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Abstract We give an introduction to the stable homotopy category and to its key
computational tool, the Adams spectral sequence. To that end we introduce the modern
tools, such as model categories and highly structured ring spectra. In the accompanying
seminar we consider applications to cobordism theory and complex oriented cohomology
such as to converge in the end to a glimpse of the modern picture of chromatic homotopy
theory.
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1. Part 1) Stable homotopy theory

The Prelude on Classical homotopy theory ended with the following phenomenon:

Definition 1.1. The reduced suspension/looping operation on pointed (def.) compactly
generated topological spaces (def.) is the smash-tensor/hom-adjunction (cor.) for the
standard 1-sphere smash product from the left:

STA(-)
S40) : Top./ L Top."/
( ) . Opcg > Opcg .
Maps(s?, -),

Proposition 1.2. With respect to the classical model structure on pointed compactly

generated topological spaces (Topc*g/ ) Quillen (thm., prop.)

1. the adjunction in def. 1.1 is a Quillen adjunction (def.)

SIa(—)
40 : (Top.) L (Top.)
' ng Quillen —__— ng Quillen ’
Maps(st, -),

2. its induced adjoint pair of derived functors on the classical pointed homotopy
category (by this prop.) is the canonical suspension/looping adjunction (according to

this prop.)

i
(2 42) : Ho(Top™/) L Ho(Top*/) .
0

See (this prop.).

The stable homotopy category Ho(Spectra) is to be the result of stabilizing the adjunction in

prop. 1.2, in the sense of forcing it to become an equivalence of categories in a compatible
way, i.e. such as to fit into a diagram of categories of the form

z
Ho(Top*/) 1 Ho(Top™)
0

s | 4 Taox 2| 4 Tax.

—

Ho(Spectra) _=~ . Ho(Spectra)

—

2 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

3 of 80

Moreover, for stable homotopy theory proper we are to refine this situation from homotopy
categories to model categories and ask it to be the diagram of derived functors (according to
this prop.) of a diagram of Quillen adjunctions (def.)

x
*/ «— */
(Tong )Quillen 1 (Topcg )Quillen
ﬁ
n
SRR S SRS LA
x
b
Sequec(Tong)stable 3 Sequec(Tong)stable
0

This we establish in theorem 1.86 below.

The notation ¥ and 2% is meant to be suggestive of the intuition behind how this
stabilization will work: The universal way of making a topological space X become stable
under suspension is to pass to its infinite suspension in a suitable sense. That suitable sense
is going to be called the suspension spectrum of X (def. 1.5 below). Conversely, if an object

does not change up to equivalence, by forming its loop spaces, it must give an infinite loop
space.

In contrast to the classical homotopy category, the stable homotopy category is a
triangulated category (a shadow of the fact that the (c0,1)-category of spectra is a stable
(c0,1)-category). As such it may be thought of as a refinement of the derived category of
chain complexes (of abelian groups): every chain complex gives rise to a spectrum and
every chain map to a map between these spectra (the stable Dold-Kan correspondence), but
there are many more spectra and maps between them than arise from chain complexes and
chain maps.

There is a variety of different models for the stable homotopy theory of spectra, some of
which fits into this hierarchy:

1. sequential spectra with their model structure on sequential spectra

2. symmetric spectra with their model structure on symmetric spectra

3. orthogonal spectra with their model structure on orthogonal spectra

4. excisive functors with their model structure for excisive functors

As one moves down this list, the objects modelling the spectra become richer. This means on
the one hand that their abstract properties become better as one moves down the list, on
the other hand it means that it is more immediate to construct and manipulate examples as
one stays further up in the list.

We start with plain sequential spectra in 1.1) as a transparent means to construct the stable
homotopy category. In order to discuss ring spectra below in 1.3), it is convenient to first
pass to the richer model of highly structured spectra, this we do in 1.2).

1.1) Sequential spectra

The most lighweight model for spectra are sequential spectra. They support most of stable
homotopy theory in a straightforward way, and have the advantage that examples tend to
be immediate (for instance the proof of the Brown representability theorem spits out
sequential spectra).

The key disadvantage of sequential spectra is that they do not support a functorial smash
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product of spectra before passing to the stable homotopy category, much less a symmetric

smash product of spectra. This is the structure needed for a decent discussion of the higher
algebra of ring spectra. To accomodate this, further below we enhance sequential spectra to
the more highly structured models given by symmetric spectra and orthogonal spectra. But
all these models are connected by a free-forgetful adjunction and for working with either it

is useful to have the means to pass back and forth between them.

Sequential pre-spectra

The following def. 1.3 is the traditional component-wise definition of sequential spectra. It
was first stated in (Lima 58) and became widely appreciated with (Boardman 65).

It is generally supposed that G. W. Whitehead also had something to do with it, but the
latter takes a modest attitude about that. (Adams 74, p. 131)

Below in prop. 1.25 we discuss an equivalent definition of sequential spectra as “topological
diagram spectra” (Mandell-May-Schwede-Shipley 00), namely as topologically enriched
functors (defn.) on a topologically enriched category of n-spheres, which is useful for
establishing the stable model category structure (below) and for establishing the symmetric
monoidal smash product of spectra (in 1.2).

Throughout, our ambient category of topological spaces is Top,,, the category of compactly
generated topological space (defn.).

Definition 1.3. A sequential prespectrum in topological spaces, or just sequential
spectrum for short (or even just spectrum), is

1. an N-graded pointed compactly generated topological space

X.=(X, € Top;kg/)nEN

(the component spaces);

2. pointed continuous functions

0n:STAX, = Xpin

for all n € N (the structure maps) from the smash product (defn.) of one component
space with the standard 1-sphere to the next component space.

A homomorphism f:X — Y of sequential spectra is a sequence f,:X. — Y, of base point-

preserving continuous functions between component spaces, such that these respect the
structure maps in that all diagrams of the form

Siar
S'AX, ", S'AY,

X Y

Lok Lok
St

Xnt1 ————— VYnyy

commute.

Write Sequec(Tong) for this category of topological sequential spectra.

Due to the classical adjunction
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sa(o)
x/ < */
Topg 1 Top.g
Maps(Sl, s

from classical homotopy theory (this prop.), the definition of sequential spectra in def. 1.3 is
equivalent to the following definition

Definition 1.4. A sequential prespectrum in topological spaces, or just sequential
spectrum for short (or even just spectrum), is

1. an N-graded pointed compactly generated topological space

X. = (Xn € Topgy)

neN

(the component spaces);

2. pointed continuous functions
GniXn > Maps(Sh Xy 1),

for all n € N (the adjunct structure maps) from one component space to the
pointed mapping space (def., exmpl.) out of S* into the next component space.

A homomorphism f:X - Y of sequential spectra is a sequence f.:X, - Y. of base point-
preserving continuous function, such that all diagrams of the form

f
X, - Y

n
o | | an

Maps(S", X+ 1), Maps(S%, Yy 11).

Maps(slﬁfn+ 1)*
commute.

Example 1.5. For X € Top*/cg a pointed topological space, its suspension spectrum XX is
the sequential spectrum , def. 1.3, with

® (£°X), = S"AX (smash product of X with the n-sphere);

® g,:S'AS"AX S S" X (the canonical homeomorphism).
This construction extends to a functor
)had Top:g/ — SeqSpec(Top,,) .

Example 1.6. The suspension spectrum (example 1.5) of the point is the standard
sequential sphere spectrum

Sseq = 27S° .
Its nth component space is the standard n-sphere
(Sseq)n =Ss".

Example 1.7. A fundamental example of a spectrum that is not just a suspension spectrum
is the universal real Thom spectrum, denoted MO. For details on this see Part S — Thom

spectra.
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There are are also the universal complex Thom spectrum denoted MU, and the universal
symplectic Thom spectrum denoted MSp. Their standard construction first yields an
example of a “sequential $*-spectrum”; which we introduce below in def. 1.78; and then

there is an adjunction (prop. 1.80) that canonically turns this into an ordinary sequential
spectrum.

Definition 1.8. Let X € Sequec(Tong) be a sequential spectrum (def. 1.3) and K € Topjg/ a
pointed compactly generated topological space. Then

1. X AK (the smash tensoring of X with K) is the sequential spectrum given by

© (XAK), =X, AK (smash product on component spaces (defn.))
o XK = gX Aidg.
2. Maps(K, X), (the powering of K into X) is the sequential spectrum with

© (Maps(K,X),), = Maps(K, X,), (compactly generated pointed mapping space (def.,
def.))

(const,id) (K,on),

M
onPSEX. . 1A Maps(K, Xp) s Maps(K, S* A Xp), — "% Maps(K, Xp+1).,

@]
where (const,id) : [s, ¢] = [const,, ¢].
These operations canonically extend to functors
(=)A(—): Sequec(Tong) X Top;g/ — Sequec(Tong)
and
Maps(—, —), : (Topc*g/)Op x SeqSpec(Top,,) — SeqSpec(Top,,) -

Example 1.9. The tensoring (def. 1.8) of the standard sphere spectrum S4 (def. 1.6) with
a space X € Top,, is isomorphic to the suspension spectrum of X (def. 1.5):

Sead AX = Z%X .

Proposition 1.10. Forany K € Topjg/ the functors of smash tensoring and powering with K,
from def. 1.8, constitute a pair of adjoint functors

(=)AK
Sequec(Topcg) 1 Sequec(Tong) .
Maps(K, -),

Proof. For X,Y € Sequec(TOng) and K € Top;g/l let

X/\KLY

be a morphism, with component maps fitting into commuting squares of the form

siaf
S'AX,AK —5 S'AY,
G'-;{/\Kl lo—TYl

fns1
Xn+1/\K B Yn+1
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Applying degreewise the adjunction
(-)AK
Top.! L1 _Tops/
Opcg 3 Opcg

Maps(K, -),

from classical homotopy theory (this prop.) gives that these squares are in natural bijection
with squares of the form

1 Siafy 1
S"AX, —— Maps(K,S"AY,),

Y
o i J/Maps(l(,an).*

fnia
Xn1 —5  Maps(K,Ynyi1),

But since the map S* Af, is the smash product of two maps, only one of which involves the

smash factor of K, one sees that here the top map factors through the map (const,id) from
def. 1.8.

Hence the commuting square above factors as

1 S"Fn 4
S ANX, —— S AMaps(K,Y,),

Maps(K,Y)
0’1?{ »l' ldn .*

fn+1

Xny1 —— Maps(K, Y1),
This gives the structure maps for a homomorphism
f : X — Maps(K, Y), .
Running this argument backwards shows that the map f ~ f given thereby is a bijection. W

Remark 1.11. For the adjunction of prop. 1.10 it is crucial that the smash tensoring in def.
1.8 is from the right, at least as long as the structure maps in def. 1.3 are defined as they
are, with the circle smash factor on the left. We could change both jointly: take the
structure maps to be from smash products with the circle on the right, and take smash
tensoring to be from the left. But having both on the right or both on the left does not
work.

Proposition 1.12. The functor X* that forms suspension spectra (def. 1.5) has a right
adjoint functor 0%

Z°40%): SeqSpec(Top,,) Top;g/,

ST

given by picking the 0-component space:
2°X) =X, .

Proof. By def. 1.3 the components f, of a homomorphism of sequential spectra of the form

ZMXLY

have to make these diagrams commute
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siaf
StAs™x —3 S'ay,
Y

= 1on

f
1 n+1
STIAX 5 Yo

for all n € N. Since here the left vertical map is an isomorphism by def. 1.5, this uniquely
fixes f, ., in terms of f, . Hence the only freedom in specifying f is in the choice of the

component f:X — Y,, which is equivalently a morphism

x Lo~y .

Stable homotopy groups

In analogy to how homotopy groups are the fundamental invariants in classial homotopy
theory, the fundamental invariants of stable homtopy theory are stable homtopy groups:

Definition 1.13. The stable homotopy groups of a sequential prespectrum X, def. 1.3, is
the Z-graded abelian group given by the colimit of homotopy groups of the component
spaces (def.)

T, (X) = H_)mk o 11(Xk),

where the colimit is over the sequential diagram whose component morphisms are given
in terms of the structure maps of def. 1.3 by

_ T (SlA(_))s‘Hk.Xk ki1 1 [s9+k+1 g ki1 _
Tark(Xi) = [ST75 Xy ], ——— > [S9 JSTAX], — [ yXikv1l, 2 Tgrkr1Xir1)

and equivalently are given in terms of the adjunct structure maps of def. 1.4 by

- [s91K 5]
gk (Xp) = [Sq+k,Xk]* 5 [s1H Maps(Sl,XkH)*]* = [SlASq+k,Xk+1]* =g kr1Xir1) -

The colimit starts at

0 ifg=0
“lql ifg<o0

This canonically extends to a functor
T, : Sequec(Tong) — Ab%.

Proposition 1.14. The two component morphisms given in def. 1.13 indeed agree.

Proof. Consider the following instance of the defining naturality square of the
(S* A (—)) 4 Maps(S', —),-adjunction of prop. 1.2:

[SIAXklslAXk]* = [kaMapS(Slvsl/\Xk)*]*
sTA@og] | LleMaps(st o), ],

[s* /\Sq+k,Xk+1]* - [S97K Maps(S?, Xe+1),l,

Then consider the identity element in the top left hom-set. Its image under the left vertical
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map is the first of the two given component morphisms. Its image under going around the
other way is the second of the two component morphisms. By the commutativity of the
diagram, these two images agree. 1

Example 1.15. Given X € Topjg/, then the stable homotopy groups (def. 1.13) of its
suspension spectrum (example 1.5) are given by

my(X) = me(Z7X)
- h_rn)k Tar k(S AX) .
: k
~ ll_m)k m, (25 X))
Specifically for X = $° the 0-sphere, with suspension spectrum the standard sphere

spectrum (def. 1.6), its stable homotopy groups are the stable homotopy groups of
spheres:

m3(S%) = my(S)

=lim 711 (S

Recall the Freudenthal suspension theorem, which states that if X is an n-connected
pointed CW-complex then the comparison map

mq(X) — mq41(2X)
is an isomorphism for g < 2n. This implies first of all that every £*X is (k — 1)-connected

mo(2X) = *
T (Z2X) = my(ZX) = *
1, (X3X) =y (Z°X) = 1y (ZX) = *

and then that the gth stable homotopy group of X is attained at stage k = q + 2 in the
colimit:

5 (X) = gy g+ (Z972X)

Historically, this fact was one of the motivations for finding a stable homotopy category
(def. 1.97 below).

Definition 1.16. A morphism f:X — Y of sequential spectra, def. 1.3, is called a stable
weak homotopy equivalence, if its image under the stable homotopy group-functor of
def. 1.13 is an isomorphism

. (f) : m.(X) > . (Y) .
Omega-spectra

In order to motivate Omega-spectra consider the following shadow of the structure they will
carry:

Example 1.17. A Z-graded abelian group is equivalently a sequence {4,} , of N-graded
abelian groups 4,,, together with isomorphisms

An = An+1[1] ’
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(where [1] denotes the operation of shifting all entries in a graded abelian group down in
degree by -1). Because this means that the sequence of N-graded abelian groups is of the
following form

as a; a;
a; a; Qo
a, a a_q

ao a_q a_,
)
Ag Aq A

This allows to recover the Z-graded abelian group {a,}, ., from an N-sequence of N-graded
abelian groups.

Then consider the case that the N-graded abelian groups here are homotopy groups of

some topological space. Then shifting the degree of the component groups corresponds to
forming loop spaces, because for any topological space X then

m.(0X) = . 1 (X)

(This may be seen concretely in point-set topology or abstractly by looking at the long
exact sequence of homotopy groups for the fiber sequence 2X — Path,(X) - X.)

We find this kind of behaviour for the stable homotopy groups of Omega-spectra below in
example 1.20.

Definition 1.18. An Omega-spectrum is a sequential spectrum X of topological spaces,
def. 1.3, such that the (smash product 4 pointed mapping space)-adjuncts 4,, of the
structure maps 7,,:2X, - X, ., of X are weak homotopy equivalences (def.), hence classical
weak equivalences (def.):

- EW( 1
On : Xy —> Maps(S7,X,41),
for all n € N.

Equivalently: an Omega-spectrum is a sequential spectrum in the incarnation of def. 1.4
such that all adjunct structure maps are weak homotopy equivalences.

Example 1.19. The Brown representability theorem (thm.) implies (prop.) that every
generalized (Eilenberg-Steenrod) cohomology theory (def.) is represented by an Omega-
spectrum (def. 1.18).

Applied to ordinary cohomology with coefficients some abelian group A4, this yields the
Eilenberg-MacLane spectra HA (exmpl.). These are the Omega-spectra whose nth
component space is an Eilenberg-MaclLane space

(HA), = K(A,n) .

A genuinely generalized (i.e. non-ordinary, hence “extra-ordinary”) cohomology theory is
topological K-theory K*(—). Applying the Brown representability theorem to topological

K-theory yields the K-theory spectrum denoted KU.

Omega-spectra are singled out among all sequential pre-spectra as having good behaviour
under forming stable homotopy groups.

Example 1.20. If a sequential spectrum X is an Omega-spectrum, def. 1.18, then its
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colimiting stable homotopy groups reduce to the actual homotopy groups of the
component spaces, in that:

T[kXO lkaO

X Omega-spectrum = . (X) = .
g P k( ) 7T0X|k| lfk < 0

(Hence the stable homotopy groups of an Omega-spectrum realize the general pattern
discussed in example 1.17.)

Proof. For an Omega-spectrum, the adjunct structure maps 6y are weak homotopy
equivalences, by definition, hence are classical weak equivalences. Hence [S*,5,], is an

isomorphism (prop.). Therefore, by prop. 1.14, the sequential colimit in def. 1.13 is entirely
over isomorphisms and hence is given already by the first object of the sequence. N

We now show that every sequential pre-spectrum may be completed to an Omega-
spectrum, up to stable weak homotopy equivalence:

Definition 1.21. For X € Sequec(Tong), define a spectrum QX € Sequec(Tong) and a
morphism

Ny : X —0X
(to be called the spectrification of X) as follows.

First introduce for the given components X, and adjunct structure maps 4, of X (from def.
1.4) the notation

Zox =Xk, Ogx'=0.

Now assume, by induction, that sets of objects {Z; and maps {Z; Lk 0Z; 41}y have

been constructed for some i € N.

'k}kEN

Then construct Z;,, , € Top,, by factorizing &;,, with respect to the model structure

(Top;‘g/)Quillen (thm.) as a classical cofibration followed by a classical weak equivalence.
More specifically, apply the small object argument (prop.) with respect to the set of
generating cofibrations Ir,, (def.) to produce functorial factorizations (def.) into a relative
cell complex followed by a weak homotopy equivalence (just as in the proof of this

lemma):

- Uk ik
Oik * Zik =2 Ziv1k — > ijyq -
EITOp Cell EWCI

Then define 6,1, as the composite

- . ¢i,k 204 k+1)
Oiv1,k ' Zivr,k — Qi1 —> i 1 k41 -

This produces for each i € N a commuting diagram of the form

Lo,k b1,k L2,k
Xk =2Zok —  Zyxy = lyx
EITOp Cell EITOp Cell EITOp Cell
Ok=00k | o1k | G2,k |
2010,k +1) 214,k +1) 2012,k +1)
OXpiq1 = -QZo,k+1 — -QZ1,k,+1 — -QZz,k+1 -

That this indeed commutes is the identity
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Oivk ©lik = R(Uikr1) 0Py p) o lik
=0k r1)° (¢i,k ° k) .

=0kr1) °Oik
Now let QX be the spectrum with component spaces the colimit

QX), = li_>mi Zy g

and with adjunct structure maps (via def. 1.4) given by the map induced under colimits by
the above diagrams

G¢" = lima, 1 QX — 2(QX) .

Notice that this is indeed well-defined: since each component map X;, — X;.1 is a relative
cell complex and since the 1-sphere S' is compact, it follows (lemma) that

li_>mi 0Z;) = li_m)iMaps(Sl, Zik),
~ Maps(S%, li_>ml_ Zik),
= 0lim Z
= (2QX)
Finally, let
Ny X - (00.4

be degreewise the inclusion of the first component (i = 0) into the colimit. By construction,
this is a homomorphism of sequential spectra (according to def. 1.4).

Proposition 1.22. [et X € Sequec(Topcg) be a sequential prespectrum with j,:X - QX from
def. 1.21. Then:

1. QX is an Omega-spectrum (def. 1.18);

2. n,:X > QX is a stable weak homotopy equivalence (def. 1.16):

3. n, Is a level weak equivalence (is in Wi, def. 1.40) precisely if X is an Omega-
spectrum,;

4. a morphism f:X - Y is a stable weak homotopy equivalence (def. 1.16), precisely if
Qf:QX — QY is a level weak equivalence (is in Wi, def. 1.40).

(Schwede 97, lemma 2.1.3 and remark before section 2.2)

Proof. Since the colimit defining QX is a transfinite composition of relative cell complexes,
each component map X, — (QX), is itself a relative cell complex. Since n-spheres are

compact topological spaces, it follows (lemma) that each element of a homotopy group in
m.((@X),) is in the image of a finite stage n.(Z;,) for some i € N. From this, all statements

follow by inspection at finite stages.

Regarding first statement:

Since each 4;, by construction is a weak homotopy equivalence followed by an inclusion of

stages in the colimit, as any element of n,((QX),) is sent along Er,‘fX it passes through one
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such m,(6;,) at some stage i, hence also through all the following, and is hence identically
preserved in the colimit.

Regarding the second statement:

By the previous statement and by example 1.20, the map n.(n,):7.(X) - m.(QX) is given in
degree q = 0 by

li_m>keN T+ k(X)) — g ((QX),)

~lim 7q (2%xy)

and similarly in degree q < 0. Now using the compactness of the spheres and the definition
of Q we compute on the right:

mq((QX)) = mq(im Zico0)
> lim 7q(Zo) |
- k
= h_>mk g (27 Xy)

where the last isomorphism is n, applied to the composite of the weak homotopy
equivalences

¢k—1,0 k k
ZROTQZkfll—)"'_)'QZOk:'QXk'
g ewy , ,

Regarding the third statement:
In one direction:

If X is an Omega-spectrum in that all its adjunct structure maps g, are weak homotopy
equivalences, then by two-out-of-three also the maps ¢, in def. 1.21 are weak homotopy
equivalences. Hence (j,), : X, — (@X), is the map into a sequential colimit over acyclic relative
cell complexes, and again by the compactness of the spheres, this means that it is itself a
weak homotopy equivalence.

In the other direction:

If n, is degrewise a weak homotopy equivalence, then by applying two-out-of-three (def.) to

the compatibility squares for the adjunct structure morphisms (def. 1.4), using that %% is a
weak homotopy equivalence by the first point above

Uxn
Xy, e QX),
_ QX
ir v
C
Sl EW ] Sl
Maps(S", Xn41) —————— Maps(S",(QX),,,,)

Maps (S% (jx)n 1)
implies that also &;' € W, hence that X is an Omega-spectrum.
The fourth statement follows with similar reasoning. W

Remark 1.23. In the case that X is a CW-spectrum (def. 1.46) then the sequence of
resolutions in the definition of spectrification in def. 1.21 is not necessary, and one may
simply consider
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QewX),, = 11_>mk QK0

See for instance (Lewis-May-Steinberger 86, p. 3) and (Weibel 94, 10.9.6 and topology
exercise 10.9.2).

As topological diagrams

In order to conveniently understand the stable model category structure on spectra, we now
consider an equivalent reformulation of the component-wise definition of sequential spectra,
def. 1.3, as topologically enriched functors (defn.).

Definition 1.24. Write
t : StdSpheres — Topc*g/

for the non-full topologically enriched subcategory (def.) of that of pointed compactly
generated topological spaces (def.) where:

e objects are the standard n-spheres S™, for n € N, identified as the smash product
powers S™ == (S1)"" of the standard circle;

e hom-spaces are

* for k<O
StdSpheres(S™, S¥*™) = .
S* otherwise

e composition is induced from composition in Topc*g/ by regarding the hom-space $*
above as its image in Maps(S™,$**™)_ under the adjunct

sk Maps(S”,SHn)*
of the canonical isomorphism
skasm = ghktn
This induces the category

[StdSpheres, Topc*g/ ]

of topologically enriched functors on StdSpheres with values in Topc*g/ (exmpl.).

Proposition 1.25. There is an equivalence of categories

(—)*%? : [StdSpheres, Top;g/] - SeqSpec(Top,,)

from the category of topologically enriched functors on the category of standard spheres
of def. 1.24 to the category of topological sequential spectra, def. 1.3, which is given on
objects by sending X € [StdSpheres, Top;“g/ ] to the sequential prespectrum X°°% with
components

X9 =X(S™

and with structure maps
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1 seq 9n y,seq
STAxsea s xS
1 se se
ST — Maps(X;"%, Xp7),

being the adjunct of the component map of X on spheres of consecutive dimension.

Proof. First observe that from its components on consecutive spheres the functor X is
already uniquely determined. Indeed, by definition the hom-space between non-consecutive
spheres StdSpheres(S™, S™*¥%) is the smash product of the hom-spaces between the consecutive

spheres, for instance:

S'ASY = StdSpheres(S™ S™*1) A StdSpheres(S™*?, §™1?)
=1 =1° )
s = StdSpheres(S™, S™*?)
and so functoriality completely fixes the former by the latter.

This means that we actually have a bijection between classes of objects.

Now observe that a natural transformation f:X — Y between two functors on StdSpheres is
equivalently a collection of component maps f :X, - Yy, such that for each s € s! then the

following squares commute
xesm oy

Xsn'sn+1(5) . lysn”’gn-#l(s)

X(S‘rl+1) f_) Y(S‘rl+1)

n+1

By the smash/hom adjunction, the square equivalently factors as

XM In ys"
(sid) | l(s,id)
STAX(S™ — STAY(S™

idxf, )
ff?f l la}{

X(S™1Y  undersetf . — Y(S"H

n+1

Here the top square commutes in any case, and so the total rectangle commutes precisely if
the lower square commutes, hence if under our identification the components {f } constitute

a homomorphism of sequential spectra.
Hence we have an isomorphism on all hom-sets, and hence an equivalence of categories. i

Further below we use prop. 1.25 to naturally induce a model structure on the category of
topological sequential spectra.

Remark 1.26. Under the equivalence of prop. 1.25, the general concept of tensoring of
topologically enriched functors over topological spaces (according to this def.) restricts to
the concept of tensoring of sequential spectral over topological spaces according to def.
1.8.

Proposition 1.27. The category SeqSpec(Top, q) of sequential spectra (def. 1.3) has all limits
and colimits, and they are computed objectwise:
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Given
X, 11— Sequec(Tong)
a diagram of sequential spectra, then:

1. its colimiting spectrum has component spaces the colimit of the component spaces
formed in Top,, (via this prop. and this corollary):

(lim X(D), =lim X(D),,

2. its limiting spectrum has component spaces the limit of the component spaces
formed in Top,, (via this prop. and this corollary):

(im X(D), =lim X(),;
moreover:

1. the colimiting spectrum has structure maps in the sense of def. 1.3 given by

X0

lim oy
1 . . JORT 1 . —i . .
STA (llmi X(@®),) = hmi(S AX@D),) — llmi X,

where the first isomorphism exhibits that S* A (=) preserves all colimits, since it is a
left adjoint by prop. 1.2;

2. the limiting spectrum has adjunct structure maps in the sense of def. 1.4 given by

o X()

lim oy
. . i . 1 . ~ 1 - .
hmiX(l)n —_—> llmiMaps(S , X(D),,), = Maps(S ,hmiX(l)n)*

where the last isomorphism exhibits that Maps(S?, —), preserves all limits, since it is a
right adjoint by prop. 1.2.
Proof. That the limits and colimits exist and are computed objectwise follows via prop. 1.2

from the general statement for categories of topological functors (prop.). But it is also
immediate to directly check the universal property. W

Example 1.28. The initial object and the terminal object in Sequec(Tong) agree and are

both given by the spectrum constant on the point, which is also the suspension spectrum
X?x (def. 1.5) of the point). We will denote this spectrum = or 0 (since it is hence a zero

object ):

n

1 ~
STA xy = % *

Example 1.29. The coproduct of spectra X,Y € SeqSpec(Top ), called the wedge sum of
spectra

XvY=XuY

is componentwise the wedge sum of pointed topological spaces (exmpl.)

(XVY), =X, VY,

with structure maps
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Xvy . cl 1 1 CRI29)
oXVY SIAXVY) 2 STAX VSTAY S X VY
Example 1.30. For X € Sequec(Tong) a sequential spectrum, def. 1.3, its standard
cylinder spectrum is its smash tensoring X A (1), according to def. 1.8, with the

standard interval (def.) with a basepoint freely adjoined (def.). The component spaces of
the cylinder spectrum are the standard reduced cylinders (def.) of the component spaces
of X:

(XA (1+))n =Xn NI .

By the functoriality of the smash tensoring, the factoring

Voo : S°vS® -1, —5°

of the codiagonal on the 0-sphere through the standard interval with a base point
adjoined, gives a factoring of the codiagonal of X through its standard cylinder spectrum

XA(SOvsO-r XA(I4—S°
Uy s Xxvx DOV () TS

(where we are using that wedge sum is the coproduct in pointed topological spaces
(exmpl.).)

Suspension and looping

We discuss models for the operation of reduced suspension and forming loop space objects
of sequential spectra.

Definition 1.31. For X a sequential spectrum, then

1. the standard suspension of X is the smash product-tensoring X A S* according to
def. 1.8;

2. the standard looping of X is the smash powering Maps(S', X), according to def. 1.8.

Proposition 1.32. For X € Sequec(Tong), the standard suspension X AS* of def. 1.31 is

equivalently the cofiber (formed via prop. 1.27) of the canonical inclusion of boundaries
into the standard cylinder spectrum X A (1) of example 1.30:

XAS'=cofib(XVX - XA()).

Proof. This is immediate from the componentwise construction of the smash tensoring and
the componentwise computation of colimits of spectra via prop. 1.27. 1

This means that once we know that Xv X - X A (I,) is suitably a cofibration (to which we turn
below) then the standard suspension is a homotopy-correct model for the suspension
operation. However, some properties of suspension are hard to prove directly with the
standard suspension model. For such there are two other models for suspension and looping
of spectra. These three models are not isomorphic to each other in Sequec(Tong), but (this

is lemma 1.83 below) they will become isomorphic in the stable homotopy category (def.
1.97).

Definition 1.33. For X a sequential spectrum (def. 1.3) and k € Z, the k-fold shifted
spectrum of X is the sequential spectrum denoted X[k] given by

27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

Xpir forn+ k=0
-wmh={“ ;

) 7
* otherwise

. X[k]._{a,’fw forn+k=>0
o=

0 otherwise

Definition 1.34. For X a sequential spectrum, def. 1.3, then
1. the alternative suspension of X is the sequential spectrum X with

1. 2X), = S A X, (smash product on the left (defn.))

2. 02X = ST A (6.
in the sense of def. 1.3;
2. the alternative looping of X is the sequential spectrum 02X with
1. (2X), = Maps(S', X,,)_;
2. 52X .= Maps(S?, 5%()*
in the sense of def. 1.4.

Remark 1.35. In various references the “alternative suspension” from def. 1.34 is called
the “fake suspension” (e.g. Goerss-Jardine 96, p. 499, Jardine 15, section 10.4).

Remark 1.36. There is no direct natural isomorphism between the standard suspension
(def. 1.31) and the alternative suspension (def. 1.34). This is due to the non-trivial graded
commutativity (braiding) of smash products of spheres. (We discuss braiding of the smash
product more in detail in Part 1.2, this example).

Namely a natural isomorphism ¢:2X — X AS* (or alternatively the other way around)
would have to make the following diagrams commute:

id 1A
SIAS*AX, 5% Ssax,AS!

51/\0'11 l (nc) lonAsl

S'AXpia o= Xpi1 AS?
n+1

and naturally so in X.

The only evident option is to have ¢ be the braiding homomorphisms of the smash product

b, =Tsiy S AXy S Xy AST.

It may superficially look like this makes the above diagram commute, but it does not. To
make this explicit, consider labeling the two copies of the circle appearing here as s and
S:. Then the diagram we are dealing with looks like this:

SIASEAX, — SiAX,AS}
SaAon 1 (nc) l”n/\Sé

1 1
Sa/\Xn+1 - Xn+1/\Sb
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If we had S Ao, on the left and o, A S: on the right, then the naturality of the braiding
would indeed give a commuting diagram. But since this is not the case, the only way to
achieve this would be by exchanging in the top left

SaANSp — Sy ASq .
However, this map is non-trivial. It represents —1 in [S?,5%], = m,(S*) = Z. Hence inserting
this map in the top of the previous diagram still does not make it commute.

But this technical problem points to its own solutions: if we were to restrict to the
homotopy category of spectra which had structure maps only of the form S*A X, — X, ,,
then the braiding required to make the two models of suspension comparable would be

SZAS; — SEASE

and this map is indeed trivial, up to homotopy. This we make precise as lemma 1.83
below.

More generally, the kind of issue encountered here is taken care of by the concept of
symmetric spectra, to which we turn in Part 1.2.

Remark 1.37. The looping and suspension operations in def. 1.31 and def. 1.34 commute
with shifting, def. 1.33. Therefore in expressions like X(X[1]) etc. we may omit the

parenthesis.

Proposition 1.38. The constructions from def. 1.31, def. 1.33 and def. 1.34 form pairs of
adjoint functors SeqSpec — SeqSpec like so:

1. (9)[-1]4 (9[1),
2. (=) AS* 4 Maps(St, -)
3. 240

Proof. Regarding the first statement:

A morphism of the form f : X[—-1] — Y has components of the form

x, 2 v,
x, 2 vy,
X, 5 v,

and the compatibility condition with the structure maps in lowest degree is automatically
satisfied

s*afg)=0
« — 2 5 S'AY,
oé([_l]=0l lg(}), .
f
X, N Y,

Therefore this is equivalent to components
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hence to a morphism X — Y[1].

The second statement is a special case of prop. 1.10.

Regarding the third statement:

This follows by applying the (smash product-pointed mapping space)-adjunction
isomorphism twice, like so:

Morphisms f: XX — Y in the sense of def. 1.3 are in components given by commuting
diagrams of this form:

Siaf
SIAS*AX, —5 S'ay,

SlAar){l J'O'-r}{ .

1
S /\Xn+1 P Yn+1
frt1

Applying the adjunction isomorphism diagonally gives a natural bijection to diagrams of this

form:
1 fn
STANX, — Y,

Xny1 —— Maps(Sh,Yy1q),
n+1

(To see this in full detail, for instance for the adjunct of the left and bottom morphism:
chase the identity idsi1,, in both ways

Hom(S'AXp,1,S ' AXpy1) = Hom(X,,q,Maps(SL,S'AXn11),)
Hom(S Ac¥.fr11) | L Hom (@ Maps(S™, i 1).)
Hom(S'AS'AX,,Yni1) =  Hom(S'AX, Maps(S',Yy,.1),)
through the adjunction naturality square. The other cases follow analogously.)

Then applying the adjunction isomorphism diagonally once more gives a further bijection to
commuting diagrams of this form:

f
X, = Maps(S?, Vo),
on l lMaps(S 1'5.11{)*
Maps(Sl,XnH)* —> Maps(Sl, Maps(S?, Yn+1)*)*
Maps(S~, fpn 1)«

This, finally, equivalently exhibits homomorphisms of the form

X—0Y
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in the sense of def. 1.4. R

Proposition 1.39. The following diagram of adjoint pairs of functors commutes:

b
Topy . Topy

ﬁ
0

SR S S
b
h

Sequec(Topcg) L Sequec(Topcg)
0

Here the top horizontal adjunction is from prop. 1.2, the vertical adjunction is from prop.
1.10 and the bottom adjunction is from prop. 1.38.

Proof. 1t is sufficient to check

FPoX ~YoX%,
From this the statement

N0l =NoN”
follows by uniqueness of adjoints.

So let X € Top./. Then

* (£27°X), =S'AS"AX,

EEZ®X) o1 4 o1 , on ST gy 14n
® g, STASTASTAX—> S AS NX,
while
* (£°2X), =S"AS'AX,

00 idastax
e o P SIASTASIAX 5 ST ASTAX,

where we write “id” for the canonical isomorphism. Clearly there is a natural isomorphism
given by the canonical identifications

STASTAX S (SHM TTAX S STASIAX.

(As long as we are not smash-permuting the S* factor with the $™ factor - and here we are
not - then the fact that they get mixed under this isomorphism is irrelevant. The point
where this does become relevant is the content of remark 1.36 below.) R

The strict model structure on sequential spectra

The model category structure on sequential spectra which presents stable homotopy theory
is the “stable model structure” discussed below. Its fibrant-cofibrant objects are (in
particular) Omega-spectra, hence are the proper spectrum objects among the pre-spectrum
objects.

But for technical purposes it is useful to also be able to speak of a model structure on
pre-spectra, which sees their homotopy theory as sequences of simplicial sets equipped with
suspension maps, but not their stable structure. This is called the “strict model structure” for
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sequential spectra. Its main point is that the stable model structure of interest arises from it
via left Bousfield localization.

Definition 1.40. Say that a homomorphism f_:X, - Y, in the category SeqSpec(Top), def. 1.3
is

e a strict weak equivalence if each component f, :X, - Y, is a weak equivalence in
the classical model structure on topological spaces (hence a weak homotopy
equivalence);

¢ a strict fibration if each component £, :X,, - Y, is a fibration in the classical model
structure on topological spaces (hence a Serre fibration);

e a strict cofibration if the maps f:X, - Y, as well as for all n € N the maps

1
(fnﬂ'ar{) D, S Sl/HX STAYy = Ynia

n

are cofibrations in the classical model structure on topological spaces (hence retracts
of relative cell complexes);

We write W ict, Fibgrice @nd Cofg,iee fOr these classes of morphisms, respectively.

Recall the sets

(tn) 4

— -1
ITop*/ '_ {S‘r*l - Dz}neN
Unl+

;= {D" 3 D x I}

]Top* nenN

of standard generating (acyclic) cofibrations (def.) of the classical model structure on
pointed topological spaces (thm.).

Definition 1.41. Write

Issg]iCt = {y(sn) ' i+}SnEStdSpheres, € [StdSpheres, TOp*/] = Sequec(Top)
it €I */
Top
and
Joea® = {y(S™  j Jsneswaspneres € [StdSpheres, Top™/] = SeqSpec(Top),
j+ E]TOp */

for the set of morphisms arising as the tensoring (remark 1.26) of a representable
(exmpl.) with a generating acyclic cofibration of the classical model structure on pointed
topological spaces (def.).

Theorem 1.42. The classes of morphisms in def. 1.40 give the structure of a model
category (def.) to be denoted SeqSpec(Top) and called the strict model structure on

topological sequential spectra (or: level model structure).

strict

Moreover, this is a cofibrant/v qenejrated model category with generating (acyclic)
cofibrations the set I3 (resp. J3') from def. 1.41.

seq

Proof. Prop. 1.25 says that the category of sequential spectra is equivalently an enriched
functor category

SeqSpec(Top) = [StdSpheres, Topgg/] .
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Accordingly, this carries the projective model structure on functors (thm.). This immediately
gives the statement for the fibrations and the weak equivalences.

It only remains to check that the cofibrations are as claimed. To that end, consider a
commuting square of sequential spectra

By definition, this is equivalently an N-collection of commuting diagrams in Top,, of the form

hn

Xn — Ay
Un
Y, — B,
such that all structure maps are respected.
1 UT)I( 1 07)1(
STAXy = Xnia STAXy = Xpya
lsl’\fn Vn+1 \,51/\hn NI
Y — ol
S'AY, ™ Ynia S'AA, = Ana
\ \ ) l
1 oR 1 oR
S"ABn — Bnia STAB, — Bnig

Hence a lifting in the original diagram is a lifting in each degree n, such that the lifting in
degree n + 1 makes these diagrams of structure maps commute.

Since components are parameterized over N, this condition has solutions by induction:

First of all there must be an ordinary lifting in degree 0. Since the strict fibrations are
degreewise classical fibrations, this gives the condition that for f, to be a strict cofibration,

then f is to be a classical cofibration.

Then assume that a lifting [, in degree n has been found

h
X, 5 A,

Un gL
Yo — By
Now the lifting [,,,, in the next degree has to also make the following diagram commute
1 o
STAXy = Xnia
lsl/\fn lfn+1 in+1
1 on
STAY, — Yai

\,51/\ln \indt |

SAA ”—ﬁt A
n n+1
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This is a cocone under the commuting square for the structure maps, and therefore the
outer diagram is equivalently a morphism out of the domain of the pushout product fnmaﬁf

(def.), while the compatible lift [,,,, is equivalently a lift against this pushout product:

A, cl
1 (G eS™Aln, hn+1)
STAYy 1U Xnt1 ——— Anyq
S AXn

fn‘:‘ar){ l ln+1 l
Y - Bni1

This shows that f is a strict cofibration precisely if, in addition to f, being a classical
cofibration, all these pushout products are classical cofibrations. W

Suspension and looping

Proposition 1.43. The (2 4 n*)-adjunction from prop. 1.12 is a Quillen adjunction (def.)

between the classical model structure on pointed topological spaces (thm., prop.) and the
strict model structure on topological sequential spectra of theorem 1.42:

200
oo oo A *
(2 40 ) : SequeC(TOpcg)strict i) (Topcg/)Quillen '
!ZOO

Proof. 1t is clear that 2 preserves fibrations and acyclic cofibrations. This is sufficient to
deduce a Quillen adjunction.

Just for the record, we spell out a direct argument that also ¥ preserves cofibrations and
acyclic cofibrations:

Let f:X — Y be a morphism in Top,, and
IOFI0K — Iy
its image.

Since the structure maps in a suspension spectrum, example 1.5, are all isomorphisms, we
have for all n € N an isomorphism

E°X),., ]_[ STAQETY), =STAQETY), .

sTaE®x),

Therefore X“f is a strict cofibration, according to def. 1.40, precisely if (Z®f), =fis a
classical cofibration and all the structure maps of XY are classical cofibrations. But the
latter are even isomorphisms, so that this is no extra condition (prop.). Hence ¥® sends
classical cofibrations of spaces to strict cofibrations of sequential spectra.

Furthermore, since S™ A (—):(Top;‘g/)Quillen )Qumen is a left Quillen functor for all n e N
by prop. 1.2 it sends classical acyclic cofibrations to classical acyclic cofibrations. Hence %,
which is degreewise given by S™ A (—), sends classical acyclic cofibrations to degreewise

acyclic cofibrations, hence in particular to degreewise weak equivalences, hence to weak
equivalences in the strict model structure on sequential spectra.

- (Top;g/

This shows that X* is a left Quillen functor. N

Proposition 1.44. The (X 4 2)-adjunction from prop. 1.38 is a Quillen adjunction (def.) with
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respect to the strict model structure on sequential spectra of theorem 1.42.
Py
Pl
Sequec(Tong)Strict L Sequec(Tong)Smct.
N

Proof. Since the (acyclic) fibrations of Sequec(Topcg) are by definition those morphisms

strict
that are degreewise (acylic) fibrations in (Top;g/)Qumen, the statement follows immediately
from the fact that the right adjoint 2 is degreewise given by

Maps(S?, —)_: (Top,/ > (Topgy which is a right Quillen functor by prop. 1.2. R

)Quillen )Quillen !

In summary, prop. 1.39, prop. 1.43 and prop. 1.44 say that

Corollary 1.45. The commuting square of adjunctions in prop. 1.39 is a square of Quillen
adjunctions with respect to the classical model structure on pointed compactly generated
topological spaces (thm., prop.) and the strict model structure on topological sequential
spectra of theorem 1.42:

z
(TOng )Quillen 1 (TOng )Quillen
%
0
20y 4 2% IO 2T
p)
—
SeqSpec(Topcg)strict i SequeC(Topcg)strict
0

Further below we pass to the stable model structure in order to make the bottom adjunction
in this diagram become a Quillen equivalence. This stable model structure will have more
weak equivalences than the strict model structure, but will have the same cofibrations.
Therefore we first consider now cofibrancy conditions already in the strict model structure.

CW-spectra

Definition 1.46. A sequential spectrum X (def. 1.3) is called a cell spectrum if

1. all component spaces X,, are cell complexes (def.);

2. all structure maps o,:S*A X, — X,., are relative cell complex inclusions.

A CW-spectrum is a cell spectrum such that all component spaces X,, are CW-complexes
(def.).

Example 1.47. The suspension spectrum X*X (example 1.5) for X € Top;g/ a CW-complex is
a CW-spectrum (def. 1.46).

Remark 1.48. Since, by definition 1.46, a p-cell of a cell spectrum that appears at stage q
shows up as its k-fold suspension at stage q + k, its attachment to some spectrum X is
reflected by a pushout of spectra of the form

357 -q] — X -
T o) Lopo) L,
AN
I*DI[-q] — X — Z7SP[—q]

where the left vertical morphism is the image under the —qth shift spectrum functor (def.
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1.33) of the image under the suspension spectrum functor (example 1.5) of the basic cell
inclusion (i), of pointed topological spaces (def.). This is a cofibration by prop. 1.43, and

so also the middle vertical morphism is a cofibration, by theorem 1.42. Using the pasting
law for pushouts, we find that the cofiber of the middle vertical morphisms (hence its
homotopy cofiber (def.) in the strict model structure) is 2°S?[—q] (not Z°S?[—q] (!)). This

is a shift of a trunction of the sphere spectrum.

After having set up the stable model category structure in theorem 1.72 below, we find
that this means that cell attachments to CW-spectra in the stable model structure are by
cofibers of integer shifts of the sphere spectrum S (def. 1.6), in that in the stable
homotopy category (def. 1.97) the above situation is reflected as a homotopy cofiber
sequence of the form

SPrAlg L x X pPAS

Lemma 1.49. Let k be an regular cardinal and let X be a k-cell spectrum, hence a cell
spectrum (def. 1.46) obtained from at most k stable cell attachments as in remark 1.48.
Then X is k-small (def.) with respect to morphisms of spectra that are degreewise relative
cell complex inclusions.

Proof. By remark 1.48 the attachment of stable cells is by free spectra (def. 1.87) on
compact topological spaces. By prop. 1.89 maps out of them are equivalently maps of
component spaces in the lowest nontrivial degree. Since compact topological spaces are
small with respect to relative cell complex inclusions (lemma), all these cells are small.

Now notice that k-filtered colimits of sets commute with x-small limtis of sets (prop.). By
assumption X is a k-small transfinite composition of pushouts of k-small coproducts, all three
of which are k-small colimits; and let Y be the codomain of a k-small relative cell complex
inclusion, hence itself a k-small colimit.

Now if A =lim o, is a k-small colimit of k-small objects ¢,,, and Y =lim Y; is a k-small colimit,
_)n _)i
then
Hom(A,h_)mi Y) = Hom(h_m)a Cy) h_rn)i Y)
~ h(_maHom(ca, h_)mi Y)
~ h(_ma h_)miHom(cg, Y)
~ h_)mi l(lnaHom(cg, Y)
~ h_)miHom(h_m)a ¢sYi)

=~ h_)miHom(A, Y)

Hence the claim follows. B

Proposition 1.50. The class of CW-spectra is closed under various operations, including

e finite wedge sum (def. 1.29)

Proposition 1.51. A sequential spectrum X € Sequec(Tong) is cofibrant in the strict model
of theorem 1.42 precisely if

structure Sequec(Tong)

strict

1. X, is cofibrant;
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2. each structure map o,:S*AX,, - X,,., is @ cofibration

in the classical model structure (Topc*g/ on pointed compactly generated topological

spaces (thm., prop.).

)Quillen

In particular cell spectra and specifically CW-spectra (def. 1.46) are cofibrant.

Proof. The initial object in Sequec(Tong)strict is the spectrum = that is constant on the point
(example 1.28). A morphism * — X is a cofibration according to def. 1.40 if

1. the morphism % — X, is a classical cofibration, hence if the object X, is a classical
cofibrant object, hence a retract of a cell complex;

2. the morphisms

1 U STAX, — Xy

sia *n

are classical cofibrations. But since S'A * =~ + 5 % is an isomorphism in this case the
pushout reduces to just its second summand, and so this is now equivalent to

SYA Xy — Xnia

being classical cofibrations; hence retracts of relative cell complexes.

Proposition 1.52. For X € SeqSpec(Top),.,,. @ CW-spectrum, def. 1.46, then its standard
cylinder spectrum X A (1,.) of def. 1.30 satisfies the conditions on an abstract cylinder
object (def.) in that the inclusion

XVX— XA

(of the wedge sum of X with itself, example 1.29) is a cofibration in SeqSpec(Top)

stable”

Proof. According to def. 1.40 we need to check that for all n the morphism

KVX),,, U STAXAULD), = KAUL))

sTAGxvx), nt+i1

is a retract of a relative cell complex. After distributing indices and smash products over
wedge sums, this is equivalently

(Xn+1V Xni1) U SYAXn A(y) = Xnar AL -
STAxp)V(STAXR))
Now by the assumption that X is a CW-spectrum, each X,, is a CW-complex, and this implies
that X, A (I,) is a relative cell complex in Top*/. With this, inspection shows that also the
above morphism is a relative cell complex. N

We now turn to discussion of CW-approximation of sequential spectra. First recall the
relative version of CW-approximation for topological spaces.

For the following, recall that a continuous function f:X —» Y between topological spaces is
called an n-connected map if the induced morphism on homotopy groups

m.(f):m. (X, x) » n.(Y, f(x)) is

1. an isomorphism in degree < n;

27 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

2. an epimorphism in degree n.

(Hence an weak homotopy equivalence is an “w-connected map”.)

Lemma 1.53. Let f : A— X be a continuous function between topological spaces. Then

there exists for each n € N a relative CW-complex ?:A o ¥ together with an extension
¢p:Y - X, ie.

>
-
s
©
b

D>

such that ¢ is n-connected.

Moreover:

e if f itself is k-connected, then the relative C W-comp/ex}\f may be chosen to have cells
only of dimension k+ 1 < dim < n.

e jf Ais already a CW-complex, then f:A — X may be chosen to be a subcomplex
inclusion.

(tomDieck 08, theorem 8.6.1)

Proposition 1.54. For every continuous function f:A — X out of a CW-complex A, there

exists a relative CW-complex }:A — X that factors f followed by a weak homotopy
equivalence

f
A — X
A \‘ }
7 ¢,
€ WHE
N
X

Proof. Apply lemma 1.53 iteratively for n € N to produce a sequence with cocone of the form

f f
A =S X, 3 x, —
¢
f\t l0/¢1"‘ )
X

where each f. is a relative CW-complex adding cells exactly of dimension n, and where ¢, in
n-connected.

Let then X be the colimit over the sequence (its transfinite composition) and f:A - X the

induced component map. By definition of relative CW-complexes, this f is itself a relative
CW-complex.

By the universal property of the colimit this factors f as
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A — X, — X, —
Nl 7
X
1®
X

Finally to see that ¢ is a weak homotopy equivalence: since n-spheres are compact

topological spaces, then every map a:S" — X factors through a finite stage i e N as

St X - X (by this lemma). By possibly including further into higher stages, we may choose

i > n. But then the above says that further mapping along X - X is the same as mapping
along ¢,, which is (i > n)-connected and hence an isomorphism on the homotopy class of

a. B

Proposition 1.55. For X any topological sequential spectrum (def.1.3), then there exists a

CW-spectrum X (def. 1.46) and a homomorphism

A €EWstrict

b X IS x.

which is degreewise a weak homotopy equivalence, hence a weak equivalence in the strict
model structure of theorem 1.42.

Proof. First let 5\(0 — X, be a CW-approximation of the component space in degree 0, via
prop. 1.54. Then proceed by induction: suppose that for n € N a CW-approximation

¢ksn:)’?k§n - Xr<n has been found such that all the structure maps in degrees < n are
respected. Consider then the composite continuous function

A St
siak, Sty Ty
Applying prop. 1.54 to this function factors it as

A A ¢
S'AX, O Xni1 —5 Xnyy -

Hence we have obtained the next stage f(nﬂ of the CW-approximation. The respect for the
structure maps is just this factorization property:

siag
S'AX, 08 S'ax,

incl l l”n ]

AN
Xnt1  —>  Xnpa
Prni1

Topological enrichment

We discuss here how the hom-set of homomorphisms between any two sequential spectra is
naturally equipped with a topology, and how these hom-spaces interact well with the strict
model structure on sequential spectra from theorem 1.42. This is in direct analogy to the
compatibility of compactly generated mapping spaces (def.) with the classical model
structure on compactly generated topological spaces discussed at Classical homotopy theory
— Topological enrichment. It gives an improved handle on the analysis of morphisms of
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spectra below in the proof of the stable model structure and it paves the way to the
discussion of fully fledge mapping spectra below in part 1.2. There we will give a fully
general account of the principles underlying the following. Here we just consider a pragmatic
minimum that allows us to proceed.

Definition 1.56. For X,Y € Sequec(Topcg) two sequential spectra (def. 1.3) let

SeqSpec(X,Y) € Top;g/

be the pointed topological space whose underlying set is the hom-set HomSequeC(Topcg) XY

of homomorphisms from X to Y, and which is equipped with the final topology (def.)
generated by those functions

d) K — HomSequec(Topcg) (X' Y)

out of compact Hausdorff spaces K, for which there exists a homomorphism of spectra

:XANK—Y
out of the smash tensoring of X with K (def. 1.8) such that forall ye K, neN, xe X,
(), () = ¢, (x,y) .

By construction this makes SeqSpec(X,Y) indeed into a compactly generated topological
space, and it gives a natural bijection

HomTopgg/ (K, SeqSpec(X,Y)) = HomSequeC(Topgg/)(X/\K, Y).
In Prelude -- Classical homotopy theory we discussed, in the section Topological enrichment,
that the classical model structure on topological spaces (when restricted to compactly
generated topological spaces) interacts well with forming smash products and pointed
mapping spaces. Concretely, the smash pushout product of two classical cofibrations is a
classical cofibration, and is acyclic if either of the factors is:

Cof, O Cof, c Cofy , (CofgNnWy)oCofy c Cofyg NW .

We also saw that, by Joyal-Tierney calculus (prop.), this is equivalent to the pullback
powering satisfying the dual relations

o Cof,

Fibcl cl c Fibcl ) FibD(COfcancl)

cl

C Fibg N Wy , (Fibg N W) c Fiby n W, .

Now that we passed from spaces to spectra, def. 1.8 generalizes the smash product of
spaces to the smash tensoring of sequential spectra by spaces, and generalizes the pointed
mapping space construction for spaces to the powering of a space into a sequential
spectrum. Accordingly there is now the analogous concept of pushout product with respect
to smash tensoring, and of pullback powering with respect to smash powering.

From the way things are presented, it is immediate that these operations on spectra satisfy
the analogous compatibility condition with the strict model structure on spectra from
theorem 1.42, in fact this follows generally for topologically enriched functor categories and
is inherited via prop. 1.25. But since this will be important for some of the discussion to
follow, we here make it explicit:

Definition 1.57. Let f : X - Y be a morphism in Sequec(Tong) (def. 1.3) andleti: A—-B a
morphism in Top./.

Their pushout product with respect to smash tensoring is the universal morphism
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foi:=((id, i), (f,id))

XNA
(fid) , | (14D

YAA (po) XAB
\ 4
(YAA) o (XAB)
14D, (fid))

YAB
where (—) A (—) denotes the smash tensoring from def. 1.8.
Dually, their pullback powering is the universal morphism

£°" = (Maps(B, f),, Maps(i, X))

Maps(B, X),
l(MaPS(B,f)*,MapS(i,X)*)

Maps(B,Y), Mapx ) Maps(4, X),

s(4Y
v \ ’
Maps(B,Y), (pb) Maps(4, X),
Maps(i,Y), N {MaDS(A,p)*
Maps(4,Y),

where Maps(—, —), denotes the smash powering from def. 1.8.

Similarly, for f:X - Y and i:A - B both morphisms of sequential spectra, then their
pullback powering is the universal morphism

£t = (SeqSpec(B, f), SeqSpec(i, X))

SeqSpec(B, X),

| (SeaSpec(B.f),.SeqSpec(i,X),)

SeqSpec(B,Y), Sequg<c(A,Y)* SeqSpec(4,X),
V4 N ,
SeqSpec(B,Y), (pb) SeqSpec(4,X),
SeqSpec(i,Y), N /SequeC(A,p)*

SeqSpec(4,Y),
where now SeqSpec(—, —) is the hom-space functor from def. 1.56.

Proposition 1.58. The operation of forming pushout products with respect to smash
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tensoring in def. 1.57 is compatible with the strict model structure on sequential spectra
from theorem 1.42 and with the classical model structure on compactly generated pointed
topological spaces (thm., prop.) in that it takes two cofibrations to a cofibration, and to an
acyclic cofibration if at least one of the inputs is acyclic:

COfstrict o COfcl c COfstrict

COfstrict O (COfcl ] Wcl) c COfstrict n Wstrict .

(COfstrict N Wstrict) O COfcl c COfstrict n Wstrict

Dually, the pullback powering satisfies

| COfcl
l:‘lbstrict
o(Cofg NWp)
strict

c Flbstrict

Fib c Fibstrict n Wstrict '

. oCof, .
(Flbstrict n Wstrict) dc Flbstrict n Wstrict

Proof. The statement concering the pullback powering follows directly form the analogous

statement for topological spaces (prop.) by the fact that via theorem 1.42 the fibrations and
weak equivalences in Sequec(Tong) are degree-wise those in (Topc*g/)Qumen. From this the
statement about the pushout product follows dually by Joyal-Tierney calculus (prop.). N

strict

Remark 1.59. In the language of model category-theory, prop. 1.58 says that
Sequec(Tong)strict is an enriched model category, the enrichment being over (Topjg/

This is often referred to simply as a “topological model category”.

)Quillen b

Proposition 1.60. For X € Sequec(Tong) a sequential spectrum, f € Mor(Sequec(Tong)) any

morphism of sequential spectra, and for g € Mor(Top;“p/t) a morphism of compact Hausdorff

spaces, then the hom-spaces of def. 1.56 interact with the pushout-product and pullback-
powering from def. 1.57 in that there is a natural isomorphism

SeqSpec(fog,X) = SeqSpec(f,X)"7 .

Proposition 1.61. For X,Y € Sequec(Tong) two sequential spectra with X a CW-spectrum
(def. 1.46), then there is a natural bijection

my SeqSpec(X,Y) = [X,Y]

strict

between the connected components of the hom-space from def. 1.56 and the hom-set in
the homotopy category (def.) of the strict model structure from theorem 1.42.

Proof. By def. 1.56 the path components of the hom-space are the left homotopy classes of
morphisms of spectra with respect to the standard cylinder spectrum of def. 1.30:

I, — SeqSpec(X,Y)
XA(I)—Y

By prop. 1.52, for X a CW-spectrum then the standard cylinder spectrum X A (I.) is a good
cyclinder object (def.) on a cofibrant object.

Since moreover every object in Sequec(Topcg)
lemma). N

is fibrant, the statement follows (with this

strict

The stable model structure on sequential spectra

The actual spectrum objects of interest in stable homotopy theory are not the pre-spectra of
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def. 1.3, but the Omega-spectra of def. 1.18 among them. Hence we need to equip the
category of sequential pre-spectra of def. 1.3 with a model structure (def.) whose fibrant-
cofibrant objects are, in particular Omega-spectra. More in detail, it is plausible to require
that every pre-spectrum is weakly equivalent to a fibrant-cofibrant one which is both an
Omega-spectrum and a CW-spectrum as in def. 1.46. By prop. 1.51 this suggests to
construct a model category structure on Sequec(Tong) that has the same cofibrations as the

strict model structure of theorem 1.42, but more weak equivalences (and hence less
fibrations), such as to make every sequential pre-spectrum weakly equivalent to an Omega
cell spectrum.

Such a situation is called a Bousfield localization of a model category.

Bousfield localization

In plain category theory, a localization of a category € is equivalently a full subcategory

i:ClOC‘—>C

such that the inclusion functor has a left adjoint L

L
Cloc L C.
i

The adjunction unit n,:X - L(X) “reflects” every object X of ¢ into one in the ¢, and
therefore this is also called a reflective subcategory inclusion.

It is a classical fact (Gabriel-Zisman 67, prop.) that in this situation

cloc = C[WL_I]

is equivalently the localization (def.) of € at the “L-equivalences”, namely at those
morphisms f such that L(f) is an isomorphism. Hence one also speaks of reflective
localizations.

The following concept of Bousfield localization of model categories is the evident lift of this
concept of reflective localization from the realm of categories to the realm of model
categories (def.), where isomorphism is generealized to weak equivalence and where adjoint
functors are taken to exhibit Quillen adjunctions.

Definition 1.62. A |eft Bousfield localization ¢,,. of a model category C (def.) is another
model category structure on the same underlying category with the same cofibrations,

Cofjyc = Cof

but more weak equivalences

Wiee @ W .
Notice that:

Proposition 1.63. Given a left Bousfield localization C,,. of C as in def. 1.62, then

1. Fiby,. C Fib;
2. Wyoe N Fiby,e = W N Fib;

3. the identity functors constitute a Quillen adjunction
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id

Cloe L C

loc i) .
id

4. the induced adjunction of derived functors (prop.) exhibits a reflective subcategory
inclusion of homotopy categories (def.)

Lid

%
Ho(cloc) i HO(C) .

Rid

Proof. Regarding the first two items:

Using the properties of the weak factorization systems (def.) of (acyclic cofibrations,
fibrations) and (cofibrations, acyclic fibrations) for both model structures we get

Fibjoc = (Cofjoc N Wige)Inj
c (Cofjpc N W)Inj
= Fib
and

Fib]oc n WIOC = Cofloclnj
= Cof Inj
=FibnwWw

Regarding the third point:

By construction, id:C - ¢, preserves cofibrations and acyclic cofibrations, hence is a left
Quillen functor.

Regarding the fourth point:

Since Cof},. = Cof the notion of left homotopy in ¢, is the same as that in ¢, and hence the
inclusion of the subcategory of local cofibrant-fibrant objects into the homotopy category of
the original cofibrant-fibrant objects is clearly a full inclusion. Since Fib,,. c Fib by the first
statement, on these cofibrant-fibrant objects the right derived functor of the identity is just
the identity and hence does exhibit this inclusion. The left adjoint to this inclusion is given
by Lid, by the general properties of Quillen adjunctions (prop). N

In plain category theory, given a reflective subcategory

cloc

L
«—
1
l

(4
-

then the composite
Q=iol:C—¢C

is an idempotent monad on ¢, hence, in particular, an endofunctor equipped with a natural
transformation n, : X - LX (the adjunction unit) - which “reflects” every object into one in

the image of L - such that this reflection is a projection in that each L(»,) is an isomorphism.
This characterizes the reflective subcategory ¢, < € as the subcategory of those objects X
for which n, is an isomorphism.

The following is the lift of this alternative perspective of reflective localization via idempotent
monads from category theory to model category theory.

34 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

Definition 1.64. Let C be a model category (def.) which is right proper (def.), in that
pullback along fibrations preserves weak equivalences.

Say that a Quillen idempotent monad on C is
1. an endofunctor
Q:c—¢C

2. a natural transformation

n:ide —Q
such that

1. (homotopical functor) Q preserves weak equivalences;

2. (idempotency) for all X € ¢ the morphisms

Q@my) : QX =3 Q)
and
eEw
Moy + QX)) — Q(Q(X))
are weak equivalences;

3. (right-properness of the localization) if in a pullback square in ¢

Fz 5 x
L (pb)
VA — Y

h
we have that
1. f is a fibration;
2. 14, ny, and Q(h) are weak equivalences
then Q(f"h) is a weak equivalence.

Definition 1.65. For Q:C — ¢ a Quillen idempotent monad according to def. 1.64, say that a
morphism f in C is

1. a Q-weak equivalence if Q(f) is a weak equivalence;
2. a Q-cofibation if it is a cofibration.

3. a Q-fibration if it has the right lifting property against the morphisms that are both
(Q-)cofibrations as well as Q-weak equivalences.

Write
Co

for € equipped with these classes of morphisms.
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Since Q preserves weak equivalences (by def. 1.64) then if the classes of morphisms in def.
1.65 do constitute a model category structure, then this is a left Bousfield localization of ¢,
according to def. 1.62.

We establish a couple of lemmas that will prove that the model structure indeed exists
(prop. 1.68 below).

Lemma 1.66. In the situation of def. 1.65, a morphism is an acyclic fibration in ¢, precisely
if it is an acyclic fibration in C.

Proof. Let f be a fibration and a weak equivalence. Since Q preserves weak equivalences by
condition 1 in def. 1.64, f is also a Q-weak equivalence. Since Q-cofibrations are
cofibrations, the acyclic fibration f has right lifting against Q-cofibrations, hence in particular
against against Q-acyclic Q-cofibrations, hence is a Q-fibration.

In the other direction, let f : X — Y be a Q-acyclic Q-fibration. Consider its factorization into
a cofibration followed by an acyclic fibration

fiX—z-—2

€ Cof EWNFib

Observe that Q-equivalences satisfy two-out-of-three (def.), by functoriality and since the
plain equivalences do. Now the assumption that Q preserves weak equivalences together
with two-out-of-three implies that i is a Q-weak equivalence, hence a Q-acyclic Q-cofibration.
This implies that f has the right lifting property against i (since f is assumed to be a

Q-fibration, which is defined by this lifting property). Hence the retract argument (prop.)
implies that f is a retract of the acyclic fibration p, and so is itself an acyclic fibration. R

Lemma 1.67. In the situation of def. 1.65, if a morphism f:X — Y is a fibration, and if n,,n,
are weak equivalences, then f is a Q-fibration.

(e.g. Goerss-Jardine 96, chapter X, lemma 4.4)

Proof. We need to show under the given assumptions that for every commuting square of
the form

a
— X

lf

—

EWq ﬂCOfQ
B — Y
B

there exists a lifting.

To that end, first consider a factorization of the image under Q of this square as follows:

Ja Pq
Q(a)
Q) =5 Q) D vocar £ o 4O
Q) | e~ ey Ik L)
ewnCof €Fib
B @ oW 0B S W e

(This exists even without assuming functorial factorization: factor the bottom morphism,
form the pullback of the resulting Pgr observe that this is still a fibration, and then factor

(through j ) the universal morpism from the outer square into this pullback.)

Now consider the pullback of the right square above along the naturality square of n:id - Q,
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take this to be the right square in the following diagram

)
a: A VS 7 x X — X
Q)
iy l(ﬂ‘f) lf ,

B: B ——> W XY —> Y
Ugong:B) Q)

where the left square is the universal morphism into the pullback which is induced from the
naturality squares of n on a and g.

We claim that (7, f) here is a weak equivalence. This implies that we find the desired lift by
factoring (m, f) into an acyclic cofibration followed by an acyclic fibration and then lifting
consecutively as follows

Ugeong @

a: A ——— 7Z X X — X
QX)
id W nCof 3 f
1 l € NnCo l /\ ‘LEFib
A — — > Y
i 3 €EWNFib id
cCof l 7 l l
B: — Y

— 5> W x Y
UgengB) Q)
To see that (¢, f) indeed is a weak equivalence:

Consider the diagram

Ja prq
Q) —— Z «— Z X
ewnCof EW QX)
Qe T (.f)
ewl l l .
ewnCof eEw
QB) —— Z «— W X
ip pr, Q(X)

Here the projections are weak equivalences as shown, because by assumption in def. 1.64
the ambient model category is right proper and these projections are the pullbacks along the
fibrations p, and Pg of the morphisms 7, and n,, respectively, where the latter are weak
equivalences by assumption. Moreover Q(i) is a weak equivalence, since i is a Q-weak
equivalence.

Hence now it follows by two-out-of-three (def.) that = and then (=, f) are weak
equivalences. B

Proposition 1.68. (Bousfield-Friedlander theorem)

Let ¢ be a right proper model category. Let Q:C — C be a Quillen idempotent monad on C,
according to def. 1.64.

Then the Bousfield localization model category C, (def. 1.62) at the Q-weak equivalences
(def. 1.65) exists, in that the model structure on C with the classes of morphisms in def.
1.65 exists.

(Bousfield-Friedlander 78, theorem 8.7, Bousfield 01, theorem 9.3, Goerss-Jardine 96,
chapter X, lemma 4.5, lemma 4.6, theorem 4.1)

Proof. The existence of limits and colimits is guaranteed since C is already assumed to be a
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model category. The two-out-of-three poperty for Q-weak equivalences is an immediate
consequence of two-out-of-three for the original weak equivalences of €. Moreover,
according to lemma 1.66 the pair of classes (Cof,, W, N Fib,) equals the pair (Cof, W n Fib),
and this is a weak factorization system by the model structure C.

Hence it remains to show that (W, n Cof,, Fiby) is a weak factorization system. The condition
Fib, = RLP(W, n Cofy) holds by definition of Fib,. Once we show that every morphism factors
as W, n Cof, followed by Fib,, then the condition W, n Cof, = LLP(Fib,) follows from the
retract argument (lemma) and the fact that the classes W, and Cof,, are closed under
retracts, because W and Cof = Cof, are (by this prop. and this prop., respectively).

So we may conclude by showing the existence of (W, n Cof,, Fib,) factorizations:

First we consider the case of morphisms of the form f:Q(Y) - Q(Y). These may be factored
with respect to ¢ as

€i p
fe) ewnConm Q) -

Here i is already a Q-acyclic Q-cofibration, since Q preserves weak equivalences by the first
clause in def. 1.64. Now apply id A Q to obtain

QX —— Z 5 Q)

€W nCof €Fib

nQ(x) Nz Q)
bew ) bew

w

QX)) %3 02) — Q@)

where 7, ., and n,,, are weak equivalences by idempotency (the second clause in def.
1.64), and Q(i) is a weak equivalence since Q preserves weak equivalences. Hence by
two-out-of-three also n, is a weak equivalence. Therefore lemma 1.67 gives that p is a
Q-fibration, and hence the above factorization is already as desired

f:QX) \Zpémn.

€i
€ WQ n COfQ €Fib

Now for an arbitrary morphism g:X — Y, form a factorization of Q(g) as above and then
decompose the naturality square for n on g into the pullback of the resulting Q-fibration

along n,:
i P EFib
g X — Zx S v
Q)
Nx nr Ny
ewg ) ) (pb) lEW-Q
EWQ EFibQ

0 o) 3z —3 o)

This exhibits n' as the pullback of a Q-weak equivalence along a fibration between objects on
which n is a weak equivalence. Then the third clause in def. 1.64 says that n’ is itself as a
Q-weak equivalence. This way, two-out-of-three implies that i is a Q-weak equivalence.

Observe that p is a Q-fibration, because it is the pullback of a @-fibration and because
Q-fibrations are defined by a right lifting property (def. 1.65) and hence closed under
pullback (prop.) Finally, apply factorization in (Cof, W n Fib) to i to obtain the desired
factorization
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iL iR P
f: —> .
WQ nCof wn FinWQ ﬂFibQ FibQ

While this establishes the @Q-model structure, so far this leaves open a more explicit
description of the Q-fibrations. This is provided by the next statement.

Proposition 1.69. For Q:C — C a Quillen idempotent monad according to def. 1.64, then a
morphism f:X - Y in C is a Q-fibration (def. 1.65) precisely if

1. f is a fibration;
2. the n-naturality square on f

x X o

f1 et emn

Y e Q)

exhibits a homotopy pullback in € (def.), in that for any factorization of Q(f) through
a weak equivalence followed by a fibration p, then the universally induced morphism

X —pY
is weak equivalence (in C).

(e.g. Goerss-Jardine 96, chapter X, theorem 4.8)

Proof. First consider the case that f is a fibration and that the square is a homotopy
pullback. We need to show that then f is a Q-fibration.

Factor Q(f) as

i 4
QN QX)) ———Z Q) .

By the proof of prop. 1.68, the morphism p is also a Q-fibration. Hence by the existence of
the Q-local model structure, also due to prop. 1.68, its pullback p is also a Q-fibration

x X ow

i i
eEw l J/EW
y x 2% 7
Q)
P P
€Fibg 1 (pb) J’eFibQ

Y e Q)

Here 7 is a weak equivalence by assumption that the diagram exhibits a homotopy pullback.
Hence it factors as

j A T

~

Y X
ewnCof  e€wnFib=WgnFibg  Q(Y)

This yields the situation
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X = X J A E|
_ ; X — X — X
J

€W nCof L3z leFib o fl lfﬂﬂ lf'
A EFle
X — Y Y =Y =%

bem

As in the retract argument (prop.) this diagram exhibits f as a retract (in the arrow
category, rmk.) of the Q-fibration p o 7. Hence by the existence of the Q-model structure
(prop. 1.68) and by the closure properties for fibrations (prop.), also f is a Q-fibration.

Now for the converse. Assume that f is a Q-fibration. Since ¢, is a left Bousfield localization

of € (prop. 1.68), f is also a fibration (prop. 1.63). We need to show that the n-naturality
square on f exhibits a homotopy pullback.

So factor Q(f) as before, and consider the pasting composite of the factorization of the given
square with the naturality squares of 5:

Nx MQ(x)
X Jz QX) Tcwg Q(Q(X))
i i Q)
EWQ l EWCWQ l lEW
P n
x Z7-—% z -4 Q)
Q) ewq eEw
% P Q)
€Fibg l (pb) J’eFichFib 1
EWQ EWCWQ
Y — Q) —— QW)
Ny MQ(y)

Here the top and bottom horizontal morphisms are weak (Q-)equivalences by the
idempotency of Q, and Q(i) is a weak equivalence since Q preserves weak equivalences (first
and second clause in def. 1.64). Hence by two-out-of-three also n, is a weak equivalence.
From this, lemma 1.67 gives that p is a Q-fibration. Then p™, is a Q-weak equivalence since

it is the pullback of a Q-weak equivalence along a fibration between objects whose 1 is a
weak equivalence, via the third clause in def. 1.64. Finally two-out-of-three implies that i is
a Q-weak equivalence.

In particular, the bottom right square is a homotopy pullback (since two opposite edges are
weak equivalences, by this prop.), and since the left square is a genuine pullback of a
fibration, hence a homotopy pullback, the total bottom rectangle here exhibits a homotopy
pullback by the pasting law for homotopy pullbacks (prop.).

Now by naturality of n, that total bottom rectangle is the same as the following rectangle

n
Y x 7 <YQ(XY)Z> Y x 7 Q@™ ny) 7
ot Q( o) )—>€W Q(2)
) Q) Q)
€Fibg 1 ! l
eEw
Y — Q) —  Q(Q(Y))
My Q(my)

where now Q(p'n,) € W since p'n, € W,, as we had just established. This means again that

the right square is a homotopy pullback (prop.), and since the total rectangle still is a
homotopy pullback itself, by the previous remark, so is now also the left square, by the
other direction of the pasting law for homotopy pullbacks (prop.).
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So far this establishes that the n-naturality square of p is a homotopy pullback. We still need
to show that also the n-naturality square of f is a homotopy pullback.

Factor i as a cofibration followed by an acyclic fibration. Since i is also a Q-weak equivalence,
by the above, two-out-of-three for Q-fibrations gives that this factorization is of the form

Jj A b4
N

: — Y X Z
EWQ ﬂCOfZWQ ﬂCOfQ EWN FleWQ ﬂFle Q)

As in the first part of the proof, but now with (W n Cof, Fib) replaced by (W, n Cofy, Fib,) and
using lifting in the Q-model structure, this yields the situation

X 5 X j A 3
] ; X — X — X
j
EWQﬂCOle 3/\ lEFibQ L fl li)"ﬂf lf
X —> v Y =Y =Y
pem

As in the retract argument (prop.) this diagram exhibits f as a retract (in the arrow
category, rmk.) of pom.

Observe that the n-naturality square of the weak equivalence = is a homotopy pullback,
since Q preserves weak equivalences (first clause of def. 1.64) and since a square with two
weak equivalences on opposite sides is a homotopy pullback (prop.). It follows that also the
n-naturality square of p o w is @a homotopy pullback, by the pasting law for homotopy

pullbacks (prop.).

In conclusion, we have exhibited f as a retract (in the arrow category, rmk.) of a morphism
p o m whose n-naturality square is a homotopy pullback. By naturality of n, this means that
the whole n-naturality square of f is a retract (in the category of commuting squares in ¢) of
a homotopy pullback square. This means that it is itself a homotopy pullback square

(prop.). N

Proof of the stable model structure

We show now that the operation of Omega-spectrification of topological sequental spectra,
from def. 1.21, is a Quillen idempotent monad in the sense of def. 1.64. Via the Bousfield-
Friedlander theorem (prop. 1.68) this establishes the stable model structure on topological
sequential spectra in theorem 1.72 below.

Lemma 1.70. The Omega-spectrification (Q,n) from def. 1.21 preserves homotopy pullbacks
(def.) in the strict model structure Sequec(Tong) from theorem 1.42.

strict

(Schwede 97, lemma 2.1.3 (e))

Proof. Since, by prop. 1.22, Q preserves weak equivalences, it is sufficient to show that
every pullback square in SeqSpec(Top,,) of a fibration

BxX — X
Y
B

— Y

is taken by Q to a homotopy pullback square. By prop. 1.27 we need to check that this is the
case for the kth component space of the sequential spectra in the diagram, for all k € N.
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Let Z¥,, Z!, etc. denote the objects appearing in the definition of (QX), = li_m)‘Z{‘k,
L

V), = “—>mi Z!., etc. (def. 1.21).

Use the small object argument (prop.) for the set Jrop*/y of acyclic generating cofibrations in

(Top(’fg/)Quillen (def.) to construct a functorial factorization (def.) through acyclic relative cell
complex inclusions (def.) followed by Serre fibrations (def.) in each degree:

X €JTop Cell EFibey _y
ik w; ik -

Notice that by construction ZX, and z!, are sequences of relative cell complexes. This
implies, by the way the small object argument works and by the commutativity of each

EJ(TOp « /) Cell
Zz?,(k _ W
€l «/ Cell ‘l' 1
(Top™/) ’
EJ(TOp « /) Cell

X
Zivie ——> Wi

that also W, is a sequence of relative cell complex inclusions: a cell in W; is given by the top

square in the following diagram, and the total rectangle is the image of that cell as a cell in
Wiiq:

gn-1 In, pr-1
) )
Zl{(k E](TO */) Cell Wi '
crpy sy el !
E](Top . /) Cell

X
Zivig ——> Wipq

Therefore, forming the colimit over i € I of these sequences sends the degreewise Serre
fibration to a Serre fibration (prop.): because we test for a Serre fibration by lifting against
the morphism in ]Top*/, which have compact domain and codomain, and these may be taken

inside the colimit over relative cell complex inclusions (by this lemma)). So we have a Serre
fibration

. EW¢]
hmi w; — (QY),
for each k € N.

Consider then the commuting diagrams

€ Fibcl EW € COfcl

B Y X
Zix — Zig w; Zik
B Y X
1? 1? ew N 1®
EWC] EWC] cl EWél
DBy — Q% —— 0%y
EFlbcl

. . . , bik
where the vertical morphisms are composites of the weak equivalences ¢, ,:Z; 1 -3 0Z; 141

from def. 1.21.
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The diagonal is a chosen lift (where we use that 2 = Maps(S*, —), preserves Serre fibrations

by prop. 1.2). This lift is a weak equivalence by two-out-of-three. On the left of the diagram
this exhibits now a weak equivalence of cospan-diagrams with right leg a fibration.
Therefore, since forming the limit over these cospan diagrams is a homotopy pullback (def,,
all objects here being fibrant), this induces a weak equivalence on these limits (prop.)

(2274
K ZB % Wi S 0B, X 0% = 0' B, X Xiwi)

Zlk 2%y

By universality of the pullback there is a commuting triangle

B Xy X Pi
Zy” — ZP % W,
’ kY
Zik
¢EWC1\‘ ‘/KEWCI

D'Birr X Xisr)
14

and hence by two-out-of-three also the top morphism is a weak equivalence.

Now observe that colimits over sequences of relative cell inclusions preserve finite limits up
to weak equivalence (prop.). This follows again by using that n-spheres may be taken inside
the colimits from the classical fact that filtered colimits preserve finite limits. In conclusion
then, we have a weak equivalence of the form

(Q(B 3 1), =lim zBXYX—> h_)ml<Z e x W) % (im z8) x, (l]_)m W) = @B), &5 (h_)m W) .

Wa i limiZi_k

This exhibits (degreewise and hence globally) the homotopy pullback property to be
show. 1

Proposition 1.71. The Omega-spectrification (Q,n) from def. 1.21 is a Quillen idempotent
monad in the sense of def. 1.64 on the strict model structre theorem 1.42:

Q: Sequec(Tong)Strict — Sequec(Tong)Strict .

(Schwede 97, prop. 2.1.5)

Proof. First notice that the strict model structure is indeed right proper, as demanded in def.
1.64: Since every object in SeqSpec(Top, ) is fibrant (this being so degreewise in (Topcg

this follows from this lemma.

)Qulllen)

The first two conditions required on a Quillen idempotent monad in def. 1.64 are explicit in
prop. 1.22.

The third condition follows from lemma 1.70: A pullback of a Q-equivalence along a fibration
is @a homotopy pullback and is hence sent by Q to another homotopy pullback square.

rz 5o orn Y o0
L (pb) UVEFP o ) (pp)? 10
z fTWQ’ Y Q12) m QYY)

By definition of Q-equivalence that resulting homotopy pullback square has the bottom edge
a weak equivalence, and hence also the top edge is a weak equivalence (prop.). N

Theorem 1.72. The left Bousfield localization of the strict model structure on sequential
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spectra (theorem 1.42) at the class of stable weak homotopy equivalences (def. 1.16)
exists, called the stable model structure on topological sequential spectra

(ﬁ
%} SequeC(TOPCg)strict '
1

Sequec(Topcg)stable

Moreover, its fibrant objects are precisely the Omega-spectra (def.1.18).

Proof. Let (Q,n) be the Omega-spectrification operation from def. 1.21. According to prop.
1.71 this is a Quillen-idempotent monad (def. 1.64) on SeqspeC(Topcg)strict' Hence the
Bousfield-Friedlander theorem (prop. 1.68) asserts that the Bousfield localization of the
strict model structure at the Q-equivalences exists. By prop. 1.22 these are precisely the
stable weak homotopy equivalences.

Finally, by prop. 1.69 an object X € Sequec(Tong)Stable is fibrant in Sequec(Tong)Stable

precisely if
Nx
X = QX)
l l
* —> *

exhibits a homotopy pullback in Sequec(Tong)Strict. Since every object in Sequec(Tong)Strict is
fibrant, the vertical morphisms here are fibrations. The pullback of Q(X) along id. is just Q(X)
itself, and the universally induced morphism into this pullback is just n, itself. Hence the
square is a homotopy pullback precisely if n, is a weak equivalence in Sequec(Tong)strict,
hence degreewise a weak homotopy equivalence. Since Q(X) is an Omega-spectrum by prop.
1.22, this means precisely that X is an Omega-spectrum. N

Stability of the homotopy theory

of theorem 1.72 is indeed a
stable

stable model category, in that the canonical reduced suspension operation is an equivalence
of categories from the stable homotopy category (def. 1.97) to itself. This is theorem 1.84
below.

We discuss that the stable model structure Sequec(Tong)

Definition 1.73. A pointed model category ¢ (exmpl.) is called a stable model category if
the canonically induced reduced suspension and loop space object-functors (prop.) on its
homotopy category (defn.) constitute an equivalence of categories

(Z40) : Ho(C) = Ho(C) .

o [RT ™

Literature (Jardine 15, sections 10.3 and 10.4)

First we observe that the alternative suspension induces an equivalence of homotopy
categories:

Lemma 1.74. With ¥ and 2 the alternative suspension and alternative looping functors from
def. 1.34:

1. 0 preserves Omega-spectra (def. 1.18);
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2. X preserves stable weak homotopy equivalences (def. 1.16).

Proof. Regarding the first statement:

By prop. 1.2, 2 acts on component spaces and adjunct structure maps as the right Quillen
functor

. */ */
Maps(S*, -), : (ToPeg ) quitten — (TOPeg ) quinten

on the classical model structure on pointed compactly generated topological spaces (thm.,
prop.). Since in this model structure all objects are fibrant, Ken Brown's lemma (prop.)
implies that with &; a weak homotopy equivalence, so is 65" = Maps(S%,&;).

Regarding the second point:

Let f:X —» Y be a stable weak homotopy equivalence. By the existence of the model structure
Sequec(Tong)Stable from theorem 1.72, Xf is a stable weak homotopy equivalence precisely if

its image in the homotopy category Ho(Sequec(Topcg)stable) is an isomorphism (prop.). By the

Yoneda lemma (fully faithfulness of the Yoneda embedding), this is the case if for all
A= Ho(Sequec(Topcg) ) the function

stable

[Zf' Z]stable : [ZY' Z]stable - [ZX' Z]stable

is a bijection. By the fact that the stable model structure is a left Bousfield localization of the
strict model structure with fibrant objects the Omega-spectra, this is the case equivalently
(using this lemma) if

[2f,Z) i © [V 2] i — [2X,Z]

strict strict

is a bijection for all Omega-spectra Z. Now by the Quillen adjunction ¥ 4 2 on the strict
model category (prop. 1.44) this is equivalent to

[, 07) . ¢ [V.07] . — [X,07]

strict strict

being a bijection for all Omega-spectra Z. But since 2 preserves Omega-spectra by the first
point above, this is still maps into a fibrant objects, hence is again equivalent (using again
the property of the left Bousfield localization) to the hom in the strict model structure

[f, 7] stable - Y, 027] stable [, 2Z] stable

being a bijection for all 2Z. But this is indeed a bijection, since f is a stable weak homotopy
equivalence, hence an isomorphism in the homotopy category. R

Lemma 1.75. For X a sequential spectrum, then (using remark 1.37 to suppress
parenthesis)

1. the structure maps constitute a homomorphism

IX[-1] — X

(from the shift, def. 1.33, of the alternative suspension, def. 1.34) and this is a stable
weak homotopy equivalence,

2. the adjunct structure maps constitute a homomorphism

X — 0X[1]

(to the shift, def. 1.33, of the alternative looping, def. 1.34)
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If X is an Omega-spectrum (def. 1.18) then this is a weak equivalence in the strict
model structure (def. 1.40), hence in particular a stable weak homotopy equivalence.

Proof. The diagrams that need to commute for the structure maps to give a homomorphism
as claimed are in degree 0 this one

0
SIASTAx — X,
SlAOl 190

S'AX, — X,
oo

and in degree n > 1 these:

SThop_
S'AS'AX, , 3 X,
SlAO'n_l l lo'n .
SYA Xn —  Xpi
Oon

But in all these cases commutativity it trivially satisfied.

That the adjunct structure maps constitute a morphism X — 2X[1] follows dually.

If X is an Omega-spectrum, then by definition this last morphism is already a weak
equivalence in the strict model structure, hence in particular a weak equivalence in the
stable model structure.

From this it follows that also XX[—1] — X is a stable weak homotopy equivalence, because for
every Omega-spectrum Y then by the adjunctions in prop. 1.38 we have a commuting
diagram of the form

[X’ Y]strict [EX[_l]’ Y]strict
id l i«z
[X' Y] strict :) [X' 'QY[l]]strict

(To see the commutativity of this diagram in detail, consider for any [f] € [X,Y] ., chasing
the element ¢} in the two possible ways through the natural adjunction isomorphism:

[S'AYn 1, Yn] = [Yn_1,0V5]
[STAfp—1¥nl | LFn—10Yn]

[S'AXn_1,Yn] = [Xp_1,0V,]

Sending o5, down gives o}, o S' A, which equals (by the homomorphism property) f, o o}.
Instead sending ¢ to the right yields & and then down yields &, °f,_,- By commutativity
this is adjunct to f, ¢ a;.)

Hence

[X' Y] strict - [ZX[ - 1]' Y]

strict

is a bijection for all Omega-spectra Y, and so the conclusion that XX[—1] - X is a stable weak
homotopy equivalence follows as in the proof of lemma 1.74. 1

Lemma 1.76. The total derived functor of the alternative suspension operation X of def.
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1.34 exists and constitutes an equivalence of categories from the stable homotopy
category to itself:

2 : Ho(SeqSpec(Top) ) = Ho(SeqSpec(Top)

stable stable) )

Proof. The total derived functor of X exists, because by lemma 1.74 X preserves stable
weak homotopy equivalences. Also the shift functor [—1] from def. 1.33 clearly preserves

stable equivalences, hence both descend to the homotopy category. There, by prop. 1.75
and remark 1.37, they are inverses of each other, up to isomorphism. N

Lemma 1.77. The canonical suspension functor on the homotopy category of any model
category (from this prop.) in the case of the stable homotopy category (def. 1.97)
Ho(Spectra) = Ho(Sequec(Topcg) ) is represented by the “standard suspension” operation

of def. 1.31.

stable

Proof. By CW-approximation (prop. 1.55), every object in the stable homotopy category is
represented by a CW-spectrum. By prop. 1.52, on CW-spectra the canonical suspension
functor on the homotopy category (from this prop.) is represented by the “standard
suspension” operation of def. 1.31. N

The combination of lemma 1.76 with lemma 1.77 gives that in order to show that
SeqSpec(Top ) iapie is indeed a stable model category according to def. 1.73, we are reduced

to showing that in the homotopy category the alternative suspension operation (which we
know gives an equivalence) is naturally isomorphic to the standard suspension operation
(which we know is the correct suspension operation). This we turn to now.

According to remark 1.36, both should be directly comparable and isomorphic in the
homotopy category “in even degrees”, but non-comparable in odd degree. In order to make
this precise, we now introduce the concept of sequential spectra with components only in
even degree and then use an adjunction back to ordinary sequential spectra.

Observe that the definition of the category SeqSpec(Top,,) of sequential spectra in def. 1.3

does not require anything specific of the circle s*: the same kind of definition may be
considered for any other pointed topological space T in place of S*. The construction of the
stable model structure Sequec(Tong)Stalble in theorem 1.72 does depend on the nature of S*,

but only in that it uses that the n-spheres §™ = (sH "

1. co-represent homotopy groups in the classical pointed homotopy category:
[S®, =], = ()}

2. are compact, so that maps out of them factor through finite stages of transfinite
compositions of relative cell complex inclusions.

Both points still hold with S* replaced by S*AK_, for K any contractible compact topological
space. Moreover, since only the stable homotopy groups matter for the construction of the
stable model category, one could replace S* by any $*: While the smash powers (§¥)""

co-represent only every kth homotopy group, this is still sufficient for co-represent all the
stable homotopy groups.

The following is an immediate variant of the definition 1.3 of sequential spectra:

Definition 1.78. LetT=K, € Topc*g/ be a compact contractible topological space with a

basepoint freely adjoined, and let k e N, k > 1.

A sequential T A S*-spectrum is a sequence of component spaces X;,, € Top,, forneN,
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and a sequence of structure maps of the form

k
Okn - TAS /\an _>Xk(n+1) .

A homomorphism of sequential T A S*-spectra f:X — Y is a sequence of component maps
fin * Xin = Yin Such that all these diagrams commute:

TASKA fin,

TASYA Xy, TASYAY,

X Y
Jk,n l lak,n

Xkm+1) fm Yim+1)

Write
SeqTASkSpec(Topcg)
for the resulting category of sequential T A S*-spectra.

Proposition 1.79. For any T AS* as in def. 1.78, there exists a model category structure

SeqTASkSpec(Topcg)stable
on the category of sequential T A S*-spectra, where
e the weak equivalences are the morphisms that induce isomorphisms under

lim T (=),
S kneckN kn( )/

e the fibrations are the morphisms whose n, -naturality square is a homotopy pullback,
where n,:id - Q, is the K A Sk-spectrification functor defined as in def. 1.21 but with
St replaced by T A S* throughout.

Proof. The proof is verbatim that of theorem 1.72, with s* replaced by T A s* throughout. R

Lemma 1.80. For ke N, k > 1, there is a pair of adjoint functors

~

k
Sequec(Tong) I SeqSkSpec(Tong)
Ry
between sequential spectra (def. 1.3) and sequential S*-spectra (def. 1.78)

* where (RiX),, = Xin and

siac¥ U])(( -
R X k ~ ck—-1 1 kn ~k—1 1 n+(k—1)
on 1S Xpn =S NS AKXy —> 5" A Kjni1 = = S AXinre-1) —— Xkm+1)

e and where

X if n € kN
(LX), = _
SINXy_q ifq<kandn—q€kN
and
Op_ k1) ifn+1€kN
LpX _
ok =

idg1, Xn otherwise
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Moreover, for each X € Sequec(Tong), the adjunction unit
LkRkX — X

is a stable weak homotopy equivalence (def. 1.16).

Proof. For ease of notation we discuss this for k = 2. The general case is directly analogous.
To see that we have an adjunction, consider a homomorphism

fil,X—Y.

Given its even-graded component maps, then its odd-graded component maps f, ., need to
fit into commuting squares of the form

S A fon
—3

SYAX,, SYAY,,

id l l”{n .

S'AXy ——  Youi
2n+1
Since here the left map is an identity, this uniquely fixes the odd-graded components f, ..

in terms of the even-graded components. Moreover, these components then make the
following pasting rectangles comute

2pf
S2A Xy, 2 SIAY,,
~ l lslAU%’n
siaf
SPAXpy ——3 S AYgpyn
U%n l lU¥n+1
f2n+2
Xons2 S Yoniz

This equivalently exhibits f as a homomorphism of the form
f:X —R,Y
and hence establishes the adjunction isomorphism.

Finally to see that the adjunction unit is a stable weak homotopy equivalence: for
X € SeqSpec(Top,,) then the morphism of stable homotopy groups induced from

LR, X — X
is in degree q given by
li_rn)(--- - 7Tq+2k(X2k) - 7Tq+2k+2(Xq+2k+2) - ) = 7Tq(LszX)
=1 =1 l
li_rn)(--- - 7Tq+2k(X2k) — Toiokr1Xoks1) — 7Tq+2k+2(Xq+2k+2) - ) = T[q(X)

From this it is clear by inspection that the induced vertical map on the right is an

=

isomorphism. Stated more abstractly: the inclusion of partially ordered sets N,., © N=is a
cofinal functor and hence restriction along it preserves colimits. B

Definition 1.81. For
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a:T,AS¥—T, Sk

any morphism, write

at: SeqT2 ASkSpect(Tong) — SeqT1 ASkSpect(Tong)

for the functor from the category of sequential T, A S¥-spectra (def. 1.78) to that of
T, A S¥-spectra which sends any X to a*X with

(a*X)kn = an
and
% aAnid Ik,
O']?‘nX H T1 /\Sk/\an—)Tz /\Sk/\an —n)Xk(n+1) .

Lemma 1.82. For T := K, a compact contractible topological space with base point adjoined,
and for k € N, write i:S¥ — T A S* for the canonical inclusion. Then the induced functor i*

from def. 1.81 is the right adjoint in a Quillen equivalence (def.)

L
(_
SeqT/\S1 Spec(TOpcg)stable E SequeC(Topcg)stable

ox
l

between the stable model structures of sequential S*-spectra and of sequential
T A S*-spectra (prop. 1.79), respectively.

(Jardine 15, theorem 10.40)

Proof. Write p:T A S* — S* for the canonical projection.
A morphism
fiX—iY

is given by components fitting into commuting squares of the form

Sinf
stax, —5> Sstay,

id l li/\id

1 1

S'AX, TAS'AY, .

Ug\L lU%

Xn+1 - Yn+1
fa+1

Since p o i = id, every such diagram factors as
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1 tAfn 1
STAX, — STAY,

inid ~L l”\ld

TASIAS
TAS'AX, ——5> TAS'AY,

pAid | i
S'AX,
oX | la}{
Xn+1 Pa— Ynia
fn+1

Here the bottom square exhibits the components of a morphism
fipX—Y

and this correspondence is clearly naturally bijective

This establishes the adjunction p* - i*. This is a Quillen equivalence because for every
Z € Top;“g/ then by the contractibility of K there is an equivalence

[TASYZ], =[S9,7Z],

and hence the concept of stable weak homotopy equivalences in both categories agrees.
Hence any f:p*X - Y is a stable weak homotopy equivalence precisely if f:X — iy is. B

With this in hand, we now finally state the comparison between standard and alternative
suspension:

Lemma 1.83. There is a natural isomorphism in the homotopy category
HO(SequeC(Topcg)stable) of the stable model structure, between the total derived functors

(prop.) of the standard suspension (def. 1.31) and of the alternative suspension (def.
1.34):

(=) = (=)ASt € Ho(SeqSpec(Top,) ap1c)

Notice that we agreed in Part P to suppress the notation L for left derived functors of the
suspension functor, not to clutter the notation. If we re-instantiate this then the above
says that there is a natural isomorphism

LY =~ L((-)ASYH .

(Jardine 15, corollary 10.42, prop. 10.53)

Proof. Consider the adjunction (L, 4 R;):SeqSpec(Top) < Seq,Spec(Top) from lemma 1.80. We
claim that there is a natural isomorphism

T:Ry(Z(2) = Rp((m)ASH),

in Ho(Seqg2Spec(Top )¢ apie) -

This implies the statement, since by lemma 1.80 the adjunction unit is a stable weak
equivalence, so that we get natural isomorphisms

L2T 1 1
IX = LRy (2X) —> LRy (X ASY) = X AS
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in Ho(Sequec(Tong)Stable) (where we are using that R, evidently preserves cofibrant spectra,

so that L, applied to t represents the correct derived functor of L, and hence preserves this
isomorphism).

Now to see that the isomorphism t exists. Write

: S2AST S STAS?

TSZ,Sl

for the braiding isomorphism, which swaps the first two canonical coordinates with the third.
Since the homotopy class of this map is trivial in that
[T321] = 1 € Z = m3(S®)

is the trivial element in the homotopy groups of spheres (and that is the point of passing to
S%-spectra here, because for S'-spectra the analogous map 7151 has non-trivial class,

remark 1.36) it follows that there is a left homotopy (def.) of the form

io i1

$3 = (UH)ASP — §3

id Y l ?

By forming the smash product of the entire diagram with X,,, and pasting on the right the
naturality square for the braiding with §*

T2 AXpm, St
%

SYAS*AX,, SEAX, AS?
SMA(o2n+1°(S Ao2n)) l l(02n+1°(51/\02n))/\51
S'AXomi1y X AST
T 1
X2n,S
this yields the diagram
3 lo 3 i1 3 stae St 1
SANXyy — U )AS AXy, «— S°AXy, S“AXon AS
id N ‘l’ \/TSZ,SlAXn ‘L
53/\X2 l(02n+1?(51/\02n))/\51
n
N l
S A(o2n 4128 A02n)
S'AX,, ——— Xon AS?
Xon. St

Here the left diagonal composite is the structure map of R,(2X) in degree n, while the right
vertical morphism is the structure map of R,(X ASY) in degree n. In the middle we have the
structure map of an auxiliary (I,) A S?-spectrum (def. 1.78)

Z € Seql+ ASzSpec(Tong) ,

and the horizontal morphisms exhibit the functors of def. 1.81 from (I,) A S%-spectra to
S%-spectra with

ioZ =R,(ZX) , iiZ=R,(XASY.

By lemma 1.82 and since I is contractible, these functors are equivalences of categories on
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the Ho(SequSpec(Tong)), and moreover they have the same inverse, namely p* for
p:1. AS* - S? the canonical projection. This implies the isomorphism.

Explicitly, due to the equivalence there exists V with Z = p*V and with this we may form the
composite isomorphism

R,(ZX) = iyZ =~ igp'V=V=ipV=iZ=R,(XASY.

We conclude:

Theorem 1.84. The stable model structure SeqSpec(Top),, ... from theorem 1.72 indeed
gives a stable model category in the sense of def. 1.73, in that the canonically induced
reduced suspension functor (prop.) on its homotopy category is an equivalence of
categories

2 : Ho(SeqSpec(Top) ) = Ho(SeqSpec(Top)

stable stable) )

Proof. By lemma 1.77, the canonical suspension functor is represented, on fibrant-cofibrant
objects, by the standard suspension functor of def. 1.31. By prop. 1.83 this is naturally
isomorphic - on the level of the homotopy category - to the alternative suspension
operation of def. 1.34. Therefore the claim follows with prop. 1.76. R

In fact this lifts to a Quillen equivalence:

Proposition 1.85. The (X 4 2)-adjunction from prop. 1.38 is a Quillen equivalence (def.)
with respect to the stable model structure of theorem 1.72:

RT ™

SeqspeC(Topcg)stable QseqspeC(Tong)Stable )

=]

Its derived functors (prop.) exhibit the canonical reduced suspension and looping
operation as an adjoint equivalence on the stable homotopy category

o[ RT™

Ho(Spectra) Ho(Spectra) .

Proof. By prop. 1.44 and the fact that the stable model structure has the same cofibrations
as the strict model structure, ¥ preserves stable cofibrations. Moreover, by lemma 1.74 ¥
preserves in fact all stable weak equivalences. Hence ¥ is a left Quillen functor and so (2 4 )

is @ Quillen adjunction. Finally lemma 1.76 gives that this Quillen adjunction is a Quillen
equivalence. 11

In summary, this concludes the characterization of the stable homotopy category as the
result of stabilizing the canonical (Z 4 2)-adjunction on the classical homotopy category:

Theorem 1.86. The classical model structure (Topc*g/ ) Quillen ON pointed compactly generated

topological spaces (thm., prop.) and the stable model structure on topological sequential
spectra Sequec(Tong) (theorem 1.72) sit in a commuting diagram of Quillen adjunctions of

the form
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z
*/ «— */

(Tong )Quillen 1 (TOng )Quillen
—_
0

29y 4 2% 20y 4 2%
X
—

SeqspeC(Topcg)strict i Seqspec(Topcg)strict'

0

dy 4 1 idy 4 g
X
=

SequeC(TOPCg)Stable Q SeqspeC(Topcg)stable

=]

where the top parts is from corollary 1.45, the bottom vertical Quillen adjunction is the
Bousfield localization of theorem 1.72 and the bottom horizontal adjunction is the Quillen

equivalence of prop. 1.85.

Hence (by this prop.) the derived functors of the functors in this diagram yield a
commuting square of adjoint functors between the classical homotopy category (def.) and
the stable homotopy category (def. 1.97) of the form

ol

Ho(Top*/) L Ho(Top*/)
0

R S R
z
(—

Ho(Spectra) = Ho(Spectra)
0

where the horizontal adjunctions are the canonically induced (via this
prop.)suspension/looping functors by prop. 1.2 and by lemma 1.77 and theorem 1.84.

Cofibrant generation

from theorem 1.72 is a

stable —_=

We show that the stable model structure Sequec(Tong)
cofibrantly generated model category (def.).

We will not use the result of this section in the remainder of part 1.1, but the following
argument is the blueprint for the proof of the model structure on orthogonal spectra that we
consider in part 1.2, in the section The stable model structure on structured spectra, and it
will be used in the proof of the Quillen equivalence of SeqSpec(Top,,) to the stable model

structure on orthogonal spectra (thm.).

stable

Moreover, that Sequec(Topcg)Stable is cofibrantly generated means that for ¢ any topologically

enriched category (def.) then there exists a projective model structure on functors

[c, Sequec(Topcg) on the category of topologically enriched functors ¢ - Sequec(Tong)
) Quillen proj (thm.). This is
the model structure for parameterized stable homotopy theory. Just as the stable homotopy
theory discussed here is the natural home of generalized (Eilenberg-Steenrod) cohomology

theories (example 1.102) so parameterized stable homotopy theory is the natural home of
twisted cohomology theories.

stable]proj
(def.), in direct analogy to the projective model structure [C, (Topc*g/

In order to express the generating (acyclic) cofibrations, we need the following simple but
important concept.
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Definition 1.87. For K € Topc*g/, and n e N, write F,K € SeqSpec(Top,,) for the free spectrum
on K at n, with components

* forg<n
(FpK) =
"4 s AR forg=n

and with structure maps o, the canonical identifications for g > n
o S'A (FnK), = SYASTT"AK S SITITMAK = (Fnk)g .,y -
For n € N, write

ky : Fpi18*— F,S°

for the canonical morphisms of free sequential spectra with the following components

A
A

)y ST = 8

(kn),,: +  — S°
* —_— *
* — *
L% L%

ky,: FnpiSt — F,S°

Example 1.88. The free spectrum F,S° (def. 1.87) is the standard sequential sphere
spectrum from def. 1.6

FoS® =~ Sgyq .

Generally the free spectrum FK is the suspension spectrum (def. 1.5) on K:

FoK ~ %K .

Just as forming suspension spectra is left adjoint to extracting the Oth component space of a
sequential spectrum (prop. 1.12), so forming the nth free spectrum is left adjoint to
extracting the nth component space:

Proposition 1.89. ForneN, let
Ev, : Sequec(Tong) — Top;g/

be the functor from sequential spectra (def. 1.3) to pointed topological spaces given by
extracting the nth component space

Ev,(X) =X, .

Then this functor is right adjoint to forming nth free spectra (def. 1.87):
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F
<
(F, 4 Evp) : Sequec(Tong) i) Topgg -

Evn

Proof. The proof is verbatim as that of prop. 1.12, just with n zeros inserted at the bottom
of the sequences of components maps. |

Definition 1.90. Write

I553P1e .= IS0t € SeqSpec(Top)

for the set of morphisms appearing already in def. 1.41, and write

stable ,__ jstrict .
Jseq = Jseq U {knDii}

neN,ip €I
* (Top*/>

for the disjoint union of the other set of morphisms appearing in def. 1.41 with the set
{knmi+}n’i+ of pushout-products under smash tensoring (according to def. 1.57) of the

morphisms k, from def. 1.87 with the generating cofibrations of the classical model
structure on pointed topological spaces (def.).

Theorem 1.91. The stable model structure Sequec(Tong)stable from theorem 1.72 is

cofibrantly generated (def.) with generating (acyclic) cofibrations the sets I3’ (and
]stable) from def. 1.90.

seq

This is one of the cofibrantly model categories considered in (Mandell-May-Schwede-Shipley
01).

Proof. 1t is clear (as in theorem 1.42) that the two classes have small domains (def.).
Moreover, since I3 = I35 and Cofyaple = Cofsyice by definition, the fact that the
ccofibrations are the retracts of relative I54"'°-cell complexes is part of theorem 1.42. It only
remains to show that the stable acyclic cofibrations are precisely the retracts of relative
]:;Zble-cell complexes. This we is the statement of lemma 1.96 below. R

Lemma 1.92. The morphisms of free spectra {k,}, . from def. 1.87 co-represent the
adjunct structure maps of sequential spectra from def. 1.4, in that for X € SeqSpec(Top,,),
then

SeqSpec(F,S°, X)

R

Xn

SeqSpec(kpn,X) l l&fzf )
SeqSpec(Fn 1S, X) = QXnis

where on the left we have the hom-spaces of def. 1.60, and where the horizontal
equivalences are via prop. 1.89.

Proof. Recall that we are precomposing with

56 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

57 of 80

kp)yys S0 — 83
kn)yy, S22 — 87

k), ST — ST

(kn).,: % — S°
* — *
* — *
L Ll

ky:  Fpi:S' — F,S°

Now for X any sequential spectrum, then a morphism f:F,S° - X is uniquely determined by
its nth component fn:S0 - X, : the compatibility with the structure maps forces the next

component, in particular, to be ¢ o >f:

Xoxf
st M x

But that (n + 1)st component is just the component that similarly determines the
precompositon of f with k,, hence f o k,, is uniquely determined by the map o 0 Xf.
Therefore SeqSpec(k,, —) is the function

0 f'_’o'%"zf 1
SeqSpec(ky, —) : X, = SeqSpec(S", X,) ————> Maps (S, X, 11), = 0Xp 41 -

It remains to see that this is indeed the (X 4 2)-adjunct of ¢. By the general formula for
adjuncts, this is

0 X
XX, 5 0ZX, 80X,y

To compare to the above, we check what this does on points: §° ERN X, is sent to the
composite

0 X
s Lox, Loosx, 28 ox,,, .

To identify this as a map S* - X,,..,, we use the adjunction isomorphism once more to throw
all the n-s on the right back to x-s the left, to finally find that this is indeed

N X
oXoxf st=ys0Lgx Ty

Lemma 1.93. Every element in J$@'° (def. 1.90) is an acyclic cofibration in the model

seq

from theorem 1.72.

stable =

structure Sequec(Tong)

Proof. For the elements in ]:Zfli“ this is part of theorem 1.42. It only remains to see that the
morphisms k, oi, are stable acyclic cofibrations.
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To see that they are stable cofibrations, hence strict cofibrations:

By Joyal-Tierney calculus (prop.) k, oi, has left lifting against any strict acyclic fibration f
precisely if k,, has left lifting against the pullback powering f°*+ (def. 1.57). By prop. 1.58
the latter is still a strict acyclic fibration. Since k,, is evidently a strict cofibration, the lifting
follows and hence also k, 0i, is a strict cofibration, hence a stable cofibration.

To see that they are stable weak equivalences: For each g the morphisms k, AS?" " are
stable acyclic cofibrations, and since stable acyclic cofibrations are preserved under pushout,
it follows by two-out-of-three that also k,, 0i, is a stable weak equivalence. i

The reason for considering the set {k, 0i,} is to make the following true:

stable
seq

Lemma 1.94. A morphism f:X - Y in SeqSpec(Top) is a |
precisely if

-injective morphism (def.)

1. it is fibration in the strict model structure (hence degreewise a fibration);

2. for all n e N the commuting squares of structure map compatibilities on the
underlying sequential spectra

Xp = 0Xpi4
fn l lnfn+1

Yn =5 OVnia

in that the comparison map

exhibit homotopy pullbacks (def.) in Sequec(Tong)

strict”

X, —Y, X 0X, ,

DY¥n+1

is a weak homotopy equivalence (notice that Qf, ., is a fibration by the previous item
and since 0 = Maps(S", —), is a right Quillen functor by prop. 1.2).

stable
seq

In particular, the | -injective objects are precisely the Omega-spectra, def. 1.18.

Proof. By theorem 1.42, lifting against j:;f]ic alone characterizes strict fibrations, hence

degreewise fibrations. Lifting against the remaining pushout product morphism k, oi, is, by
Joyal-Tierney calculus (prop.), equivalent to left lifting i, against the pullback powering f=*»
from def. 1.57. Since the {i,} are the generating cofibrations in Topc*g/ such lifting means that
2 is a weak equivalence in the strict model sructure. But by lemma 1.92, f°*» is precisely

the comparison morphism in question. N

Lemma 1.95. A morphism in SeqSpec(Top) which is both

1. a stable weak homotopy equivalence (def. 1.16);

2. a Js@ble_jnjective morphism (def. 1.90, def.)

seq

is an acyclic fibration in the strict model structure, hence is degreewise a weak homotopy
equivalence and Serre fibration of topological spaces;

Proof. Let f:X —» B be both a stable weak homotopy equivalence as well as a K-injective
morphism. Since K contains the generating acyclic cofibrations for the strict model structure,
f is in particular a strict fibration, hence a degreewise fibration.
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Consider the fiber F of f, hence the morphism F — « which is the pullback of f along * — B.
Notice that since f is a strict fibration, this is the homotopy fiber (def.) of f in the strict
model structure.

We claim that
1. F is an Omega-spectrum;
2. F - = is a stable weak homotopy equivalence.

The first item follows since F, being the pullback of a K-injective morphisms, is a K-injective
object (prop.), so that, by lemma 1.94, F it is an Omega-spectrum.

For the second item:

Since F - X ER B is degreewise a homotopy fiber sequence, there are degreewise its long
exact sequences of homotopy groups (exmpl.)

Ty (By) — T(Fy) — (X)) L5 . (By) =+ o 11 (By) — 1o(Fa) — (X)) — 1o (B).,

Since in the category Ab of abelian group forming filtered colimits is an exact functor
(prop.), it follows that after passing to stable homotopy groups the resulting sequence

ey () D e (B) = () > (0 L m(B) - -

is still a long exact sequence.

Since, by assumption, f, is an isomorphism, this exactness implies that =.(F) = 0, and hence
that F —» « is a stable weak homotopy equivalence. But since, by the first item above, F is an
Omega-spectrum, it follows (via example 1.20) that F — = is even a degreewise weak
homotopy equivalence, hence that n,(F,) =~ 0 for all n € N.

Feeding this back into the above degreewise long exact sequence of homotopy groups now
implies that n. ., (f,) is @ weak homotopy equivalence for all n and for each homotopy group

in positive degree.

To deduce the remaining case that also =, (f,) is an isomorphism, observe that by
assumption of K-injectivity, lemma 1.94 gives that f is the pullback (in topological spaces)
of 2(f,). But by the above Qf is a weak homotopy equivalence, and since 2 = Maps(S?, -), is
a right Quillen functor (prop. 1.2) it is also a Serre fibration. Therefore f is the pullback of
an acyclic Serre fibration and hence itself a weak homotopy equivalence. B

Lemma 1.96. The retracts (rmk.) of | :;Zble-re/ative cell complexes are precisely the stable
acyclic cofibrations.

Proof. Since all elements of 32"

lemma 1.93, it follows that every retract of a relative J
property.

are stable weak equivalences and strict cofibrations by
stable_cal|| complex has the same

seq

In the other direction, let f be a stable acyclic cofibration. Apply the small object argument
(prop.) to factor it

i p
' stable stable r..:
]seq Cell ]seq Inj

f
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stable_ stable_
asaj seq seq

statement i is a stable weak homotopy equivalence, and hence by assumption and by
two-out-of-three so is p. Therefore lemma 1.95 implies that p is a strict acyclic fibration. But
then the assumption that f is a strict cofibration means that it has the left lifting property
against p, and so the retract argument (prop.) implies that f is a retract of the relative
Jstable_cell complex i. B

seq

relative cell complex i followed by a J injective morphism p. By the previous

This completes the proof of theorem 1.91.
The stable homotopy category

Definition 1.97. Write

Ho(Spectra) := HO(Sequec(Topcg)stable)

for the homotopy category (defn.) of the stable model structure on topological sequential
spectra from theorem 1.72.

This is called the stable homotopy category.

The stable homotopy category of def. 1.97 inherits particularly nice properties that are
usefully axiomatized for themselves. This axiomatics is called triangulated category structure
(def. 1.111 below) where the “triangles” are referring to the structure of the long fiber
sequences and long cofiber sequences (prop.) which happen to coincide in stable homotopy
theory.

Additivity

The stable homotopy category Ho(Spectra) is the analog in homotopy theory of the category
Ab of abelian groups in homological algebra. While the stable homotopy category is not an
abelian category, as Ab is, but a homotopy-theoretic version of that to which we turn below,
it /s an additive category.

Lemma 1.98. The stable homotopy category (def. 1.97) has finite coproducts. They are
represented by wedge sums (example 1.29) of CW-spectra (def. 1.46).

Proof. Having finite coproducts means
1. having empty coproducts, hence initial objects,
2. and having binary coproducts.

Regarding the initial object:

The spectrum X®* (suspension spectrum (example 1.5) on the point) is both an initial
object and a terminal object in SeqSpec(Top,,). This implies in particular that it is both fibrant

and cofibrant. Finally its standard cylinder spectrum (example 1.30) is trivial
(Z7x)A () =X, All together with means that for X any fibrant-cofibrant spectrum, then

HomHo(Spectra)(zoo*vZ) = HOl‘nSequec(Zoo""Z)/~ = *
and so X** also represents the initial object in the stable homotopy category.

Now regarding binary coproducts:
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By prop. 1.55 and prop. 1.51, every spectrum has a cofibrant replacement by a
CW-spectrum. By prop. 1.50 the wedge sum X vY of two CW-spectra is still a CW-spectrum,

hence still cofibrant.

Let P and Q be fibrant and cofibrant replacement functors, respectively, as in the
section_Classical homotopy theory — The homotopy category.

We claim now that P(X vY) € Ho(Spectra) is the coproduct of PX with PY in Ho(Spectra). By
definition of the homotopy category (def.) this is equivalent to claiming that for Z any stable
fibrant spectrum (hence an Omega-spectrum by theorem 1.72) then there is a natural
isomorphism

HomSequec (P(X v Y), QZ) /~ = HomSequec (PX, QZ) /~ X HomSequec (PY, QZ) /~

between left homotopy-classes of morphisms of sequential spectra.

But since X vY is cofibrant and Z is fibrant, there is a natural isomorphism (prop.)
HomSequec(P(X v Y)r QZ) /~ = HomSequec(X VY, Z) /~ '

Now the wedge sum X vY is the coproduct in Sequec(Tong), and hence morphisms out of it
are indeed in natural bijection with pairs of morphisms out of the two summands. But we

need this property to hold still after dividing out left homotopy. The key is that smash
tensoring (def. 1.8) distributes over wedge sum

XVAL) =XAUT)) VT AUL)

(due to the fact that the smash product of compactly generated pointed topological spaces
distributes this way over wedge sum of pointed spaces). This means that also left
homotopies out of X vY are in natural bijection with pairs of left homotopies out of the
summands separately, and hence that there is a natural isomorphism

HomSequec(X VY, Z) /~ — HomSequec(Xr Z) /~ X HomSequec (Y' Z) /N .

Finally we may apply the inverse of the natural isomorphism used before (prop.) to obtain in
total

HomSequec (X, Z) /~ X HomSequec (Y' Z)/~ = HomSequec (PX, QZ) /~ X HomSequec (PY, QZ) /~ .
The composite of all these isomorphisms proves the claim. N

Definition 1.99. Define group structure on the pointed hom-sets of the stable homotopy
category (def. 1.97)

[X,Y] € Grp

induced from the fact (prop.) that the hom-sets of any homotopy category into an object
in the image of the canonical loop space functor 2 inherit group structure, together with
the fact (theorem 1.84) that on the stable homotopy category 2 and X are inverse to each
other, so that

[X,Y] = [X,02Y],

Lemma 1.100. The group structure on [X,Y] in def. 1.99 is abelian and composition in
Ho(Spectra) is bilinear with respect to this group structure. (Hence this makes Ho(Spectra) an
Ab-enriched category.)

Proof. Recall (prop, rmk.) that the group structure is given by concatenation of loops
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A )
x X xxx %Y azx x azx — ozx .

That the group structure is abelian follows via the Eckmann-Hilton argument from the fact
that there is always a compatible second (and indeed arbitrarily many compatible) further
group structures, since, by stability

[X,Y] = [X,0Q3Y] = [X,Q 0 (2X) o ZY] = [X,0%5?%Y] .

That composition of morphisms distributes over the operation in this group is evident for
precomposition. Let f:W — X then clearly

£ [X,05Y] — [W,05Y]

preserves the group structure induced by the group structure on 2XY. That the same holds
for postcomposition may be immediately deduced from noticing that this group structure is
also the same as that induced by the cogroup structure on 20X, so that with g:Y - Z then

g, : [Z0X,Y] — [£0X,Z)

preserves group structure.

More explicitly, we may see the respect for groupstructure structure of the postcomposition
opeation from the naturality of the loop composition map which is manifest when
representing loop spectra via the standard topological loop space object

NX = fib(Maps(I,,X) » X x X) (rmk.) under smash powering (def. 1.8).

To make this fully explicit, consider the following diagram in Ho(Spectra):

YXY = QLY xQIY = Q(Maps(S',ZY), x Maps(S',2Y),) — Q(Maps(Sjz,2Y)), = QXY = Y

gxg | 129 x0zg lQ(Maps(Sl,Eg)* xMaps(s1,029),) lQ(Maps(S[lo‘z],Zg)*) 1929 19,

ZxXZ S QXZx0XZ = Q(Maps(S',2Z), x Maps(S',22),) — Q(Maps(Sjo2,22),) = QXZ = Z
where S}, ,; denotes the sphere of length 2.

Here the leftmost square and the rightmost square are the naturality squares of the
equivalence of categories (2 4 2) (theorem 1.84).

The second square from the left and the second square from the right exhibit the equivalent
expression of 2 as the right derived functor of (either the standard or the alternative, by
lemma 1.83) degreewise loop space functor. Here we let X denote any fibrant
representative, for notational brevity, and use that the derived functor of a right Quillen
functor is given on fibrant objects by the original functor followed by cofibrant replacement
(prop.).

The middle square is the image under Q of the evident naturality square for concatenation of
loops. This is where we use that we have the standard model for forming loop spaces and
concatenation of loops (rmk.): the diagram commutes because the loops are always
poinwise pushed forward along the map . W

It is conventional (Adams 74, p. 138) to furthermore make the following definition:

Definition 1.101. For X,Y € Ho(Spectra) two spectra, define the Z-graded abelian group

[X,Y], € Ab”
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to be in degree n the abelian hom group of lemma 1.100 out of X into the n-fold
suspension of Y (lemma 1.83):

[X,Y] = [X,£7"Y].
Defining the composition of f, € [X, Y], with f, € [v.z],, to be the composite

272(f,)
—

XgZﬁ"lY ryhgpTmzyxy m-mnz

gives the stable homotopy category the structure of an Ab%-enriched category.

Example 1.102. (generalized cohomology groups)

Let E € Sequec(Tong) be an Omega-spectrum (def. 1.18) and let X € Topc*g/ be a pointed

topological space with XX its suspension spectrum (example 1.5). Then the graded
abelian group (by prop. 1.100, def. 1.101)

E'(X) = [£"X,E]_,
= [2%X,2°E]
~ [X,0°2°E],
~ [X,E.],

is also called the reduced cohomology of X in the generalized (Eilenberg-Steenrod)
cohomology theory that is represented by E.

Here the equivalences used are

1. the adjunction isomorphism of (Z* 4 2%) from theorem 1.86;

2. the isomorphism X = [1] of suspension with the shift spectrum (def. 1.33) on
Ho(Spectra) of lemma 1.75, together with the nature of 2® from prop. 1.12.

The latter expression
E"(0) = [X, En],

(on the right the hom in in the classical homotopy category Ho(Top*/) of pointed
topological spaces) is manifestly the definition of reduced generalized (Eilenberg-
Steenrod) cohomology as discussed in part S in the section on the Brown representability
theorem.

Suppose E here is not necessarily given as an Omega-spectrum. In general the
hom-groups [X, E] = [X,E] ., in the stable homotopy category are given by the naive
homotopy classes of maps out of a cofibrant resolution of X into a fibrant resolution of E
(by this lemma). By theorem 1.72 a fibrant replacement of E is given by Omega-
spectrification QE (def. 1.21). Since the stable model structure of theorem 1.72 is a left

Bousfield localization of the strict model structure from theorem 1.42, and since for the
latter all objects are fibrant, it follows that

[X, E] = [X, QE]

stable strict’

and hence

63 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

E°(X) = [Z%X,E]

stable

= [2%X, QE]

strict
)

~ [X,2%QE],
= [X, (QE),],
where the last two hom-sets are again those of the classical homotopy category. Now if E

happens to be a CW-spectrum, then by remark 1.23 its Omega-spectrification is given
simply by (QE), = lim 2*E, ) and hence in this case
k

E°X) ~[X, li_)kakEk]* .
If X here is moreover a compact topological space, then it may be taken inside the colimit
(e.g. Weibel 94, topology exercise 10.9.2), and using the (X 4 2)-adjunction this is
rewritten as

E°(X) =~ “—>mk [X,Q%E, ],

*

~ I k
~ l]_In)k[Z X,Ek]

(e.g. Adams 74, prop. 2.8).

This last expression is sometimes used to define cohomology with coefficients in an
arbitrary spectrum. For examples see in the part S the section Orientation in generalized

cohomology.

More generally, it is immediate now that there is a concept of E-cohomology not only for
spaces and their suspension spectra, but also for general spectra: for X € Ho(Spectra) be
any spectrum, then

E'(X) =[X, 2E]
is called the reduced E-cohomology of the spectrum X.

Beware that here one usually drops the tilde sign.

In summary, lemma 1.98 and lemma 1.100 state that the stable homotopy category is an
Ab-enriched category with finite coproducts. This is called an additive category:

Definition 1.103. An additive category is a category which is

1. an Ab-enriched category;

(sometimes called a pre-additive category-this means that each hom-set carries the
structure of an abelian group and composition is bilinear)

2. which admits finite coproducts

(and hence, by prop. 1.104 below, finite products which coincide with the coproducts,
hence finite biproducts).

Proposition 1.104. In an Ab-enriched category, a finite product is also a coproduct, and
dually.

This statement includes the zero-ary case: any terminal object is also an initial object,
hence a zero object (and dually), hence every additive category (def. 1.103) has a zero
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object.

More precisely, for {X;},_, a finite set of objects in an Ab-enriched category, then the

unigue morphism
[T

i€l jel
whose components are identities for i = j and are zero otherwise, is an isomorphism.

Proof. Consider first the zero-ary case. Given an initial object @ and a terminal object ,
observe that since the hom-sets Hom(@, @) and Hom(*, ) by definition contain a single
element, this element has to be the zero element in the abelian group structure. But it also
has to be the identity morphism, and hence id; = 0 and id. = 0. It follows that the 0-element
in Hom( *, @) is a left and right inverse to the unique element in Hom(®, =), and so this is an

isomorphism

0:0> * .

Consider now the case of binary (co-)products. Using the existence of the zero object, hence
of zero morphisms, then in addition to its canonical projection maps p,:X; X X, — X;, any

binary product also receives “injection” maps X; - X; X X,, and dually for the coproduct:

X1 X X1 X
W(id0)  (0id) , N2 ix;

id id i i
iy X, x X, I NS TP L1x2
'/PX1 Px, » ‘/(id,o) (0,id) N
X1 X, X1 X,

Observe some basic compatibility of the Ab-enrichment with the product:
First, for (ay,B,), (az,B8,):R = X1 X X, then
(x)  (an,By) + (a2, B,) = (a1 + az, B, +B,)

(using that the projections p, and p, are linear and by the universal property of the
porduct).

Second, (id,0) e p, and (0,id) o p, are two projections on X; X X, whose sum is the identity:
(xx)  (id,0) op, + (0,id) o p, = idy, xx, -

(We may check this, via the Yoneda lemma on generalized elements: for (a,8):R - X; X X,
any morphism, then (id,0) o p, ° (a, ) = (,0) and (0,id) o p, o (&, ) = (0,8), so the statement
follows with equation (x).)

Now observe that for f, : X; - Q@ any two morphisms, the sum
()b = f1°p1+f20p2 :X1XX2_>Q

gives a morphism of cocones
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X, X,
W40 (id)
X1y X, % X, 1%z
X, 1® X,
f1 N ‘/fz
Q

Moreover, this is unique: suppose ¢’ is another morphism filling this diagram, then, by using
equation (x x), we get
((p - ¢,) = ((p - ¢,) ° idX1 XXp
=(¢—¢') o ((idy,,0) o p, +(0,idy,) °p,)
=(¢p—¢)e(idx,,0)ep, +(p—¢") e (0,idy,) o p,

=0 =0

=0

and hence ¢ = ¢'. This means that X, x X, satisfies the universal property of a coproduct.

By a dual argument, the binary coproduct X, u X, is seen to also satisfy the universal

property of the binary product. By induction, this implies the statement for all finite
(co-)products. N

Remark 1.105. Finite coproducts coinciding with products as in prop. 1.104 are also called
biproducts or direct sums, denoted

X1 ®X2 :=X1 UXZ ZX:L XXZ .
The zero object is denoted “0”, of course.
Conversely:

Definition 1.106. A semiadditive category is a category that has all finite products
which, moreover, are biproducts in that they coincide with finite coproducts as in def.
1.104.

Proposition 1.107. In a semiadditive category, def. 1.106, the hom-sets acquire the
structure of commutative monoids by defining the sum of two morphisms f,g : X — Y to
be

A @ v
frg=xZxxx=x0xHvor~-vurXy.

With respect to this operation, composition is bilinear.

Proof. The associativity and commutativity of + follows directly from the corresponding
properties of @. Bilinearity of composition follows from naturality of the diagonal 4, and
codiagonal Vy:
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Aw ~

w ¥ wxw S wew
le lexe le@e
A D v
x 2% xxx =~ xox XY vyvey ~vur X vy
Vz
I®7 ~ 7uz 3 z

Proposition 1.108. Given an additive category according to def. 1.103, then the
enrichement in commutative monoids which is induced on it via prop. 1.104 and prop.
1.107 from its underlying semiadditive category structure coincides with the original
enrichment.

Proof. By the proof of prop. 1.104, the codiagonal on any object in an additive category is
the sum of the two projections:

+
VX x 22y,

Therefore (checking on generalized elements, as in the proof of prop. 1.104) for all
morphisms f,g:X - Y we have commuting squares of the form

x 9 vy
Ay Vy =
! P1tDy
XX — YOPY
© fog ©

Remark 1.109. Prop. 1.108 says that being an additive category is an extra property on a
category, not extra structure. We may ask whether a given category is additive or not,
without specifying with respect to which abelian group structure on the hom-sets.

In conclusion we have:

Proposition 1.110. The stable homotopy category (def. 1.97) is an additive category (def.
1.103).

Hence prop. 1.104 implies that in the stable homotopy category finite coproducts (wedge
sums) and finite products agree, in that they are finite biproducts (direct sums).

V =~ X = @ € Ho(Spectra) .

Proof. By lemma 1.98 and lemma 1.100. N
Triangulated structure

We have seen above that the stable homotopy category Ho(Spectra) is an additive category.
In the context of homological algebra, when faced with an additive category one next asks
for the existence of kernels (fibers) and cokernels (cofibers) to yield a pre-abelian category,
and then asks that these are suitably compatible, to yield an abelian category.

Now here in stable homotopy theory, the concept of kernels and cokernels is replaced by
that of homotopy fibers and homotopy cofibers. That these certainly exist for homotopy
theories presented by model categories was the topic of the general discussion in the section
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Homotopy theory — Homotopy fibers. Various of the properties they satisfy was the topic of
the sections Homotopy theory - Long sequences and Homotopy theory — Homotopy
pullbacks.. For the special case of stable homotopy theory we will find a crucial further
property relating homotopy fibers to homotopy cofibers.

The axiomatic formulation of a subset of these properties of stable homotopy fibers and
stable homotopy cofibers is called a triangulated category structure. This is the analog in
stable homotopy theory of abelian category structure in homological algebra.

category of abelian stable homotopy category
groups

direct sums and hom-abelian additive category additive category

groups

(homotopy) fibers and cofibers . homotopy category of a model

. pre-additive category

exist category

(homotgpv) fibers and cofibers are abelian category triangulated category

compatible

Literature (Hubery, Schwede 12, 11.2)

Definition 1.111. A triangulated category is

1. an additive category Ho (def. 1.103);
2. a functor, called the suspension functor or shift functor
XY : Ho = Ho

which is required to be an equivalence of categories;

3. a sub-class CofSeq c Mor(Ho?®) of the class of triples of composable morphisms, called

the class of distinguished triangles, where each element that starts at A ends at
JA; we write these as

A— B —B/A— XA,

or

(whence the name triangle);
such that the following conditions hold:

e TO For every morphism f:4 — B, there does exist a distinguished triangle of the form
AL B B/A—3A.

If (f,g,h) is a distinguished triangle and there is a commuting diagram in Ho of the
form
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h
AL B % Ba L o
lelso lelso lelso lEIso
fr g’

hr
A —> B — B'J/A — ZA

(with all vertical morphisms being isomorphisms) then (f',g',h") is also a
distinguished triangle.

e T1 For every object X € Ho then (0,idy, 0) is a distinguished triangle
idy
0—=X—>-X—0;
e T2 If (f,g,h) is a distinguished triangle, then so is (g,h, —2f); hence if

f g h
A—B—B/A— XA

is, then so is

g h -zf
B—B/A— XYA— JXB.

e T3 Given a commuting diagram in Ho of the form

A — B — B/A — XA
1Pa 18
A —- B — B'J/A — A

where the top and bottom are distinguished triangles, then there exists a morphism
B/A - B' /A" such as to make the completed diagram commute

A — B — B/A — XA
IZEL \? 174

A — B — B /A — XA

e T4 (octahedral axiom) For every pair of composable morphisms f:4 - B and
f":B - D then there is a commutative diagram of the form

g

f h
A — B — B/A — XA
=1 iy A 1=
A — D — D/A — ZJA
frof gn hn

gl g
b/B — D/B
ho| 1Ggeh
2B e JB/A

such that the two top horizontal sequences and the two middle vertical sequences
each are distinguished triangles.

Proposition 1.112. The stable homotopy category Ho(Spectra) from def. 1.97, equipped

with the canonical suspension functor X:Ho(Spectra) — Ho(Spectra) (according to this prop.)

is a triangulated category (def. 1.111) for the distinguished triangles being the closure
under isomorphism of triangles of the images (under localization
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SeqSpec(Top g )¢ p. — Ho(Spectra) (prop.) of the stable model category of theorem 1.72) of
the canonical long homotopy cofiber sequences (prop.)

AL B hocofib(f) — ZA .

(e.g. Schwede 12, chapter II, theorem 2.9)

Proof. By prop. 1.110 the stable homotopy category is additive, by theorem 1.84 the
functor ¥ is an equivalence.

The axioms TO and T1 are immediate from the definition of homotopy cofiber sequences.

The axiom T2 is the very characterization of long homotopy cofiber sequences (from this
prop.).

Regarding axiom T3:

By the factorization axioms of the model category we may represent the morphisms 4 —» A’
and B - B’ in the homotopy category by cofibrations in the model category. Then B - B/A
and B’ - B' /A" are represented by their ordinary cofibers (def., prop.).

We may assume without restriction (lemma) that the commuting square

A L B
¢Al ld)B
A — B
fl

in the homotopy category is the image of a commuting square (not just commuting up to
homotopy) in Sequec(Tong). In this case then the morphism B/A - B’ /A’ is induced by the
universal property of ordinary cofibers. To see that this also completes the last vertical

morphism, observe that by the small object argument (prop.) we have functorial
factorization (def.).

With this, again the universal property of the ordinary cofiber gives the fourth vertical
morphism needed for T3.

Axiom T4 follows in the same fashion: we may represent all spectra by CW-spectra and
represent f and f’, hence also f’ o f, by cofibrations. Then forming the functorial mapping
cones as above produces the commuting diagram

A L B % Bl osa

=L @@ 1=

A > D — D/A = IA
g1 3

D/B - D/B
hoy l():g)"h’
B — JXBJ/A

The fact that the second horizontal morphism from below is indeed an isomorphism follows
by applying the pasting law for homotopy pushouts twice (prop.):

Draw all homotopy cofibers as homotopy pushout squares (def.) with one edge going to the
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A * point. Then assemble the squares (1)-(3)

in the pasting composite of two cubes on
/ top of each other: (1) as the left face of
the top cube, (2) as the middle face
the front face of the bottom cube. All
B
-

where the two cubes touch, and (3) as
remaining edges are points. This way the
rear and front face of the top cube and
/4_4 the left and right face of the bottom cube
are homotopy pushouts by construction.
Also the top face

flof B—-

A — =

=1 )
Y A — x

/ * * is a homotopy pushout, since two

opposite edges of it are weak
equivalences (prop.). From this the
pasting law for homotopy pushouts

D/B D/A (prop.) gives that also the middle square
B/A (2) is a homotopy pushout. Applying the
pasting law once more this way, now for

the bottom cube, gives that the bottom

square

l \)
D/B — (D/A)/(B/A)

is @ homotopy pushout. Since here the left edge is a weak equivalence, necessarily, so is the
right edge (prop.), which hence exhibits the claimed identification

D/B=(D/A)/(B/A) .
i

Remark 1.113. All we used in the proof (of prop. 1.112) of the octahedral axiom (T4) is the
existence and nature of homotopy pushouts. In fact one may show that the octahedral
axiom is equivalent to the existence of homotopy pushouts, in the sense of axiom B in

(Hubery).

Long fiber-cofiber sequences

In homotopy theory there are generally long homotopy fiber sequences to the left and long
homotopy cofiber sequences to the right, as discussed in the section Homotopy theory -
Long sequences. We prove now, in the generality of the axiomatics of triangulated
categories (since the stable homotopy category is triangulated by prop. 1.112), that in
stable homotopy theory both these sequences are long in both directions, and in fact
coincide.

Literature (Schwede 12, I1.2)
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Lemma 1.114. For (Ho, %, CofSeq) a triangulated category, def. 1.111, and

AL B % B/aliza
a distinguished triangle, then
gef=0

is the zero morphism.

Proof. Consider the commuting diagram

id
A5 45 0 — x4

L V

f g h
A —> B — B/A — XA

Observe that the top part is a distinguished triangle by axioms T1 and T2 in def. 1.111.
Hence by T3 there is an extension to a commuting diagram of the form

id
A5 45 0 — x4

L V l 1%

f g h
A —> B — B/A — XA

Now the commutativity of the middle square proves the claim. N

Proposition 1.115. Let (Ho, X, CofSeq) be a triangulated category, def. 1.111, with
hom-functor denoted by [—, —],:Ho°® x Ho — Ab. For X € Ho any object, and for D € CofSeq
any distinguished triangle

f g h
D=(A—B—B/A— XA

then the sequences of abelian groups

1. (long cofiber sequence)

[h,X], l9.X], [f.x1,
[ZA,X], —> [B/A, X], —> [B,X], —> [A, X],

2. (long fiber sequence)
(X.f] X.g] (X,

[X,A], — [X,B], — [X,B/A], — [X,24],

are long exact sequences.

Proof. Regarding the first case:

Since go f = 0 by lemma 1.114, we have an inclusion im([g, X],) < ker([f,X],). Hence it is
sufficient to show that if y:B - X is in the kernel of [f,X]_ in that Yo f =0, then there is
¢:B/A - X with ¢ o g = 1. To that end, consider the commuting diagram

AL B % Bl sa
l

v

id
0O - X — X — 0

72 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

where the commutativity of the left square exhibits our assumption.

The top part of this diagram is a distinguished triangle by assumption, and the bottom part
is by condition T1 in def. 1.111. Hence by condition T3 there exists ¢ fitting into a
commuting diagram of the form

AL B % Balh osa
!

vy L® L.
id
0O — X — X — 0
Here the commutativity of the middle square exhibits the desired conclusion.

This shows that the first sequence in question is exact at [B, X], . Applying the same
reasoning to the distinguished triangle (g, h, —2f) provided by T2 yields exactness at
[B/A X]

Regarding the second case:
Again, from lemma 1.114 it is immediate that
im([X, f],) < ker([X, g],)

so that we need to show that for y:X — B in the kernel of [X, g]_, hence such that goy =0,
then there exists ¢p: X —» A with fo ¢ =1.

To that end, consider the commuting diagram

-rid
X —» 0 — XX — X

W ) )
g h -zf
B — B/A — XA — XB
where the commutativity of the left square exhibits our assumption.

Now the top part of this diagram is a distinguished triangle by conditions T1 and T2 in def.
1.111, while the bottom part is a distinguished triangle by applying T2 to the given
distinguished triangle. Hence by T3 there exists ¢:2X —» XA such as to extend to a
commuting diagram of the form
—-Xid
X - 0 — 22X — XX
v ! 19 VY
g h -zf
B — B/A — XA — JXB
At this point we appeal to the condition in def. 1.111 that X¥:Ho — Ho is an equivalence of
categories, so that in particular it is a fully faithful functor. It being a full functor implies that
there exists ¢:X — A with ¢ = Z¢. It being faithful then implies that the whole commuting
square on the right is the image under » of a commuting square

—id
X — X

¢ | R
A — B

73 of 80 27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

This concludes the exactness of the second sequence at [X, B],. As before, exactness at
[X,B/A], follows with the same argument applied to the shifted triangle, via T2. 1

Lemma 1.116. Consider a morphism of distinguished triangles in a triangulated category
(def. 1.111):

g h
A — B — B/A — XA

la »Lb »LC l):a_
A — B — B'/A — XA
If two out of {a, b, c} are isomorphisms, then so is the third.

Proof. Consider the image of the situation under the hom-functor [X, —], out of any object
X:
[X,A]. — [XB]. > [X,B/A] LA [X,24], — [X,2B],
la* J'b* lc* l(za)* l(Zb)*,
X,A'], — [X,B'], — [X,B'/A], — [XZA'], — [X,2B'],

where we extended one step to the right using axiom T2 (def. 1.111).

By prop. 1.115 here the top and bottom are exact sequences.

So assume the case that a and b are isomorphisms, hence that a., b., (Za), and (Zb), are
isomorphisms. Then by exactness of the horizontal sequences, the five lemma implies that c,
is an isomorphism. Since this holds naturally for all X, the Yoneda lemma (fully faithfulness
of the Yoneda embedding) then implies that c is an isomorphism.

If instead b and c are isomorphisms, apply this same argument to the triple (b,¢,2a) to
conclude that Ya is an isomorphism. Since X is an equivalence of categories, this implies
then that a is an isomorphism.

Analogously for the third case. 1

Lemma 1.117. If (g,h, —2f) is a distinguished triangle in a triangulated category (def.
1.111), then so is (f,g,h).

Proof. By T0 there is some distinguished triangle of the form (f,g’,h’). By T2 this gives a
distinguished triangle (-2f, —2g', —Xh'). By T3 there is a morphism ¢’ giving a commuting
diagram

-Zf -3g —Zh 5
JA — YB — JXC — XA

=1 =1 el =1

sa 2oz % zc N s
Now lemma 1.116 gives that ¢’ is an isomorphism. Since ¥ is an equivalence of categories,
there is an isomorphism ¢ such that ¢’ = Zc. Since ¥ is in particular a faithful functor, this ¢
exhibits an isomorphism between (f,g,h) and (f,g',h"). Since the latter is distinguished, so is
the former, by TO. N

In conclusion:
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Proposition 1.118. Let
xLy %z

be a homotopy cofiber sequence (def.) of spectra in the stable homotopy category (def.
1.97) Ho(Spectra). Let A € Ho(Spectra) be any other spectrum. Then the abelian hom-groups

of the stable homotopy category (def. 1.99, lemma 1.100) sit in long exact sequences of
the form

—-(29), I 9. (20,
= [A,0Y] — > [A,0Z] = [AX] = [AY] = [AZ] — [A2X] —> [4,2Y] — -

Proof. By prop. 1.112 the above abstract reasoning in triangulated categories applies. By
prop. 1.115 we have long exact sequences to the right as shown. By lemma 1.117 these
also extend to the left as shown. N

This suggests that homotopy cofiber sequences coincide with homotopy fiber sequence in
the stable homotopy category. This is indeed the case:

Proposition 1.119. In the stable homotopy category, a sequence of morphisms is a
homotopy cofiber sequence precisely if it is a homotopy fiber sequence.

Specifically for f:X — Y any morphism in Ho(Spectra), then there is an isomorphism

¢ : hofib(f) = 2 hocof(f)

between the homotopy fiber and the looping of the homotopy cofiber, which fits into a
commuting diagram in the stable homotopy category Ho(Spectra) of the form

NY —  hofib(f) — X
=1 W =,
NY — QNhocof(f) — XX

where the top row is the homotopy fiber sequence of f, while the bottom row is the image
under the looping functor ) of the homotopy cofiber sequence of f.

(Lewis-May-Steinberger 86, chapter III, theorem 2.4)

Proof. Label the diagram in question as follows

v 5 hofib(f) > X
=l ) N
nY — Nhocof(f) - NxX

Let X be represented by a CW-spectrum (by prop. 1.55), hence in particular by a cofibrant
sequential spectrum (by prop. 1.51). By prop. 1.52 and the factorization lemma (lemma)
this implies that the standard mapping cone construction on f (def.) is a model for the
homotopy cofiber of f (exmpl.):

hocof(f) = Cone(f) .

By construction of mapping cones, this sits in the following commuting squares in
Sequec(Tong).
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—  Cone(X)
(po) L

—  Cone(f) .
(po) !

— X

— < o« X

*

Consider then the commuting diagram

ar % hofib(f) 5 Qhocof(f) 5 0IX ~X

) ) ) )
= X — Cone(X) — Cone(X),
W ! !

Yy — Y — Cone(f) — X

in the stable homotopy category Ho(Spectra) (def. 1.97). Here the bottom commuting
squares are the images under localization y : Sequec(Tong) — Ho(Spectra) (thm.) of the
above commuting squares in the definition of the mapping cone, and the top row of squares
are the morphisms induced via the universal property of fibers by forming homotopy fibers
of the bottom vertical morphisms (fibers of fibration replacements, which may be chosen
compatibly, either by pullback or by invoking the small object argument).

First of all, this exhibits the composition of the left two horizontal morphisms ¢ o a = ¢ in the
above diagram as the left part (1) of the commuting diagram to be proven.

Now observe that the pasting composite of the two rectangles on the right of the previous
diagram is isomorphic, in Ho(Spectra), to the following pasting composite:

hofib(f) — X — 0IX=~X
! ! !
X — X — Cone(X) -

l l l
Y — x —> X

This is because the pasting composite of the bottom squares is isomorphic already in
Sequec(Tong) by the above commuting diagrams for the mapping cone and the suspension,

and then using again the universal property of homotopy fibers.

Hence the top composite morphisms coincide, by universality of homotopy fibers, with the
previous top composite:

no b=>~do ¢) .
This is the commutativity of the right part (2) of the diagram to be proven.
So far we have shown that

QY —  hofib(f) — X

= »L \qu l_
Y — QNhocof(f) — X

commutes in the stable homotopy category. It remains to see that ¢ is an isomorphism.
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To that end, consider for any A € Ho(Spectra) the image of this commuting diagram,
prolonged to the left and right, under the hom-functor [4, —], of the stable homotopy

category:

[4,0X] — [A0Y] — [Ahofib(f)] — [4X] — [AY]

=1 =1 l[A'¢]

[4,0X] — [A0Y] — [AQhocof(f)] — [A4,03X] — [A 05Y]

Here the top row is long exact, since it is the long homotopy fiber sequence to the left that
holds in the homotopy category of any model catgeory (prop.). Moreover, the bottom
sequence is long exact by prop. 1.118. Hence the five lemma implies that [4, ¢], is an
isomorphism. Since this is the case for all 4, the Yoneda lemma (faithfulness of the Yoneda
embedding) implies that ¢ itself is an isomorphism. K

Remark 1.120. Prop. 1.119 is the homotopy theoretic analog of the clause that makes a
pre-abelian category into an abelian category:

A pre-abelian category is an additive category in which fibers (kernels) and cofibers
(cokernels) exist. This is an abelian category if the cofiber of the fiber of any morphism
equals coincides with the fiber of the cofiber of that morphism.

Here we see that in stable homotopy theory, whose homotopy category is additive, and in
which homotopy fibers and homotopy cofibers exist, the analogous statement is true even
in a stronger form: the homotopy cofiber projection of the homotopy fiber inclusion of any
morphism coincides with that morphism, and so does the homotopy fiber projection of the
homotopy cofiber inclusion.

In particular there are long exact sequences of stable homotopy groups extending in both
directions:

Lemma 1.121. [et X € Sequec(Tong) be any sequential spectrum, then there is an
isomorphism

o (X) = [S, X]
between its stable homotopy group in degree 0 (def. 1.13) and the hom-group (according

to def. 1.103, prop. 1.110) in the stable homotopy category (def. 1.97) from the sphere
spectrum (def. 1.6) into X.

Generally, with respect to the graded hom-groups of def. 1.101 we have

m.(X) = [S,X], .

Proof. The hom-set in the homotopy category is equivalently given by the left homotopy-
equivalence classes out of a cofibrant representative of § into a fibrant representative of X
(lemma).

The standard sphere spectrum Sgq = 2°S° is a CW-spectrum and hence cofibrant, by prop.
1.51. Moreover, this implies by prop. 1.52 that left homotopies out of S, are represented by
the standard sequential cylinder spectrum

Ssea A (I4) = Z°(1) .

By theorem 1.72, fibrant replacement for X is provided by its spectrification QX according to
def. 1.21.
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So it follows that [S, X], is given by left homotopy classes of morphisms
2°8% =S4q4 — 0X
in SeqSpec(Top,,). By the (Z* 4 2®)-adjunction (prop. 1.12) these are equivalently morphisms
57— (@X),
in Topc*g/. Hence equivalently morphisms
* — (QX),

in Top ., hence equivalently points in (QX),. Analogously, a left homotopy

Z2(14) — (QX),
in Sequec(Tong) is equivalently a path
I'— (QX),
in Top,,.
In conclusion this establishes an isomorphism
[S, X], = mo ((QX),)

with m, of the 0-component of @QX. With this the statement follows with example 1.20, since
QX is an Omega-spectrum, by prop. 1.22.

From this the last statement follows from the identity

mo(Z (=) = mp ()

As a consequence:

Proposition 1.122. [et
xLyZz

be a homotopy cofiber sequence (def.) in the stable homotopy category (def. 1.97). Then
there is induced a long exact sequence of stable homotopy groups (def. 1.13) of the form

o (@) S ) D) B @) — ) —
Proof. Via lemmma 1.121 this is a special case of prop. 1.118. R

As an example, we check explicitly what we already deduced abstractly in prop. 1.110, that
in the stable homotopy category wedge sum and Cartesian product of spectra agree and
constitute a biproduct/direct sum:

Example 1.123. For X,Y € Sequec(Topcg), then the canonical morphism

XVY > XXY

out of the coproduct (wedge sum, example 1.29) into the product (via prop. 1.27), given
by

27.12.2016 12:56



Introduction to Stable homotopy theory -- 1-1 in nLab

https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

\ix ix v
idx | Xuy Lidy

v (id,0) (0,id) N

(id,0) (0id) ,

idy | XXY Lidy

‘/PX Py N

X Y

represents an isomorphism in the stable homotopy category.

Proof. By prop. 1.55, we may represent both X and Y by CW-spectra (def. 1.46) in
(Sequec(Tong)Stable)c[Ws‘tl]. Then the canonical morphism

is a cofibration according to theorem 1.42, because X,,; U S'(XVY) =X, VS AY,.
siaxn

iy: X —>XVY

Hence its ordinary cofiber, which is Y, is its homotopy cofiber (def.), and so we have a

homotopy cofiber sequence

X—XvY—>Y.

Moreover, under forming stable homotopy groups (def. 1.13), the inclusion map evidently

gives an injection, and the projection map gives a surjection. Hence the long exact sequence
of stable homotopy groups from prop. 1.122 gives the short exact sequence

0-n.(X) —m(XVY)—>m(Y)—0.

Finally, due to the fact that the inclusion and projection for one of the two summands
constitute a retraction, this is a split exact sequence, hence exhibits an isomorphism

(X VY) = m(X) D mp (V) = m (X) X (V) = 1 (X X Y)

for all k. But this just says that XvY —» X x Y is a stable weak homotopy equivalence.

Final Remark 1.124. For a tower of fibrations of spectra, the long sequences of stable

homotopy groups associated with any (co-)fiber sequence of spectra, from prop. 1.122,
combine to an exact couple. The induced spectral sequence of a tower of fibrations is the
central tool of computation in stable homotopy theory.

We discuss how these spectral sequences arise in the section Interlude -- Spectral

sequences.

We discuss in detail the special case of the Adams spectral sequences in the section Part 2

-- Adams spectral sequences.

But for handling any of these spectral sequences it is convenient, or, in many cases,
necessary to have multiplicative structure available, induced from a symmetric monoidal
smash product of spectra. This we turn to in part 1.2 -- Structured spectra.
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We give the modern picture of the stable homotopy category, for which a quick survey may
be found in

e Cary Malkiewich, The stable homotopy category, 2014 (pdf).

A classical textbook on stable homotopy theory for “unstructured” spectra is

e Frank Adams, part III sections 2, 4-7 of Stable homotopy and generalized homology,
Chicago Lectures in mathematics, 1974

For establishing the stable model structure on spectra we use the Bousfield-Friedlander
theorem as discussed in

e Paul Goerss, Rick Jardine, section X.4 of Simplicial homotopy theory, (1996)
and as applied for general Omega-spectrification functors in

e Stefan Schwede, Spectra in model categories and applications to the algebraic
cotangent complex, Journal of Pure and Applied Algebra 120 (1997) 77-104 (pdf)

For the discussion of the stability of the homotopy theory of sequential spectra we follow

e John F. Jardine, sections 10.3 and 10.4 of Local homotopy theory, 2016

For the definition of triangulated categories and a discussion of various equivalent versions
of the octahedral axiom the following brief note is useful:

e Andrew Hubery, Notes on the octahedral axiom, (pdf)

For the discussion of the triangulated structure of the stable homotopy category we follow

e Stefan Schwede, section I1.2 of Symmetric spectra, 2012 (pdf)
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