic 1, so it represents a non-trivial element of the bordism group N} by Proposition 8.34.

For every odd k > 1, the real projective k-space RP* bounds a smooth closed (k + 1)-manifold. Such
a manifold can be described fairly explicit, based on the fact that RP* admits a free involution, i.e., a
diffeomorphism 7 : RP¥ — RP* without fixed points such that 72 = Id. For this purpose we write
k =20 — 1 and take RP* as the quotient of the unit sphere S(C!) in C! by the antipodal action. The free
involution is then given by

T[)\1,...,)\l] = [i/\l,...,i/\l} y

where ¢ € C is the imaginary unit.
Now we let 7: M — M be any free involution of some smooth closed k-manifold M. Then M x [0, 1]
is a smooth (k + 1)-manifold with boundary M x {0, 1}. Because 7 is free, the smooth involution

M x[0,1] — M x[0,1), (z,t) — (72,1—1)
is also free. So the quotient space
B = M x[0,1)/(z,t) ~ (72,1 — 1)
inherits the structure of a smooth (k + 1)-manifold, and the composite

M S Mmoo 29 B

is a diffeomorphism from M to the boundary of B.

The Euler characteristic module 2 in an example of a Stiefel-Whitney number in the sense of the following
definition. We will show next that Stiefel-Whitney numbers provide more bordism invariants, and that
these can be used to distinguish, for example, the bordism classes of RP? x RP? and RP*.
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Construction 8.36 (Stiefel-Whitney numbers). Now we let M be a smooth closed k-manifold. We write
wi(M) = wi(ty) € H'(M;Fs)
for the i-th Stiefel-Whitney class of the tangent bundle of M. We write
[M] € Hp(M;F2)

for the fundamental class of M.
We consider natural numbers 71,79 ...,7r > 0 such that

ri+2rg+---+krp = k.
The Stiefel-Whitney number of a smooth closed k-manifold M associated to (rq,...,7x) is
(wi(M)™ ~wa(M)™2 - .- wp(M)™)N[M] € Z/2,
the cap product of the characteristic class
(8.37) wi (M)™ - wy(M)"2 - -+ - wp(M)™ € H*(M;Fy)

with the fundamental class of M.

If the k-manifold M is connected, then the top cohomology group H*(M;Fy) is 1-dimensional, and then
the Stiefel-Whitney number associated to (ri,...,rg) is 1 if and only if the characteristic class (8.37) is
non-zero.

Example 8.38. The sequence (0, ...,0,1) defines a Stiefel-Whitney number for smooth closed k-manifolds
M. And in fact,

wg(M)N[M] = x(M) mod 2,
the Euler characteristic modulo 2.

Proposition 8.39. Then the Stiefel-Whitney number associated to any sequence of natural numbers is a
bordism invariant of smooth closed k-manifolds.

Proof. Homology and cohomology take finite disjoint unions to products, and the fundamental classes and
characteristic classes of a disjoint union is the product of the fundamental and characteristic classes of the
summands. So the Stiefel-Whitney number associated to (rq,...,7x) is additive on disjoint unions. So it
suffices to show that all Stiefel-Whitney numbers of boundaries of (k + 1)-manifolds vanish.

We let B be a smooth compact (k+1)-manifold. The restriction of the tangent bundle 75 to the boundary
OB is isomorphic to the sum of 755 and a trivial line bundle. Stiefel-Whitney classes do not change upon
addition of trivial bundles, so

wi(0B) = wi(tslop) = ¢ (wi(B))
in H(0B;Fs3), where ¢ : 9B —» B is the inclusion. So
(w1 (OB)™ - wa(0B)™ - ... wi(0B)™*)N[0B] = (w1 (B)™ - wa(B)™ ... - wg(B)™)N[0B]
= (w1 (B)™ -we(B)™? ... wi(B)™")Nw[0B] = 0.
The last relation uses that ¢,[0B] = 0 in Hy(B;Fs) because 0B is a boundary in B. O

Thom [47, Corollaire IV.11] also showed a converse to the previous Proposition 8.39: two smooth closed
k-manifolds all of whose Stiefel-Whitney numbers agree are already bordant.

Example 8.40 (Stiefel-Whitney classes of real projective spaces). We revisit the Stiefel-Whitney numbers
of the real projective spaces. To this end recall that tangent bundle of RP* satisfies the relation

TPt OR = 3, & @,
T
see for example [34, Theorem 4.5]. Here 4 is the tautological line bundle over RP*, with total space
{(z,L) € RF'xRP*: z €L} .
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We also recall that the cohomology algebra of RP* is given by
H*(RP*;Fs) = Fsla]/(a"*!)

a truncated polynomial algebra generated by the non-zero class a € H'(RP*;F,), which is also the first
Stiefel-Whitney class of tautological line bundle, i.e.,

a = wi(Vk) -
We conclude that
wtotal(RPk) = wtotal(TlRPk @K) = wtotal(’711§+l) = (wtotal('Yk))k+l = (1+a)k+1~
Comparing the summand of degree i yields

1 . .
w;(RP*) = (kJ_r >-a@ € H'(RP*:F,) .
1

For example,

wtotal(Rpl) =1,
Wiotal(RP?) = 14+ a4+ a?,
wtotal(RPS) =1,
Wiotal(RPY) = 14 a+a* .

For odd numbers k, the projective space RP* bounds a (k + 1)-manifold, compare Example 8.35. Hence all
Stiefel-Whitney numbers must vanish.

Let us use this calculate all Stiefel-Whitney numbers of RP*. The degree 4 Stiefel-Whitney numbers are
indexed by the sequences (4,0,0,0), (2,1,0,0), (0,2,0,0), (1,0,1,0) and (0,0,0,1); or equivalently by the
monomials in Stiefel-Whitney classes w}, wiwg, w3, wiws and wy. Since wy(RP*Y) and wz(RP*) are trivial,
the Stiefel-Whitney numbers of RP* associated to the monomials w?ws, w3 and wjws are zero. Since

w (RPHYY = wy(RPY) = o,
the Stiefel-Whitney numbers of RP* associated to w} and wy are 1.

Example 8.41. We can now show that the bordism classes of RP2 x RP? and RP* are linearly independent
in NV;. We already identified the Stiefel-Whitney numbers of RP* in the previous example. To calculate
the Stiefel-Whitney numbers of RP? x R?, we recall that

H*(RP? x RP%Fy) = Falb, /(%)

by the Kiinneth theorem, where b,c € H(RP? x RP?Fy) are the restriction of the generator a €
H'(RP?;F,) along the projections to the two factors. The tangent bundle of a product is the product
of the tangent bundles, and the total Stiefel-Whitney classes of an exterior product is the exterior product
of total Stiefel-Whitney classes. So we obtain

Wiotal(RP? X RP?) = wiotal(Trp2 X Trp2) = (1+b0+0%) - (1+c+c?).
Comparing the summand of the same degree yields
w1 (RP? x RP?) = b+c
wy(RP? x RP?) = b + be + 2
w3(RP? x RP?) = b%c+ bc?
wy(RP? x RP?) = b2 .
This yields that the Stiefel-Whitney numbers associated to wf, w?ws and wjws are 0, and the Stiefel-

Whitney numbers associated to w2 and w, are 1. Comparing Stiefel-Whitney numbers shows that RP? x
RP? and RP* are linearly independent in Ny, as claimed.



ORTHOGONAL SPECTRA AND STABLE HOMOTOPY THEORY 99

Thom showed in [47, Théoréme IV.12] that the ring N, is a polynomial algebra over Fy on classes xy
for all k > 1 with k # 2/ — 1 for any j > 0; and he showed that for even k, the classes of the projective
spaces [RP¥] € N}, can be taken as polynomial generators; in particular, these classes are algebraically
independent in the bordism ring N,. Explicit manifolds that represent the odd dimensional polynomial
generators were first constructed by Dold [11], and are therefore called the Dold manifolds.

EXERCISES
Exercise E.1 (Coordinatized orthogonal spectra). A coordinatized orthogonal spectrum consists of the
following data:

e a sequence of based spaces X,, for n > 0,

e a based continuous left O(n)-action on X, for each n > 0,

e based maps o, : S' A X,, — X1, for n > 0.
This data is subject to the following condition: for all m,n > 0, the iterated structure map S™ A X,, —
Xm4n defined as the composition

-t Aoy

Sm
S™mANX, ——

Sm72/\¢71+n Om—1+n

Sm_l /\X1+n Xm+n

is (O(m)x O(n))-equivariant. Here the orthogonal group O(m) acts on S™ as the one-point compactification
of the tautological action on R™, and O(m) x O(n) acts on the target by restriction, along orthogonal sum,
of the O(m + n)-action.

A morphism f: X — Y of coordinatized orthogonal spectra consists of O(n)-equivariant based maps
fn: X5 — Y, for n > 0, which are compatible with the structure maps in the sense that f,11 00, =
ono (S A f,) for all n > 0.

Let X be a coordinatized orthogonal spectrum.

(a) Let W be an inner product space of dimension n. We define a based space
X'(W) = (LR W)4 AXa)/ ~,
the quotient space of L(R™, W), A X,, by the equivalence relation
(po ANz ~ pAN(A-x)

for all linear isometries ¢ : R” = W and all A € O(n) and =z € X,,. Show that X°(W) is
homeomorphic to X,,.
(b) Let U be another inner product space of the same dimension as W. Show that the continuous map

LUOW) ALR"U);+ ANX,, — LR",W)AX,
YApAr +— (Yop)Ax
factors through a continuous map
XU W) : LUW), AX(U) — X°(W).

(c) Let V be another inner product space of dimension m, and let ¢ : R™ = V be a linear isometry.
Show that the continuous map

SYALR" W), AX,, — LR™™ VOW)i A Xpmin
vAphz — (o) A" (Y (v) Aw)
factors through a continuous map
ovw : SYAX (W) — X"(VaWw)

that is independent of the choice of .
(d) Show that there is a unique orthogonal spectrum X whose values are the spaces X”(W) from (a),
whose functoriality in isometries is as in (b), and whose structure maps are as in (c).
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(e) Extend the assignment X +— X to functor
(_)b : Spcoord N Sp )
(f) A forgetful functor

Sp — Spcoord
is defined on objects by (UX),, = X(R"™), where R" is endowed with the standard inner product
(z,y) = > i, z;y;. The structure map is

on = opgn : S'AX, = SEAXRY) — XR™M) = Xi4, .

On morphisms, the forgetful functor evaluates at R™. Show that the forgetful functor is an equiva-
lence of categories by exhibiting natural isomorphisms U(X") = X and YV = (UY)’.

Exercise E.2. Find a family {X*};c; of orthogonal spectra for which the natural map

i i
o (HieIX ) - Hie[ mo(X7)
is not surjective.

Exercise E.3. We recall that the m-th stable homotopy group 7%, (K) of a based space K is defined as
the colimit of the sequence of abelian groups

Tm (K) Shn, 7Tl+m(51/\K) il EN 7T2+m(S2/\K> SA-y

Smashing with the identity of S* from the right provides an isomorphism —AS* : 75 (K) — w5, (K AS?),
a special case of the suspension isomorphism (see Proposition 1.13) for the suspension spectrum of K.

Show that the homotopy groups of an orthogonal spectrum X can also be calculated from the system of
stable as opposed to unstable homotopy groups of the individual spaces X,,: exhibit 7, (X) as a colimit of
the sequence

(038 )

—AS? s
Thpn(Xn) — Thgng1(Xn A Sh T (Xnt1) -

Exercise E.4. Exhibit a left adjoint and a right adjoint to the shift functor sh" : Sp — Sp for orthogonal
spectra, introduced in Example 2.13

Exercise E.5. Define orthogonal ring spectra via ¢ty : S — R(V) and multiplication maps wywo:
R(V)ANR(W) — R(V @ W), requiring associativity, unit and centrality.

Exercise E.6. Let M be a monoid and A a ring. The monoid ring A[M] is the A-linearization of the
underlying set of M, endowed with the multiplication by the A-bilinear extension of the multiplication of

M:
(D i ma) - (30 df-ml) = D7 (e af) - (mq-m)

This construction extends degreewise from rings to graded rings.
Now we let R be an orthogonal ring spectrum, and we endow the M with the discrete topology. Exhibit
an isomorphism of graded rings
m.(R)[M] = 7.(RM) ,

where RM is the monoid ring spectrum introduced in Example 4.13.

Exercise E.7. Let A = {Aj}rez be a graded ring, and m > 1. We define the graded matriz ring M,,(A)
by taking (m x m)-matrices degreewise: the abelian group (M,,(A))x is the group of (m x m)-matrices
with entries in Ay, and the multiplication maps (M, (A))r X (M (A)); — (M (A))k+: are defined by the
usual matrix multiplication, using the multiplication of the graded ring A.

Let R be an orthogonal ring spectrum. Exhibit an isomorphism of graded rings

Te(Mn(R)) = My (7. (R)) ,

where M,,(R) is the (m x m)-matrix ring spectrum introduced in Example 4.15.
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Exercise E.8. Let A = {Ax}rez be a graded ring. The graded-opposite ring A°P has the same underlying
graded abelian group as A, but the multiplication in A°P is defined by

LToply = (_1)kl_y_x7

where x € Ay, y € A; and the right hand side is the multiplication in A.
Let R be an orthogonal ring spectrum. Show that m.(R°P) = (m.(R))°P.

Exercise E.9. We let i : A — B and p : X — Y be morphisms in a category C. Then i has the left
lifting property with respect to p if the following holds: for all morphisms « : A — X and §: B — Y
such that pa = Bi, there is a morphism A : B — X such that A\i = a and p\ = :

A—25 X

B'Tm

For a class £ of C-morphisms, we denote by £+ the class of all C-morphisms that have the left lifting
property with respect to all morphisms in £. Show that the class £* has the following closure properties:

(a) The class £ is closed under composition: for all composable morphismsi : A — Bandj: B — C
in £+, the composite ji belongs to £=.
(b) The class £ is closed under cobase change: for every pushout square in C

A——C

B——D

such that ¢ € £+, the morphism j belongs to £+.
(c) The class £+ is closed under retracts: for every commutative diagram in C

Cc—=s54—"5C

I

DﬁBTC

such that rs = Id¢c and ut = Idp, if i belongs to £+, then so does j.
(d) The class £ is closed under sequential composition: for every sequence of morphisms in £+

A0—>A1—>A2—>...
that has a colimit in C, the canonical morphism Ag — colim,, A,, belongs to £+.

Exercise E.10. Show that the following classes of cofibrations and weak equivalences define cofibration
structures on the respective categories.

(a) The category of compactly generated spaces with respect to the h-cofibrations and the weak homo-
topy equivalences.

(b) The category of simplicial sets with respect to the monomorphisms (i.e., morphisms that are di-
mensionwise injective) and the weak equivalences.

(c) The category of Z-graded chain complexes in an additive category A, with respect to the chain
maps that are dimensionwise split monomorphisms, and the chain homotopy equivalences.

(d) For a ring S, the category of Z-graded chain complexes of S-modules with respect to the chain
maps that are dimensionwise split monomorphisms, and the quasi-isomorphisms.

(e) For a ring S, the category of S-modules with respect to monomorphism of S-modules and the
op-stable equivalences. Here a morphism f : M — N of S-modules is an op-stable equivalence if
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there exists a morphism g : N — M of S-modules such that the morphism gf —Idy, : M — M
and fg —Idy : N — N each factor through an injective S-module.

In each example, find a class of morphisms £ such that the respective cofibrations are characterized by the
left lifting property with respect to all morphisms in &.

Exercise E.11. Let A be an additive category. We consider the cofibration structure on the category
Ch(A) of Z-graded chain complexes in A from Exercise E.10 (c).

(a) Show that two chains maps are homotopic in this cofibration structure if and only if they are chain
homotopic.

(b) We define a category K(A) with objects all Z-graded chain complexes in A, and with morphisms
the chain homotopy classes of chain maps. Show that the quotient functor from Ch(A) — K(A)
is a localization at the class of chain homotopy equivalence.

Exercise E.12. Let E be an orthogonal Q-spectrum, i.e., the adjoint &, : E,, — Q(FE14,) of the structure
map is a weak homotopy equivalence for every n > 0. Show that for every based CW-complex A (not
necessarily finite), the map

[A,Ey] — SH(X®AE)

that sends a continuous based map A — Ej to the image of the adjoint ¥*°A — E under the localization
functor is an isomorphism of abelian groups. (Hint: induction over a CW-structure on A)

Exercise E.13. Let T be a triangulated category. We call a triangle (f,g,h) in T anti-distinguished
if the triangle (—f, —g, —h) is distinguished in the original triangulation of 7. Show that the class of
anti-distinguished triangles is also a triangulation of T (with respect to the same suspension functor).

Exercise E.14. Let 7 be a triangulated category and ¥~! : 7 — T a quasi-inverse to the suspension
functor, i.e., a functor endowed with a natural isomorphism 14 : A = 3(X71A). We call a triangle

ALy B 2oty onta
in the opposite category T°P op-distinguished if the triangle

94 I oo L B 0L, y(nta
is distinguished in the original triangulation of 7. Show that the opposite category 7 °P is a triangulated cat-
egory with respect to the functor =1 : T°P — T°P as suspension functor and the class of op-distinguished
triangles.

Exercise E.15. Let 7 be a triangulated category and f, : X, — X,41 a sequence of composable
morphism for n > 0. Let (X, ¢,,) and (X', ¢/,) be two homotopy colimits of the sequence (X,,, f,,). Construct
an isomorphism v : X — X' satisfying ¥, = ¢/, and commuting with the connecting morphisms to the
suspension of @, ~( Xn. To what is extent it the isomorphism ¢ unique?

Exercise E.16. Let 7 be a triangulated category with countable sums. Let X be any object of 7 and
e : X — X an idempotent endomorphism. Show that e splits in the following sense: there are objects
eX and (1 — €)X and an isomorphism between X and the sum eX @ (1 — €)X under which e : X — X

. 1 . . .
corresponds to the endomorphism (O 8) of eX ® (1 —e)X. (Hint: use that homotopy colimits exist in T
and construct eX as the homotopy colimit of the sequence of e’s).

Exercise E.17. Let f: X — Y and g : Y — Z be morphisms in a triangulated category 7 such that
the composite gf : X — Z zero and the group [EX, Z] is trivial. Show that there is at most one morphism
h:Z — ¥ X such that (f,g,h) is a distinguished triangle.

Exercise E.18. Let ¥ : X — Y be a morphism of orthogonal spectra that is levelwise a Serre fibration.
Let ¢ : F — X denote the inclusion of the strict fiber of .
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(a) Show that the morphism [ : FF A S' — (% induced by the pullback square

F—-X

| b

* —— Y

on the vertical mapping cones is a stable equivalence.
(b) As before we let i : Y — C denote the inclusion into the mapping cone. Show the triangle

- Loy (i
Ia v(¢) X Y(¥) % Y1) Toy(3) N3

is distinguished in the stable homotopy category.

Exercise E.19. Let X be any space. Show that the homomorphism

Np(X) — Hp(X;Fs), [M,h] — hM]

that evaluates a singular manifold at the mod-2 fundamental class is an isomorphism for & = 0, and
surjective for k = 1.
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