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Introduction

One of the main objectives of Algebraic Topology is to associate algebraic invariants to topo-
logical spaces. There are plenty and of many different flavours, but some of them — namely
cohomology theories — are closely related to other topological objects called spectra. These ob-
jects arise in a quite natural way, and one can view them as some generalization of spaces: it is
possible to do homotopy theory or cohomology theory of spectra, but furthermore they have
better properties than spaces.

In this Master’s thesis we aim to describe the equivariant version of the former, namely
given a (finite) group G, we want to explore cohomology theories for G-spaces (which encode
the equivariant phenomena) and the equivariant version of spectra. Our main example, which
gives the title of the thesis, will be K-theory with Reality, a slightly different version for Z/2-
spaces of the usual complex K-theory.

The main goal of this thesis is to relate real K-theory and K-theory with Reality at the level
of spectra. The standard way to do this is using the homotopy fixed points spectral sequence,
constructed by Dugger in [8]. However, we will present a different version, quite uncommon
in the literature, which avoids the computation of the spectral sequence. Therefore, this thesis
also has the purpose to present a self-contained solution to this problem.

Throughout this thesis, we denote by Top the category of compactly generated topological
spaces (that is, weak Hausdorff k-spaces!), so that we have a convenient category of spaces. This
means that Top is complete and cocomplete, (that is, it has all small limits and colimits), and it
is cartesian closed, meaning that the direct product X x Y and the hom-set Map(X,Y) can be
endowed with compactly generated topologies such that there is a natural homeomorphism

Map(X x Y,Z) = Map(X,Map(Y, 2)).

This category is large enough to contain CW-complexes, metric spaces, topological manifolds
and in general locally compact Hausdorff spaces. We will refer to objects in Top simply as
“spaces”.

Similarly, we denote by Top, the category of well-pointed spaces, that is, based spaces
(X, xo) with the property that the inclusion {xo} — X is a Hurewicz cofibration. The sus-
pension X and the loop space () preserve well-pointedness and the compactly generated to-
pology (see [5, VII.1.9] and [5, §VIL.6], so they define the usual suspension-loop adjunction
2 : Top, = Top, : Q. It is also worth mentioning that the smash product A also preserves
well-pointedness [40, §5.4].

A topological space X is a k-space if the closed subsets A C X are precisely those for which for any map
u : K — X with K compact Hausdorff, u~1(A) is closed in K. A topological space X is weak Hausdorff if
u(K) C X is closed for any map u : K — X with K compact Hausdorff.

vii
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Structure of the Thesis

In chapter 1, we firstly introduce G-spaces from a categorical perpective, where G is a finite
group. Then we introduce G-CW-complexes and develop homotopy theory from the equiva-
riant perspective, restating the classical results of Whitehead, cellular approximation, etc. We
also construct a model structure in the category of G-spaces and prove Elmendorf’s theorem,
and at the end of the chapter we present Bredon homology and cohomology.

In chapter 2, we start by reviewing complex and real K-theory, recall their basic properties,
lift them to cohomology theories and find classifying spaces for them. In the second part, we
introduce K-theory with Reality for Z/2-spaces, and mimic the results from the first part of
the chapter. We also find a classifying space for it and find two equivariant versions of Bott
periodicity. The standard and only reference where one can find a full description of K-theory
with Reality is Atiyah’s original paper [1], where he uses a not very desirable notation and
mostly deals with relative groups instead of the more usual reduced groups. We present here,
we believe, a better exposition of K-theory with Reality, following the spirit of Hatcher’s Vector
bundles and K-theory [14], but also emphasizing the role played by classifying spaces.

In chapter 3, we construct the categories of spectra and orthogonal spectra following the
modern perspective of Model categories of diagram spectra [24]. We briefly discuss enriched ca-
tegory theory and diagram spaces first, and we define (orthogonal) spectra as the category of
modules over some monoid object on D-spaces for suitable diagrams. We also discuss ho-
motopy theory of spectra, and we endow both categories with model structures. At last, we
introduce the stable homotopy category, and discuss its most important properties.

In chapter 4, we present G-spectra and orthogonal G-spectra: the analogues of spectra for
the equivariant setup. As the main example, we lift K-theory with Reality to a Z/2-spectrum.
We also discuss some equivariant homotopy theory for G-spectra and describe a model struc-
ture on it, inducing the equivariant stable homotopy category. Later we discuss RO(G)-graded
cohomology theories, and lift K-theory with Reality to a RO(Z/2)-graded one. At the end, we
show the main result of this Master’s thesis, stating that the homotopy fixed points of the
Z/2-spectrum of K-theory with Reality is isomorphic, in the stable homotopy category, to the
spectrum of real K-theory.
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Chapter 1

The category of G-spaces

K-theory with Reality deals with spaces with an involution, that is, spaces with a Z/2-action.
In order to construct the general framework of equivariant stable homotopy theory, it will be
necessary to discuss in the first place about the general theory of spaces with a group action
and lay the foundations of equivariant homotopy theory, that is, how to adapt the well-known
homotopy theory of spaces when we introduce the action of a group. For the rest of this text,
we let G be a finite group. Some of our results are also true for compact Lie groups, but we
will not treat this case.

In §1.1 and §1.2, we mostly use [3] and [31], although all proofs we present are original
work of the author. In §1.3 we follow the great exposition of [37], and in §1.4 we make use of
[3] and [25]. Concretely, in 1.4.4 we fix a mistake that appears in [3, 1.4.8].

1.1 A categorical setup

We can regard our group G as a category with one object ¢ and Hom(e, ®) := G: the identity
is given by the neutral element e € G and composition is defined by the product of G.

Definition. The category of G-spaces is the functor category GTop := Top®.
Similarly, the category of based G-spaces is the functor category GTop, := TopC.

An alternative description is the following: there is a monad
G X —:Top — Top
with unit # and multiplication yu given by
nx: X —— Gx X Px: GXGx X — Gx X
X — (e/x)/ (g/gllx) L (gglfx)'
For the based case, there is a monad?!
Gy A —:Top, — Top,

with unit X — G4 A X and multiplication (G x G); A X — G4 A X as above.

Proposition 1.1.1 The category of G-spaces (resp. based G-spaces) is isomorphic to the category of
algebras over the monad G x — (resp. G4 N\ —).
Moreover, GTop and GTop, are both complete and cocomplete.

For a space Y, we write Y := Y]] *.
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Proof. Unravelling definitions, we see that in both cases a G-space consists of a topological
space X together with a continuous map G x X — X satisfying the required associativity
and unit conditions; and the morphisms are the G-equivariant continuous maps X — Y.
The second assertion follows from the fact that if 7 is a small category and C is complete and
cocomplete, so is C7 (see [31, §3.3]). The based case is similar. O

We now define some useful concepts in the theory of G-spaces:
Definition. Let X : G — Top be a G-space.

(@) The translation grupoid of X is the category Tc X whose objects are elements x € X and
whose morphisms are g : x — y for ¢ € G whenever gx = y.

(b) The isotropy subgroup or stabilizer at x € X is I, := Homr_x(x, x)

(c) The orbits G - x of the group action are the elements of sk(TgX), the skeleton? of TgX.
(d) The fixed points of X is X© := lim X.

(e) The orbit space of X is X/G := colim X.

Of course, these definitions coincide with the usual notions on G-spaces,

L={geG:gx=x} , G-x={gxeX:3€G},
XC={xeX:G x={x}} , X/G=X/~, x~gx.

Every monad gives rise to an adjunction between a category and the category of algebras
over the monad. In our case it takes the form

F

T
Top L GTop

~_

u

where U is the obvious forgetful functor and FX := G x X with the obvious action ¢ - (¢, x) :=
(g9’,x). For the based case this is analogous.

For (based) topological spaces X, Y, we let Map(X, Y) be the space of (based) continuous
maps X — Y.

Definition. Let X, Y be (based) G-spaces. We will write Map(X,Y) C Map(UX, UY) for the
space of G-equivariant maps X — Y, endowed with the subspace topology of Map(UX, UY).

Moreover, we will write GMap(X,Y) := Map(UX, UY) for the G-space of maps X — Y,
where G acts as

(8- f)(x) =87 f(g).
Lemma 1.1.2 GMap(X, Y)®¢ = Map (X, Y).

Proof. A map f is a fixed point of GMap(X,Y) if and only if ¢ - f = f, thatis, g~ f(gx) =
f(x) for all x € X. This expression is rewritten as f(gx) = gf(x), which means that f is
G-equivariant. Both topologies agree by definition. O

2A category C is skeletal if there is only one object in every isomorphism class. The skeleton sk C of C is the
unique (up to isomorphism) skeletal category equivalent to C.
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Example 1.1.3 Let ¢ : H — G be a group homomorphism. This can be viewed as a functor
between categories with only one object, which induces a precomposition functor ¢* : Top® =
GTop — HTop = Top! that we consider as a restriction of scalars functor, by analogy with
commutative algebra. The left and right Kan extensions of an H-space define left and right
adjoints to the restriction of scalars functor, called induction and coinduction,

ind%

which are given by the balanced product
ind9X:=GxgX:=GxX/~ , (ghx)~ (g hx)
forallg e G,h e H,x € X; and
coind§; X := Map(¢*G, X).

For the induction ind$ X, the group G acts via the left action on G, g - [(¢/, x)] := [(g¢’, x)].
For the coinduction coind$ X, the group G acts as (g- f)(g') := f(g'g). It is routine to check
that these are well-defined G-actions. The upshot is that given a G-space X and an H-space Y
we have bijections

Map. (G xy Y, X) = Mapy (Y, X), (1.1)
Map,(¢*X,Y) = Map(X,Map,(G,Y)). (1.2)

For based G-spaces, this is rewritten as

Map (G AR Y, X) = Mapy(Y, X), (1.3)
Map, (¢*X,Y) = Map(X,Map, (G4, Y)). (1.4)

If G = e is the trivial group, then viewed as a category it is the discrete category with
one single object; thus the unique group homomorphism H — e induces the unique functor
H — e. In this case, the left and right Kan extensions along this functor are the colimit and
limit of the chosen H-space, respectively (see [31, 6.5.1]), so

ind,; X =colimX = X/H ,  coind4X = limX = X'

In conclusion, rewriting G for the nontrivial group for a more familiar notation, we recover
the adjunctions

Map (Y, X) = Map(Y, X°), (1.5)
Map(X,Y) = Map(X/G,Y), (1.6)

where X is a G-space and Y has the trivial G-action, both based and unbased.
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Example 1.1.4 In the first place observe that if H C G is a subgroup of G, then given a G-space
X we obtain an H-space by restriction of scalars, that we will also denote as X, so we can
consider the H-fixed points of X.

Now consider the orbit category O, whose objects are the G-spaces of left cosets G/H,
and whose morphisms are G-equivariant maps G/H — G/K. It is easy to see that there is
a G-map G/H — G/K if and only if H is subconjugate of K, ie, there is v € G such that
7~1Hv C K, and such map must be of the form [¢] — [¢7].

Then the claim is that taking fixed points with respect to a subgroup of G is the right Kan
extension of X along the embedding G — O sending the single object to G /e,

G X Top

\ o
.-” Ran X=X)

op
OG

Indeed, by the explicit description of the right Kan extension [31, 6.2.1], the limit that

defines (Ran X)(G/H) is given by the limit of the composite H — G RN Top, which is
XH. The upshot is that (Ran X)(G/H) = X! and a morphism v : G/H — G/K as before is
sent to XX — XH, x s x.

Lemma 1.1.5 Let X be a (based) G-space. We have the following homeomorphisms:
1. X" =~ Map(G/H, X). For the based case, X! =~ Map((G/H)4, X).

2. G xyg X = G/H x X. For the based case, G Ay X = (G/H)4+ AN X
3. Mapy (G, X) = GMap(G/H, X). For the based case, Map (G4, X) = GMap((G/H)+, X).

Proof. 1. Every G-equivariant map f : G/H — X corresponds to the element f([e]) in X,
which is an H-fixed point since hif([e]) = f([h]) = f([e]). Conversely, given an H-fixed point
x € XH, we consider the map f([g]) := gx, which is well defined as f([¢h]) = ghx = gx. Both
assignments are obviously continuous and it is straightforward to check that one is inverse of
each other.

2. By (1.1), giving a G-map G xy X — G/H x X is the same as giving an H-map X —
G/H x X. The assignment x — ([e], x) has as inverse ([g], x) — (g,¢ 'x), and as before it is
easy to do the usual checkings.

3. This is a consequence of the universal property of the quotient. O

In particular, the previous lemma says that X¢ = lim X 2 Map(*, X). As for the rest of
limits and colimits, we also have the notion with the right homotopy type (see page 95):

Definition. Let X be a G-space. The homotopy fixed points of X is X"¢ := holim X.

We aim to give a more explicit description of the homotopy fixed points of a G-space.
Consider the simplicial space

E.G:A% —Top , E.G:=Gx'"T'xg,

where the face and degeneracy maps are the following: write go|g1|- - - |gx| for an element
of E,;,G, also with the bars indexed from 0 to n. Then the face map d; “deletes” the i-th bar;
and the degeneracy map s; “inserts” e| after the i-th bar. This space is usually called the bar
construction of the one-point space associated to the free - forgetful adjunction of G-spaces.
Write EG := |E.G| for its geometric realization. Moverover, the multiplication of G factorwise
induces a G-action on EG.
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Proposition 1.1.6 For a G-space X, we have that X"® = Map (EG, X).
In the based case, X" =~ Map(EG., X).

Proof. We will use the explicit description of the homotopy limit given in A.4.4. We again view
G as a category with only one object . The first observation is that EG = |[N(G/e)|, where
N(G/e) denotes the nerve of the slice category G/e. Indeed, N(G/e), consists of diagrams

l’ll h2 h3 hn
[ ] [ J [ ] LI [ J
81
[ ]

where the h; are determined by the g; (they must satisfy g = git1hit1), so N(G/e), is in

c . . +1 . .y . I INT
bijection with E,G = G x X G In particular, it is straightforward to see that this bijection

commutes with the face and degeneracy maps of both simplicial spaces, so N(G/e) = E.G
is an isomorphism of simplicial spaces.
Now, by A.4.4, we have that

X"C = eq (XEG = HXEG> ,
G
where for f : EG — X, the first arrow is the composite

6L x 8 x

in the factor indexed by ¢ € G; and the second arrow is the composite

EG 25 kG Ly x

in the factor indexed by ¢ € G. In other words, X"C is the subspace of X£¢ of maps f : EG —
X such that fg = gf, that is, the space of G-equivariant maps Map(EG, X). O

1.2 Equivariant homotopy theory

Now that we have described G-spaces, we now continue to develop homotopy theory on them.
The first step, of course, is to specify what a homotopy should be.

Definition. Let fy, f1 : X — Y be G-equivariant maps and let G act trivially on I = [0,1]. A
G-homotopy from fy to f; isamap H : X x I — Y in GTop. In the based case, this is a map
H:XANIy — Yin GTop,.

This is the same, of course, as a map I — Map(X,Y); or alternatively, a G-equivariant
map I — GMap(X,Y) (adding disjoint points in the based case).

A natural question any homotopy theorist would ask is: what are the homotopy groups? Of
course, to answer this question one should answer first: what objects play the role of spheres,
and therefore disks? The following will lead us to the right answer:
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Definition. Let A be a G-space. A G-CW-complex relative to A is the colimit of a sequence of
G-spaces X, where X, arises from X,,_; as a pushout

[ 7F xG/Hx0oD" —— X,

T N

[]/xG/HxD" —— X,
HCG

where A = X_;, H varies over all subgroups of G, J! is a discrete space with trivial action and
dD" and D" also have the trivial action.

In the based case, maps are pointed and the space [[yc Ji! x G/H x 9D" should be re-
placed by \/ e (JH)+ A (G/H)4 AD"

Examples 1.2.1 Let us now discuss some Z/2-CW-structures for the sphere S* endowed with
three different Z /2-actions:

(a) If S has the trivial Z/2-action, then all points are fixed and a Z/2-CW-structure is given by
one 0-cell (Z/2)/(Z/2) x D° and one 2-cell (Z/2)/(Z/2) x D?, where the attaching map
collapses dD? to DY, as in the nonequivariant case.

(b) Now consider S? with the Z/2-action given by rotation of 7w with respect to the z axis.
The north and south pole, that we denote by n and s, are fixed points, so there are two 0-
cells (Z/2)/(Z/2) x D°. We also have one 1-cell (Z/2) /e x D! attached by mapping (0, 0),
(1,0) tonand (0,1), (1,1) to s. Finally, there is one 2-cell (Z/2) /e x D? attached as follows:
parametrize the 1-skeleton (homeomorphic to S! C C as Z/2-space) with 8 € [0,27],
where the parameter runs through the copy indexed by 0 from 7 to s in the first half of
the time and the copy indexed by 1 from s to 7 in the second half of the time. In a similar
fashion, dD? is also parametrized by 6. Then the attaching map Z/2 x dD? — S! sends

0,0) =6 , (1,0) — 2t — 6.

(c) Consider in third place the sphere S?> with the antipodal action, so this time there are
not fixed points. There is a Z/2-CW-structure with one 0O-cell (Z/2)/e x D°, one 1-cell
(Z/2)/e x D' and one 2-cell (Z/2)/e x D?. The north and south poles correspond, of
course, to the O-cells. The 1-cell is attached by sending (0,0), (1,1) to n and (0,1), (1,0)
to s. At last, the 2-cell is attached by a map Z/2 x dD?> — S! (where S! now has the
antipodal action) mapping

0+, 6¢€l0,m,
0—m, 0c|m2n.

0,0) —6 (1,0) — {

Examples 1.2.2 For the sake of exposition, let us allow G to be a compact Lie group for one
moment and let us describe some S'-CW-structures on a couple of S!-spaces. This is useful to
note that for groups not necessarily finite, the topological dimension does not agree with the
highest dimension of the attached cells:

(a) Consider the sphere S? with the S'-action given by rotation along the z axis. As before
there are two fixed points 7 and s, which correspond with two 0-cells S'/S! x D°. There is
also one 1-cell S!/e x D! attached to the endpoints in the obvious way.
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S S

Figure 1.1: Z/2-CW-structures of Example 1.2.1.

(b) Consider the torus T = S! x S! with the action given by multiplication on the first factor,
so in particular there are not fixed points. A possible S!-CW-structure is given by one 0-cell
S!'/e x D and one 1-cell S'/e x D!, where the attaching map collapses the endpoints of
D' to DV.

The definition of G-CW-complex suggests what should play the role of spheres: G/H x S",
so now we have as many spheres as subgroups® of G. For G-spaces Y, Y, let g[Y, Y] be the set
of G-homotopy classes of G-maps. In the based case, we will denote itas g[Y,Y’]..

Definition. Let X be a pointed G-space and let H be a subgroup of G. The H-n-th homotopy
group of X is
(X)) := c[(G/H): AS", X]..

We have an alternative description of these homotopy groups:

Lemma 1.2.3 For any pointed G-space X,
i (X) = 7, (X)),

Proof. The main observation is that in GTop, we also have the exponential adjunction: for a
pointed G-space X, this says that the functor X A — is left adjoint to GMap(X, —). In particular
we compute
. 113
7y (X) = cl(G/H)+ A S", X]. & ¢[S", GMap((G/ H)+, X)]. =

12 115
= [8",Map((G/H)+, X))l = [8", X"]. = my(XH)

[s",GMap((G/H)+, X))

—_

This allows us to define
Definition. A map of G-spaces f : X — Y is a weak equivalence if
for ml(X) = ml(Y)

is an isomorphism for every subgroup H C G, every n > 0 and every choice of basepoint.
Equivalently, if ff : X — YH is a weak equivalence of spaces for all subgroups H C G.

3 Another plausible choice would have been the representation spheres SV, the one-point compactification of
an orthogonal representation V of G. It turns out that our original choice is the minimal one: any other arises as a
G-CW-complex as we have just defined it. For a reference see [18].
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As in the nonequivariant case, sometimes we are interested that our maps are isomor-
phisms not for all # > 0 but only up to some degree. Of course, now we have our homotopy
groups indexed also by subgroups of G, so we need a criterion to decide how connected a map
should be for every subgroup. This is the equivariant version:

Definition. Let .7 be the set of conjugacy classes of subgroups of G, and let 6 : ¥ — Z>_1
be an assignment. A map of G-spaces f : X —+ Y is f-connected if fI7 : X — YH is
6(H)-connected for all H C G.

Such an assignment 6 : . — Z>_1 can be also used to define the dimension of a G-CW-
complex:

Definition. A G-CW-complex is 6-dimensional if all cells of orbit type G/H have nonequiva-
riant dimension at most 6(H).

With these notions of CW-complexes and homotopy groups, we recover all main results of
the usual homotopy theory, that we record next:

Theorem 1.2.4 (Equivariant HELP) Let (X, A) be a 6-dimensional relative G-CW-complex and let
e: Y — Z be a 0-connected map between G-CW-complexes. Then given a solid diagram in GTop

LY

X

b
-,
-
-

/f

Mo
Nl

|

commuting up to G-homotopy H : A x I — Z, there is a lift § : X — Y which makes the upper
triangle commutative and the lower one commutative up to a G-homotopy H : X x I — Z which
extends H.

In other words, given a commutative diagram

A—3 Ly

T

Ax] —1 7

a A

A—— X

it extends to the following commutative diagram, where the dashed arrows exist:
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Proof. The two desired maps § and H are constructed by induction on the dimension of X
and then cell by cell, so we may assume that X = G/H x D" and A = G/H x dD". By the
exponential adjunction and 1.1.5, the statement is equivalent to the nonequivariant HELP with
e: YN — 7ZH X = D"and A = oD" (cf. [26, §10.3]). O

This technical result has two important consequences:

Theorem 1.2.5 Let X be a G-CW-complex and let e : Y — Z be a 0-connected G-map between
G-CW-complexes. Then
Cx - G[X,Y] — G[X,Z]

is a bijection if dim X < 60 and surjective if dim X = 6.
In particular, if e is a weak equivalence and X is any G-CW-complex, then e, is a bijection.

Proof. Surjectivity is just rephrasing the theorem for A = @. For injectivity, let us suppose that
[eogo] = [eogi],andlet ] = [0,1]. If H : X x ] — Z is the homotopy between both maps,
let H: (X x J) x I — Z be as before with the map constant on I. Then applying the previous
theorem for the G-CW pair (X x J, X x d]) (which has one higher dimension), we get a lift
§:XxX]—Yofg=goUg1:X x0d] — Y, which is our desired homotopy. O

Theorem 1.2.6 (Equivariant Whitehead) Any 0-connected G-map e : Y — Z between G-CW-
complexes of dimension less than 6 is a G-homotopy equivalence.

In particular, if e is a weak equivalence for any G-CW-complexes Y, Z, then it is a G-homotopy
equivalence.

Proof. By the previous theorem, the homotopy inverse of e is givenby amap f : Z — Y such
that e.[f] = [Idy]. O

Theorem 1.2.7 (Equivariant cellular approximation) Any G-map f : (X, A) — (Y, B) between
G-CW-complexes is G-homotopic rel. A to a cellular map.

Theorem 1.2.8 (Equivariant CW-approximation) For any G-space X, there is a G-CW-complex
ew(X) and a weak equivalence iy : cw(X) — X.

The proofs of these two last results can be found in [25, 1.3.4] and [25, 1.3.6]

1.3 Elmendorf theorem

We now recover the categorical perspective of the first section. From this part on we will make
use of the theory of model categories. A quick review can be found in Appendix A.

The first step is to show that the category of G-spaces has a model structure. This can
actually be done in a more general way: let .# be a family of subgroups of G, that is, a collection
of subgroups containing the trivial one. We will construct a model structure with respect to
this family.

Proposition 1.3.1 Let .% be a family of subgroups of G. There is a model structure on GTop such that
a G-map f : X — Y is a weak equivalence (resp. fibration) if for all subgroups H € %, the map
fH . XH — YH is a weak equivalence (resp. fibration) in Top.

In GTop, the statement is exactly the same.
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Proof. We want to apply the Model Structure Lifting theorem A.4.3. For that, we use the family
of adjunctions given by
G/Hx—

T
Top L GTop

()"

for H € .#, which can be obtained simply as composition of the adjunctions

trivial Gxpg—
/\ /\
Top L HTop L GTop.
\/ \_/

( _ ) H restr

As we already saw, GTop is complete and cocomplete, so we are left to check the conditions
of A.4.3. For the smallness assumptions (1) and (2) from A.4.3, let G* = colim, G" be one of
the infinite gluing constructions in question. By the naturality of the adjunction, it is enough
to check that

co%imMap(A, (GHH) — Map(A4, (G®)H)

is an isomorphism for all H € .#, where A = S"~! or A = D". The isomorphism holds as the
inclusions
s*'——D" , D'x0—D"xI

are closed embeddings between T;-spaces, and both S"~! and D" are compact spaces. Here
we also used that (—)H preserves filtered colimits of closed inclusions.

For the property (3) of A.4.3, we just need to check that the factor il in question is a weak
homotopy equivalence. But this follows from the elementary fact that if Y is the sequential
colimit of a sequence pushouts Y, of diagrams D" x [ <= D" x 0 — Y,, then Y is weak homo-
topy equivalent to Yp.

The assertion claiming what arrows are weak equivalences and what arrows are fibrations
is immediate using the adjunction. O

We will write GTop »~ to emphasize that the model structure depends on the family .%.

Now observe that the orbit category Og from 1.1.4 can be viewed as the full subcategory
115
of GTop on the objects G/ H, with maps Map-(G/H,G/K) = (G/K)H. As we saw, the right

Kan extension of a G-space X defines a functor
X(): OOGP — Top
G/H —— XH.

Given a G-map f : X — Y, it induces a map fH : X — YH commuting with the
morphisms induced by maps of Og, so the previous assignment defines itself a functor

&: GTop —— Topoép
X —— X0,
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Lemma 1.3.2 Let O : Topog] — GTop be evaluation at G/e. Then @ is left inverse and left adjoint

to @,
e}

op /_\
Top(l)G 1 GTop
f\_/

[

Proof. Tt is clear that @®(X) = @(X(7)) = X = X and that the G-action agrees with the one
on X. For the adjunction, the desired bijection

Map(F(G/e), X) = Hom__ o (F, X))
is the following;: any natural transformation a : F = X(~) corresponds to its evaluation at G /e,
the G-map ag/, : F(G/e) — X. Here F(G/e) inherits a G-space structure as follows: the map
g:G/e — G/e, ¢ — ¢'¢in O defines a map of spaces F(-g) : F(G/e) — F(G/e). Then
fora € F(G/e), setting g % a := F(-g)a endows F(G/1) with a G-action. The map is indeed
G-invariant by the commutativity of the following diagram:

XG/e

F(G/e) X

8l lg

F(G/e) feley x

Conversely, consider the map 7 : G/e — G/H for a subgroup H C G. Then a G-map
f:F(G/e) — X corresponds with the natural transformation 17 : F = X(~) such that 515,y is
defined as the composite

F(G/H) I F(G/e) L5 x.

Now the observation is that the image of this map lies on XH: indeed, for h € H, we have a
commutative diagram in Og

G/e —» G/H

| |t

G/e —*» G/H

which induces a diagram
F(G/e) «t™— F(G/H)

hT Tld

F(G/e) +"— F(G/H).
Therefore
h-(fo(Fm))(a) = f(h-(Fr)(a)) = (f o Frr)(a),
as desired. It is obvious that both assignments are inverses of each other. O
Elmendorf theorem will say that this is more than an adjunction: this is a Quillen equiva-

lence for a suitable model structure on the functor category. Moreover, the result is even true
if we restrict to a family of subgroups .# of G.
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In the first place we have to see how we can lift the model structure of Top to a model

structure on Toponcp. As before we will use theorem A.4.3: let J be a small category enriched
over Top. Then it is easy to see that the functor category Top” is also enriched over Top: here
Homy s (F,G) is a subspace of []c; Map(Fj, Gj). Moreover, Top” is complete and cocom-
plete, with limits and colimits constructed objectwise. The first step is to use the Model Struc-
ture Lifting theorem A.4.3 to obtain a model structure on Top”" .

Proposition 1.3.3 Forj € J, let j := Homy(—,j) : T — Top; and define ©); : Top?” — Top
as evaluation at j. Then there is an adjunction

Top 1 Topjw

Proof. The observation that ignites the proof is that, for a space Y and F,G € Top” ", there is
an “exponential adjunction”

Hom. _7or (FxXY,G)= Hom, 7or (F,Map(Y,G—))
defined objectwise, inherited from the one in Top. Taking F = j we obtain

Yoneda

Hom.__7or (jxY,G)= Hom.__7or (j,Map(Y,G—)) = Map(Y,Gj)

Corollary 1.3.4 Let F be a subset of objects of J. Then the adjunctions
jx=
/_\ DP
Top 1L Top“7
~_ keF

9;

define a model structure on Top” .

The proof is very similar to 1.3.1 and we omit it. Returning to our original problem, this

will allow us to endow the functor category Topogp with a model structure. This can be done
with slight more generality, as we did with the model structure on GTop:

Definition. The orbit category of G with respect to .7 is the full subcategory Oz C Og on
the objects G/H, where H € .%.

Setting J = Oz and .# = F in the previous corollary, we obtain
Corollary 1.3.5 Let .% be a family of subgroups of G. The adjunctions
G/Hx~

{ e o }
Top L Top~'#
~_ ke

Oc/H

make Topog‘ into a model category.
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We now have all necessary ingredients to state Elmendorf theorem. In a nutshell, the theo-

rem states that from the point of view of homotopy theory, the categories GTop and Topog“ are
the same.

Theorem 1.3.6 (Elmendorf) Let .Z be a family of subgroups of G. The adjunction
©

Topog L GTop#
f\_/

)

is a Quillen equivalence. Therefore, there is a equivalence of categories
Ho(GTopz) ~ Ho(TopOZ ).

Proof. Let us check in the first place that the former is a Quillen adjunction, more concretely
that @ is right Quillen: given a (trivial) fibration f in GTopz, ®(f) is a (trivial) fibration if and
only if @g,y®(f) = fH is a (trivial) fibration, but this holds by 1.3.1.

Let us check now that the adjunction is a Quillen equivalence: let Y € Topog be a cofibrant
object and let X € GTop 4 be fibrant. We need to show that

f':Y — ®(X) is weak equivalence <= O(f’) : ©(Y) — X is weak equivalence.

In GTop#, every object is fibrant, just because in Top the same happens. Factor the unique
map i : @ — Y as a cofibration i., : @ — G followed by a trivial fibration pe : G* — Y,
where G*® = G*(FZ,i) and FZ is the family of all maps G/H x S"! — G/H x D" for all
subgroups H € .% and all n > 0 (see A.4.3). Since O is left Quillen, by the Ken Brown lemma
A.1.6 we have that © preserves weak equivalences between cofibrant objects, thus @(p«) is a
weak equivalence. Therefore, by the 2-out-of-3 property, ' is a weak equivalence if and only
if s0 is f’peo; S0 it is enough to show that

f:G® — P(X) is weak equivalence <= O(f) : ©(G™) — X is weak equivalence.
Simply by definitions, this statement is equivalent to
fo/u is weak equivalence for all H € # <= (fg,.)" is weak equivalence for all H € .Z.

Since f is a natural transformation, there is a commutative square

o o, sm

|

fcre
E}o/e X’

which in particular says that fo, 5 = (fg/.) (116=)c/1, where 7 is the unit of the adjunction.
Thus, by the 2-out-of-3 property, it suffices to show that

(16~)6/m : GErm — (GEe)"
is a weak equivalence in Top. But this map is in particular an homeomorphism: indeed, it is
not hard to check that the map

77C7'/7H><Z : G/HXZ —>(D®(G/HXZ)
is an isomorphism in Topog‘ (cf. [37,7.7]). Now the claim is immediate using induction and

the fact that the functor (—)H preserves coproducts, pushouts where one arrow is a closed
embedding, and filtered colimits of closed inclusions (see [21, 1.2]). O
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1.4 Homology and cohomology of G-spaces

By completeness, we will briefly discuss one way to adapt the theory of homology and co-
homology for G-spaces. This will be inspired by cellular cohomology, so we will restrict
ourselves to G-CW-complexes (for general G-spaces, we just take G-CW-approximations, and
this does not depend on the choice of the approximations). Of course, the main problem is to
keep track of the G-action. Later in 4.2 we will describe a more general case.

Definition. A coefficient system is a functor M : O — Abor N : Og —> Ab.

Examples 1.4.1 (a) If A is an abelian group, we have the constant coefficient system A, send-
ing every object to A and every morphism to the identity of A.

(b) If X is a G-space, we saw that there is a functor X =) OOGP — Top. The composition with
any functor Top — Ab defines a contravariant coefficient system

(=)
0% X5 Top — Ab.
As a particular case, for homotopy groups we have
7,(X) : OF — Ab

with 77,(X)(G/H) = nll(X) & m,(X") sending every G-map G/H — G/K to the
induced map 71, (XX) — 7, (X*). For homology the story is the same: H, (X)(G/H) :=
H,(X";7).

We want to define cohomology with coefficients in a contravariant coefficient system; and
homology with coefficients in a covariant system. That is, we want to do homological algebra

in the functor categories Ab¢ and Ab%¢. For that, luckily, we have

Lemma 1.4.2 The categories Ab®C and AbOS are abelian.

Proof. The zero object is given by the constant functor with values in the trivial abelian group;
and products, coproducts, kernels and cokernels are defined termwise. ]

Now let X be a G-CW-complex, and let X, be its n-skeleton. We consider the coefficient
system
Cu(X): OF — Ab

sending G/H to C,(X") = H, (X!, X! .. 7), the group of n-chains in cellular homology. There

n—1s
is a differential (natural transformation)

I : Cu(X) — Cur(X)

that at G/ H is the cellular differential of C.(X"), i.e. the connecting homomorphism of the

long exact sequence of the triple (X, X2 |, X! ). Moreover, 9,, 09,1 = 0.

For a contravariant coefficient system M, consider the abelian group
CE(X; M) = HomAbng (Q(X), M)

This defines a cochain complex of abelian groups C{. (X; M) with codifferential 6" := — 0 9,,41.
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Definition. The Bredon cohomology of X with coefficients in M is
HE(X; M) := H"(C:(X; M)).

For homology, we proceed in a similar fashion: given a (covariant) coefficient system N :
Og — Ab, consider the abelian group

G/HeOY
CS(X; N) ::/ C.(X)(G/H) ® N(G/H).

The previous coend? is also denoted as C,(X) ® o N. As before, this defines a chain complex
CS(X; N) with differential 9,, := 9, ® Id.

Definition. The Bredon homology of X with coefficients in N is
HS(X;N) := H,(CS(X;N)).

Remark 1.4.3 For G-spaces, we have presented here Bredon (co)homology. There is another
cohomological invariant that we can associate to a G-space: the Borel cohomology of X with
coefficients in a ring R is

Hg;(X; R) := H"(hocolim X; R).

One can show, in a similar fashion as 1.1.6, that hocolim X = EG X X (this is a balanced
product). Recall that EG is contractible, so X = EG X X is just a “fattened up” version of
X/G = colim X.

Example 1.4.4 Let us compute the Bredon cohomology groups, with coefficients in Z, of the
sphere S? with the Z/2-action given by rotation by 7 from 1.2.1.(b). There we already described
a 7Z./2-CW-structure with two 0-cells (Z/2)/(Z/2) x D°, one 1-cell (Z/2)/e x D' and one 2-
cell (Z/2)/e x D?. We take this example from [3, 1.4.8], but we fix a mistake that it appears
there, with respect to the computation of the cellular differentials of the Z/2-CW-structure (in
particular, one does not get the codifferentials for C;, /2(52; Z) that he claims from the cellular
differentials he writes).

In the first place, let us make explicit the morphisms of the category (’)%2: this is just

w((2/2)/e " (2/2)/(2/2) T Du
U

T

where 71 is the projection and 7 is the switching map (which interchanges 0 and 1). The asso-
ciated “fixed points functor” (’)%2 — Top maps 7t to the inclusion, and 7 to the involution of

S2.

4For a bifunctor H : C°7 x C — &, the coend f CH is the coequalizer of the diagram

[I H(cod f,dom f) = [ ] H(C,C) --» /CH

fearrowsC ceC

where f: C — C'.



16 CHAPTER 1. THE CATEGORY OF G-SPACES

By convenience of notation, let us write in this example only the subgroup when we mean
the orbit. Let us compute the coefficient system C,(S?) : (9%2 — Ab. This is determined by

Cu(5%)(e) = Hu((5%)5, (5%)5 1) =

7Z®7Z, n=0,1,2
0, else

YASY A =0
Cu(S?)(Z/2) = Hy (S22, (8)2/%z) =2 { 29 %
0, else

(this is just counting the number of cells). The map induced by 7 is just either the trivial
map 0 — Z @ Z (for n = 1,2) or the identity of Z ® Z (for n = 0). Similarly, T induces an
automorphism of Z @ Z, which is flipping the terms (for n = 1,2) or the identity (for n = 0).

Next, we have to compute the differentials 9,, : C;,(S?) — C,_1(S?), which are given by

the cellular differential associated to the (nonequivariant) CW-structures that the fixed points
spaces inherit. This is depicted in the following diagram:

G(7) Gi(7) 1d

93(e) Q 92(e) Q 91(e) Q
— 00— ZPZ —> 2Dl —— ZDL
IdH

i 9(2/2) I 92(Z/2) E 91(2/2) 707

By cellular homology, the (nontrivial) differentials are given by

az(e)=<_11 _11> , 91(6)=<_11 _11>

and both switching maps are given by

T:= (1) = Ci(t) = (2 (1)) .

We now look at the groups Cg/z(SZ;Z) = HomAbOgv (Cu(S?),Z). For n = 1,2, a natural

/2 ="
transformation Cy(S?) = Z is determined by a group homomorphism ¢ : Z & Z — Z such
that the diagram

YA/

N

T Z

A

ZDZL
commutes. Such a group homomorphism is determined by the image of (1,0), so
C;z;/z(sz?@ =z C2/2(S%2) = L.

For n = 0, a natural transformation Cy(S?) = Z is determined by a group homomorphism
Q¢:2DL — Z,s0

CY,>(S%Z) = Hompp(Z & Z, Z) = Homap(Z, Z) & Homay(Z,Z) 2 Z @ Z,
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hence the cochain complex C;, /2(52 ; Z) looks like

0 51
767 57 2l — 00—

Let us finally determine the codifferentials. In Z & Z, let e; = (1,0) and e; = (0,1). If
¢n € C}, (8% Z) corresponds with n € Z, then §*(n) is the image of e; by the composite

872(3) Pn
7287 —— 7Z.®7 —— 7
which is ¢, (e; —e2) = n —n = 0,50 6* = 0. Similarly, if P (nm) € C%/Z(SZ;Z) corresponds with
(n,m) € Z ® Z, then §°(n, m) is the image of e; by the composite

a1 (6) (P(n,m)
e

77 — ZPZ Z,

50 0°(n,m) = @ m)(e1 — e2) = n — m. The upshot is that the Bredon cohomology of 5> with
the involution given by rotation by half-turn is

Z, n=0,2

HE/Z(SZ;Z) = {O clse
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Chapter 2

Topological K-theory

We will devote the second chapter to discuss topological K-theory in some of its versions. The
origin of K-theory was, actually, not in Topology but in Algebra: it was invented by Grothen-
dieck to solve some hard problems of Algebraic Geometry. This idea soon spread to other areas
of mathematics, such as Topology, Number Theory or Functional Analysis. The letter K stands
for the German word Klasse (class).

In Topology, K-theory appeared first in Atiyah and Hirzebruch’s Riemann-Roch theorems for
differentiable manifolds [2]. It was the first generalized cohomology theory deeply studied, and
it actually allowed to give relatively easy proofs to problems such that the classification of real
division algebras. This was already solved using homology and cohomology, but with a very
intricate proof.

We mostly present complex K-theory and K-theory with Reality, where the latter is a
slightly different version for spaces endowed with an involution. In §2.1 we follow mostly
the approach of [14] but we are also influenced by [19], specially making emphasis in the
Grothendieck construction. For §2.2, we collect material from [14], [27], [38], and specially [13]
for the last part of the section. Finally, in §2.3 we give a full exposition of K-theory with Reality.
We keep close to the standard reference [1], but we present the material following the spirit of
[14] that we use in §2.1 and §2.2. We also improve the notation of [1] and use an original one.
Proofs in this section are due to the author.

2.1 Complex and real K-theory

In this first section we will briefly recall the general theory of complex (and real) K-theory.
This will give us one of the main examples in stable homotopy theory, that we will discuss in
chapter 3. Along this section, unless otherwise stated, all spaces will be considered compact
Hausdorff.

The first observation is that the forgetful functor U : Ab — CMon from abelian groups to
commutative monoids has a left-adjoint K,

K

O~
Ab 1 CMon

~_

u

19
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which is given by the Grothendieck construction: for a commutative monoid (M, ®,0) we

define
Z[M]

m+m —mem')’

K(M) := <

Moreover, if (M, ®,®,0,1) is a commutative semi-ring, then the multiplication on M in-
duces a multiplication on K(M), [m] - [m] := [m ® m’], so the latter is a ring. An alternative
description is the following: K(M) is the quotient of M x M modulo the equivalence relation

(mq,my) ~ (my,my) <= thereisk € M such that my & m) &k = my &m) k.

From now on let us fix a compact, Hausdorff space X. For F = R or C, the set Vecty(X) of
isomorphism classes of F-vector bundles of all possible ranks over X is a commutative monoid
with respect to the direct sum of vector bundles and the trivial vector bundle 0 = X x 0.
Moreover, it is a semi-ring if we also consider the tensor product of vector bundles and the
trivial line bundle 1 = X x F.

Definition. The complex K-theory of X is the Grothendieck construction of Vectg (X),
K(X) := K(Vect (X)),
and its real K-theory is the Grothendieck construction of Vecty (X),
KO(X) := K(Vectg(X)).

By a matter of clarity, from now on we will only refer to complex K-theory, but it is good
that the reader keeps in mind that the rest of results until 2.1.4 are also valid for KO-theory.

If f: X — Y is a map of spaces, the pullback of vector bundles induces a morphism in
K-theory,
frK(Y) — K(X).

Definition. The reduced K-theory of X is
K(X) := coker(K(x) — K(X))
induced by the unique map X — *. Since Vect®(x) = N, K(x) = Z and K(X) = K(X)/Z.
Any continuous map also induces a map in reduced K-theory, so they define functors
K : CHaus — Rng , K : CHaus — Ab.

Given a vector bundle E — X, we will also denote by E its class in K(X) and K(X). The
following proposition is immediate:

Proposition 2.1.1 Let E, F — X be vector bundles over X.
1. mK(X), E = Fifandonlyif E@®n = F & n for some n € N (they are said stably isomorphic).
2. mK(X), E = Fifand only if E® n = F & m for some n,m € N.

If Vectt (X) denotes the set of isomorphism classes of vector bundles of rank n, there is a
map
— ®1: Vectl(X) — VectlM1(X).

Corollary 2.1.2 If X is connected, K(X) = colim,, Vect(X).
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Proof. If X is connected, every vector bundle over X has constant rank, so it lies on Vectf:(X)
for some n > 0 and by the previous characterization K(X) coincides with the colimit. O

For spaces with a preferred basepoint we have a useful property:

Proposition 2.1.3 Let (X, x) be a pointed compact Hausdorff space. There is a split short exact
sequence

0 — Z— K(X) — K(X) — 0

so in particular

K(X) = K(X) & Z.

Proof. Exactness holds by definition, and the splitting is given by a retract r : K(X) — Z,
where r(E — F) := dim E,, — dim Fy,, which is induced by the inclusion of the basepoint. [

The next result gives some properties of K-theory that reminisce the ones known for singu-
lar cohomology (see [14, §2.2]):

Proposition 2.1.4 The following properties hold for reduced K-theory:
1. If f,g : X — Y are homotopic maps between based spaces, then f* = ¢* : K(Y) — K(X).

2. If (X, A) is a pair of pointed spaces, with A closed, there is a long exact sequence

. ——— K(Z2X) —— K(Z24) )

Q K(Z(X/A)) —— K(£X) —— K(ZA) )

Q K(X/A) — K(X) —— K(A)

3. If (Xi)ier is a collection of pointed spaces, then
K(\/ X;) = [TK(x)
i€l iel
is an isomorphism.

If X,Y are spaces, let 11 : X X Y — X and 715 : X x Y — Y be the canonical projections.
The map

= m : K(X)®K(Y) — K(XxY)
is called the external product .

Now we make the following observation: if x is the tautological line bundle over CP' 2 52,
then x2 + 1 = 2x, so in K-theory (x — 1) = 0. This induces a ring homomorphim

Z[x]/(x — 1) — K(S?).

A fundamental theorem, whose proof can be found in [14, 2.2], is the following:
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Theorem 2.1.5 (Product theorem) Let X be a space. The composite
K(X) ® Z[x]/ (x — 1)% — K(X) ® K(S?) -5 K(X x §?)
is an isomorphism.

Corollary 2.1.6 The map Z[x]/(x — 1) —» K(S?) is a ring isomorphism. Moreover, the external
product

1 K(X) ® K(S?) — K(X x $?)
is an isomorphism.

Proof. For the first assertion, take X = * the one-point space. The second follows by the 2-out-
of-3 property for isomorphisms. O

Proposition 2.1.7 Let X, Y be pointed spaces. For n > 0, there is a split short exact sequence
0 — K(EZ"(XAY)) — KE"(XxY)) — KEZ"(XVY)) — 0.

Proof. The map K(X"(X x Y)) — K(Z"(XVY)) = K(Z"X) ® K(X"Y) has a section (£"711)* @
(X"7)*, so in particular the map is surjective and we conclude by the long exact sequence of
the pair (X x Y, X VY). O

Z, neven,

0, nodd.
Proof. From the general theory of vector bundles, we know that any complex vector bundle

over S is trivial, so K(S') = 0. By the previous corollary, K(S?) = Z. Now use the previous
proposition. O

Corollary 2.1.8 K(S”) o {

Now we describe the periodicity theorem. If X, Y are pointed spaces, observe that by 2.1.3
and 2.1.7 we have splittings

K(X)®K(Y) =2 (K(X)@KY))®K(X)®K(Y)®Z

and
K(XxY)2KXAY)®KX)DK(Y)DZ

Proposition 2.1.9 The external product restricts to a homomorphism
I K(X)®@K(Y) — K(XAY),
called the reduced external product .
Proof. For a € K(X) = Ker(K(X) — K(xg)) and b € K(Y) = Ker(K(Y) — K(y)), the
element y(a ® b) = tf(a) 75 (b) restricts to zero in K(X x {yo}) and K({xo} X Y), so therefore
also in K(X V Y). This says that it lies in K(X x Y), and by 2.1.7 it lies in K(X A Y) in the above
splitting. O
As before, let x represent the tautological line bundle over S = CP!, and let 8 be the
composite
~ (x-1)®— ~ 2 =~ [T 2
K(X) "— K(5°) ®K(X) — K(5° A X).
Theorem 2.1.10 (Bott periodicity) The previous homomorphism
B:K(X) = K(S*AX)
is an isomorphism for all based compact Hausdorff spaces X.

Proof. This is a direct consequence of 2.1.5 and 2.1.9. O
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2.2 K-theory as a reduced cohomology theory. Classifying spaces.

In this section we will take a step closer to one of our main constructions, the category of
spectra. Here we will give rise to a coarser version of spectra, called ()-spectra.

Our first observation is that the properties described in 2.1.4 are very similar to the ones
of singular cohomology. There are some axioms expressing the properties that a family of
functors must satisfy to be called a “cohomology theory”:

Definition. A reduced (generalized) cohomology theory is a sequence of functors
1" Topy —> Ab , nez
together with natural isomorphisms W oY = hn-1 satisfying:

(1) Homotopic maps induce the same map in .

(ii) Given a based map f : X — Y, the sequence
B'(Cf) — h*(Y) — H"(X)
is exact, where Cf is the reduced mapping cone.

(iii) Given a collection of based spaces (X;);c, the canonical map

m(\ X)) — TR (X)

i€l i€l
is an isomorphism.

Remark 2.2.1 These axioms are slightly different to the classic Eilenberg-Steenrod axioms. In
the first place, we do not have any long exact sequence, but one can be constructed with little
effort: given a map f : X — Y, it is easily verified that the cone of the inclusion Y —— Cf is
homotopy equivalent to XX. Then there is a long exact sequence

S YX) IS R(CF) — YY) — (X)) S B(CE) — -

where the connecting homomorphism is the composite

~ o~

(X)) = B(2X) — h*(C(Y — Cf)) — " (Cf).

Concretely, in singular cohomology, this recovers the long exact sequence of a pair (X, A),
since by excision

H"(Ci) = H"(Ci,CA) = H"(Ci — p,CA — p) = H"(X, A)

where i : A —— X is the inclusion and p is the cusp of the cone. In second place, we add the
adjective generalized because we dropped the “dimension axiom” 1" (S%) = 0 for n # 0. Under
this extra axiom (one talks about ordinary cohomology theories), one can show that on pointed
CW-complexes all reduced ordinary cohomology theories are naturally isomorphic.
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The question now is how we can lift (reduced) K-theory to a reduced cohomology theory.
Inspired by 2.1.4, we define for n > 0

K"(X):=KEZ"X) , K"™XA):=K"X/A).

We can also extend this to positive indices using Bott periodicity: for n > 0 and a pointed
space X, define N N N N
K'(X):=K">(X) , K'(X,A):=K'(X/A)

for 2s > n. More explicitly,
K"(X)=K(X) , K"Y(X)=K(EZX) , KY(X,A) =K' (X/A)
where A C X is a closed subspace.

Theorem 2.2.2 The functors K" : CHaus, — Ab define a reduced cohomology theory.

Proof. The homotopy and wedge axioms were noted in 2.1.4, the natural isomorphism with
the suspension follows by definition and Bott periodicity, and the exactness axiom holds since
K(Ci) = K(Ci/CA) = K"(X/A). O

Remark 2.2.3 It is often convenient to lift also K-theory to a unreduced cohomology theory (we
will not spell this out, but here one focuses the attention on pairs of spaces instead of pointed
spaces). This can be easily done by setting

K"(X):=K"(Xy) , K'X,A):=K'(X,A).
One readily checks that for n = 0 this definition agrees with our original K-theory, K°(X) =
K(X); and moreover K!(X) = K!(X). Bott periodicity states, in the unreduced case, that
KY(X) = K?(X).

One fundamental result for reduced singular cohomology is that it is represented (in the
homotopy category of pointed CW-complexes) by the Eilenberg-MacLane spaces, that is, there
are natural isomorphisms

~

H'(—;A) = [, K(A,n)].

(here A is an abelian group). The suspension isomorphism implies that for any pointed CW-
complex X there are natural bijections

[X,K(A,n)], = H"(X;A) = H"(ZX; A) = [EX,K(A,n+1)], = [X,QK(A,n+1)].
which implies that there are weak homotopy equivalences
K(A,n) — QK(A,n+1).
It will be useful (and extremely important) to give a name to this:

Definition. An Q-spectrum is a sequence of pointed spaces (E,) with weak homotopy equi-
valences E,, — QFE,.1.

We will give a more general description of this in the next chapter, but at this point it is
important to note that this observation is true for any reduced generalized cohomology theory:
any reduced cohomology theory comes from an (-spectrum. This is an important result due
to Brown that we mention here without further comment (for a proof, see [38]) :
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Theorem 2.2.4 (Brown representability) The functor

reduced generalized
{ Qspectra } —— cohomology theories on ,
pointed CW-complexes
where the assignment sends every Q-spectrum E = (E,) to the cohomology theory E" := [—, E,]., is

essentially surjective.

We cannot apply the previous result directly to reduced K-theory as we have only defined
it for compact Hausdorff spaces. However, as we will see, there is an ()-spectrum representing
reduced K-theory, that can be used to extend it to a cohomology theory in all pointed CW-
complexes.

The following result is key in the theory of principal G-bundles (see [40] for a proof):

Theorem 2.2.5 If G is a topological group, and X is a paracompact! space, there exists a space BG
(unique up to homotopy equivalence) and a principal G-bundle EG — BG such that?

~ isomorphism classes of

X, BG] { principal G-bundles over X } !

where every homotopy class of map f : X — BG corresponds to the principal G-bundle f*EG — X.

Corollary 2.2.6 Vect:(X) = [X, BU(n)] for any paracompact space X.

Proof. It is a well-know result that there is a bijection between complex vector bundles of rank
n over X and principal U (n)-bundles over X. Then this is a direct consequence of the previous
theorem. O

The space BU(n) can be realized as the infinite Grassmanian G,(C*®) := colim; G, (C¥),
where G, (CF) is the space of n-dimensional linear subspaces of C.

Now consider X a compact Hausdorff space, and define the function dim : Vectg:(X) —
[X, N] taking every vector bundle E to the map that takes every point to the dimension of its
fibre. The set [X,N] is a commutative monoid and its Grothendieck construction is precisely
K([X,N]) = [X,Z]. By the universal property of the Grothendieck construction, dim extends

to a map dim : K(X) —» [X,Z]. Let K(X) := Ker dim.
Lemma 2.2.7 Let X be a compact Hausdorff space. There is a split short exact sequence

0 — K(X) — K(X) — [X,Z] — 0,

so K(X) = K(X) @ [X, Z]. In particular, if X is a pointed connected space, K(X) = K(X).

This includes CW-complexes, compact Hausdorff spaces, topological manifolds, ... .

2The space EG is the same as in 1.1.6, and BG := EG/G. Another possible construction is the following: if
G = G *-"- % G denotes the 7 iterated join of G, there are inclusions G*" — G*"+1) and EG := colim;,, G*".
The multiplication of G induces a G-action on it, and as before BG := EG/G.
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Proof. A section of dim can be constructed as follows: any map f : X — Nhas compactimage,
thus finite; say f(X) = {ny,...,n,}. f X; = f~1(n;), then X = [] X; and we define a bundle
over X by taking the trivial bundles n; at each X;. This defines a map [X,N] — Vectg(X)
which extends to the desired section by the universal property of K.

The last part follows from the 2-out-of-3 property of the diagram

0 —— R(X) — K(X) M [X,Z] —— 0
0 — K(X) — K(X) —— [+,Z] —— 0
since the third vertical map is an isomorphism when X is connected. O

We can finally describe the space which represents reduced K-theory. The inclusions
U(n) — U(n + 1) induce maps on the classifying spaces BU(n) — BU(n + 1) (these are
actually embeddings). Set BU := colim, BU(n).

Proposition 2.2.8 Let X be a compact Hausdorff space. Then
K(X) = [X,BU x Z],

and if X is pointed, N
K(X) = [X,BU x Z].

Proof. The first observation is that K(X) 2 colim,, Vect}:(X) for X compact Hausdorff (compare
with 2.1.2). By 2.2.6, we get that

K(X) = colim Vect!(X) = colim[X, BU(n)] = [X, BU].
n

An argument of general topology ensures that the colimit commutes with the homotopy
classes, as X is compact and the maps which define BU are closed inclusions of T; spaces.
Therefore, by 2.2.7 we get

K(X) 2 K(X)® [X,2Z] = [X,BU] & [X,Z] = [X,BU x Z],

and the last part follows from the computation that [X, BU X Z], is precisely the kernel of the
map

K(X) 2 [X, BU x Z] - [+, BU x Z] = K(),

which can be done using the fact that our spaces are well-pointed. O

How does this relate with the description of reduced K-theory as a cohomology theory?
Bott periodicity 2.1.10 suggests that BU x Z and Q?(BU x Z) might be (weak) homotopy equi-
valent. This is actually the case, but we will take it for granted here (see [38, 11.60] for a proof):

Theorem 2.2.9 (Topological Bott periodicity) There is a weak homotopy equivalence
BU x Z ~ O?BU,

or equivalently,
O*U ~ U.
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The first consequence is that we can extend K-theory to all CW-complexes (not necessarily
compact Hausdorff) by setting

K(X):=[X,BUxZ , K(X):=[X,BUxZ,

The second, with more importance for us, is that this classifying space forms an ()-spectrum
which represents reduced K-theory: for n > 0, set

Kzn :=BU X Z , K2n+1 := QQBU.
Then K*(X) 2 [X, K,]. and by Bott periodicity K, ~ QK 1.

Remark 2.2.10 Along this entire section we have focused our attention on complex K-theory.
A very similar discussion can be done about reduced KO-theory with some modifications: for
real vector bundles, we should have taken the classifying spaces BO(#) and the colimit BO,
concluding that reduced KO-theory is represented by BO x Z. Bott periodicity states in this
case that

BO x Z ~ O°BO,

so KO(X) = KO(£8X), which gives a 8-periodic reduced cohomology theory. The Q-spectrum
representing reduced KO-theory is in this case KOg,,;; := Q8 7/(BO x Z), for 0 <i < 8.

2.3 KR-theory

In the previous two sections, we reviewed the foundations of complex and real K-theory. We
are now interested in extending these theories to G-spaces. This is possible and it is called
equivariant K-theory, and was developed by Segal in [36]. However, we will focus our atten-
tion on the particular case G = Z/2, and will take a different version of vector bundles over
7/ 2-spaces. This is called K-theory with Reality and was carried out by Atiyah in [1]. This has
the advantage that it encodes complex and real K-theory, as we will see. As before, spaces will
be assumed compact Hausdorff, unless otherwise stated.

The first observation is that for a Z/2-space X, the action is completely determined by

an involution T : X — X, that is, an homeomorphism such that 2 = Id. For x € X, we
will usually write ¥ := 7(x), motivated by the standard Z/2-action on C given by complex
conjugation.

Definition. Let X be a Z/2-space. A Real® vector bundle over X is a Z/2-space E together
with a Z/2-equivariant map 77 : E — X such that

(i) m: E — X is a complex vector bundle over X.

(i) The map 7, : Ex — Ex is anti-linear.

The “bar” notation happens to be useful: using this, (i) says that 77(¢) = 7(e) for e € E (so
the fibre of x maps indeed to the fibre of X); and moreover for A € C, we have Ae = Ae. This
only differs from Segal’s notion of Z/2-vector bundle in the fact that here we ask the involution
to be fibrewise anti-linear, instead of linear.

3Caution! Capitalized Real means something different than real.
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Examples 2.3.1 1. If X is a Z/2-space, and we consider over C" the Z/2-action given by
complex conjugation termwise, then the trivial vector bundle X x C" = n — X is a
Real vector bundle.

2. Let H be the tautological line bundle over CP". Then taking complex conjugation com-
ponentwise defines Z/2-actions on both spaces and in particular H — CP" becomes a
Real vector bundle.

3. Let E — X be a real vector bundle in the category of Z/2-spaces, that is, a Z/2-
equivariant map between Z/2-spaces which is a real vector bundle over X, with the
involution of E being linear. Then its complexification E ® C can be made into a Real
vector bundle over X, by extending fibrewise the involution 7, : Ex® C — Ez ® C
anti-linearly.

4. If E,E' — X are Real vector bundles over X, then E® E’ and E ® E’ are again Real
vector bundles, with involutions

(e,e') := (e, e) , e@e =e@e.
5 If f: X — YisaZ/2-map, and E — Y is a Real vector bundle, then the pullback
bundle f*E — X is also a Real vector bundle.

The previous examples show that we have Real trivial bundles, and also that the direct sum
and tensor product of Real vector bundles are Real vector bundles. So as in the nonequivariant
case, if Vecty (X) denotes the set of isomorphism classes of Real vector bundles over a Z/2-
space X, then

(Vectx (X), ®,®,0,1)

is a commutative semiring, so we can make a similar construction:

Definition. Let X be a Z/2-space. The K-theory with Reality of X is the Grothendieck con-
struction
KR(X) := K(Vecty(X)).

Observe that if f : X — Y is a Z/2-map, just as in the nonequivariant case, there is an
induced map f* : KR(Y) — KR(X).

Definition. The reduced KR-theory of X is
KR(X) := coker(K(x) — K(X))

induced by the unique Z/2-map X — *, where the one-point space has obviously the trivial
action.

As for nonequivariant spaces, we have functors
KR: (Z/2)CHaus — Rng ,  KR: (Z/2)CHaus —> Ab.

Complex and real K-theory are very easily recovered: a simple observation of Linear Al-
gebra is enough to relate KR-theory with KO-theory:

Lemma 2.3.2 There is an equivalence of categories

C-vector spaces with }

{ R-vector spaces } ———— { o , i
anti-linear involution
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where the assignment sends every real vector space V to V & C.

Proof. The inverse functor maps every complex vector space V with an anti-linear Z/2-action
to VZ/2 the fixed points of the action. Observe that this is well-defined: if e € VZ/2and A € R,
then Ae € VZ/2 because Ae = Ae = Ae.

On the one hand, if V is a R-vector space, then (V ® C)%/2 = V @ R = V since the involu-
tion only takes place in C.

On the other hand, if V is a C-vector space with anti-linear Z/2-action, then consider the
subspace V' := {v € V : & = —v}. Then it yields that V = V%/2@ V’: the intersection is
clearly trivial, and the sum is V since any v € V can be written asv = 3(v+7) + (v — 7). In
particular, multiplication by i € C defines a linear isomorphism -i : V%/2 =5 V', s0 we get an
isomorphism of C-vector spaces with anti-linear involution

V > V22 qiv7/2,

where on the right-hand side the involution is given by (vy,iv2) = (v1, —iv2). We conclude
that
VE2eC=2 V20 (ROIR) = VE2qivE/22y,
It is routine to check that all isomorphisms involved are natural on spaces, so this certainly

defines an equivalence of categories. O

Corollary 2.3.3 If X has the trivial Z/2-action, then there is an isomorphism of commutative semirings

Vectf (X) —— Vect%(X)
E—— E®1

In particular, KR(X) = KO(X).

Proof. If the Z/2-action is trivial, then for a Real vector bundle E we have fibrewise anti-linear
involutions 7, : Ex — E,, and therefore a bijection by the previous proposition. The mor-
phism obviously preserves direct sums, but also tensor products since for R-vector spaces
V, V', we have a canonical isomorphism (V ®g V') @g C = (V ®@g C) ¢ (V' @g C) as complex
vector spaces. O

For complex K-theory, we have the following
Proposition 2.3.4 If X is a compact Hausdorff space, then there is an isomorphism of commutative
Semirings
Vecth (XTI X) —— Vect(X)

where X[ X = X x {%i} as Z/2-spaces. In particular, KR(X ] X) = K(X).

Proof. Let E denote the conjugated vector bundle over X. Then the inverse is given by taking
every complex vector bundle p : E — X to E[[E — X]]X), where E][E has also the
obvious switching map as involution and the map is just p factorwise. This is clearly Z/2-
equivariant, and moreover the action on E L1 E is fibrewise anti-linear, since Ey — Ex = E, is
just the anti-linear extension of the identity. O
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Remark 2.3.5 Classically, spaces with an involution (ie, Z/2-spaces) are called Real spaces; and
complex vector spaces with anti-linear involution are called Real vector spaces. This is motivated
by 2.3.2, and also gives motivation for the name of K-theory with Reality.

According to 2.3.3, KR(x) = KO(x) 2 Z, so KR(X) = KR(X)/Z for a Z/2-space X, just as
in the nonequivariant case. Moreover, the proof of 2.1.3 is still valid, so we get a splitting

KR(X) = KR(X) ® Z

and KR(X) = Ker(KR(X) — KR(xg)) for a pointed Z/2-space (X, xg).

Trying to mimic the first section of this chapter, now we are aimed to prove a product
theorem and a periodicity theorem. For that, the first thing that we need are spheres with a
Z/2-action. We will use the following description (though not the standard one): let p,q > 0
and let VP71 := R @ iR7 with the involution given by complex-conjugation and the standard
metric, so this is an orthogonal Z/2-representation. We will denote

SpA = sV

for the one-point compactification of V7, so thisis a (p + q)-dimensional sphere. In particular,
this means that

5P 2= 5(S(VP)) 2 (VP )

as Z/2-spaces, where S(V) denotes the unit sphere of V77 and S is the unreduced suspen-
sion (where the trivial action is taken in the unit interval).

One can further show that all unit spheres arise as the one-point compactification of a Z/2-
representation, except for the unit sphere of iR, which has the antipodal action (and therefore
no fixed points). To include this one also in our notation we let S™1*1 := S(iR7+1), so that
SPA is a (p + q)-dimensional sphere for p > —1, g > 0 and p+ 4 > 0, and the expresion
SPA = §(VPFLA) is always valid.

As for the nonequivariant case, if X, Y are Z/2-spaces, we consider
p:=rm @m : KR(X) ® KR(Y) — KR(X xY)

the external product for KR-theory, where 711, 71, denote the projections.

In the product theorem 2.1.5 we had that the isomorphism involved CP!, which as Z/2-
space happens to be homeomorphic to S (just because CP! =2 SR®R) With a bit of care, one
can check that the proof given for the product theorem for complex K-theory can be amended
for the equivariant case, where we replace S? by S"!. A proof of this fact can be found in [1,
2.1], but here we just state the result without further comment.

Theorem 2.3.6 (Product theorem) Let X be a Z/2-space. The composite
KR(X)® Z[x]/(x — 1)* — KR(X) ® KR(S"") - KR(X x S')
is a ring isomorphism.

Observe that here x represents the tautological line bundle over CP!, which is a Real vector
bundle. The same argument as in the nonequivariant case gives
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Corollary 2.3.7 The map Z[x]/(x — 1) — KR(SY1) is a ring isomorphism. Moreover, the external
product

p s KR(X) ® KR(SM) =5 KR(X x §™)
is an isomorphism.
Under this result, now Bott periodicity for KR-theory follows exactly by the same reasons

as for K-theory: for X, Y pointed Z/2-spaces, the external product for KR-theory restricts to a
reduced external product

il : KR(X) ® KR(Y) — KR(X AY).

Then if B denotes the composite

KR(X) "7 KR(SM) @ KR(X) - KR(SM A X),

we obtain
Theorem 2.3.8 (Equivariant Bott periodicity) The previous homomorphism
B : KR(X) — KR(S™ A X)

is an isomorphism for all based compact Hausdorff Z /2-spaces X.

Higher KR-theory groups

Now we will discuss the “cohomological flavour” of (reduced) KR-theory. The way we ob-
tained higher K-theory groups in the nonequivariant case was by taking the iterated suspen-
sion of a space. Of course, in the category of based Z/2-spaces, we do not have the usual
suspension, but we do have spheres: for a based Z/2-space X, we consider

TPAX = SPAANX

forp > —1,q > 0and p +¢q > 0. Then, mimicking K-theory, we simply define the higher
KR-theory groups as

KR "7(X):=KR(E=MX) , KR "X A):=KR " "(X/A)
where A C X is a closed subspace. With this notation, Bott periodicity states that
KR PIx) =k (x)

since SP4 A SPA = PP+’ a5 7, /2-spaces (for p’ > 0). We can as well extend these groups to
positive integers using Bott periodicity: for p > —1,4 > 0and p + g > 0, we set

KR™(X) = KR(S"P"1AX) ,  KR™(X,A):= KR"(X/A)

for any n > p,q (compare with page 24).
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Remark 2.3.9 In the equivariant case we can also lift these higher groups to unreduced ones,
as usual by setting

KR P(X):=KR " (x,) , KRPIXA):=KR "X A)

for a Z/2-space X and A C X a closed subspace (and the disjoint point is considered to be
tixed). It is important to note that, under this description,

KR™P79(X,A) = KR " "(X/A) = KR(SP AN X/A) = KR(DP1/SP~ 1 A X/ A)
>~ KR(X x DPA,X x SP~41 U A x DP)
for p,q > 0, where DP/1 = D(VP4) is the unit disk of VP4, so that 9dDP/7 = SP~14,

If we consider the spheres S PO with the trivial action, then we can mimic the argument that
gives the long exact sequence of a pair in the nonequivariant case.

Proposition 2.3.10 Let (X, xo) be a pointed Z/2-space. Then the following properties hold:
1. If f,g : X — Y are homotopic, then f* = ¢* : KR(Y) — KR(X).
2. If (X, A) is a pointed pair of 7./ 2-spaces, with A closed, there is a long exact sequence

2,0 —~— —2,0

. —— % KR 7 (X) —— KR (A))

1,0 -1,0

Q KR "(x/A) —— KR (X) —— KR

(4) )

Q KR (x/A) —— KR™(X) —— KR™(A)

3. If (Xi)ier is a collection of pointed 7/ 2-spaces, then

KR(\ X;) — J[KR(X:)
iel i€l
is an isomorphism.
A mere algebraic consequence of the previous long exact sequence is the following

Corollary 2.3.11 Let (X, X', X"") be a pointed triple of 7./ 2-spaces. Then there is a long exact sequence

KR (X)) —— KR (X"

1,0

Q KR (X, X)) —— KR (X, X") —— KR (X', X"

Q KR (x,x") — KR™(X,X") — KR (X, X")
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Corollary 2.3.12 Let (X, A) be a pointed pair of Z/2-spaces. For every q > 0 there is a long exact
sequerce

e VKRR UX) —— KR YA )

Q KR "(X/A) —— KR I(X) —— KR ""(A) )

Q KR (x/A) — KR "(X) — KR "(A)

Proof. Let us see that we can obtain the desired sequence by rewriting the long exact sequence
of the triple
(X x DY, X x S%71 1y A x DY, X x §%171 U xy x D),

where xg € A C X is the basepoint. We simply compute

KR P°(X x D%, X x $%1-1U A x D) 22 KR "°(D%1 /5911 A X/ A)
~ KR (5% A X/ A) = KR(SP° A 8% A X/ A)
~ KR "(x/4) =KR "X, A),
where we used that, for pairs of Z/2-spaces (X, A), (Y, B), we have

XxY

XXBUAXY = X/ANY/B

also as Z/2-spaces. Similarly,
KR (X x D%, X x $%1-1 U xo x D) = KR (5% A X)
~ KR(SP1 A X/A) = KR "1(X, A).

Finally, observe that the inclusion A x D% «—— X x S%1~1 U A x D% induces, by the
universal property of the quotient topology, a continuous bijection

A x DO XX S%-1y A x DY
AxS%TUxgx DY " X x S9%-1Uxgx DO

between compact Hausdorff spaces, thus an homeomorphism. Therefore, we obtain

KR P2(X x §%9-1J A x D%, X x §%1-1 U xy x D)
>~ KR "’(A x D™, A x $%9-1 U xy x D%4)
~ KR (8917 A) = KR "77(A)

For a pointed pair of Z/2-spaces (X, A), and n > 0, it is customary to set

KR "(X,A):=KR "(X,A) , KR'(X,A):=KR""(X,A).
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Corollary 2.3.13 There is a long exact sequence

S L KR (X) —— KR '(A) )

C KR (X, A) — KR'(X) — KR(A) )

Q KR'(X,A) —— KR'(X) —— ---

Proof. It follows from 2.3.8,2.3.10 and 2.3.12. O

Moreover, from this we can also conclude that KR is a reduced cohomology theory on
(Z/2)CHaus.

Represented KR-theory

We continue now our analogy with nonequivariant K-theory. Our next aim is to find a Z/2-
space which represents reduced KR-theory, as we did before. For complex K-theory, we
showed that K(X) = [X,BU x Z],. We will see that this classifying space will be enough
for our purpose.

The first step is to imitate the notion of principal G-bundle for I'-spaces, where I' is a finite
group (or a compact Lie group) which also acts on G. Of course, we want to think I' = Z/2
for our goal. Here we will only present the main results, and refer the interested reader to [39,
§L.8] for further details about principal G-bundles on I'-spaces.

Let T be a discrete group, G a topological group and let « : T — Aut(G) be a group
homomorphism. We will denote a(7y) by a,, and additionally require that themapI' x G — G
is continuous.

Definition. Let X be a I'-space. A (I, #)-equivariant principal G-bundle over X is a principal
G-bundle p : E — X over X such that

(1) EisaTI-space and the projection is I'-equivariant.
(if) y(eg) = (ve) -a,(g) forally € T,g € Gande € E.

Example 2.3.14 If o : Z/2 — Aut(U(n)) acts by complex conjugation, then a (Z/2,«)-
equivariant principal U(n)-bundle is the same thing as a Real vector bundle of rank 7. Indeed,
condition (ii) means that y(eg) = (ye) - g for ¢ € U(n), which fibrewise means Ae = Ae for
A eC.

In the equivariant case, we still have a classification theorem as in 2.2.5:
Theorem 2.3.15 If X is paracompact, then there exists a T-space B(T', a, G) (unique up to I'-homotopy
equivalence) and a (T, a)-equivariant principal G-bundle E(T,«, G) — B(T,«, G) such that*

N isomorphism classes of
r(X,B(T,a,G)] —— { (T, w)-equivariant principal } ,
G-bundles over X

% In the equivariant case, these spaces can be constructed in the following way: in the first place, we consider a
family {p; : E; — I'/ A;}ie; of (T, a)-equivariant principal G-bundles where E; is Hausdorff and I'/ A; is an orbit
space. If L := [ |; E;, then setting EG := colim,, L*" (iterated join) and BG := EG/G gives the desired spaces.
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where every I'-homotopy class of map f : X — BG corresponds to f*EG — X.

For our case of interest, with I' = Z/2 and G = U(n), the involution U(n) — U(n) given
by complex conjugation termwise induces an involution BU(n) — BU(n) on classifying
spaces, so BU(n) is a Z/2-space. In particular, BU(n) with this involution is a model for
B(Z/2,a,U(n)), as the following proposition asserts:

Proposition 2.3.16 Vecty (X) = ;,,[X, BU(n)], for any paracompact Z/2-space X.

Proof. We need to check that the bijection of 2.2.6 restricts to the desired correspondence.
For recall that there are explicit models for EU(n) and BU(n): if G,(CF) is the space of n-
dimensional linear subspaces of C¥ and E,(C*) = {({,v) € G,(CK) x CF : v € (} then
EU(n) = colimy E,,(C¥) and BU(n) = colimy G, (CF).

Now observe that there are Z/2-actions on G,(CF) and E,(CF) given by taking com-
plex conjugation componentwise, so in particular both are Z/2-spaces and the projection
E,(CF) — G,(CF) is a Real vector bundle. Since this involution is compatible with the in-
clusions G, (C¥) ¢ G,(C*1') and E,(CF) C E,(C*1), we conclude that EU(n) — BU(n)
is a Real vector bundle. Therefore, the pullback of EU(n) along a Z/2-equivariant map
X — BU(n) inherits a Z/2-action such that the projection is Z/2-invariant and the invol-
ution is fibrewise anti-linear. O

The last observation is that the Z/2-action on BU(n) induced by complex-conjugation is
compatible with the embeddings BU(n) — BU(n + 1), so BU inherits a Z/2-action.

Corollary 2.3.17 Let X be a compact Hausdorff Z/2-space. Then
KR(X) 2 5,,[X, BU x Z],
where BU X Z has the trivial involution on Z. Moreover, if X is also pointed, then
KR(X) = z,,[X, BU x Z].
Proof. The arguments given in 2.2.7 and 2.2.8 are still valid here. O

The last corollary together with (equivariant) Bott periodicity say that for any compact
Hausdorff Z/2-space X,

221X, BU x Z), =2 KR(X) = KR(ZMX) 2 4 5 [E"1 X, BU x Z]. = 5,,[X, QY1 (BU x Z)].

where Q! = GMap(S'!, —). One can show, as in the nonequivariant case, that BU x Z and
QY (BU x Z) are related:

Theorem 2.3.18 (Equivariant topological Bott periodicity I) There is a Z/2-equivariant weak
homotopy equivalence

BU x Z ~ QYY(BU x 7).

As we did in last section, we can now extend KR-theory for all Z/2-CW-complexes (not
necessarily compact Hausdorff), setting

KR(X):=z,[X,BUXxZ] ,  KR(X):=yz,[X, BUxZ],
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Surprisingly, for KR-theory, we have one more version of Bott periodicity. Recall from 2.3.3
that if X is a based compact Hausdorff space with trivial G-action, then KR(X) = KO(X). In
particular this implies

22X, Q% (BU x 7)), = 1,,[£8°X, BU x Z], = KR(Z*°X) = KO(28X) =~ KO(X)

(1.5)
>~ [X,BO x Z), = [X, (BU x Z)%/?), = 4, ,,[X,BU x Z],

This suggests a relation between BU x Z and Q% (BU x Z), which is indeed true:

Theorem 2.3.19 (Equivariant topological Bott periodicity II) There is a Z/2-equivariant weak
homotopy equivalence
BU x Z ~ O¥°(BU x 7).

Remark 2.3.20 One would now like to make the KR”?(X) groups into a cohomology theory,
but at this point it is not clear how to do it, as we index KR-theory with two indices. Such a
cohomology theory will be RO(Z/2)-graded, instead of Z-graded. This roughly means that
instead of indexing by integers, we will index by representations of Z/2. We will tackle this in
4.24.



Chapter 3

Stable homotopy theory

We will devote the next two chapters to the main part of this Master’s thesis: (equivariant)
stable homotopy theory, where K-theory and KR-theory will be our most important examples.
Before giving a detailed construction and description, we would like to start off with some
motivation for what follows, picking ideas from [22], [27] , and [32].

Why do we care about stable homotopy theory?

One of the main goals of Algebraic Topology is the study of algebraic invariants of topological
spaces, and more concretely of (finite) CW-complexes, such as homology, cohomology, homo-
topy groups, K-theory, etc. However, these invariants strongly depend on the dimension of
the CW-complex, and more concretely on taking suspensions. We would like to develop some
analogues to spaces where the objects are “independent of dimension” and “stable under sus-
pension”, for some suitable notions.

In (unstable) homotopy theory we can also encounter examples of such a stable phe-
nomenon: let us look at the table of Figure 3.1, which shows the homotopy groups of the
spheres.

TT1 | 7T | 713 | 74 7T5 TTg 7Ty 718 7T9
stiz|o|lo0o| 0 | O 0 0 0 0
10|z |zZ|z/2|Z/2|\2/12| Z/2 7./2 7./3
10|00 |Z|z/2|2/2|\2/12| Z/2 7./2 7./3
SY10|0 (0| Z |Z/2|Z/2 |Z®Z/12|Z/20Z/2|Z/2®ZL/2
{000 7 | Z/2 7./2 7./24 7/2
slojo0|0]| O 0 Z 7./2 7./2 7./24

Figure 3.1: Homotopy groups of the spheres.

These are, in general, really hard to compute (in fact there is no sphere S" for n > 1 that we
know all its homotopy groups) but there is some regularity that we can explain: for instance,
the lower left triangle of 73 (S") = 0 for k < n is by Cellular Approximation, the upper row
of (S') = 0 for k > 1 is due to covering theory, the diagonal 71, (S") & Z is by Hurewicz,
the two equal rows m;(S?) = m(S%) for k > 3 are given by the Hopf fibration, etc. And

37
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there is another regularity shown in the table: diagonals stabilize. This is due to the following
stabilization theorem (see [38, 15.46]):

Theorem 3.0.1 (Freudenthal suspension) Let X be a pointed (n — 1)-connected space. Then the
suspension homomorphism

z
T k(X)) — Tnikp1(E2X)

[tk L X] , [grik Z_f> > X]

is an isomorphism for k < n — 2 and surjective for k = n — 1.

According with the theorem, 71, 4(S") =, Thaks1(S™T1) is an isomorphism as soon as
n > k 4 2, so indeed diagonals stabilize. In particular, for any pointed space X, the sequence

5 = 5
T (X) == 1 (EX) == g2 (B2X) == m3(2°X) — - -

will eventually stabilize as " X becomes more and more connected. It is customary to give a
name to this stable value.

Definition. Let X be a based space. The k-th stable homotopy group of X is

mH(X) = co%im Tk (21 X).

Directly from the definition, we have that 77} (X) = 77 ; (XX), just as the suspension iso-
morphism in a (reduced) homology theory. Of course this is not a coincidence, and we will
come back later to this. Moreover, these stable homotopy groups are very related with the
class of objects we want to get in stable homotopy theory.

Let us discuss another feature which brings to light this stable phenomenon (and it was in
particular the starting point of stable homotopy theory). The following result is also due to
Freudenthal (see [32, §3.4 ]):

Theorem 3.0.2 Let X be a pointed n-connected CW-complex and let Y be a pointed CW-complex of
dimension < 2n. Then the suspension map

(X, Y], = [ZX, Y],
is a bijection of pointed sets.

This result motivated Spanier to define the S-category , with objects pointed CW-complexes
and morphisms
Homsg(X,Y) := colim[X" X, 2"Y],
n

By the suspension-loop adjunction, this is a colimit of groups for n > 1, which are abelian for
n > 2, so Homs(X,Y) is an abelian group. Moreover, the suspension functor ¥ : S — S
is fully faithful (since Homs(X,Y) = Homs (XX, X2Y) by definition), but it is not essentially
surjective on objects. If we want our desired “stable homotopy category” to be independent
of suspensions, then X (for some suitable notion) should be an equivalence of categories. One
can force this on the S-category by introducing formal desuspensions of spaces, giving rise
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to the Spanier-Whitehead category SW: this has as objects pairs (X, k), where X is a pointed
CW-complex and k € Z; and arrows

Homgw (X, k), (Y, 7)) := colim[ZF" X, 271y,
n

This SW-category is much better than the S-category, in the sense thatnow X : SW — SWisan
equivalence of categories, and moreover it is triangulated, additive and symmetric monoidal.
However, it lacks other desirable properties: for instance, it is not large enough to represent
cohomology theories. But, respect to this last property, we already saw Brown representability
(theorem 2.2.4): every reduced cohomology theory is represented by an ()-spectrum. Being
interested in suspensions rather than loop spaces, it seems sensible to consider the adjoints
maps.

Definition. A spectrum is a sequence of pointed spaces (E,) together with structure maps
YE, — Epi1.
Of course, every ()-spectrum is a spectrum.

This is the starting point to construct the stable homotopy category, and it is possible to do
it from this definition (see [27], [38]). However, we will not proceed in this fashion and will
take a more modern setup, which will allow us to generalize this notion of spectra to other
models and to the equivariant version in a more direct way:.

3.1 Diagram spaces

We will follow the modern approach described in Model categories of diagram spectra [24] now 20
years ago. Our goal is to define and describe categories Sp*' and SHC and functors as depicted
in the following diagram:

Top (—)+ Top* Y®o cw Sp]l H Ab
l l l JO-thdeg
Ho(Top) ~—2% Ho(Tops) ~=+ SHC —™ grAb
)
LY.

where LY. : SHC —— SHC is an equivalence of categories and cw is a CW-approximation
functor.
Enriched category theory

We will start our construction of the stable homotopy category with some background on en-
riched category theory, that we will constantly use. For the elaboration of this section we follow
[30, §3.1 — 3.5] for the first part, and [3, §2.3] and [24] for the second, but proofs are original
work of the author.

Definition. A symmetric monoidal category (V, ®, x) is the data of:
(i) A complete and cocomplete category V,
(ii) A bifunctor —® —: ¥V x V — V), called monoidal product,

(iii) An object * € V), called the unit,
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together with natural isomorphisms

VOW =WV , Ug(VeaW)= (UV)W , *QV<=V—= Vs«

which express symmetry, associativity and unit conditions on the monoidal product. These
isomorphisms must also satisfy a handful of coherence conditions, see [20, §VII.1]

Examples 3.1.1 One encounters many examples of symmetric monoidal categories in nature:

(a) If R is a commutative ring, the category (Modg, ®g, R) of R-modules together with the
tensor product and the ring R (viewed as a module over itself) as unit is symmetric mo-
noidal. In particular, this includes (Ab, ®z, Z) and (Vecty, ®x, k).

(b) The categories (Top, X, *) and (Set, X, *), with the direct product and the one-point space.

(c) The pointed versions of the previous ones (Top,, A, S?) and (Set., A, S°), with the smash
product and the two-points space.

(d) If G is a topological group, then (GTop, X, *) as well as its pointed version (GTop,, A, S°)
(where SY has the trivial action) are symmetric monoidal.

(e) For a fixed space S, the slice category (Top/S, xs,S) , with the fibre product and the space
S serving as the unit.

We also have preferred functors between symmetric monoidal categories:

Definition. Let F : (V,®,%) — (W, A, ®) be a functor between symmetric monoidal catego-
ries. We say that F is lax (symmetric) monoidal if there exist (symmetric), associative and
unital natural transformations

FW)AE(VR) — F(Vi®Va) , e — F(%).

When the previous maps are natural isomorphisms, we say that F is strong (symmetric) mon-
oidal.

It is usual to find categories where the hom-sets have some extra structure, for instance
when they are also objects of the category. There are some subtleties in this concept, so let us
be precise about this:

Definition. Let (V, ®, *) be a symmetric monoidal category. A V-category D or an enriched
category over V is the data of:

(i) A collection of objects C,D... € D,
(i) For every pair of objects C, D € D, a hom-object Homp(C, D) € V,
(iii) For every object C € D, an arrow Id¢ : * — Homp(C,C)inV,

(iv) For every triple C,D,E € D, an arrow o : Homp(D, E) ® Homp(C, D) — Homp(C, E)
inY,

such that the following diagrams commute! forall C,D,E, F € D:

1Given an arrow f:V®W — U and an object S in V, the arrow f ®Idg : VR W ® S — U ® S is defined as
the image of the arrow (f,Idg) : (V®W,S) — (U, S) in the category V x V via the functor @ : V x V — V.



3.1. DIAGRAM SPACES 41

Homp (E, F) ® Homp (D, E) ® Homp(C, D) —2% Homp(D, F) ® Homp(C, D)

[ I

Homyp (D, E) ® Homp(C, D) - Homp(C, F)

Homp(C, D) ® + —29€_ Homp(C, D) ® Homp(C, C)

ll@ldg \ lo

Homyp(C, D) ® Homp(D,D) ——————— Homyp(C, D)

(we have omitted one associativity isomorphism in the first diagram and one symmetry iso-
morphism in the second).

Example 3.1.2 Let R be a commutative ring. Then Mody is enriched over (Ab, ®7z,Z): indeed,
for R-modules M, N, the set Hompmod, (M, N) is an abelian group, and moreover the composite
of R-module maps is bilinear, which induces a group homomorphism

HomModR (N, P) &® HomModR (M, N) — HomModR (M, P).

We also have that the forgetful functor U : Ab —— Set is represented by Z & Ab,
Hompy(Z, —) = U, since any group homomorphism Z — A is determined by the image
of 1 € Z. Therefore, Idyy € Hompyod, (M, M) is represented by a group homomorphism
Z — Hompmod, (M, M) (sending 1 to Id ). The diagrams encoding associativity and the unit
condition are readily verified.

Definition. Let (), ®, %) be a symmetric monoidal category enriched over itself, that is, also
endowed with internal homs Homy (—, —) satisfying the above axioms. We say that V is
closed if the monoidal product defines a two-variable adjunction using internal homs, so that
we have natural isomorphisms

Homy, (U, Homy (V, W)) = Homy (U ® V,W) = Homy(V, Homy (U, W)).

Example 3.1.3 The symmetric monoidal categories (Ab, ®z,7Z), (Top, x,*), (GTop, X, *),
(Top,, A, S%) and (GTop,, A, S°) are all closed.

However, the category of all topological spaces is not closed symmetric monoidal. This
is the main reason why we choose the category Top of compactly generated spaces as our
preferred category of spaces.

Remark 3.1.4 In principle, there is no reason to automatically deduce that a V-category has an
underlying category in the usual sense. For instance, it is not clear at all what the hom-sets
should, or what the composite should be. Anyway, even if this was the case, this might be
trickier than expected. For the too optimistic reader, here you have a discouraging counter-
example.

Consider the category GTop of G-spaces and G-equivariant maps. This category can be
enriched in two different ways:

1. GTop is enriched over (Top, X, *), where Homgrop (X, Y) := Map (X, Y) endowed with
the subspace topology of Map(X,Y). The identity arrow of a G-space X is the unique
map * — Map (X, X) with image Idyx : X — X.
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2. GTop is also enriched over (GTop, X, *), setting Homgop(X,Y) := GMap(X,Y) the G-
space of all maps with the G-action (g- f)(x) := ¢~ 1f(gx) (see page 2). As before, the

identity arrow of a G-space X is the unique G-map * — GMap(X, X) with image Idx :
X — X

The naive “underlying category” of GTop obtained by taking the underlying set of
HomgTop(X, Y) as hom-set returns something larger than expected in the second case, namely
the set of all continuous maps. One needs to be a bit more astute (cf. [30, 3.4.5 and 3.4.9] for a
proof):

Proposition 3.1.5 Let (V, ®, *) be symmetric monoidal and let D be a V-category. Then there exists
an underlying category D with same objects as D and hom-sets

Homp(C, D) := Homy (%, Homp(C, D)).
In particular, if V is closed symmetric monoidal, the underlying category of V is V.

Example 3.1.6 Let us see how we recover the desired hom-sets in both enrichments of

GTop: on the one hand, Map(*,Map;(X,Y)) is the set of points of Map(X,Y), i.e., the set

of G-equivariant maps. On the other hand, Map(*, GMap(X,Y)) are the fixed points of

GMap(X, Y), as * has the trivial action; and by 1.1.2 we also recover the G-equivariant maps.
Of course, similarly, GTop, is enriched over both Top, and GTop,.

In order to make explicit the difference between a V-category and its underlying category,
the former is usually underlined. However, we will not underline enriched categories and will
not distinguish between them and their underlying categories, as it should be clear from the
context which one we handle.

There are enriched versions of functors, natural transformations, adjunctions, equivalences
of categories, Yoneda lemma, etc. Unless stated otherwise, we will refer to these ones with no
further comment. For detail descriptions of all these concepts, we refer to [30, ch. 3].

Diagram spectra

We have now all tools to construct the category of spectra (generalizing the previous provi-
sional definition), which will allow us to construct the so-advertised “stable homotopy catego-

7

ry .

Definition. A diagram D is a small symmetric monoidal category (D, ®,0) enriched over
(Top,, A, S).

The category of D-spaces is the category of enriched functors Top”, where Top, is enriched
over itself.

Notation 3.1.7 The D-spaces will be the analogous of “spaces” in stable homotopy theory, so
it makes sense to denote them as X, Y, Z, . ... Moreover, for a D-space X, we will write Xp for
X(D).

We now aim to construct a (monoidal) product on D-spaces: if X, Y € Top?, there is a naive
product taking smash termwise,

XAY:DxD —— D
(D, D/) — (XT\Y)(D,D’) = XD A YD/.
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We can extend this to a D-space by using the left Kan extension of this functor along the mo-
noidal product ® : D x D — D,

D><Z)X*M>Top>k

A
®
.77 XAY:=Lang XAY
D

Definition. The previous left Kan extension X A'Y := Lang XAY is called Day convolution.

Explicitly?, this is

A,BED
(X/\Y)D:/ Homp(A & B, D) A X4 A Ys.

Moreover, the universal property of the left Kan extension is rewritten for Day convolution
as
I_IornTopD (X A Y’ Z) = HomToprD (X7\Y, Z o ®)

Lemma 3.1.8 Let D € D. There is an adjunction

Mp
T
Top, 1 Topi)
Y’\_/

[4%p]
where evp is just evaluation at D, evp(X) = Xp; and for a based space T,
MpT(D') := Homp(D,D') AT
(this is called the shift desuspension functor).

Proof. The bijection
HomTopD (MD T, X) = I_IornTop,ﬂ (Tr XD)

is described as follows: given a natural transformation « : MpT = X, the pointed map
ap : Homp(D,D) NT — Xp corresponds, by the exponential adjunction, to a map
Homyp(D,D) — Homrep, (T, Xp). The image if the identity Idp is the image of a by
the desired bijection. Its inverse is the following: a pointed map f : T — Xp maps
to the natural transformation &« : MpT = X which for an object D’ € D is the map
ap : Homp(D,D') AT — Xp which by the exponential adjunction corresponds to the
pointed map Homp (D, D") — Homr,,,_ (T, Xpr) which sends ¢ : D — D’ to the composite

T L x5 X% xp. 0

21£C, D, € are V-categories, with C small, D locally small and £ cocomplete and tensored over V, then the left
Kan extension of a diagram

c—f ¢

=
x // LangF

D
exists and it is
-CeC
LangF(D) = / Hom¢(KC,D) ® FC,

where © stands for the copower of £ over V. In the V-category V, the copower is the monoidal product.
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Let us now describe an internal hom-object for D-spaces®: if X is a D-space and Z is a
(D x D)-space, there is a naive version of function D-space,

F(X,Z)p := Hom., » (X, Z(p,~))-
In particular, for a D-space Y, the functor —AY is left adjoint to s (Y,—),
Hom o0 (XAY, Z) = Homy, o (Y, F(Y, Z)).
Definition. Let X, Y be D-spaces. The internal function D-space F(X,Y) is
F(X,Y):=F(X,Yo®).

Using the definitions and the universal property of the left Kan extension, we get the ad-
junction
Homy, »(XAY,Z) = Homy, »(X,F(Y, Z)).

With this, the following proposition becomes formal (see [15, 3.3.5] for a proof):

Proposition 3.1.9 The category of D-spaces (Top”, A, MyS°) is closed symmetric monoidal under
Day convolution and unit MyS°.

We will use this symmetric monoidal structure on D-spaces to construct the category of
spectra.

Definition. Let (V, ®, ) be symmetric monoidal. A monoid object is an object R equipped
with multiplication and unit maps

pu:R®R — R , u:x — R
satisfying associativity and unit conditions
po(u®Ild)=po(Id®@u) , uo(u®Id)=po(ldeu)=1d

(here we have omitted the natural isomorphisms of the symmetric monoidal structure).
Moreover, the monoid object is commutative if the multiplication commutes with the sym-
metric natural isomorphism T of V, po 7 = p.

A map of monoid objects f : R — R’ is a map in V which is compatible with the multi-
plication and unit maps,

pop=po(p®e) , gou=u

Remark 3.1.10 If R € Top? is a monoid object, we have a “unit map” S — Ry of pointed
topological spaces coming from evaluating MpS° — R at 0. Similarly, for a pair of objects
D,D’ € D, there is a “multiplication map”

UD,D' : RD AN RD/ — RD@D/

coming from the universal property of the left Kan extension. Moreover, we can recover the
original ones from these:

3The following assumes that sk D is a small category, which ensures that the category of D-spaces Top? is again
a topological category. We will always assume this when necessary.
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Proposition 3.1.11 The category of (commutative) monoid objects on D-spaces is isomorphic to the
category of lax (symmetric) monoidal functors D — Top,.

Proof. If R is a monoid object in D-spaces, then by the universal property of the left Kan exten-
sion it is equivalent to a natural transformation RAR = R o ®; and the unit map MyS° — R
is equivalent to a map S° — Ry, by 3.1.8. Such a natural transformation and the latter map
define a lax monoidal functor R : D — Top,. Under this equivalence, the commutativity
condition for a monoid object is rewritten as the symmetry condition for its corresponding lax
monoidal functor. O

This proposition immediately gives a very useful criterion:

Corollary 3.1.12 Let R be a monoid object on D-spaces. Then R is commutative if and only if for any
D, D’ € D, the diagram

Kp,p’/
RD N RD’ E— RD®D’

twl lR(tw)

Kp',p
RD’ A RD E— RD’@D

commuites.

Example 3.1.13 A commutative monoid object in (Ab, ®z, Z) is a ring. Indeed, the morphisms
u and u give the product and unit element.

The previous example motivates the following

Definition. Let R be a monoid object in (V, ®, ). A (left) R-module is an object M together
with a multiplication map
m:RM—M

satisfying the obvious associativity and unit conditions,
po(ld@m)=mo(p®Id) , mo(u®ld)=Id

(again we have omitted one natural isomorphism).
A map of R-modules is a map f : M — M’ in V compatible with the multiplication,
fom=m'o(Id® f). We denote by Modp the category of R-modules in V.

Example 3.1.14 Of course, for a monoid object R in (Ab, ®z,Z) (that is, a ring), an R-module
in this sense is an R-module in the algebraic sense.

When a monoid object in D-spaces is commutative, the category of modules inherits a
desirable structure (cf. [24, 1.7] for a proof).

Proposition 3.1.15 Let R be a commutative monoid object in (Top?, A, MyS®). Then there is a product
AR for R-modules defined as the coequalizer of
mAld
XARANY ! XAY ———-- » XARY
IdAm
making (Modg, Ag, R) into a closed symmetric monoidal category. Concretely, the internal hom-
module Fr(M, N) is defined as the equalizer on D-spaces

Fr(X,Y) — F(X,Y) —— F(RAX,Y)
w

where m* = F(m,1d) and w is the adjoint map to the composite F(X,Y) A X AR MMYAR -y,

and ¢ is the counit of the adjunction (— N X) 4 F(X, —).
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We will make use of this category of modules over suitable monoid objects to define models
of spectra, both in the nonequivariant and the equivariant case.

3.2 Spectra and orthogonal spectra

Along this section we will describe our two preferred models of spectra and see the relation
between them. Later in §3.4 we will construct the so-advertised “stable homotopy category”
from that. We would like to mention that for this section we have mostly followed [3], [24], [27],
[32] and [35], although our text is more detailed and connects the abstract definitions with the
explicit ones that appear in the literature. As before, the proofs we include are original work
of the author.

Spectra

In the first place, consider D = N the discrete category with objects non-negative integers (that
is, only identities). Trivially, this category is enriched over Top, and therefore over Top, by
attaching a disjoint point to the hom-spaces. Moreover, (N, +,0) is symmetric monoidal under
sum with unit 0 € N.

Now we look at the category of N-spaces Topl': there is a (non-commutative) monoid object
Sn € Top! given by
SN (1’1) = §".

Here we view S" = S! A -+ A S1, so that there are preferred homeomorphisms S" A S 22
S"t™m_The unit of Sy is given by MyS® — Sy, only nontrivial when evaluating at 0, which is
the identity MpS°(0) = S — S = Sy(0). The multiplication map Sy A Sy — Sy (here A
denotes Day convolution) is given by the preferred homeomophism

Sni(n) A Sn(m) — Sws(n +m)
described before.

Definition. The category of spectra is the category Mod,, of Sy-modules in (Toplf, A, MOSO),
and it is denoted by Sp".

We will spend some time now spelling this out: a spectrum is, therefore, a sequence of
pointed spaces X = (X,,) together with a multiplication map Sy A X — X, which by the
universal property of the left Kan extension is the same thing as a collection of maps

S"AN Xy — Xpam

for all n,m € N. In particular, the associativity condition of the multiplication map implies that
these are determined by the maps

0p: X =S'A X, — Xy

(compare with page 39). A map of spectra f : X — Y is therefore determined by a sequence
of pointed maps f, : X, — Y, such that the diagram

X, I, sy,

lan lvn



3.2. SPECTRA AND ORTHOGONAL SPECTRA 47

commutes for all » > 0. Under this description, as expected, we say that a spectrum X is an
Q-spectrum when the adjoint maps X, — QX,,.1 are weak homotopy equivalences.

Remark 3.2.1 Sy is not a commutative monoid object: indeed, using the criterion 3.1.12, we
see that the diagram

StASM =y gntm

] H

gm A gn 44%4% grtm

does not commute, as the symmetry isomorphism n 4 m = m+nin (N, +,0) is just the
identity. We will solve this problem using orthogonal spectra (to be defined later). However,
we can modify slightly our category N so that our monoidal object becomes commutative,
and in this way induce our desired symmetric monoidal structure on spectra. This is called
symmetric spectra and it is due to Jeff Smith [17]: instead of N, we consider now the category
¥ with same objects as N but with morphisms Homs (1, 1) = ¥,, the symmetric group, and
no arrows n — m if n # m. This category happens to be symmetric monoidal with sum
of integers and block sum of permutations. Similarly, there is a monoid object Sy sending n
to S" = S' A--- AS!, but now the morphisms of ¥ make Sy commutative. For a detaiedl
exposition of symmetric spectra, see [34].

Let us also explicitly describe what it means that the category of N-spaces is closed sym-
metric monoidal. In the first place, Top. is complete and cocomplete with limits and colimits
created levelwise: for 7 — Top', we have

(Coljim Xi)n = Coljim(Xj)n , (liJm Xi)n = li]rn(Xj)n.

It is important to have an explicit description of Day convolution for N-spaces:

Lemma 3.2.2 Let X, Y be N-spaces. Then

(XAY)n=\ XpAY,
ptq=n

Proof. Since the category N only has identities, we have
p.q€N
(XAY)n :/ Homy (p + 1)1 A X, AY,

Id
:coeq<\/H0m(p—|—q,n)+/\Xp/\Yq \/Hom(p+q,n)+/\Xp/\Yq>
A4 Id - pyg
= \/Hom(p+q,n)+ ANX, \Y,
pa
=\ X,AY, O
p+q=n

We can also explicitly describe the internal function N-space: given N-spaces X, Y, the N-
space F(X,Y) € Top! is given by

F(X,Y)y := Hompy (X, sh"Y) = [ Map(Xu, Yism),

m>0
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where sh”"Y is the N-space (sh"Y),, := Yyim.

Lastly, it is also worth mentioning that the category of N-spaces is tensored and cotensored
over Top,: given a pointed space T and an N-space X, there are N-spaces X A T and F(T,Y)
defined levelwise,

(XAT)y:=Xu AT , F(T,X)n :=Map(T, X,,),
and it is readily verified that (— A T) is left adjoint to F(T, —).

Examples 3.2.3 (a) Of course, the monoid object Sy, as a Sy-module, is a spectrum, called the

sphere spectrum . Trivially, the structure maps are given by the identification S' A S" —
gn+l

(b) If T is a pointed space, then its suspension spectrum X*T is given by
(X°T), :=2"T=S"AT
with the obvious structure maps S! A (5" A X) =y GHIAT.
In particular, Sy = ¥*°S0 and with more generality, YESy = 6k,
(c) Let A be an abelian group. The Eilenberg-MacLane spectrum HA is given by
(HA), := K(A,n).

The structure maps S' A K(A,n) — K(A,n + 1) are the adjoint maps to the weak ho-

motopy equivalences K(A,n) — QK(A,n + 1) (see page 24). Therefore, this is an Q-
spectrum.

(d) Similarly, we have the K and KO spectra, given by
K,:=0Q/(BUxZ) , KO,:=Q(BOx1Z),

where 0 < i <2,0<j<8andn+i=0(mod2), n+j = 0(mod8). These are also
Q-spectra, as we saw.

(e) If T is a pointed space and X is a spectrum, the N-space X A T is a spectrum, with structure
maps (S' A X;) AT — X,1 A T. Similarly, the N-space F(T, X) is also a spectrum, with
structure maps given by the composite

(o)

S' AMap(T, X,;) — Map(T,S' A X,,) =5 Map(T, X,,11),

where the first map sends (s, f) to (t + (s, f(t)). This says that Sp" is tensored and
cotensored over Top,.

In particular, Z°T = Sy A T.

Orthogonal spectra

Let us now describe another remarkable (and improved) notion of spectra. Now we let
D = 1 be the category of finite dimensional real inner product vector spaces, with mor-
phisms isometric isomorphisms. This category is enriched over Top ( we have Hom;(V, W) C
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Homg i, (V, W) with the subspace topology, where in the latter space we consider the topo-
logy given by any norm), thus also over Top, by attaching a disjoint basepoint to the hom-
spaces. Moreover, (I, ®,0) is symmetric monoidal under direct sum and the trivial inner
product space 0 € I as unit.

We now look at the category Top.. of I-spaces: there is a monoid object Sy given by
Si(v) =58,
the one-point compactification of V, where the extra point serves as basepoint. The unit of Sy is
given by MyS® — &, only nontrivial when evaluating at 0, which is the identity MyS°(0) =

S® — SO = &;(0) (because the one-point compactification of 0 € I'is S). The multiplication
map Sy A St — Sy is given by the natural isomorphism

o)

SI(V)ASH(W) =SV ASW — sVOW = S (Va W).

Now an important observation is that Sy is a commutative monoid object: indeed, the sym-
metry isomorphism V& W — W @ V of (I, ®,0) is nontrivial, and this makes that the dia-
gram

SV A SW = gVew
twl l
SW A gV = . gWav
commutes, so we conclude by 3.1.12.

Definition. The category of orthogonal spectra is the category Mods, of Si-modules in
(Top]i, A, MpS?), and it is denoted by Spl.

Let us spell this out: unravelling definitions, an orthogonal spectrum is a collection of
pointed O(V)-spaces X = (Xy) for every V € I, together with O(V) x O(W) maps

oyw : SV A XW — Xv@w,

called structure maps, for every pair of inner product spaces V, W, satisfying the following
associativity condition: if U is a third inner product space, then the diagram

IdA
SY ASWA Xy —2 SV A Xweu

%/\Idl lﬁv/waeu

SYEW A Xy M Xyeweu
commutes. There are also maps Xy — Xy for every isometric isomorphism V. —> W, but
these are not very relevant (we will see why in 3.2.8).

A map of orthogonal spectra f : X — Y is, therefore, a collection of based O(V)-maps
fv : Xy — Yy for every V € I which are compatible with the structure maps, that is, for
every V, W € I the following diagram commutes:

1d
SV A Xy - oV Ay

Uv,wl lﬂv,w

frew
Xygw —— Yvaew

As before it is handy to have an explicit description of Day convolution for I-spaces:
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Lemma 3.2.4 Let X,Y be I-spaces. Given V € 1, choose for every 0 < p < dim V a linear subspace
V, C V of dimension p. Then

dim V
(XAY)y =\ O(V)+ Aow,)xov-v,) Xv, AYv-v,,
p=0

where V — V), denotes the orthogonal complement of V,, in V.
Proof. For a pair of maps f : U — U’ and g : W — W' in I, we write (f, g) for the corres-
ponding pair of arrows in I x I. We compute

Uu,wel
(X/\Y)V:/ Homi(U & W, V)4 A Xu A Yy

= coeq( \/ Homp(U & W, V) A Xy AYw = \/ Homp(U & W, V)1 A Xy A YW>
(f:8) uw

Il

(pl/\Id
COQq( \/ O(V)Jr/\XU/\YV—U \/ O(V)+ ANXuANYy_y >
ucv IdAga UCv

dimV ¢1NId dimV
= coeq< \/ O(V)+ A va A YV—VP \/ O(V)+ N va N YV—VP >
p=0 IdAgy  p=1

dim V
= \/ O(V)+ Aow,)xow-v,) Xv, AYv_v,,
p=0

where the morphisms ¢, ¢> stand for the O(U) x O(V — U)-actions on O(V) and Xy A Yy_yy,
respectively. We also used that in the coequalizer, all terms corresponding to subspaces of the
same dimension are identified. O

In a similar fashion to N-spaces, we also have that the category of I-spaces is tensored
and cotensored over Top,, and it is complete and cocomplete, everything defined termwise.
However, the main difference is that this time Sy is a commutative monoid object, so by 3.1.15
we get

Theorem 3.2.5 There is a product of orthogonal spectra Ay, called smash product , such that
(Sp', A1, St)
is a closed symmetric monoidal category.

In particular, this means that
Homg (X A1Y, Z) = Homg1(X, F(Y, Z)).

forall X,Y,Z € SpH, where F denotes the internal hom-orthogonal spectrum. The smash
product, defined above as a coequalizer in I-spaces, is hard to state explicitly, but can be
handled easily thanks to the following observation:

Proposition 3.2.6 A map of orthogonal spectra f : X \1Y — Z is completely determined by a
collection of O(V') x O(W)-equivariant maps

fow : Xv ANYw — Zygw V,Wel
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which make the diagram

Xy ASUAYy — s SUA Xy A Yy

oy vAld
Iwu,wl pdAva

Xy A Yuaw SUA Zyew Xuav N Yw

f v,uaawl lau,ve% .

Zyvaouew — Zusvew

commute forall V,U,W € L

Proof. This follows directly from the universal properties of the coequalizer and Day convolu-
tion. ]

This additional internal product of orthogonal spectra allows us to define richer structures
on spectra. It is worth mentioning

Definition. A (commutative) orthogonal ring spectrum is a (commutative) monoid object in
(SpH, A1, S1). Sometimes it is also called strict ring spectrum.

Examples 3.2.7 (a) The object Sy, viewed as a S;-module, is called the sphere orthogonal

spectrum . It has the identifications S A SW — SY®W ag structure maps. By defini-
tion, SV is a O(V)-space and the previous structure maps are O(V) x O(W)-equivariant.
Moreover, using the precious proposition one can check that this is an orthogonal ring
spectrum.

(b) Let T be a pointed space. The suspension orthogonal spectrum ~*T of T is given by
(Z®T)y :=SY AT,
endowed with the standard O(V)-action on SV and the trivial action on T. It has the
obvious structure maps SV ASW AT — SVOW AT,
In particular, S = x50,
(c) Let us describe the orthogonal version of the Eilenberg-MacLane spectrum HA. One does
not have to think very deeply to notice that an abstract K(A, n) does not have in principle

an action of the orthogonal group. We have to deal with concrete models of Eilenberg-
MacLane spaces.

Let A be a (countable) abelian group. For a pointed set (T,t), define the reduced A-
linearization of T as A[T] := A[T]|/A[{to}]. If T is a pointed space, we can topologize
A[T] with the final topology* given by the maps
k k ~
AX - XxXAXTx - xT —— A[T]

(Ell,. . .ak,x1,...,xk) — Z?:l a;X;

“We really mean the final or strong topology. In the context of CW-complexes, this is somehow confusing as it
is customary to call “weak topology” to the coherent topology given by the closures of the cells. See [41, page 69]
for a discussion.
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for all k > 0, where A has the discrete topology. One can show that for an inner product
space V € I, the reduced A-linearilization A[SY] is a K(A,dim V); but moreover it has
an O(V)-action inherited from S". These are our desired spaces: the Eilenberg-MacLane
orthogonal spectrum HA is given by (HA)y := A[S"], with structure maps given by

SV ANA[SW] —— A[SVEW]
(v, L aiw;) —— Yai(v,w;).

Moreover, if A is a commutative ring, then HA becomes a comutative ring spectrum, with

the smash product HA A\f HA — HA determined by the maps

A[SV] A A[SW] —— A[SVEW]

(Zi a;v;, Z] b]w]) — Zi,j aib]-(vi, w]-).
(d) The category of orthogonal spectra is again tensored and cotensored over Top,: given
X € Sp'and T € Top,, we define X A T as the orthogonal spectrum (X A T)y := Xy AT
with trivial O(V)-action on T and structure maps (S¥ A Xyw) AT — Xyaw A T. Similarly,

we define the orthogonal spectrum F(T, X) as F(T, X)y := Map(T, Xy ), where the O(V)-
action is inherited from the one on Xy and the structure maps given by the composite

(UV,W ) *

SY AMap(T, Xw) — Map(T,S" A Xw) —=" Map(T, Xvaw),
where the first map sends (s, f) to (t — (s, f(t)))-

Let us finish this exposition of orthogonal spectra with a different, easier description of
them. Let O be the category with objects non negative integers and morphisms Homg (1, 1) :=
O(n) and no morphisms n — m if n # m. Of course, we think of n € O as the euclidean
space R". The observation that ignites this alternative characterization is the following

Lemma 3.2.8 There is an equivalence of categories @ — 1, where n is mapped to R™ with the usual
inner product. Therefore, the categories of I-spaces and Q-spaces are equivalent, Top ~ Top?.

Proof. The assignment is, by definition, fully faithful, and it is essentially surjective because in
I every morphism is an isomorphism. O

Let us see how we can rephrase orthogonal spectra under this description: there is a mo-
noid object Sp acting as Sp(n) := S" with the standard O(n)-action. Observe that in O, the
symmetry isomorphism n + m = m + n is not the identity, but it is given by the isometry

0 Iy
(L« 0 ) € O(n+m),
so as expected Sp is commutative, just by the same argument as for Sy. In a similar fashion,
there is an equivalence of categories
Modg, = Sp! ~ Sp¥ = Mods,, (3.1)

so by an abuse of terminology we will also call orthogonal spectra to the latter. Under this
equivalence of categories, explicitly, an orthogonal spectrum consists of a sequence X = (X,)
of based O(n)-spaces together with O(n) x O(m)-equivariant structure maps

T S A Xw — X
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satisfying the obvious associativity condition. A map of orthogonal spectra f : X — Yisa
sequence of pointed O(n)-maps f, : X, — Y, such that

IdA fin
St A X, I onay,

% n,ml lo'n,m

fVl+m

Xn+m Yn-i—m

commutes for n > 0. Under this terminology, Day convolution of O-spaces becomes (compare
with 3.2.4)

n

(X No Y)n - \/ O(”)+ /\O(p)xo(n—p) Xp A Yn—p~
p=0

Connection between spectra and orthogonal spectra

We finish this section with a simple but important observation: there is a functor N — I
mapping n € N to the euclidean space R" with its standard inner product. Restriction along
this functor defines a forgetful functor

U:Sp' — Sph.

It is straightforward to check that this functor preserves small limits and colimits and tensors
and cotensors with pointed spaces, as everything is defined termwise. This functor, which will
be key later, allows us to talk about properties of orthogonal spectra that we had in spectra:

Definition. An orthogonal spectrum X is an orthogonal ()-spectrum if UX is an ()-spectum.

Moreover, it is possible to show (cf. [24, §2]) that if R is a monoid on D-spaces, the category
Modr of R-modules is equivalent to the category of diagram spaces over a more complicated
diagram Dg: the category Dr has the same objects as D and morphisms

Homp, (C, D) := Hompmod, (McS° A R, MpS® A R).
Furthermore, if R is commutative, then Dy is symmetric monoidal. In particular, Splis equi-
valent to the category of Ng, -spaces Toplj‘gN and Sp' is equivalent to I s -spaces Top]isﬂ.
The following proposition creates a left adjoint to U (see [24, 3.4] for a proof):

Proposition 3.2.9 Let C, D be diagrams and let 1 : C — D be a functor. If R is a monoid object in D,
then 1 extends to a functor x : Cyr — DR, so the forgetful functor

U: Topr — Topf;jlUR

has a left adjoint P : TopSUk — TopD®, given by a left Kan extension.
Moreover, if R is commutative, then U is lax symmetric monoidal and x and P are strong symmetric
monoidal.

For our particular case, this implies

Corollary 3.2.10 There is an adjunction
Sp L Sp!

This adjunction will be of great importance later.
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3.3 Homotopy theory of spectra

We will now discuss some homotopy theory of spectra, and its relation with homology and
cohomology theories. Developing these tools will be necessary to obtain the “stable homotopy
category”. Our main references for this section have been [24] and [32], although we also
include results from [27] and [38].

We can define the homotopy groups of a spectrum in a fairly easy way:

Definition. Let X be a spectrum. Its k-th homotopy group is
(X)) 1= colim 71,1 (X)) , ke,
n

where the colimit is taken along the sequence

by (00)« b )
7e(X0) =5 1 (5X0) D5 i (K1) -2 man(2X0) 95 -

(of course, it starts as soon as it has positive indexes). If X is an orthogonal spectrum, then
7'L'k(X) = 7Tk<UX).

Observe that, if f : X — Y is a map of spectra, there is a commutative diagram

(00)
me(Xo) —= Mt (EX0) —25 i (Xq) —= - -

| |, |-

(00)
(Vo) —=— m1(EY0) —25 i (Vi) —=— - -

which induces a map on colimits, thus a map
fe i m(X) — me(Y).

Definition. A map f : X — Y of spectra is a 7,-isomorphism or a weak equivalence if it
induces an isomorphism in all homotopy groups.
A map f : X — Y of orthogonal spectra is a 77,-isomorphism if so is Uf.

In particular, these homotopy groups define functors
T : Sp — Ab , T : Spt — Ab.
Moreover, 71, (X) := @y 7 (X) is a graded abelian group, so we get functors
7T, : Sp’Y — grAb , 7T, : Sp! — grAb.

In both cases, the second one is just the composite of U with the first one.

Recall that, as usual in algebraic topology, we endow grAb with a structure of symmetric
monoidal category by setting

i+j=n

[

with symmetry isomorphism A, ®7 B — B, ®7z A, sending 4; ® bj to (—1)ijb]' ® a;.
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Theorem 3.3.1 The functor
Ty : (SpH, A1 S1) — (grAb, ®z,Z)
is lax symmetric monoidal.
Proof sketch. For orthogonal spectra X, Y, there is a natural pairing
T (X) @ 0, (Y) — (X A1Y)
defined as follows: write X,, = Xg+ and similarly for Y. Given maps f : S&" — X, and
g: S8 — Y, we define f * ¢ as the composite
SKE1 A S S A Y (X ALY ) nm

(the last map is one of the components of the identity of X A;Y by 3.2.6). This does
not depend on the homotopy classes of maps, so it gives a well defined Z-bilinear map
T (Xn) X Trpm(Xm) — Thrntrsem((X A1Y)ngm). This is compatible with the passage to
the colimit up to a sign, caused by a twist map tw : S" A S" — S" A S’. Therefore, we can

define the above pairing as
- 18] = (=1)"[f gl

(see [32, 6.11] for the reason of the choice of the sign). The unit Z — 7. (Sy) = 7! is just given
by the identification Z —» 71 (S1) = 7). O

Examples 3.3.2 (a) If T is a based space, then 7 (£°T) = 7}'(T), just by definition, as the
structure maps of T are natural isomorphisms.

In particular, 7t (Sy) = 7§ (S°).
(b) If X is an ()-spectrum, then
X k>
me(X) = il Xo), =0
7'(0(X,k), k S 0.
Indeed, by the suspension-loop adjunction, the composite

x (Un)*
Then (Xn) = k1 (BXn) — kg1 (Xnt1)

is the same as -
(Un)*

Tein(Xn) = Tk (OXpg1) = M1 (Xng1),

where 0, is the adjoint map of ¢.
Proposition 3.3.3 If X is a spectrum, then
e (X) = g (XA SY).
Proof. Indeed, we have the chain of isomorphisms

71(X) 2 colim ((Xo) =5 71 (EX0) 5 7 (X1) 25 Mg (ZXp) — )

= colim(71 41 (2X0) — Ti2(XX1) — 7y 3(2Xa) — --+)
= COlim(ﬂk+1(Xo A\ Sl) — 7Tk+2(X1 A\ Sl) — 7Tk+3(X2 A Sl) R )
n

= 7Tk+]_(X/\ 51),
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where only the third one needs explanation: though all groups are isomorphic, the maps do
not agree under these isomorphisms, as they differ by a twist map tw : S' A S! — S' A S of
degree —1. However, the colimit is still the same as we can go two steps at a time. ]

Corollary 3.3.4 A map f : X — Y of spectra is a m.-isomorphism if and only if the map
fAId: XASY — Y ASlisa rt, isomorphism.

For X a spectrum, we let X := X A S! and QX := F(S!, X). Let us write 77 : X — QXX
and ¢ : (O X — X for the unit and counit of the adjunction

Homg ;i (X A sly) = Homg ; (X, F(SL,Y)).
Proposition 3.3.5 The maps 17 : X — QXX and e : X)X — X are rt,-isomorphisms.

Proof. There are commutative diagrams

(1)«
Tk (Xn) — M (QEX,)

|-nst |=

ki1 (X AST) - T (QUXi A S))

for all n 4 k > 0, which are compatible for varying n, so they induce a commutative square in

the colimits,

s
Tyik(X) ————— e (QEX)

L §
Tnskr1(X A SY) - Ten(QUX ASY)).

We conclude since — A S! is an isomorphism by 3.3.3. For the counit of the adjunction the
argument is similar. O

Corollary 3.3.6 A map of spectra f : X — Y is a rt.-isomorphism if and only if Qf : QX — QY
is a 7T-isomorphism.
Spectra and homology theories

We conclude this section discussing the relation between spectra and homology theories. In
chapter 2, we said that given an ()-spectrum E, we can define a reduced cohomology theory
on pointed CW-complexes given by

E"(T) := [T, E,].

Moreover, Brown representability (theorem 2.2.4) stated that all reduced cohomology theories
on CW-complexes arise in this way. The question one may ask is: can an ()-spectrum, or with
more generality a spectrum, induce a homology theory? The answer turns out to be positive,
in the strongest form.

Theorem 3.3.7 If E is a spectrum, the assignment
E.(T) :== m,(EAT)

defines a reduced (generalized) homology theory on pointed spaces.
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Proof sketch. Of course, two homotopic maps of spectra f,g : X — Y induce the same map
fro = gt m(X) — m(Y) as the maps f,,, gn are homotopic for all n. On the other hand, the
suspension isomorphism follows from 3.3.3 as it implies EAXT = X(EAT).

For a map of spectra f : X — Y, the mapping cone Cf is defined levelwise, (Cf), = Cf,,
and we have that the sequence

m(X) L m(Y) < m(Cf)
is exact: the composition is clearly trivial, thus if o : Sktn 5 Y, in the kernel of i,, then
Skt —s Y, —s Cf, is nullhomotopic (after possibly enlarging 1), so we can extend it to a
map of pairs (D1, sk+m) — (Cf,,Y,), which produced a map D**"+1/gktn o= gntk+l
X, = Cf,/Yy,. The composite S"H1 —; $X, — T, is the desired lift. Therefore, for our
particular case, we just apply this to a map of spectra EAT — EAT'.

Finally, for the additivity axiom, we note that for spectra X,Y we get a split sequence
T(E) — m(XVY) — m(Y) (here the wedge sum of spectra is defined levelwise with
the obvious structure maps) as the mapping cone of X — X VY is levelwise homotopy
equivalent to Y. We obtain 7ty (E A (V;T;)) = m(Vi(E A T;)) by a transfinite argument. For a
complete proof, see [38, 8.33]. O

Examples 3.3.8 (a) The reduced homology theory that the sphere spectrum Sy defines gives
the stable homotopy groups of spaces: indeed, Sy = £*S° and

n n

for a based space T In particular,
' (\ T) = @ m (Ty).
i i

It is important to note that the usual homotopy groups are way too far from satisfying the
additivity axiom. See [27, 2.13] for a concrete example.

(b) For the Eilenberg-MacLane spectrum HA, the homology theory that it defines is naturally
isomorphic to singular homology,

m(HA A =) = Hi(—; A).

Indeed, by 3.3.7 the functor 7t (HA A —) defines a reduced generalized homology theory.
But it also satisfies the dimension axiom, as HA A SY & HA, so using 3.3.2.(b) we see that
i (HA A S%) 220 for k > 0 and mo(HA A S°) = A. We conclude by the uniqueness of the
Eilenberg-Steenrod axioms.

(c) For the K-theory spectrum, 7rx(K A —) defines the so-called K-homology, used in index
theory.

3.4 The stable homotopy category

In this section, we finally construct the “stable homotopy category” SHC and describe its prop-
erties. This will arise as the homotopy category of spectra or orthogonal spectra, so we will
be dealing with model structures in the following. In this section, we mostly used [24] to con-
struct a model structure on spectra; and [22] to collect the properties of SHC. With exception
of 3.4.5, all proofs are due to the author.
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The first step is to endow the category of D-spaces with a model structure called the level
model structure, where D is a diagram. This will be, in particular, cofibrantly generated, just as
the category of spaces, although we will not insist on that.

Definition. Let f : X — Y be a map of D-spaces.

1. We say that f is a level equivalence if fp : Xp — Yp is a weak homotopy equivalence
forall D € D.

2. We say that f is a level fibration if fp : Xp — Yp is a Serre fibration for all D € D.
3. We say that f is a level trivial fibration if it is a level equivalence and a level fibration.

4. We say that f is a q-cofibration if it has the left lifting property with respect to level trivial
fibrations.

5. We say that f is a level trivial q-cofibration if it is a level equivalence and a g-cofibration.

We can use once again the Model Structure Lifting theorem A.4.3 and the family of adjunc-
tions
Mp : Top, &= Topf :evp

from 3.1.8, for all D € D, to give a model structure in D-spaces.

Theorem 3.4.1 The category Top? of D-spaces has a model structure, called the level model struc-
ture, with respect to level equivalences, level fibrations and q-cofibrations.

The proof follows by a standard application of the small object argument A.4.2, and it is
formally similar to 1.3.1. As mentioned before, the categories of spectra and orthogonal spectra
are equivalent to some categories of D-spaces for some more complicated diagrams Ng, and
Is,. This is still applicable, so we also obtain model structures on Sp™ and Sp’. However,
these are not the ones we are looking for, as they do not contain information about the stable
phenomena. Anyway, the following observation will be useful.

Lemma 3.4.2 The following holds for maps of spectra or orthogonal spectra:
1. A homotopy equivalence is a level equivalence.
2. A level equivalence is a 7t.-isomorphism.
3. For Q)-spectra, a mt.-isomorphism is a level equivalence.

Proof. Only the last one is not trivial. Suppose that f : X — Y is a m,-isomorphism of -

~ ~

spectra (for the orthogonal case it is similar). By example 3.3.2.(b), 71;(X,) = m_,(Xo) =
i—n(X), so fi : (X)) — mi(Yy) is also an isomorphism for all i and all #. O

We now strive to describe a more interesting model structure in spectra and orthogonal
spectra, called the stable model structure, which will reflect the stable phenomena:

Definition. Let f : X — Y be a map of spectra or orthogonal spectra.

1. We say that f is a stable equivalence if the map f* : [Y, Z] — [X, Z] is a bijection for all
(orthogonal) ()-spectra Z.

2. We say that f is a trivial q-cofibration if it is a stable equivalence and a g-cofibration.
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3. We say that f is a g-fibration if it has the right lifting property with respect to trivial
g-cofibrations.
4. We say that f is a trivial q-fibration if it is a stable equivalence and a g-fibration.

Here we introduced stable equivalences, but we could have just omitted them, because of
the following

Proposition 3.4.3 A map of spectra or ortogonal spectra is a stable equivalence if and only if it is a
Tt-isomorphism.

The proof of the previous proposition is quite elaborated and we refer to the interested
reader to [24, 8.7]. We finally arrive to the desired model structure in (orthogonal) spectra:

Theorem 3.4.4 There are model structures in Sp" and Sp', called the stable model structures, with
respect to 1t,-isomorphisms, g-fibrations and g-cofibrations.

Now recall from 3.2.10 that we have an adjunction between spectra and orthogonal spectra

P

/_\
SpN 1 SPH/
\_/

U

where U was simply forgetful. We want to show that this adjunction induces an equivalence
of categories, with the stable model structures on them.

Lemma 3.4.5 The previous adjunction is a Quillen adjunction.

Proof sketch. The functor U preserves g-fibrations and trivial g-fibrations (so it is right Quillen).
This follows immediately from [24, 9.5 and 9.9], which characterize trivial g-fibrations as level
trivial fibrations, and g-fibrations p : E — B as level fibrations with the extra property that
the diagram

Ex —7— QE,4

lp" lQer—l

B, — OBy11
is a homotopy pullback for all n > 0. O

Lemma 3.4.6 The functor U : Sp' — Sp™ creates rt,-isomorphisms.

Proof. The homotopy groups of ortogonal spectra are defined precisely using U, so in particular

this functor reflects 7t.-isomorphisms, thus it also creates them. O
We only need one more ingredient, whose proof can be found in [24, 10.3].

Lemma 3.4.7 The unit of the adjunction n : X — UPX is a m.-isomorphism for all cofibrant
(orthogonal) spectra X.

Theorem 3.4.8 The adjunction P : Sp" = Sp! : U is a Quillen equivalence. Therefore, it induces an
adjoint equivalence of categories
Ho(Sp™) ~ Ho(Sp!).

Proof. It follows from A.3.7,3.4.6 and 3.4.7. O

We finally arrive to the category we have been chasing after the whole chapter:

Definition. The stable homotopy category is the homotopy category of spectra (or equival-
ently, orthogonal spectra), and it is denoted by SHC.
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Properties of the stable homotopy category

We will spend the last part of this chapter outlining the properties of the stable homotopy
category. This category is desirable since, as we will see, it has properties which are far from
being true in spaces.

One of the motivations of stable homotopy theory was to find some analogues to spaces
which do not depend on taking suspensions. This holds in the stable homotopy category.
Recall that we set & := — A S! and Q := F(S!, —) for (orthogonal) spectra.

Proposition 3.4.9 The adjunction

is a Quillen equivalence, so it induces mutually inverse equivalences of categories
LE:SHC = SHC ,  RQ:SHC —» SHC.

Proof. We first show that it is a Quillen adjuntion: by 3.3.4, we have that X preserves
mty-isomorphisms, so let us show that it preserves g-cofibrations: given a g-cofibration
f : X — Y, consider the lifting problem

XASY — S E

Zfl JP

YAS! —— B

where p is a level trivial fibration. Termwise, this diagram is equivalent to

X, — QE,

e

Y, —— QB,.

The vertical right-hand arrow Qp, is again a trivial fibration, as () preserves weak homotopy
equivalences and Serre fibrations. Therefore, there is a lift /1, : Y, — QE, which induces the
desired lift in the first diagram.

We conclude that it is a Quillen equivalence by A.3.7,3.3.5 and 3.3.6. O

This explains the self-equivalence of the commutative diagram on page 39. Let us explain
the rest of the arrows in that diagram:

Proposition 3.4.10 There is a Quillen adjunction
200

/\
Top, 1 SpN,

\\_/
QOO
where Q)% is evaluation at 0 € N. In particular, it induces adjoint functors

LX% : Ho(Top, ) — SHC , RO : SHC — Ho(Top,,).
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Proof. In the first place, let us show that there is an adjunction. If T is a pointed space and X is
a spectrum, the desired bijection

Homg + (£°T, X) — Map(T, Xo)

takes every map of spectra f : T — X to fo : T — Xp. Its inverse is constructed as
follows: given ¢ : T — Xj, we set fp := g and inductively define f,, : ¥"T — X, as the
adjoint map of the composite & 'T — X, _; — QX,,, where the second map is the adjoint
of the structure map 0,1 : £X,,_1 — X,. It is easy to check that this defines a map of spectra
f : 2T — X and that both assignments are inverses of each other.

On the other hand, the reduced suspension preserves weak homotopy equivalences in the
category Top, of well-pointed based (compactly generated) spaces [40, 6.7.10], so trivially X
preserves weak equivalences. Therefore, to see that this functor is left Quillen, we just have
to check that it preserves cofibrations. The argument is similar to 3.4.9: if g: A — Tisa
cofibration of spaces, then consider the lifting problem

>'"A —— E,

o ]

2'"T —— By
where p,, is a trivial fibration. By the suspension-loop adjunction, this diagram is equivalent to

A —— O'E,

I
g 7 lQ”pn

T Q"B,
where the dashed arrow exists since O"E,, — ("B, is a trivial fibration. O

The following result is obvious from the definitions:

Corollary 3.4.11 The following diagrams are commutative:

Top, —=> Top, Top, —2—— Top,
Ho(Top,,) L, Ho(Top,) ’ Ho(Top,) RO, Ho(Top,,)
]LZ""l l}sz RQ“’T TRQ‘”

SHC — = SHC SHC — %2, sHC

The last piece which remains to be explained from the diagram of page 39 is that 7o (HA) =
A. This follows immediately from 3.3.2.(b).

The stable homotopy category is neither complete nor cocomplete. However, it has ar-
bitrary products and coproducts (coming from Sp™): given a family of spectra (X;)ic;, the
coproduct \/; X' and the product [ ]; X' are defined levelwise,

() () e
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with the obvious structure maps in the first case, (V; X)) = V,Z X/, BLA VX!
EI1; X}, — IT; X, which in the i-th factor is the composite

. Sor. . . .
) (Hx;) Poyxi S xi
1

The stable homotopy category also has the following desirable property:

U and the map

Proposition 3.4.12 SHC is an additive category, that is,

1. Homsnc (X, Y) is an abelian group and composition is bilinear.

2. Finite products coincide with finite coproducts, in other words, the canonical map

n n
\/ X — HX;’
i=1 i=1
is an isomorphism in SHC.

See [34, 11.1.10] for a proof. We can also have a look at the hom-groups of the stable homo-
topy category:

Proposition 3.4.13 Let T, T' be finite CW-complexes, let X be a spectrum and let Y be an Q-spectrum.
Then we have the following group isomorphisms:

1. Homspc(X®T, X) = colim, [E"T, X,

2. Homgpc (2°T,2°T") = colim, [2"T, X" T'].

3. Homgyc (2T, Y) = [T, Yo«

4. m(X) = Homspe (ZF Sy, X) = Homgpc (25K, X).
5. 7! (T) = Homgpc (25K, =°T).

Proof. The observation that ignites the proof is that the fibrant objects in Sp" are precisely
the ()-spectra, and that if T is a CW-complex, then X*T is cofibrant. In particular, a fibrant
replacement of a spectrum X can be obtained as

(RX) := hocolim,, "X, ¢

where the structure maps are inherited from the ones of X (see [27, 4.9]).
For 1. we have

—_

A28 3.4.10

Homghc (27T, X) [X*°T,RX] = [T, (RX)o]« = [T, hocolim, "X, ].

1%

colim[T, " X, ] & colim[2"T, X, ]
n n

where we use the compactness of T. Here the first [—, —| denotes homotopy classes of maps
of spectra.

2. is a direct consequence of 1., and 3. follows also from 1. since [X", Yy ]« = [T, QYy]« =
[T, Yo|«. For 4. we compute

1.
7, (X) 22 colim[S"K, X,,]. = Homspc (275, X) = Homspc (2°2FS0, X)
n
>~ Homspc (ZF2*S0, X) 22 Homspc (X5 Sy, X)

and 5. follows directly from 2. O
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Next, recall that the category (SpH, AL S1) is closed symmetric monoidal. We would like to
pass this extra-structure to its homotopy category, SHC. This is a formal consequence of the
interaction between model categories and symmetric monoidal categories. In what is left we
follow [16].

Definition. Let C,D,£ be model categories. We say that an adjunction of two variables
® : C x D — & is Quillen if given cofibrations f : C — C'inCand ¢ : D — D' in D,
the induced map

C®DUcyp C®D — C' @D’

is a cofibration on £ which is trivial if either f or g is.
The left adjoint ® : C x D — & is called a Quillen bifunctor.

Definition. A symmetric monoidal model category is a closed symmetric monoidal category
(V, ®, *) endowed with a model structure such that both are compatible in the following way:

(i) The monoidal product ® : V x V — V is a Quillen bifunctor.

(if) If g : Q(*) — = is a cofibrant replacement for the unit *, then the natural map q ® Id :
Q(*) ® X — * ® X is a weak equivalence for all X cofibrant.

Example 3.4.14 The categories (Top, X, ), (Top,, A, S?), (sSet, x,A%), (Chg, ®,R), (Sp, Ar, Sri)
are symmetric monoidal model categories (see [16, §4.2]).

The following theorem formally gives the desired structure in SHC (see [16, 4.3.2]):

Theorem 3.4.15 Let (V, ®, *) be a symmetric monoidal model category. Then the homotopy category
inherits a structure of closed symmetric monoidal category

(Ho(V), @", %),
where the monoidal product Q" is the total left derived functor of ®. In particular,
ji(V,®,%) — (Ho(V), ", %)
is lax symmetric monoidal.

Corollary 3.4.16 The stable homotopy category inherits a closed symmetric monoidal structure
(SHC, AL, Sp).

This extra-structure allows us to define additional objects in the stable homotopy category.
For instance, a ring spectrum is a monoid object in (SHC, A, St). Obviously, any orthogonal
ring spectrum gives rise to a ring spectrum (though both notions are not equivalent). We will
talk more about this in the equivariant case.

We finish off the list of properties of SHC by stating an important additional structure that
it has: the stable homotopy category carries a structure of triangulated category. This will be
certainly useful for our main goal in §4.3.

Theorem 3.4.17 The stable homotopy category SHC is a triangulated category, equipped with the

suspension self-equivalence LY. : SHC — SHC and taking as class of distinguished triangles the
closure under isomorphisms of the images under j : Sp' — SHC of the canonical cofibre sequences

xLy_z5x

where f is a cofibration of cofibrant objects and Z is the pushout of the diagram * <— X Ly,
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The proof is a formal consequence of A.5.3.(4). For the reader interested in a explicit proof,
see [34, 11.2.9].

Remark 3.4.18 We would like to wrap up this chapter with an important observation. We have
induced the stable homotopy category SHC from spectra Sp" or equivalently, orthogonal spec-
tra Sp', since in 3.4.8 we saw that they were Quillen equivalent. If one considers the symmetric
spectra that we discussed in 3.2.1, or % -spaces [24, 4.6], then they have model structures such
that their homotopy categories are equivalent to SHC. One can show that, actually, symme-
tric spectra and % -spaces are Quillen equivalent to orthogonal spectra [24, 10.5]. With this in
mind, one may ask whether given two categories inducing SHC, they must be Quillen equiva-
lent. The answer turns out to be positive (see [33]):

Theorem 3.4.19 (Rigity, Schwede 2007) Let C be a stable model category. If Ho(C) and SHC are
equivalent as triangulated categories, then C and Sp' are Quillen equivalent.



Chapter 4

Equivariant stable homotopy theory

In the last chapter we defined spectra and constructed the stable homotopy category, and we
said that its objects are some analogues to spaces. The goal of this chapter is to construct objects
which are analogue, in the same way, to G-spaces. We will define them in a very similar way
and will see that we adapt the stable homotopy theory developed in §3.3 to the equivariant
setup, in a similar fashion as we adapted homotopy theory of spaces to G-spaces in chapter 1.
We will also see how we can lift K-theory with Reality to this stable setup, and at the end we
will generalize the notion of G-fixed points and relate KR-theory with KO-theory at the level
of spectra, with an original proof of the author.

4.1 G-spectra

This first section runs parallel to §3.1 — §3.3 altogether, so we will try to be a little bit more
direct to avoid repeating ourselves. In this section we have mostly used [23] and [35], but we
present G-spectra and orthogonal G-spectra differently, as a category of modules, by analogy
with chapter 3. The description of KR-theory as a Z/2-spectrum is also due to the author.

Remark 4.1.1 Before starting, we would like to do the following observation: to define spectra
in the nonequivariant setup, we always considered enriched categories and enriched functors
over (Top,, A, S°). For a Top,-category C, the internal hom-space Hom¢ (X, Y) has as underly-
ing set the hom-set Hom¢ (X, Y) of its underlying category C. If we want to run the equivariant
analogous version, we will have to replace Top, by (GTop,, A, S?). This seems inoffensive but
there is a subtle point: in a similar fashion as 3.1.6, for a category C enriched over GTop,, the
hom-set of C is not anymore the underlying set of the internal hom of C, but rather the under-
lying set of its G-fixed points space Hom¢ (X, Y)©. By ease of notation, we will keep dropping
the underline for enriched categories, but the reader should be aware of the difference between
a GTop,-category and its underlying category, as well as of the difference between the internal
hom-G-space of the enriched category and the hom set of its underlying category.

Diagram G-spaces

Definition. A G-diagram D is a small symmetric monoidal category (D, ®,0) enriched over
(GTop,, A, S%).

The category of D-G-spaces is the category of enriched functors GTop? (which is also en-
riched over GTop,).

65
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As in the chapter 3, we can make the category of D-G-spaces symmetric monoidal: given
D-G-spaces X, Y, the naive “external” product

XAY:DxD —— D
(D, D/) — (XKY)(D’D/) = Xp A Yp.

can be promoted to an “internal” product using Day convolution, thatis, the left Kan extension
of XAY along the monoidal product ® : D x D — D,

D x D XY GTop,

//>{
® ///
-7 XAY:=Lang XAY
D

The equivalence relation that defines the coend of the left Kan extension is G-invariant, which
ensures that it produces a well-defined D-G-space X A Y (see [23, page 34]. Day convolution is
determined by the universal property of the left Kan extension, that in this context states that
there is an homeomorphism of based G-spaces

HomGTopf (X NY, Z) = HomGTop?XD (X/~\Y, Z o ®)

Similarly to the nonequivariant case, the unit of the symmetric monoidal structure is given
by the left adjoint of the evaluation at 0 € D, coming from the adjunction (analogous to 3.1.8)

Mp
T
GTop, L GTopf

~_

eup

for any D € D. Explicitly this is
MDT(D') := Homp(D, D') AT

for a based G-space T and D’ € D. The internal hom-G-space that will give us an adjoint for
Day convolution is defined as in chapter 3: if X is a D-G-space and Z is a (D x D)-space, there
is a naive version of function space,

F(X, Z)p = Homg o0 (X, Zip,-),
and the internal function D-G-space F(X, Y) is defined as
F(X,Y):=F(X,Yo®).
This provides an homeomorphism of based G-spaces
Homg1, »(XAY, Z) = Homgr, p(X, F(Y, Z)).
In summary, we have the following

Proposition 4.1.2 The category of D-G-spaces (GTopZ, A, MS®) is closed symmetric monoidal under
Day convolution and unit MyS°.
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We will take advantage of this structure to define G-spectra and orthogonal G-spectra
simply as modules over some monoid object, as usual. However, an important observation
when we want to mimic spectra in the equivariant case is that we can no longer index over
natural numbers: if we want to deal with spheres with G-actions, we are forced to take repre-
sentation spheres in any case. What we can control is the representations we want to include.
This will be called the universe.

Warning. From now on all representations of the group G will be considered real, finite-
dimensional and orthogonal (that is, through isometries).

Definition. A universe 7% is a sum of countably many copies of each G-inner product space
in some set of irreducible representations of G that includes the trivial representations.

We say that % is complete if it contains, up to isomorphism, all irreducible representations
of G, and trivial if it only contains the trivial ones.

From now on we fix a universe % . Let us describe the analogous versions of spectra and
orthogonal spectra for the equivariant case, although this time it will be a bit trickier. Since
we assume that G is a finite group, G has finitely many irreducible representations in our
universe, say Vi, ..., V; (in particular, all of them are contained in the left regular representation
pc = R[G]). We now define J; as the discrete category whose objects are ordered sequences

Vl@kl DD Vr@kr,

where ki, ..., k, > 0. We can also think of its objects as r-tuples of natural numbers (ky, ..., k).
This is also enriched over GTop,, just by considering the trivial G-action on the internal hom-
spaces, where we have attached a disjoint point. This category turns out to be symmetric
monoidal under sum of integers termwise, with the trivial representation as unit, here repres-
ented by the r-tuple (0,...,0).

We also consider the enriched category I, with objects finite-dimensional G-inner product
subspaces V C %, and arrows G-linear isometric isomorphisms. It is enriched over GTop,
with G acting by conjugation in the hom-spaces (we have implicitly attached a disjoint point
to the hom-spaces). Moreover, this category is symmetric monoidal under direct sum and the
trivial 0-dimensional representation as unit.

Remark 4.1.3 There is a canonical functor J¢ — Ig which is an embedding (faithful functor
injective on objects), since different decompositions give rise to non-isomorphic representa-
tions. Therefore, the category J can be viewed as a subcategory of I.

Now we can look, as usual, at the categories GTop;]zG and GTop]}kG. There are monoid objects
Sy and Sy, defined as
SJ]G(W) = SW ’ S]I(;(V) = SV

for every W = Vl@k1 DD Vr@k’ and V C . In particular, the latter is a commutative
monoid object, by the same diagram as in the nonequivariant case (see page 49). Notice that
these representation spheres have an (O(V) x G)-action.

Definition. The category of G-spectra is the category GSp’ := Mods;, . of Sj;-modules over

GTopi¢; and the category of orthogonal G-spectra is the category GSp' := Mods, . of Si.-

modules over GTop'c.

Observe that J; and I depend on the choice of the universe % . If 7% is the trivial universe,
then we will use the name of naive (orthogonal) G-spectra. If % is a complete universe, then
we will use the name of genuine (orthogonal) G-spectra.
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Moreover, just as in the previous chapter, there is a forgetful functor
U: GSp' — GSp?
induced by Jg — Ig.

Remark 4.1.4 The categories GSp? and GSp' are tensored and cotensored over GTop,, justasin
the nonequivariant case. The only changes to make to the same claim that we made for spectra
and Top, are that for a based G-space T and an orthogonal G-spectrum X, the space Xy A T
has the diagonal G-action, and the space F(T, Xy) = GMap(T, Xy) has a G-action given by
conjugation, (g- f)(t) := gf(g7't). f welet 2V := — ASY and QY := F(SY,—), then the
former is left adjoint to the latter.

Let us spell out the definitions of G-spectra and orthogonal G-spectra: a G-spectrum is a
collection of pointed G-spaces X = (Xy) for every V € Jg, together with based G-maps

oyw : SV A\ Xw — XV@W

called structure maps, satistfying the evident associativity condition (see page 49). A map of
G-spectra f : X — Y is a collection of based G-maps fy : Xy — Yy that commute with the
structure maps. Using this description, we can define

Definition. An ()-G-spectrum is a G-spectrum X such that the adjoints of the structure maps
Xy — QVXvaw
are weak homotopy equivalences.

Similarly, we see that an orthogonal G-spectrum consists of a collection of (O(V) x G)-
based spaces X = (Xy) for every V € I, together with based maps

oyw : SV A\ XW — XVEBW

which are G-equivariant and (O(V) x O(W))-equivariant, satisfying the same associativity
condition as before. A map of orthogonal G-spectra f : X — Y is a collection of based
(O(V) x G)-maps fy : Xy — Yy which commute with the structure maps.

Since Sy, is a commutative monoid object, the evident equivariant version of 3.1.15 gives

Theorem 4.1.5 There is a product of orthogonal G-spectra Ny, called smash product, such that
(GSpH’ /\]I/ S]IG)
is a closed symmetric monoidal category.

Example 4.1.6 (K-theory with Reality) We highlight now the main example of equivariant
spectrum for us: the Z/2-spectrum KR of (reduced) K-theory with Reality. Recall from 2.3.17
that reduced KR-theory is represented by BU x Z,

KR(X) = 55X, BU x Z].

where BU has the Z/2-action induced by complex conjugation and Z has the trivial action.
Moreover, we also have the equivariant version of Bott periodicity (theorem 2.3.18), stating
that there is a Z/2-equivariant weak homotopy equivalence

OY(BU x Z) ~ BU x Z.
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We will make use of this to define a Z/2-spectrum KR: to begin with, observe that the only
real (orthogonal) irreducible representations of Z/2 are R with the trivial action and iR with
complex conjugation (the latter is usually called the sign representation, and it appears in the
literature as ¢). Indeed, every real irreducible representation of a finite abelian group has
dimension one, and being orthogonal these are the only possibilities. Therefore, every real
representation of Z/2 is isomorphic to one of the form

VP =RP @ iRY.
Now observe that
KR™(X) = KR(S"™P"~T A X) 22 55[S"P"~1 A X, BU x Z],. = 7,[X, Q" P"~1(BU x Z)].

where p,g > 0 and n > p,q. Trying to mimic the complex K-theory spectrum, this motivates
us to define the Z/2-spectrum KR as

KR(RP @ iR7) := Q" P"~9(BU x Z)

for n := max(p,q). The structure maps are fully determined, by associativity, by the case
SULAKR(RP @ iRT) — KR(RPT! @ iRI*1), which is the map whose adjoint is the weak equi-
valence

BU x Z — QY (BU x Z)

given by Bott periodicity (theorem 2.3.18).

Of course, we also have the standard examples, the equivariant versions of the ones given
in chapter 3. This time we will only discuss the ortogonal case, since for G-spectra they are
obtained by neglect of structure.

Examples 4.1.7 (a) The object Sy, viewed as a Sj,-module, is called the sphere orthogonal G-

spectrum. It has the identifications SV A SV =5 SVEW ag structure maps. The space S has
a (O(V) x G)-action inherited from V, and the previous structure maps are G-equivariant
and (O(V) x O(W))-equivariant.

(b) Let T be a pointed G-space. The suspension orthogonal G-spectrum ~*T of T is given by
(Z*T)y :=SY AT,

endowed with the standard (O(V) x G)-action on S” and the trivial action of O(V) on T.
It has the obvious structure maps SV A SW AT — SVEW AT,

In particular, S, = ¥*50 and with more generality, ZVSHG ~ ¥%5V for a G-
representation V.

(c) Let us describe the equivariant orthogonal version of the Eilenberg-MacLane spectrum
HA. In 3.2.7.(c) we already saw how to obtain concrete models of Eilenberg-MacLane
spaces endowed with actions of orthogonal groups. The question now is: how to endow
these with an action of the group G? The answer turns out to be: we simply impose an
(additive) G-action on A. Formally, this means that instead of taking an abelian group, we
must take a Z[G]-module A, where Z[G] denotes the group ring! of G over Z. Then A can

!Given a ring R and a group G, the free R-module R[G] has an additional structure of ring with multiplication
givenby (¥; a;;) (¥X; bjh;) := L ;(a;bj)(gihj), and it is called the group ring of G over R.
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be viewed as an abelian group with an action of G which is additive, that is, in the sense
that (ng)a = n(ga).

This is enough to mimic the nonequivariant case: the reduced A-linearlization of a sphere
representation A[S"] inherits an O(V)-action, ¢ - (ax) = a(¢x), as in the nonequivariant
case; but also a G-action, where the group acts diagonally on the reduced A-linearlization,
that is, ¢ - (ax) := (ga)(gx) (cf. [35, 2.13]). In particular, the underlying nonequivariant
space of A[SV]isa K(A,dim V). Setting

(HA)V = g[SV]
gives the the Eilenberg-MacLane orthogonal G-spectrum HA, where the structure maps
SV ANA[SW] —— A[SVEW]
(v, Laiw;) —— Yai(v,w;)

are (O(V) x O(W))-equivariant and G-equivariant. One can further show that this is an
orthogonal ()-G-spectrum.

Remark 4.1.8 There is a simplified notion of orthogonal G-spectra which produces an equi-
valent category, although this time the equivalence is not trivial. This is Schwede’s preferred
notion of orthogonal G-spectra, and it is fully explained in [35]. This is similar to the equival-
ence of categories Sp¥ ~ Sp!, but less evident.

Consider the category O from chapter 3, whose objects are non-negative integers and it
has arrows Homg(n, 1) := O(n) and no morphisms n — m if n # m. This is symmetric
monoidal and also enriched over GTop,, where the internal homs have the trivial G-action. If
So(n) := S" with the trivial G-action, then the category of Sp-modules on GTop? is denoted
as GSpY. Explicitly, an object X of GSp? is a sequence of based (O(n) x G)-spaces and based
structure maps 5" A X, — Xy,4+m which are (O(n) x O(m))-equivariant and G-equivariant,
where G acts trivially on S".

Then the claim is that there is a non-trivial equivalence of categories

GSp' ~ GSpZ.

An orthogonal G-spectrum X € GSp' maps to the object which takes the values X,, := X(R"),
where R" is the trivial G-representation. Its inverse is given by mapping an object X = (X,,)
to the orthogonal G-spectrum that for a G-orthogonal representation V' takes the value

X(V) = HOIII]IG (Rn, V)+ /\O(n) X,.

For a proof of the equivalence, see [35, 2.7].

Homotopy theory of G-spectra

Let us discuss briefly some highlights of the homotopy theory of G-spectra, focusing on the
equivariant phenomena. The first question one may ask is how to define homotopy groups
of G-spectra. In chapter 1 we already saw that we should consider homotopy groups indexed
also by subgroups of G in order to keep track the action of the group. Let us face now the
stable version of what we did there.

Observe that for a spectrum X, its n-th homotopy group is
me(X) = colim 77,41 (X;,) = colim[2"SK, X, = colim[SK, (0" X,,].
n n n

This motivates the following
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Definition. Let X be a G-spectrum, let H be a subgroup of G and let n € Z. The H-n-th
homotopy group of X is

i (X) = co}/im 7 (QVXy) , n>0,
i (X) = CVO%%I (VR Xy) , n>0,

where R” stands for the trivial representation of dimension 1, and V — R" stands for the ortho-
gonal complement of R" in V.
For an orthogonal G-spectrum X, we define /! (X) := 7t (UX).

A map of G-spectra f.X — Y induces compatible maps QY X, — QVYy, so there is an
induced map in colimits
fu: (X)) — 7l (Y).

Definition. A map of G-spectra is a 7r.-isomorphism if it induces isomorphisms in all homo-

topy groups.
Amap f : X — Y of orthogonal G-spectra is a 77.-isomorphism if Uf is a 77,-isomorphism.

Most of the results that we presented in §3.3 can be reformulated for G-spectra (compare
with 3.3.5):

Lemma 4.1.9 Let V € Jg and let X be a G-spectrum. Then the unit 1 : X — QVEV X and counit
e: 2VQVX — X of the adjunction £V : GSp’ = GSp? : QY are rt.-isomorphisms.

Proof. We only treat the case of the unit (see [32, 9.15] for the counit). Write Vi= @{(:1 V, for
j € NU {co}. We can write the universe %, up to isomorphism, as %’ ® V*. If we choose an
expanding sequence of G-representations U/ with colimit %', then we can rewrite

rH(X) = co&\i}m (Y Xy) = coil}m nf(ﬂu;@vjxu;@w),
7! (QVEVX) = colim 7! (QVQVEY Xy ) = colim A QU QYEY X g vi)-

The unity : X — OVYV X induces a map from the first colimit to the second; and the structure
maps LV X oyi — Xyey+ induce a map from the second to the first. These maps are
inverse of each other. For negative indexes the argument is similar. O

Theorem 4.1.10 Let f : X — Y be a rt.-isomorphism of G-spectra, let A be a G-CW-complex and B
a finite G-CW-complex. Then

1. fAId: XANA — Y N\ Aisa m.-isomorphism.
2. f«: F(B,X) — F(B,Y) is a rt.-isomorphism.

The proof is quite involved and we refer to [23, §II1.3]. But it allows us to show (compare
with 3.3.4)

Corollary 4.1.11 Let V € Jg. Amap f : X — Y of G-spectra is a rt.-isomorphism if and only if
YV 2VX — 2VYis a m,-isomorphism.

Proof. The direct implication follows from 4.1.10.(1). For the converse, taking A = SV in
4.1.10.(2), we have that QVZVX — QVEVY is a mt.-isomorphism. Now the result follows
from 4.1.9 by the naturality of the unit. O



72 CHAPTER 4. EQUIVARIANT STABLE HOMOTOPY THEORY

Remark 4.1.12 It is possible to extend the Z-graded homotopy groups of G-spectra to groups
indexed by G-representations. Indeed, in nonequivariant spectra we have that m,(X) =
(0" X). If spheres in equivariant spectra are given by representation spheres, then we can
define

m(X) := 7l (QVX).

Moreover, since QY and XV are 7t,-inverses of each other by 4.1.9, we can go further and define
also homotopy groups indexed by “negative” representations,

i, (X) = 7l (ZVX).

The equivariant stable homotopy category

To finish the analogy of G-spectra with the nonequivariant case, we will discuss how to induce
the homotopy category of G-spectra. As in the last chapter, we will also use the general ma-
chinery of model categories. All of the statements and most of the proofs are identical in the
equivariant case, so we will make this subsection shorter and refer to [23, II1.4] for the extra
arguments necessary to generalize our proofs of §3.4.

Definition. Let f : X — Y be a map of G-spectra or orthogonal G-spectra.

1. We say that f is a level trivial fibration if each map fv : Xy — Yy is a trivial fibration in
GTop,, that is, if f{,i : Xg — Y{;I is a weak homotopy equivalence and a Serre fibration
for all H C G and any G-representation V.

2. We say that f is a q-cofibration if it has the left lifting property with respect to level trivial
fibrations.

3. We say that f is a trivial g-cofibration if it is a 77,-isomorphism and a g-cofibration.

4. We say that f is a q-fibration if it has the right lifting property with respect to trivial
g-cofibrations.

5. We say that f is a trivial q-fibration if it is a 77.-isomorphism and a g-fibration.

With these definitions, we obtain a similar result as in nonequivariant spectra (see [23,
111.4.2]):

Theorem 4.1.13 There are model structures on GSp? and GSp', called the stable model structures,
with respect to 1t,-isomorphisms, g-fibrations and g-cofibrations.

Example 4.1.14 Let T be a G-CW-complex. Then it is easy to see that the tensor and cotensor
of GTop, with orthogonal G-spectra gives an adjunction

GSp" L GSp',

which is Quillen.
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Moreover, by a similar argument to that of 3.2.10, the forgetful U : GSp' — GSp? admits a
left-adjoint,
P

T
GSp? 1 GSp',
f\_/

U

which is given by a left Kan extension. This adjunction induces an equivalence of categories,
with the stable model structures on them, just as in the nonequivariant case (cf. [23, 111.4.16]).

Theorem 4.1.15 The previous adjunction P : GSp’ = GSp' : U is a Quillen equivalence. Therefore,
it induces an adjoint equivalence of categories

Ho(GSp’) ~ Ho(GSp!).

Definition. The equivariant stable homotopy category is the homotopy category of G-spectra
(or equivalently, orthogonal G-spectra), and it is denoted by GSHC.

This category has exactly the same properties as the nonequivariant stable homotopy ca-
tegory SHC. Substituting Top by GTop, and suspension = by £V for a finite-dimensional G-
representation V, we obtain a commutative diagram

GTop — " GTop, =22, Gspl « L Ap

CT T e

Ho(GTop) - Ho(GTop,) =5 GSHC —™ s grAb

9]

LV

where LYV : GSHC — GSHC is an equivalence of categories and cw is a G-CW-
approximation functor. The homotopy category GSHC turns out to be triangulated, as it fol-
lows formally from A.5.3.(4). Moreover, since (GS pH, At Si;) is closed symmetric monoidal,
applying 3.4.15 we get

Corollary 4.1.16 The equivariant stable homotopy category inherits a closed symmetric monoidal
structure
(GSHC, AT, S1,. ).

This allows us to define a concept that will be key for our further purpose of relating the
Z/2-spectrum KR with the (nonequivariant) spectrum KO.

Definition. A (commutative) ring G-spectrum is a (commutative) monoid object in the
equivariant stable homotopy category (GSHC, Ak, ).

We reserve the name of orthogonal ring G-spectrum for monoids objects in (GSpH, AL St ),
although they also appear in the literature as strict ring G-spectra. Of course, every orthogonal
ring G-spectrum gives rise to a orthogonal G-spectrum (but the converse is not true). For
instance, the orthogonal sphere G-spectrum Sy, is a (orthogonal) ring G-spectrum, and if A
is a Z[G]J-algebra (so A is itself a ring), then the orthogonal Eilenberg-MacLane G-spectrum is
also an (orthogonal) ring G-spectrum.

It is also worth mentioning that, with similar arguments to 3.4.13 one shows
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Proposition 4.1.17 Let X be a G-spectrum, let T, T’ be finite G-CW-complexes and let H C G. Then
1. Homgsyc (Z°T, X) = colimy g[ZV' T, Xy«
2. Homgspc (Z%°T, Z*T’) = colimy g[ZVT, =V T'].
3. P (X) = Homgsnc (E5S1,, X) = Homgspc (S, X).
4. 75(X) = Homspc (2 Si., X) = Homgsnc (2°SY, X).

5. mH(X) = Homgsnc (2°2X(G/H) 4, X), and similar for any G-representation V.

4.2 RO(G)-graded cohomology theories

We now continue the question that we deferred at the end of §2.3. What should be the pre-
ferred cohomology theories for G-spaces? If we understand G-spheres as the representation
spheres SV, then the Z-graduation of a usual cohomology theory does not encode the equivari-
ant phenomena, since the suspension isomorphism " (X) 2 h"*+¥(Sk A X) only uses trivial rep-
resentations. Therefore, using representation spheres forces us to grade on G-representations.
Moreover, one can be a bit more flexible and allow formal differences of representations. In
the literature, this has the technical misnomer? of RO(G)-graded cohomology theories.

This section is based in [3, §3.3] and [25, ch. XIII]. Example 4.2.4 lifting KR-theory to a
RO(Z/2)-graded cohomology theory is original work of the author.

Let (Repry(G), ®,0,®,R) be the semiring of real, finite-dimensional and orthogonal rep-
resentations of a finite group G, with the direct sum and tensor product of representations.

Definition. The real representation ring of G is the Grothendieck construction of Repry (G),
RO(G) := K(Repry(G)).

Remark 4.2.1 Roughly speaking, a RO(G)-graded cohomology theory should be a collection
of functors E* : Ho(GTop,) —> Ab indexed by « € RO(G) with a suspension isomorphism of
the form E*(X) = E**V(ZV X) for any G-representation V, such that for fixed « € RO(G), the
functor E* satisfies the rest of axioms of a cohomology theory. However, defining this in terms
of isomorphism classes of representations is too imprecise.

Let us fix a universe % and consider the category I subject to the chosen universe. We call
a pair of maps f, g : V — W on I homotopic if they induce the same map £°SV — £°SW
in GSHC. We write Ho(I¢) for the naive homotopy category, with same objects as I and
morphisms homotopy classes of maps.

For every G-representation W, define the functor

=W : Ho(Ig) x Ho(GTop,) —— Ho(Ig) x Ho(GTop,)
(V,X) —— (VOW,ZWX).

2In words of Peter May [25], there are several ways to be precise about RO(G)-graded cohomology theories, and there
are several ways to be imprecise. The latter are better presented in the literature than the former.
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Definition. A RO(G, % )-graded cohomology theory is a functor
E* : Ho(Ig) x Ho(GTop, )°? — Ab,
where we will usually write E*(V, X) = EV(X), together with a collection of natural isomor-
phisms oW . E* :g> E* oW written
EV(X) — EVoW(zX)
for every G-representation W, satisfying the following axioms:
(i) Givenamap f : X — Y of based G-spaces, the sequence
EV(Cf) — EV(Y) — EV(X)
is exact for every V € .

(if) Given a collection of based G-spaces (X;);cj, the canonical map
EV(VV/ X)) — J]EY(X)
icl iel
is an isomorphism for every V € Ig.
W W _ sWeWw"

(iii) We have ¢ = Id and the family {¢"V} is transitive, "' o &

(iv) Givenamap a : W — W' in I, then the following diagram commutes:

EV(X) —Z  EVEW(ZWX)
O.W/l lEldea (Id)

EVEBW’(zW'x) (&/\Id); EVEBW'(sz)

for any V, where & : S — S"' is the induced map on the one-point compactifications.

For a complete universe %, we will usually drop it from the notation, so we will write

RO(G,% ) = RO(G).
Remark 4.2.2 We now explain the reason of the name of RO(G, % )-graded cohomology theory.
If E* is such a theory, we can extend it to formal differences V © W: given homotopy classes
of G-representations V, W, set

EVOW(X) := EV(Z"X).
Now the observation is that this definition is compatible with the usual equivalence relation
of formal differences (which identifies V © W with V' & W’ if there is a G-linear isometric
isomorphism « : V& W' — V' @ W), in the sense that such an a determines an explicit
isomorphism

EV@W(X) =, pVew (X)

defined as the left vertical arrow in the following diagram of isomorphisms,

EV(ZWX) el ; EV@W’(zW@W’x)

l lE"‘(Z*WId)

EV’ (ZW’X) oW EV/GBW(ZWIGSWX)

where tw : W& W' — W/ @ W is the twist isomorphism.
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Remark 4.2.3 Given a RO(G, % )-graded cohomology theory E*, we can obtain a Z-graded
cohomology theory by restricting to the trivial representations, setting E"" := E®", where now
the suspension isomorphism is determined by c*.

Example 4.2.4 Let us explain now how to make (reduced) KR-theory into a RO(Z/2)-graded
cohomology theory. Recall that any Z/2-equivariant representation of Z/2 is, up to isomor-
phism, of the form VP4 = R? @ iR7. Then we define

KR : Ho(lz/5) x Ho((Z/2)Top, )P —— Ab

(VP4 X) — KR”(X).

This assignment is clearly functorial on X, but some words must be said with respect to
p,q. In the first place, note that any Z/2-equivariant isometric isomorphism a : VP47 — V"4
must satisfy p = p’,q = q'. Therefore, given an isometric isomorphism « : VP17 — VP4, the
induced map a, : KR""(X) — KR"(X) is defined by the composite displayed in the below
diagram, where n > 2p, 2q:

K

KR""(X) KrR""(x)

F F (4.1)

KR(S" 20120 p spa g X\ O RR (5120120 5pa p X)

The suspension isomorphism is given by the composite of isomorphisms

KRPPTT (54 A X) =2 KR(S"PP'm=9-9 A SP4 A X) = KR(S"P" 1 A X) = KR (X).
The properties (i) and (i7) follow from the theory developed in chapter 2 for KR-theory, (iif)
follows by the definition of the suspension isomorphism and the commutativity of the diagram

P — r+p,5+q

KR” (X) KR (ZPAX)

Uﬂm ot

__ / ’
KR)’-H?-H? S+q+q (ZP-FP',q-W'X)

and for (iv) it sufficies to observe that for every Z/2-equivariant isometric isomorphism
a: VPA — VPA, the map

o N | S ps+q

(Id Aa)y : KR (ZP1X) — KR (ZPI1X)
is exactly the inverse of the map
@AId)*: KR P (zpax) — KRPH (zpax)

under the isomorphisms displayed in the diagram (4.1).

In the equivariant case, G-spectra have a relation with RO(G, % )-graded cohomology the-
ories similar to the one that, in the nonequivariant case, spectra have with Z-graded cohomo-
logy theories.
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Proposition 4.2.5 Any Q-G-spectrum E gives rise to a RO(G)-graded cohomology theory on based
G-spaces, defined by
EV(X) := ¢[X,Ev].

See [25, XIIL.2.2]. The surprising result is that, just as in the nonequivariant case, any
RO(G)-graded cohomology theory arises in this way:

Theorem 4.2.6 (Brown representability) The functor

RO(G)-graded
{ O-G-spectra } —— cohomology theories on
pointed G-CW-complexes

is essentially surjective.
The proof of this can be found in [25, XIII.3.2].

Remark 4.2.7 (Mackey functors) One sensible question at this point is whether any Z-graded
cohomology theory on based G-spaces extends to a RO(G)-graded cohomology theory. One
particular example of Z-graded cohomology we studied in chapter 1 was Bredon cohomology
HE(—; M), where M is a coefficient system, that is, a functor O — Ab. We can easily define
the “stable” analogue of this functor. In the first place, define the Burnside category of G as
the full subcategory % of GSHC on the objects G/ H. Then a Mackey functor is a functor

BE — Ab.

There is an obvious functor O — %, so every Mackey functor gives rise to a coefficient
system. The converse is not always true, and more concretely, one can show that Bredon
cohomology with coefficients in M extends to a RO(G)-graded cohomology theory if and only
if M extends to a Mackey functor [25, IX.5.2].

4.3 The homotopy fixed points of the KR-spectrum

In this last section, we aim to develop some extra tools to present one remarkable result, which
relates the Z/2-spectrum KR of K-theory with Reality with the nonequivariant spectrum KO
of real K-theory.

Fixed points of G-spectra

In chapter 1, given a (based) G-space, we defined its fixed points X© := lim X and its homotopy
fixed points X"¢ := holim X. One may ask if we can mimic this and also have fixed points
functors from (orthogonal) G-spectra to (orthogonal) spectra. For this part we mostly look at
[23, §V.3-4] and [3, §3.5].

We showed in 1.1.5 and 1.1.6 that (homotopy) fixed points can be expressed as
XH = Map.(G/Hy, X) , X' =Map.(EG, X),

where H C G is a subgroup. Since the category of G-spectra is cotensored over G-spaces, this
motivates the following definitions:
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Definition. The categorical fixed points is the functor
(—)C : GSp' — Sp!
given by taking G-fixed points termwise,
(XO)v = (Xv)©

(we can evaluate in any real inner-product space V viewed as a trivial G-representation, since
the universe % contains all trivial representations). The structure maps are given by the fixed
point maps of the structure maps of X,

SV A (Xw)® — (Xyaw)©.
For a subgroup H C G, we define
X" :=F(G/H, X)C,
where we use that the category of G-spectra is cotensored over G-spaces.
The following important result is immediate from the definitions:

Proposition 4.3.1 Let X be an orthogonal Q)-G-spectrum. Then

T (X) 2 7 (X1)

foralln € Z.

Recall that, given a based space, we can always view it as a based G-space with the trivial
action, and it is left adjoint to taking fixed points (see 1.1.3). We would like to do the same for
spectra, but we have to be a little bit careful.

For the choice of a trivial universe %, write GSp._;.. for the category of naive orthogonal
G-spectra. There is a functor
triv : Sp’ — GSphaive

which maps every spectrum X to a G-spectrum with the property that triv(X)r: = Xp» viewed
with the trivial G-action. For any other trivial G-representation V, it takes the value

triv(X)y = Homy, (R", V)1 Ao(n) Xgo-
Then the categorical fixed points functor plays the role of the fixed points for G-spaces:
Lemma 4.3.2 Fix a trivial universe % . There is a (Quillen) adjunction

triv

GSPhaive L Sp'
\_/
(-)°

Furthermore, for any choice of universe %, (—) : GSp' — Sp' is also right Quillen, so we have
a right derived functor

R(—)C "2 ()G : GSHC —» SHC.
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One can find this in [23, V.3.4]. We also state some properties of the categorical fixed points,
which can be found in the [23, V.3.7 and V.3.8]:

Proposition 4.3.3 The categorical fixed points functor satisfies the following properties:
1. (Z®A)C =2 ¥=(AC), for a based G-space A.
2. XCA1YC = (X ALY)S, for Q-G-spectra X, Y.

We will also make use of two more fixed points functors. By convenience, we will treat
them directly at the level of the homotopy categories. Recall that for a finite group G, the G-
space EG can be realized as a G-CW-complex, so by 4.1.14 the functors — A EGy and F(EG4, —)
are left and right Quillen, respectively. We again abuse of notation and we will write — A EG .
for L(— A EGy ) and F(EGy, —) for RF(EG,, —), so we get

— AEGy : GSHC —s GSHC
F(EG,,—) : GSHC —» GSHC

Definition. The homotopy fixed points functor (—)"C is the composite

_ _\G
csHc ESHeshue 2 shc,

so we will write X"G := F(EG., X)© for a G-spectrum X € GSHC.

The main theorem

We will spend the rest of the chapter showing the main result of this Master’s thesis, which
was its goal. Here we relate the equivariant spectrum KR with KO.

Theorem 4.3.4 In the stable homotopy category SHC, the homotopy fixed points of the Z/2-spectrum
KR is isomorphic to the spectrum KO,
KR"/2 = KO.

To the author’s knowledge, the proof we present of 4.3.4 has not appeared before. The
strategy of the proof was outlined to the author by Lennart Meier. We will split the proof of
the theorem in several steps. To start with, recall that the categories that we are dealing with,
namely Top,, GTop,, Sp' and GSp', are pointed model categories (meaning that they are model
categories with the property that the unique map between the initial and terminal object is an
isomorphism). In particular, there are fibre and cofibre sequences, as discussed at the end of
§A5.

In the first place, observe that there is a pair of Quillen adjunctions (see 3.4.10)

Yo X/\]If
/\ /_\
GTop, L GSp' 1 GSp'

\_/\_/

a® F(X,-)

whose composite is therefore a Quillen adjunction. The left adjoint of this new adjunction is
precisely the functor X A — : GTop, — GSp! obtained by the tensor of GSp' over GTop,. As
usual, we will also denote L(X A —) by X A —.
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Proposition 4.3.5 Let X be a G-spectrum.
1. The functor X A — : Ho(GTop, ) — GSHC preserves cofibre sequences.
2. The categorical fixed point functor (—)° : GSHC —s SHC preseroves cofibre sequences.

Proof. The functor of 1. is precisely the left derived functor of a left Quillen, so the result
follows formally from A.5.3.(1). For 2., one has that the functor from the statement is the right
derived functor of a right Quillen, so by A.5.3.(1) it preserves fibre sequences. However, by
A.5.3.(5), fibre sequences and cofibre sequences are the same, so the result follows. O

Now, fixed a finite group G, consider the universal space EG, and consider the collapse
map EG; — S% in Ho(GTop, ). By A.5.3.(1), this map can be extended to a cofibre sequence
in Ho(GTop,)

EG, — S* — EG. (4.2)

Given X a G-spectrum, let € be the composite
X —» F(S°, X) — F(EG4, X),

where the first map is the canonical identification and the second map is induced by the col-
lapse map EG; — S°. If we smash the G-spectra X and F(EG., X) with (4.2), we get a
commutative diagram in GSHC

X NEG, X X NEG

Lmld JE }Ald (4.3)

F(EG:,X) NEG, — F(EG,,X) — F(EG,,X) NEG
where both rows are cofibre sequences by 4.3.5.(1).

Proposition 4.3.6 Let U : GSHC — SHC be the forgetful functor and let f : X — Y be a map of
G-spectra such that Uf : UX — UY is an isomorphism of nonequivariant spectra. Then

is an isomorphism of G-spectra.

The previous result can be found in [12, I.1.1]. For us this has the following important
consequence:

Corollary 4.3.7 The map e N1d : X N EGy — F(EGy, X) A EGy is an isomorphism.

Now we want to take categorical fixed points to the diagram (4.3). We will introduce some
terminology first.

Definition. Let X be a G-spectrum. The homotopy orbits of X is the spectrum
XhG = (X A EG+)G.

Since the left vertical map is an isomorphism by 4.3.7, we will abuse of notation and we
will also denote (F(EG., X) A EG+)© by Xjc. Therefore, after taking fixed points in (4.3), the
lower left horizontal map becomes N : X, — X"C, which reminds to the norm map that
defines Tate cohomology. Together with 4.3.5.(2), this motivates the following
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Definition. Let X be a G-spectrum. The Tate construction of X is the cofibre of the map
N: X, — X"©, -
X' .= (F(EG., X) ANEG)C.

We need one last ingredient, for which we specialize to the case G = Z/2:

DZL/2 ;

Definition. The geometric fixed points functor (—) is the composite

_/\m (7)2/2
—_—

GSHC —— GSHC SHC

Note that by 4.1.10.(1), the functor — A Ei//z : GSp! — GSp' preserves 7.-isomorphisms,

so its left derived functor GSHC — GSHC is just smashing with EZ/2. The geometric fixed
points can be defined with way more generality, but for our purpose we will just restrict to this
case. A very detailed exposition of this can be found in [35, §7].

Under these considerations, taking categorical fixed points to the diagram (4.3), we obtain

Theorem 4.3.8 Let X be a Z/2-spectrum. Then there is a commutative diagram in SHC

XhZ/Z XZ/Z X<I>Z/2

| J l

Xpz./2 N XhZ/2 X12/2

called the Tate diagram, where rows are cofibre sequences.

The existence of this Tate diagram appears in [4] and [6]. Until now, we constructed the
Tate diagram for any Z/2-spectrum. In order to show 4.3.4, we now specialize to X = KR, so
we get a commutative diagram in SHC

KRyz/» — KR%?/2 —— KR®%/2

H l l (4.4)

KRyz/» — KRM:/2 — KRIZ/2

where rows are cofibre sequences. This means that the rows of this diagram are distinguished
triangles in the triangulated structure of SHC.

Proposition 4.3.9 KR?/2 22 KO (in SHQ).

Proof. We simply compute that termwise the spaces are weak homotopy equivalent. For n > 0,
0<jp<8andp+;j=0 mod 8 we get

KRE/2(RSM) = KR(RV™H)E/2 = Q0814 (BU x 7)%/2 "2 814881 4(BU x 7,)%/2

2.3.18

1.1.2
2% OPO(BU x Z)%/% = GMap(S"°, BU x Z)%/? = Map(SPY, BU x Z)
(1.5 .
=~ Map(S¥, BO x Z) = QP(BO x Z) = KO(R¥"*/).

=

Here we used that BU(1n)?/?2 = BO(n), which can be checked using Grassmannians; and
that taking fixed points commutes with filtered colimits of closed inclusions [21, 1.2], so
BU%/? = BO. Therefore, if we choose the weak equivalence BO x Z — Q8(BO x Z) as the
underlying nonequivariant weak equivalence of 2.3.19, it is readily verified that the structure
maps coincide. O
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The last step of the proof is to show that the right vertical map of (4.4) is an isomorphism.
Proposition 4.3.10 KR is a ring Z /2-spectrum (in (Z/2)SHC).

The last proposition is a known result, but found really rarely in the literature (it ap-
pears stated in [10, 5.2] and [6, 2.2.4]). Roughly, the tensor product of Real vector bundles
makes KR into a multiplicative RO(Z/2)-graded cohomology theory, which induces a map
KR /\ﬁL KR — KR. However, with the tools that we have developed, we are still far from
giving a precise argument, so we will just blackbox the proof.

The following general result of the Tate diagram is key for our argument:

Proposition 4.3.11 If X is a ring 7 /2-spectrum, then so are X%/2, X'%/2 X®L/2 gnd X'7/2,
Moreover, the right-hand square of the Tate diagram

XZ/Z X<I>Z/2

| |

XhZ/Z XtZ/Z

is a commutative diagram of ring 7/ 2-spectra.

The proof can be found in [12, 1.3.5]. For us, it has the consequence that KR®Z/2 __y KRIZ/2
is a map of ring Z/2-spectra.

In the following, we denote by 0 the zero object of the triangulated category SHC.
Lemma 4.3.12 Let X be a ring spectrum. If there is a ring map 0 — X, then X = 0.

Proof. Let Sy be the unit of SHC, as in 3.4.16. Given a map of ring spectra 0 — X, the com-

mutativity of the diagram
Si
YN
0 X

implies that the unit map # : St — X must be the zero map. But this means that the identity
of X must be the zero map, by the unit condition of the multiplication map

so X = 0. ]
The last ingredient is the following key fact about the KR spectrum:
Proposition 4.3.13 KR®%/2 22 ( (in SHC).

Proof. Leta, : S° — S*! be the Z/2-equivariant inclusion from S° (with the trivial action) to
S0 = S7. 1t is readily verified that this map is not Z/2-nullhomotopic: any Z/2-equivariant
map H : SOAIL, = I — SO must be the constant map. We can smash this map with the
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sphere Z/2-spectrum SHZ/z = S, which yieldsamap a, : S A V=S 5 SASHL By 4.1.17.(4)
it corresponds with a nonzero element

ay € ngéz(s A S = ng/zl(S)

7/2 _ 7.[Z/2 Z/Z

where 71, Rrirs and w2 n%ﬁé@m (see 4.1.12).
Now we make the followmg observation: since S is a Z/2-ring spectrum, its homotopy

groups 7154%(S) := @, 154*(S) form a graded ring. Moreover, as any Z/2-spectrum X is a

S-module, 12*(X) := GBP ) Z/ 2( ) has a structure of graded 7Z,2(S)-module, and if X is a

ring Z/2-spectrum, then 7%/, 2(X) is a graded 7%, (S)-algebra.
The first claim now is that

722 (KR A E7]2) = colim(7r/*(KR) —% 7172 (KR) =% - -). (4.5)
Indeed, there is a explicit description of EZ/2, namely S := colim, S%". Since homotopy

groups commute with filtered colimits, we compute

02 (KR A EZ/2) = colim i3 (KR A SO = colim 2 (KR),

where the maps in the last colimit are precisely multiplication by a,, since they are induced
by the inclusions SO0 5 G0n+l that can be seen as a; AId : SO A SO —5 SO A SO1 Thig
concludes the first claim.

Our second claim is that the colimit in (4.5) is zero precisely because the 3-fold composite
of the map a, is the zero map, that is, multiplication by 43 is zero. For let o be the composite

S — KR — OMKR

of the unit map given by the Z/2-ring spectrum structure of KR (see 4.3.10) and the obvious
isomorphism given by Bott Periodicity (theorem 2.3.18). As before, this map corresponds with
an element 7 € nlz /2(KR). In particular, this element is invertible in the graded ring nZ2(KR),

Z/Z

with inverse 3! € 77/ |(KR) given by the composite

OMS — OMKR =5 KR.

Multiplying a, with 7 we get an element

439 —
a,0 € my)*(KR) = my (KR?/?) = m(KO) = KO(S') = Z/2,

where Z/2 is generated by 7, which is represented by the Mobius bundle in KO(SY). 1f 7’
denotes its 3-fold reduced external product, then 7° € KO(S?), but this group is trivial (see
[38, 11]), so 173 = 0. The upshot is that, anycase, (agﬁ)g’ = 0, and since 7 is invertible, af; must
act as zero in 712,%(KR). This finishes the second claim.

Therefore, we see that the colimit (4.5) must be trivial, so in particular we get that

70 (KRP?/2) 2 71, (KR A EZ/2)%/%) = m(2(KR A EZ/2) 20,
what implies that KR®%/2 2 0 in SHC. O
We are finally ready to show the main theorem:

Proof of 4.3.4. By 4.3.12 and 4.3.13, we get that the map KR®Z/2 __, KR'/2 ig the zero map
between the zero spectra, thus in particular isomorphism. Since KR%/? 22 KO by 4.3.9, apply-
ing the two-out-of-three property A.5.2 for triangulated categories to the Tate diagram (4.4)
yields the result. O
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Appendix A

Model categories

Here we will review one useful tool of Algebraic Topology, namely model categories. They
were first introduced in 1967 by Quillen [29] as a generalization of a well-known situation in
topological spaces: there are three distinguished classes of arrows: weak homotopy equiva-
lences, Serre fibrations and (retracts of) inclusions of relative cell complexes, satisfying some
relations between them, for example

e If two out of three arrows of a composite are weak equivalences, so is the third.

e A map is a Serre fibration if and only if it has the right lifting property with respect any
(retract) of a inclusion of a cell complex which is also a weak equivalence.

e A map is a inclusion of a relative cell complex if and only if it has the left lifting property
with respect to Serre fibrations which are also weak equivalences.

These are properties of spaces which are stated only in terms of their arrows. The purpose
of the theory of model categories is to axiomatize these properties and to be able to extrapolate
formal consequences to other categories.

For the elaboration of the appendix, we mostly follow Hovey’s excellent expository piece
Model Categories [16]. Besides, we also make use of [9] and [28] in §A.1 — §A.3 (for instance, our
definition of the homotopy category is different than Hovey’s). In §A.4 we also follow [7] and
[37], and in §A.5 [11] and [34].

A.1 Model structures

Definition. Let C be a category, and let Map C be the category with objects arrows of C and
morphisms commutative squares.

1. Amap f : A — Bis aretract of amap g : C — D if f is a retract of g in Map C; in
other words, if there is a commutative diagram
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2. A functorial factorization in C is a pair (&, B) of functors such that o & = Idwap ¢

3. Givenmapsi: A — Band p : X — Y, we say that i has the left lifting property with
respect to p, or that p has the right lifting property with respect to i, if for every solid
commutative square

— X

A
s
/
.

B——Y

there is a dashed arrow making the triangles commute.
Definition. A model category is a category C with three distinguished subcategories called
e weak equivalences,
e fibrations,
e cofibrations,

together with two functorial factorizations («, §), (7, 0) satisfying the following properties (call
a map an acyclic or trivial (co)fibration of it is a (co)fibration and a weak equivalence):

(1) (2-out-of-3) If two out of three of maps f, g, g¢f are weak equivalences, so is the third.
(if) (Retracts) If f is a retract of g, and g is in one of the preferred subcategories, so is f.

(iii) (Lifting) Trivial cofibrations have the left lifting property with respect to fibrations, and
cofibrations have the left lifting property with respect to trivial fibrations.

(iv) (Factorization) Any morphism f factors in two different ways: as a cofibration a(f) and a
trivial fibration B(f); or as a trivial cofibration y(f) and a fibration é( f).

(v) ((Co)limits) The category C is complete and cocomplete.

Examples A.1.1 All examples here require long proofs, but we include them here for the re-
cord.

(@) The category Top of all topological spaces with the classical or Quillen model structure:

e weak equivalences: weak homotopy equivalences
o fibrations: Serre fibrations,

e cofibrations: retracts of relative cell complexes inclusions A — X.
(b) The category Top of all topological spaces with the Strom model structure:

e weak equivalences: homotopy equivalences,
e fibrations: Hurewicz fibrations,

e cofibrations: Hurewicz cofibrations.
(c) The category Chg of chain complexes over a ring R, with

e weak equivalences: quasi-isomorphisms,

o fibrations: maps levelwise surjective,
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e cofibrations: maps levelwise injective with projective cokernel.
(d) The category sSet of simplicial sets with
e weak equivalences: maps whose geometric realization is a weak homotopy equiva-
lence,
e fibrations: Kan fibrations,

o cofibrations: maps levelwise injective.
(e) The category cdga of commutative differential graded algebras with

e weak equivalences: quasi-isomorphisms,
o fibrations: surjective maps,
e cofibrations: retracts of relative Sullivan algebra inclusions.

(f) If C is a model category and * is the terminal object, then C, := */C the category under *,
called the pointed category, inherits a model structure.

As any model category is complete and cocomplete, it has an initial object @ and a terminal
object *.

Definition. We say that an object X € C is cofibrant if © — X is a cofibration; and that X is
fibrant if X — x is a fibration.

Remark A.1.2 If X € C, applying the functorial factorization («, B) to the unique map @ — X
we get a factorization

® — QX X x

for some cofibrant object QX. Similarly applying (7, d) to the unique map X — * we geta
factorization
X 5 RX —

for some fibrant object RX. This defines functors
QR:C—C

called the cofibrant and fibrant replacement functors; and natural transformations g : Q = Id
andr:Id = R.

Lemma A.1.3 (Retract Argument) If f = p oi is a factorization of a map f and it has the left lifting
property with respect to p, then f is a retract of i.
Similarly, if f has the right lifting property with respect to i, then f is a retract of p

In the definition of a model category we have pointed three distinguished classes of maps.
However, it is redundant: the class of cofibrations is determined by the other two; and the
same happens with the class of fibrations. This is the content of the following

Proposition A.1.4 Let C be a model category.

1. A map is a cofibration (trivial cofibration) if and only if it has the left lifting property with respect
all trivial fibrations (fibrations).

2. A map is a fibration (trivial fibration) if and only if it has the right lifting property with respect
all trivial cofibrations (cofibrations).
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Corollary A.1.5 Fibrations and trivial fibrations are stable under base change.
Dually, cofibrations and trivial cofibrations are stable under cobase change

Lemma A.1.6 (Ken Brown) Let F : C — D be a functor between model categories. If F takes
trivial (co)fibrations between (co)fibrant objects to weak equivalences, then it preserves weak equiva-
lences between (co)fibrant objects.

A.2 The homotopy category

Given a model category C, we want to make weak equivalences into isomorphisms. For that,
we can formally invert those morphisms, in a similar way as in commutative algebra: given
a ring R and a multiplicative system S C R, we can construct the localization R[S™!] (ring of
fractions), where now the elements of S, under the morphism of localization j : R — R[S™!], are
invertible. We can mimic this constructions for categories:

Definition. Let C be a category and let JV be a subcategory of C. The localization of C with
respect to W (if it exists) is a category C[W 1] together with a functor j : C — C[W™!], called
functor of localization, satisfying

(i) j(w) is an isomorphism for all arrow w in W.

(ii) If D is another category and F : C — D is a functor with the property that F(w) is an
isomorphism for all arrow w in W, then there exists a unique functor F : C(W~1] — D
such that Foj=F,

Theorem A.2.1 The localization of a category with respect to any subcategory exists and it is unique
up to isomorphism.

Concretely, the localization C[W~1] has the same objects as C and morphisms equivalence
classes of finite strings of composable arrows (fi, ..., f;), where f; is either an arrow of C or
the reversal w;” L of an arrow w; in W, subject to the relations

Idc = (IdC) ’ (f/g) = (fog) ’ (w, w_l) = Idgom w (w_lrw) = Idcodom w-

Definition. Let C be a model category and let JV be the subcategory of weak equivalences.
The homotopy category Ho C of C is the localization of C with respect WV,

HoC:=C[W1.

Let us denote by C,,C £ C, £ the full subcategories of cofibrant, fibrant and cofibrant fibrant
objects of C, respectively.

Proposition A.2.2 The inclusions C.f — C. — C and Ccy — C¢ — C induce equivalences of
categories

HoCCféHoCcéHoC , HoCcféHonéHoC.

This definition of the homotopy category is formally very desirable but quite inexplicit.
We aim now to give a more down-to-Earth description of this category (and in particular of its
arrows).
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Definition. Let C be a model category.

1. A cylinder object for B € C is a factorization of the fold map Id[[Id : B][B — Basa
cofibration ip[[i; : B[ B — B’ and a weak equivalence s : B — B.

2. A path object for X € C is a factorization of the diagonal map (Id,Id) : X — X x X as
a weak equivalence r : X — X’ and a fibration (po, p1) : X' — X x X.

By the factorization axiom, there is always a cylinder object B x I for B with the extra
property thats : B x | — B is a trivial fibration. Similarly, there is always a path object X! for
X with the propety that X — X! is a trivial cofibration.

Definition. Let f,¢: B — X be mapsinC.

1. A left homotopy from f to g is amap H : B — X from some cylinder object B’ for B,
suchthat Hoip = f, Hoi; = g.

2. A right homotopy from f to g is a map K : B — X’ from some path object X’ for X,
such that ppo K= f,p1oK =g.

3. We say that f and g are homotopic when they are left and right homotopic.

4. We say that f is a homotopy equivalence when there is 1 : X — B such that f o h and
h o f are homotopic to the identity.

Proposition A.2.3 Let C be a model category and let f,g : B — X be maps in C.
1. Left (right) homotopies are always preserved under composition by the left (right).

2. If X is fibrant (B cofibrant), then left (right) homotopies are also preserved under composition by
the right (left).

3. If B is cofibrant (X fibrant), then left (right) homotopy is an equivalence relation in Hom¢ (B, X).
We write [B, X]* and [B, X]" for the sets of left (right) homotopy classes of maps B — X.

4. If B is cofibrant and h : X — Y is a trivial fibration or a weak equivalence of fibrant objects,
then h induces a bijection

h.: [B,X]' = [B, Y]’

Corollary A.2.4 If B is cofibrant and X is fibrant, then the left and right homotopy relations coincide
and they are equivalence relations on Home (B, X).

We write [B, X] for the set of homotopy classes of maps B — X.

Corollary A.2.5 In C.y, the homotopy relation on morphisms is an equivalence relation compatible
with composition, thus the quotient category Cc¢/ ~ exists.

The natural functor C.f — C.f/ ~ sends homotopy equivalences to isomorphisms, but
we care about weak equivalences! We are lucky since

Proposition A.2.6 In C ¢, a map is a weak equivalence if and only if it is a homotopy equivalence.

Corollary A.2.7 Let j: C.y — Ho Cepand 7t : Cop — Ccr/ ~ be the canonical functors. Then the
unique functor

]: Ccf/ Ni Ho Ccf

such that j o 7t = j is an isomorphism of categories.



90 APPENDIX A. MODEL CATEGORIES

We gather all these results in the

Theorem A.2.8 (Fundamental of model categories) Let C be a model category, let j : C — Ho C
be the morphism of localization and let Q, R be the cofibrant and fibrant replacement functors. Then

1. The inclusion C.y — C induces an equivalence of categories
Cef/ ~— Ho C.

2. There are natural bijections
Homyo ¢(X,Y) = [QRX,QRY] ,  Homy, ¢(X,Y) = [RQX, RQY],
HomHo C (XI Y) = [QX/ RY]/
and in particular, if X is cofibrant and Y is fibrant, then

Homy, ¢(X,Y) = [X,Y].

3. The functor j : C — Ho C identifies left or right homotopic maps.

4. Given a map f in C, it holds that f is a weak equivalence if and only if j(f) is an isomorphism.

A.3 Quillen functors and derived functors

As usual in mathematics, given some objects with a structure, we want to study the morphisms
which preserve the structure. In our particular case, we are also interested for functors between
model categories which induce functors between the homotopy categories.

Definition. Let C, D be model categories.

1. A functor F : C — D is left Quillen if it is left adjoint and preserves cofibrations and
trivial cofibrations.

2. A functor U : D — C is right Quillen if it is right adjoint and preserves fibrations and
trivial fibrations.

Lemma A.3.1 Every left (right) Quillen functor preserves weak equivalences between cofibrant
(fibrant) objects.

Proposition A.3.2 Let F : C = D : U be an adjunction between model categories. Then F is left
Quillen if and only if U is right Quillen.

Definition. An adjunction F : C & D : U between model categories is Quillen if F is left
Quillen (or equivalently, if U is right Quillen).

Examples A.3.3 (a) The adjunction | - | : sSet = Top : S is Quillen.
(b) The adjunction (—)4 : C = C, : U is Quillen.

(c) If F: C = D : U isaQuillen adjunction, so is F, : C. 2 D, : U,.
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Now we face the following question: given a left Quillen functor F : C — D, how can we
come up with an induced functor LF : Ho C — Ho D between the homotopy categories? One

could think: consider the composite C £+ D L Ho D and then appeal to the universal prop-
erty of the localization. But there is a problem: for this we need that the functor preserves weak
equivalences, but a left Quillen functor only preserves weak equivalences between cofibrant
objects! We cannot apply this argument directly, but there is an easy solution: by the 2-out-of-3

property, Q : C — C. preserves weak equivalences, so the composite C £, C. —5 Ho C,
sends weak equivalences to isomorphisms, hence by the universal property of the localization
we get a functor Ho Q : Ho C — Ho C,. Similarly, let Fe, : C: — D be the restriction of F to
C.. Now this morphism preserves weak equivalences (since all objects are cofibrant), thus by
the universal property of the localization we get a functor Ho F¢_ : Ho Cc — Ho D.

Definition. Let C, D be model categories.

1. Given a left Quillen functor F : C — D, the total left derived functor of F is the functor
LF : Ho C — Ho D defined as the composite

o Ho Fc,
HoCH—Q>HoCC K Ho D,

and given a natural transformation « : F = F’ of left Quillen functors, the total derived
natural transformation La is given by (La)x := ax.

2. Given a right Quillen functor U : D — C, the total right derived functor of U is the
functor RU : Ho D — Ho C defined as the composite
HO U\D
Ho D "o & Ho Dy e Ho C,
and given a natural transformation « : U = U’ of right Quillen functors, the total de-
rived natural transformation Rx is given by (Ra)x := agx-

Remark A.3.4 The total derived natural transformation is functorial, that is, if & : F = F’ and
B : F' = F” are natural transformations between left Quillen functors, then L(foa) = LB o La
and LIdr = Idyr; and similarly for right Quillen functors.

However, taking the left or right derived functors is not a functorial assignment, for in-
stance LId; = Ho Q. However, one can show that it is functorial up to natural isomorphism.

Theorem A.3.5 Let F : C = D : U be a Quillen adjunction. Then the left and right derived functors
define an adjunction between the homotopy categories,

LF

/\
Ho C 1 Ho D

\_/

RU
called the derived adjunction.

One of the key properties of Quillen adjunctions is that, for some of them, they will induce
an equivalence of categories at the level of the homotopy categories:

Definition. A Quillen equivalence is a Quillen adjunction F : C & D : U with the extra
property that for every X € C cofibrant and Y € D fibrant, the bijection

Homp (FX,Y) — Home (X, UY)

makes weak equivalences correspond with weak equivalences.
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Theorem A.3.6 Let F : C = D : U be a Quillen adjunction. Then the following are equivalent:
1. F:C = D : Uisa Quillen equivalence.
2. LF : Ho C &2 Ho D : RU is an adjoint equivalence of categories.

3. The composites
X L urx YSSURFX , X cofibrant,

Faux € .
FQUX — FQX — X , X fibrant,
are weak equivalences.
Another useful criterion that we will use is

Corollary A.3.7 Let F : C = D : U be a Quillen adjunction. If U creates' the weak equivalences of
D, and 1 : B — UFB is a weak equivalence for all cofibrant objects Bin C, then F : C =@ D : Uisa
Quillen equivalence.

A.4 The model structure of topological spaces

We will describe some relevant facts of the Quillen model structure of Top, where
e weak equivalences are weak homotopy equivalences,
e fibrations are Serre fibrations
e cofibrations are retracts of inclusions of relative cell complexes A — X.

For every space, obviously every map X — * is a Serre fibration, so every object is fibrant
in Top. Moreover, from the third item one gets that CW-complexes are cofibrant, so from A.2.8
we obtain

Corollary A.4.1 If X is a CW-complex and Y is any space, then maps X — Y in Ho(Top) correspond
bijectively to the usual set of homotopy classes of maps,

HomHo(Top) (X, Y) = [X' Y]

The small object argument

Another remarkable issue that we will briefly explain is the factorization of every map in two
possible ways (axiom (iv)). This is due to a general statement called the small object argument.

Definition. Let C be a cocomplete category and let
Xo— X4 —Xp — -+

be a sequential diagram with X := colim, X,,. An object A of C is called small relatively to X
if the natural map
colim Hom¢ (A, X,,) — Home (A, X)
n

is an isomorphism.

1A functor U : D — C creates weak equivalences if given objects D, D’ € D such that FD,FD’ are weak
equivalent, then D, D' are also weak equivalent.
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Definition. Let C be a category and let Z be a set of morphisms of C. The class of morphisms
of C with the right lifting property with respect to all morphisms in 7 is called the class of
Z-injectives, and denoted as Z-inj.

Let Z = {f; : Ai — B;} be a set of morphisms, and fix f : X — Y a morphism
in C. Set G%(Z,f) := X and py := f. We will construct objects G¥(Z, f) and morphisms
pr: GN(Z, f) — Yand iy : GN(Z, f) — GF(Z, f).

For every k € N, let Si(i) be the set of pairs of arrows (g, ) in C such that the diagram

A —2 GK(Z, f)

| 2

B, — " vy

commute. Inductively, we define G**1(Z, f) as the pushout of the diagram

I 11 4 -2 6z p)

i (gh)eS(i)
l]_[fi Jlk

We get maps iy : GK(Z, f) — G**1(Z, f), and using the universal property of the pushout,
maps p; : GN(Z, f) — Y.

Definition. The infinite gluing construction of f with respect to Z is the space

G¥(Z,f) = co}(im GN(Z, f).

Let us denote by i : G*(Z, f) — G*(Z, f) the natural projection to the colimit, and let
Poo : G®(Z, f) — Y be the map induced from the colimit out of the morphisms py.

Theorem A.4.2 (Small object argument) In the previous situation, f factors as f = peo © ico, Where
ieo has the left lifting property with respect to every map in L-inj. Moreover, if for all i, A; is small
relatively to G*(Z, f), then pe is in Z-inj.

Under this construction, it is not hard to show that we can factorize every continuous map
f :+ X — Y between topological spaces as a cofibration followed by a trivial fibration using
the inclusions

Z={S"~——D":n>0},
and as a trivial cofibration followed by a fibration using the inclusions at 0
J ={ip: D" — D" x1:n > 0}.

The infinite gluing construction has an important application for us: it allows to state a
criterion to lift the model structure of Top to another category using a family of adjunctions.
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Theorem A.4.3 (Model Structure Lifting) Let D be a complete and cocomplete category, let
Fy

{ Top /L\ D }
keF

~_
Gr
be a family of adjunctions, and write
FI:={FK(i):ke F,ieI} , FT ={FK(j):ke F,je T}

Suppose that forall f : D — D' in D and k € F,

1. The object F(S"~!) is small relative to the Infinite Gluing Construction G®(FZ, f).

2. The object Fi(D") is small relative to the Infinite Gluing Construction G®(FJ, f).

3. The factor Gy (i) : Gx(D) — Gx(G®(FJ, f)) is a weak equivalence in Top for all k € F.
Then the choices

e Weak equivalences: Maps f in D such that Gi(f) is a weak equivalence in Top for all k € F.

e Fibrations: Maps f in D such that Gy (f) is a fibration in Top for all k € F.

o Cofibrations: Maps with the LLP with respect to maps in FZ-inj.

make D into a model category.

The proof is not very hard and can be found in [37, 5.1].

Homotopy limits and colimits

We now briefly discuss homotopy limits and colimits. Let 7 be a small category. One can
endow the functor category Top” with the projective model structure, where a map X — Y in
Top” is a weak equivalence or a fibration if and only if so is every X; — Y;. In particular, the
adjunction

colim : Top” = Top : const

turns out to be Quillen, so the left derived functor L colim exists. In general, let C be a
cofibrantly generated model category, so we endow CY with the projective model structure;
and let D be a combinatorial model category, so we endow DY with the injective model struc-
ture (weak equivalences and cofibrations are defined objectwise). Denote by j all localization
functors.

Definition. The homotopy colimit is a functor hocolim : CY — C which is a model for
L colim, that is, which has the property that for any F : 7 — C,

j(hocolim F) = (L colim)jF.
The homotopy limit is a functor holim : D/ — D which is a model for R lim,

j(holim F) = (Rlim)jF.
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By definition, it is clear that it is unique up to weak equivalence. For the existence, it is
enough to compose the functors colim or lim with the cofibrant or fibrant replacement functors
Q, R, respectively.

Whereas Top is cofibrantly generated (so hocolim always exists), it is not combinatorial.
However, one can always define the homotopy limit of a functor F : J — Top as the
totalization of the cosimplicial replacement of F (see [7, 5.7] for details), which still has the
property of being weak homotopy invariant. The following proposition will provide us a for-
mula to compute homotopy limits in Top. Recall that for a category 7, its nerve N7 is the
simplicial set which in dimension n consists of all possible strings of n composable arrows
(jo — j1 — -+ — ju). The face and degeneracy maps consist of considering the composite
of two maps, or including the identity of an object, respectively. In the following proposition
we use YX = Map(X,Y) for spaces X, Y (see [7, 5.7]).

Proposition A.4.4 If X : 7 — Top, then
- ~ IN(T /)] IN(T /)]
holim 7 X = eq <H Xy = HX] )
k i—j
where the first arrow maps (fi : N(J /k)| — Xk )ke s to the composite

IN(T /)] L x MY x

in the factor indexed by i — j; and the second arrow maps ( fx) to the composite

NG /)| — INWT /D] 5 X;
in the factor indexed by i — j, where |N(J /i)| — |N(J /)| is induced by the functor J /i —
J/jinduced by i — j.

A.5 Triangulated categories

We briefly recall the definition and basic properties of a triangulated category. This is a topic
at first independent of model categories, but we explain their relation at the end of the section.

Definition. A category C is semiadditive if it has finite products and coproducts and such that
the canonical map

n n
e —TI¢G
i=1 i=1
is an isomorphism. In particular, this implies the existence of a zero object.

Every semiadditive category is naturally enriched over the category CMon of commutative
monoids: given maps f,g : C — D, there is a binary operation f 4 g defined as the composite

c M o cx~cppe WOHOS H o p~prpp MUME b

where 0 : C — D denotes the unique morphism which factors through the zero object.
Moreover, this zero morphism is the neutral element.
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Definition. A semiadditive category C is additive if the previous enrichment over CMon takes
values in Ab, that is, if every morphism has an additive inverse.

Now let C be a category and X : C — C a self-functor. A triangle with respect to X is a
sequence of maps

x J oy 8,7 " ovx

and we will refer to it as a triple (f,g,h). A morphism of triangles (f, g, h), (f', ¢, W) is a
commutative diagram

x- Loy S,z 1 5x

bbb b

x Loy S W s

Definition. A triangulated category is an additive category C together with a self-equivalence
Y : C — C and a collection of triangles, called the class of distinguished triangles, satisfying
the following axioms:

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

(if) For every object X, the triangle 0 — X x5 0is distinguished.
(iii) 1f the triangle (f, g, h) is distinguished, so is (g, h, —Xf).

(iv) If the rows of the following solid diagram are distinguished and the left-hand square
commutes, then the dashed arrow exists and the entire diagram commutes

f oy $ .7 1, 5x

bl

x Loy S W s

(v) For every pair of composable morphisms f : X — Y, f : Y — D, there is a commuta-
tive diagram

AL B 5 c ,ya
lld f' x lld
AT, p L M v
4 y lzf
S RN
W (Zg)ol’
w8 %, 3C
such that the triangles (f, g, h), (', ¢, 1), (f'f,§",h") and (x,y,(Xg) o 1) are distin-

guished.

In particular, every morphism f is part of a distinguished triangle.

From axioms (ii) and (iv) it follows that the composite of two consecutive maps in a distin-
guished triangle is the 0 map.
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Proposition A.5.1 Let C be triangulated and let A € C. Then the functor
Hom¢(A,—) : C — Ab

takes distinguished triangles to exact sequences.

Proof. By axiom (iii), it is enough to see that given a distinguished triangle

f

X y 2,7 ",vx

then
Hom¢ (A, X) S, Hom¢(A,Y) —&, Home (A, Z2)

is exact. By the previous observation, the composite g, o f. = 0. Conversely, if ¢ : A — Y'is
a morphism such that g o ¢ = 0, then we have the following diagram

A 0 A LN )
¢ | Ya
£ f £ S, wx g&

where the rows are distinguished by the axioms. Moreover, (iii) produces the dashed arrow,
which must be X« for a unique & : A — X provided that X is fully faithful. O

Corollary A.5.2 (2-out-of-3 property) Given a commutative diagram with distinguished rows

X Loy .7 ", 5x
b e
x Loy S,z Hyx,

if two out of three of the vertical maps a, b, c are isomorphisms, so is the third.

Proof. Without loss of generality assume that 4,b are isomorphisms. Applying the functor
Hom¢ (A, —) for any A, we have a commutative diagram of abelian groups

Hom¢ (A, X) LN Hom¢ (A, Y) LN Hom¢ (A, Z) LN Hom¢ (A, 2X) % Hom¢ (A, 2Y)

J{a* J{b* / J{c* J{(Za)* J{(Zb)*

>{< * h; 2 ! *

Hom¢ (A, X') —— Hom¢(A,Y') BLEN Hom¢(A,Z') —— Hom¢ (A, £X’) Ef)y Hom¢ (A, ZY")
By the previous proposition, rows are exact, so we conclude by the five lemma for abelian
groups. O

Pointed model categories

To finish this appendix, we want to describe how we can get a triangulated category from
a pointed model category. Giving precise definitions and the exact statements of theorems
would take us quite a lot of pages, so we will only overview the most important aspects. Recall
that a category with initial and terminal objects is pointed if the unique map between them is
an isomorphism, and it is called the zero object.

From now on we fix C a pointed model category, with zero object .
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Definition. Let f : X — Y be a map in C. The cofibre of f is the pushout of the diagram

x 1.y

[k

¥ —— 7.

Similarly, the fibre of f is the pullback of the diagram

W — %

I

In a pointed model category, one can show that there is always an adjunction

P

~ T
Ho(C) 1 Ho(C)
~_

Q

with the property that Homy,c)(£"X,Y) and Homy,e) (X, Q"Y) are groups, which are
abelian if n > 2.

Definition. A cofibre sequence in Ho(C) is a diagram
X—Y—Z

in Ho(C) together with a right coaction of XX on Z which is isomorphic in Ho(C) to a diagram

of the form A L B 55 C where f is a cofibration of cofibrant objects in C with cofibre ¢ and

where C has a particular right coaction of XA (described in [16, 6.2.1]).
Similarly, a fibre sequence in Ho(C) is a diagram

X—Y —Z

in Ho(C) together with a right action of (3Z on X which is isomorphic to a diagram of the form

F - E -5 Bwhere p is a fibration of fibrant objects with fibre i and where F has a particular
right action of (OB (also described in [16, 6.2.1]).

We now collect the main properties of pointed model categories, that we use in §4.3. These
can be found in [16, §6.3, §6.4 and §7.1].

Theorem A.5.3 Let C be a pointed model category.

1. Any map X — Y in Ho(C) is part of a cofibre sequence X — Y — Z and a fibre sequence
W—X-—Y.

2. Given a cofibre sequence X — Y — Z, there is a boundary map 0 : Z — XX such that
Y — Z — XX is a cofibre sequence.

3. If F: C = D : U is a Quillen adjunction between pointed model categories, then ILF preserves
cofibre sequences, and RU preserves fibre sequences.

4. If ¥ : Ho(C) — Ho(C) is an equivalence of categories, then Ho(C) is a triangulated category.
In this case, one says that C is a stable model category.

5. If C is a stable model category, then fibre sequences and cofibre sequences are the same thing.
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[—, —] Homotopy classes of maps, page 7

[—, —]+ Basepoint preserving homotopy classes of based maps, page 7
Ab  Category of abelian groups, page 19

D Diagram, page 42

GMap(X,Y) G-space of continuous maps under conjugation, page 2
GSp’ Category of G-spectra, page 67

GTop Category of G-spaces, page 1

GTop, Cateogory of based G-spaces, page 1

I Category of finite-dimensional inner product spaces, page 49
Ig Category of finite-dimensional G-inner product spaces, page 67
Je Discrete category with objects Vl@k1 ®--- VI, page 67
Map(X,Y) Space of G-equivariant maps, page 2

Map(X,Y) Space of continuous maps, page 2

Og  Orbit category, page 4

Vect(:(X) Isomorphism classes of vector bundles of rank 1, page 20

w Universe, page 67

Sp?  Category of orthogonal spectra (Schwede’s model), page 70

St Sphere orthogonal spectrum, page 51

Si Sphere orthogonal G-spectrum, page 69

G
SHC Stable homotopy category, page 59

2% Suspension spectrum, page 51

Sp'  Category of orthogonal spectra, page 49
Sp  Category of spectra, page 46

Top  Category of compactly generated spaces, page vii
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Top, Category of compactly generated well-pointed spaces, page vii
D Enriched category, page 40

A Day convolution of D-spaces, page 43

A1 Smash product, page 50

AF Smash product in SHC, page 63

Ac  Balanced product, page 3

BG  Classifying space of G, page 25

EG  Universal bundle of G, page 25

GSHC Equivariant stable homotopy category, page 73
GSp' Category of orthogonal G-spectra, page 67
HE(—; M) Bredon cohomology, page 15

HA  Eilenberg-MacLane spectrum, page 51

K(X) Complex K-theory, page 20
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KR(X) K-theory with Reality, page 28

RO(G) Representation ring, page 74

SP1 One-point compactification of R? @ iR7, page 30
VP RP @ iR7, page 30

X©  Categorical fixed points, page 78

X"G Homotopy fixed points, page 79

X!'¢  Tate construction, page 81

X4  Attaching a disjoint basepoint, page 1

cl—,—] G-homotopy classes of G-maps, page 7

c[—,—]+ Basepoint preserving G-homotopy classes of based G-maps, page 7
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of a space, 4
homotopy groups

of G-spectra, 71

equivariant, 7

of spectra, 54

stable, 38
homotopy orbits, 80

induction, 3
infinite gluing construction, 93
internal

function D-G-space, 66
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function D-space, 44
hom, 41
isotropy group, 2

lax (symmetric) monoidal, 40
level equivalence, 58

level fibration, 58

level trivial fibration, 58, 72
level trivial g-cofibration, 58
localization, 88

Mackey functor, 77

model structure
level, 58
stable, 59, 72

monoid object, 44

orbit, 2
space, 2
orbit category, 4, 12

g-cofibration, 58, 72
g-fibration, 59, 72
Quillen
adjunction, 90
equivalence, 91
functor, 90

Real
vector bundle, 27
space, 30

reduced A-linearlization, 51

representation ring, 74

restriction of scalars, 3

ring G-spectrum, 73
orthogonal, 73

ring spectrum, 51, 63

shift desuspension functor, 43
smash product, 50, 68
Spanier-Whitehead category, 39
spectrum, 39, 46
Eilenberg-MacLane, 48, 52
orthogonal, 49
sphere, 48, 51
suspension, 48, 51
symmetric, 47
stable equivalence, 58
stable homotopy category, 59
equivariant, 73

INDEX

stably isomorphic, 20
strong (symmetric) monoidal, 40

Tate
construction, 81
diagram, 81
translation groupoid, 2
trivial q-cofibration, 58, 72
trivial g-fibration, 59, 72

universe, 67
complete, 67
trivial, 67

weak equivalence, 7, 54
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