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nLab
* Introduction to Stable homotopy theory -- 1-2

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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The key result of part 1.1 was (thm.) the construction of a stable homotopy theory of spectra, embodied by
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a stable model structure on topological sequential spectra SeqSpec(Top ) iple (thm.) with its corresponding
stable homotopy category Ho(Spectra), which stabilizes the canonical looping/suspension adjunction on

pointed topological spaces in that it fits into a diagram of (Quillen-)adjunctions of the form

s
*/ — */ z
(Topcg ) ill (TOp ) ill */ e */
Quillen i) cg /Quillen HO(TOP ) i) HO(TOp )
0 2
o o o o 4 =] o
S L 410 - 2% 41 04
s s
— —
Sequec(Topcg)Sta1ble iQ Sequec(Topcg)Stable Ho(Spectra) % Ho(Spectra)
0

But fitting into such a diagram does not yet uniquely characterize the stable homotopy category. For
instance the trivial category on a single object would also form such a diagram. On the other hand, there is
more canonical structure on the category of pointed topological spaces which is not yet reflected here.

Namely the smash product

A : Ho(Top*/) — Ho(Top*/)

of pointed topological spaces gives it the structure of a monoidal category (def. 1.1 below), and so it is
natural to ask that the above stabilization diagram reflects and respects that extra structure. This means
that there should be a smash product of spectra

A : Ho(Spectra) — Ho(Spectra)
such that (X 4 2*) is compatible, in that
IP(XAY) = (Z°X)A(Z7Y)

(a “strong monoidal functor”, def. 1.47 below).

We had already seen in part 1.1 that Ho(Spectra) is an additive category, where wedge sum of spectra is a
direct sum operation @. We discuss here that the smash product of spectra is the corresponding operation
analogous to a tensor product of abelian groups.

abelian groups spectra
@ direct sum v wedge sum

® tensor product/A smash product]

This further strenghtens the statement that spectra are the analog in homotopy theory of abelian groups. In
particular, with respect to the smash product of spectra, the sphere spectrum becomes a ring spectrum that
is the coresponding analog of the ring of integers.

With the analog of the tensor product in hand, we may consider doing algebra - the theory of rings and
their modules - internal to spectra. This “higher algebra” accordingly is the theory of ring spectra and
module spectra.

algebra homological algebrahigher algebra
abelian group|chain complex spectrum

ring dg-ring ring spectrum
module dg-module module spectrum

Where a ring is equivalently a monoid with respect to the tensor product of abelian groups, we are after a
corresponding tensor product of spectra. This is to be the smash product of spectra, induced by the smash
product on pointed topological spaces.

In particular the sphere spectrum becomes a ring spectrum with respect to this smash product and plays the
role analogous to the ring of integers in abelian groups

abelian groupsspectra
Z integers S sphere spectrum

Using this structure there is finally a full characterization of stable homotopy theory, we state (without
proof) this Schwede-Shipley uniqueness as theorem 5.13 below.

There is a key point to be dealt with here: the smash product of spectra has to exhibit a certain graded
commutativity. Informally, there are two ways to see this:

First, we have seen above that under the Dold-Kan correspondence chain complexes yield examples of
spectra. But the tensor product of chain complexes is graded commutative.

https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

09.05.17, 15:55



Introduction to Stable homotopy theory -- 1-2 in nLab

30f75

Second, more fundamentally, we see in the discussion of the Brown representability theorem (here) that
every (sequential) spectrum A induces a generalized homology theory given by the formula X » n.(E A X)

(where the smash product is just the degreewise smash of pointed objects). By the suspension isomorphism
this is such that for X = S™ the n-sphere, then .. ((EAS™) = m,-,(E,). This means that instead of thinking of
a sequential spectrum (def.) as indexed on the natural numbers equipped with addition (N, +), it may be

more natural to think of sequential spectra as indexed on the n-spheres equipped with their smash product
of pointed spaces ({§™},, A).

Proposition 0.1. There are homeomorphisms between n-spheres and their smash products

. ¢ny ny =, gnitng
¢n1’n2.5 AS"2Z =S

such that in Ho(Top) there are commuting diagrams like so:

(S™AS"2)AS™ = S"™A(S"2 AS™)
by ny M . lidA¢n2,n3
§nitnz 5 gh3 st pSM2t
Py tngng Cbny g +ms

STL1 +TLZ +TL3

and
bn1,nz
SMAST2 —5  St2aAS™M
¢n1,n2 1 l‘pnz:'}l
s tng Lnlnz, Ssnatnz

where here (—1)":S™ - S™ denotes the homotopy class of a continuous function of degree
(-D"€eZ=[S"S".

Proof. With the n-sphere S™ realized as the one-point compactification of the Cartesian space R", then ¢

ny,ny

is given by the identity on coordinates and the braiding homeomorphism

b csmasm2 L g2 g gm

nyny
is given by permuting the coordinates:

(xl""'xn1'y1""'yn2) - (y1""'yn2'x1""'xn1) .
This has degree (-1)™"2 . 1

This phenomenon suggests that as we “categorify” the natural numbers to the n-spheres, hence the integers
to the sphere spectrum, and as we think of the nth component space of a sequential spectrum as being the
value assigned to the n-sphere

E, ~ E(S™)

then there should be a possibly non-trivial action of the symmetric group ¥, on E,, due to the fact that there
is such an action of S™ which is non-trivial according to prop. 0.1.

We discuss two ways of making this precise below in Symmetric and orthogonal spectra, and we discuss
how these are unified by a concept of module objects over a monoid object representing the sphere
spectrum below in S-modules.

The general abstract theory for handling this is monoidal and enriched category theory. We first develop the
relevant basics in Categorical algebra.

1. Categorical algebra

When defining a commutative ring as an abelian group A equipped with an associative, commutative and
untial bilinear pairing

AR, A (—)'(—)A

one evidently makes crucial use of the tensor product of abelian groups ®,. That tensor product itself gives
the category Ab of all abelian groups a structure similar to that of a ring, namely it equips it with a pairing

Ab x Ab 22 ap
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that is a functor out of the product category of Ab with itself, satisfying category-theoretic analogs of the
properties of associativity, commutativity and unitality.

One says that a ring 4 is a commutative monoid in the category Ab of abelian groups, and that this concept
makes sense since Ab itself is a symmetric monoidal category.

Now in stable homotopy theory, as we have seen above, the category Ab is improved to the stable
homotopy category Ho(Spectra) (def. \ref{TheStableHomotopyCategory}), or rather to any stable model
structure on spectra presenting it. Hence in order to correspondingly refine commutative monoids in Ab
(namely commutative rings) to commutative monoids in Ho(Spectra) (namely commutative ring spectra),
there needs to be a suitable symmetric monoidal category structure on the category of spectra. Its analog of
the tensor product of abelian groups is to be called the symmetric monoidal smash product of spectra. The
problem is how to construct it.

The theory for handling such a problem is categorical algebra. Here we discuss the minimum of categorical
algebra that will allow us to elegantly construct the symmetric monoidal smash product of spectra.

Monoidal topological categories

We want to lift the concepts of ring and module from abelian groups to spectra. This requires a general idea
of what it means to generalize these concepts at all. The abstract theory of such generalizations is that of
monoid in a monoidal category.

We recall the basic definitions of monoidal categories and of monoids and modules internal to monoidal
categories. We list archetypical examples at the end of this section, starting with example 1.9 below. These
examples are all fairly immediate. The point of the present discussion is to construct the non-trivial example
of Day convolution monoidal stuctures below.

Definition 1.1. A (pointed) topologically enriched monoidal category is a (pointed) topologically
enriched category ¢ (def.) equipped with

1. a (pointed) topologically enriched functor (def.)

®:xC—C

out of the (pointed) topologival product category of ¢ with itself (def. 1.26), called the tensor
product,

2. an object
lecC
called the unit object or tensor unit,

3. a natural isomorphism (def.)

a: (D (NRH)=>(R((H®(-)
called the associator,

4. a natural isomorphism

2:(1Q () =)
called the left unitor, and a natural isomorphism

r:(9)®1>(-)
called the right unitor,

such that the following two kinds of diagrams commute, for all objects involved:

1. triangle identity:

ax,1,y

DYy — xQ(1QY)
Px®1y\ /1X®Ay

xQy

2. the pentagon identity:

https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...
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w1 &2
wRxyz p \VIwxy ®z
(WY Qz W x® (y®2))
aw,x,y ®idz | pidw ®ax,y,z
W E®y)®z P w® (x®y) ®2)

Lemma 1.2. (Kelly 64)

Let (C, ®,1) be a monoidal category, def. 1.1. Then the left and right unitors ¢ and r satisfy the following
conditions:

1.6=7:10151;

2. for all objects x,y € C the following diagrams commutes:

130 R®y

a1y | ox ®idy

10 x®y) o *®y

’

and

LA SNCA Y
aixy 1 \idx®ry

x®Y®L — xRy
"xX®y

For proof see at monoidal category this lemma and this lemma.

Remark 1.3. Just as for an associative algebra it is sufficient to demand 1a = a and al = a and (ab)c = a(bc)
in order to have that expressions of arbitrary length may be re-bracketed at will, so there is a coherence
theorem for monoidal categories which states that all ways of freely composing the unitors and associators
in @ monoidal category (def. 1.1) to go from one expression to another will coincide. Accordingly, much as
one may drop the notation for the bracketing in an associative algebra altogether, so one may, with due
care, reason about monoidal categories without always making all unitors and associators explicit.

(Here the qualifier “freely” means informally that we must not use any non-formal identification between
objects, and formally it means that the diagram in question must be in the image of a strong monoidal
functor from a free monoidal category. For example if in a particular monoidal category it so happens that
the object X ® (Y ® Z) is actually equal to (X ® Y) ® Z, then the various ways of going from one expression
to another using only associators and this equality no longer need to coincide.)

Definition 1.4. A (pointed) topological braided monoidal category, is a (pointed) topological monoidal
category € (def. 1.1) equipped with a natural isomorphism

Tx‘y:x®y—>y®x

called the braiding, such that the following two kinds of diagrams commute for all objects involved
(“hexagon identities”):

Ax,y,z TxyQz
—

x®y®z xRz — YR«

l":x,y®1d lay,Z.x

Ay, x,z 1d® 7y, ,
-

0B®N®z YRO(x®2) —— y®(E®x)

and

x@®2) 25 x®)®z 22 ;0 x®y)
lId@Ty,z lai}'y

a;’}’ Tx,z ®1d
QY —3 (x®2)Qy —— (zQNQy
where a,,,:(x ®y) @z~ x ® (y ® z) denotes the components of the associator of co®,

Definition 1.5. A (pointed) topological symmetric monoidal category is a (pointed) topological
braided monoidal category (def. 1.4) for which the braiding

Tx,y:x®y—>y®x
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satisfies the condition:
Tyx ° Try = L@y

for all objects x,y

Remark 1.6. In analogy to the coherence theorem for monoidal categories (remark 1.3) there is a
coherence theorem for symmetric monoidal categories (def. 1.5), saying that every diagram built freely
(see remark 1.6) from associators, unitors and braidings such that both sides of the diagram correspond
to the same permutation of objects, coincide.

Definition 1.7. Given a (pointed) topological symmetric monoidal category € with tensor product ® (def.
1.5) it is called a closed monoidal category if for each Y € € the functor Y ® (-) = (-) ® Y has a right
adjoint, denoted hom(Y, —)

hence if there are natural bijections

Hom:(X ® Y,Z) =~ Hom, C(X,hom(Y,Z))
for all objects X,Z € C.
Since for the case that X = 1 is the tensor unit of ¢ this means that
Hom¢ (1, hom(Y, Z)) = Hom(Y,Z2),

the object hom(Y,Z) € € is an enhancement of the ordinary hom-set Hom¢(Y,Z) to an object in C.
Accordingly, it is also called the internal hom between Y and Z.

In a closed monoidal category, the adjunction isomorphism between tensor product and internal hom even
holds internally:

Proposition 1.8. In a symmetric closed monoidal category (def. 1.7) there are natural isomorphisms

hom(X ® Y,Z) = hom(X,hom(Y,Z2))

whose image under Home(1, —) are the defining natural bijections of def. 1.7.

Proof. Let A € ¢ be any object. By applying the defining natural bijections twice, there are composite natural
bijections
Home (A, hom(X ® Y,Z)) ~ Home(AQRQ (X ® Y),Z)
= Home(A® X) ® Y, 2)
=~ Hom¢(A ® X, hom(Y, 2))
=~ Hom¢ (A4, hom(X, hom(Y, 2)))
Since this holds for all 4, the Yoneda lemma (the fully faithfulness of the Yoneda embedding) says that there

is an isomorphism hom(X ® Y,Z) =~ hom(X,hom(Y, Z)). Moreover, by taking A = 1 in the above and using the left
unitor isomorphisms AQ (X ®Y) =XQ®Y and A ® X = X we get a commuting diagram

Hom¢(1,hom(X ® Y,)) — Home(1, hom(X,hom(Y,Z2)))
=1 =
Homq(X ® Y, Z) = Home (X, hom(Y, Z))

Example 1.9. The category Set of sets and functions between them, regarded as enriched in discrete
topological spaces, becomes a symmetric monoidal category according to def. 1.5 with tensor product the
Cartesian product x of sets. The associator, unitor and braiding isomorphism are the evident (almost
unnoticable but nevertheless nontrivial) canonical identifications.

Similarly the category Top,, of compactly generated topological spaces (def.) becomes a symmetric
monoidal category with tensor product the corresponding Cartesian products, hence the operation of
forming k-ified (cor.) product topological spaces (exmpl.). The underlying functions of the associator,
unitor and braiding isomorphisms are just those of the underlying sets, as above.

Symmetric monoidal categories, such as these, for which the tensor product is the Cartesian product are
called Cartesian monoidal categories.

https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...
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Both examples are closed monoidal categories (def. 1.7), with internal hom the mapping spaces (prop.).

Example 1.10. The category Topc*g/ of pointed compactly generated topological spaces with tensor product
the smash product A (def.)

is a symmetric monoidal category (def. 1.5) with unit object the pointed 0-sphere S°.

The components of the associator, the unitors and the braiding are those of Top as in example 1.9,
descended to the quotient topological spaces which appear in the definition of the smash product. This
works for pointed compactly generated spaces (but not for general pointed topological spaces) by this

prop..

The category Topc*g/ is also a closed monoidal category (def. 1.7), with internal hom the pointed mapping
space Maps(—, —), (exmpl.)

Example 1.11. The category Ab of abelian groups, regarded as enriched in discrete topological spaces,
becomes a symmetric monoidal category with tensor product the actual tensor product of abelian groups
®, and with tensor unit the additive group Z of integers. Again the associator, unitor and braiding

isomorphism are the evident ones coming from the underlying sets, as in example 1.9.

This is a closed monoidal category with internal hom hom(4, B) being the set of homomorphisms
Hom,y, (4, B) equipped with the pointwise group structure for ¢, ¢, € Homy, (4, B) then

(¢, +¢,)(@) = ¢, (a) + ¢,(b) €B.

This is the archetypical case that motivates the notation “®" for the pairing operation in a monoidal
category:

Example 1.12. The category category of chain complexes Ch,, equipped with the tensor product of chain
complexes is a symmetric monoidal category (def. 1.5).

In this case the braiding has a genuinely non-trivial aspect to it, beyond just the swapping of coordinates
as in examples 1.9, 1.10 and def. 1.11, namely for X,Y € Ch, then

(X ® Y)n = ® an ®Z an

ni+ny=n

and in these components the braiding isomorphism is that of Ab, but with a minus sign thrown in whener
two odd-graded components are commuted.

This is a first shadow of the graded-commutativity that also exhibited by spectra.

(e.g. Hovey 99, prop. 4.2.13)

Algebras and modules

Definition 1.13. Given a (pointed) topological monoidal category (¢, ® ,1), then a monoid internal to
¢ ®,1)is

1. an object A€ ¢C;
2. a morphism e : 1 — A (called the unit)
3. a morphism u: A® A — A (called the product);

such that

1. (associativity) the following diagram commutes

ARHBA 24 4euen 2L 404
A | W
AQA - L a4

where a is the associator isomorphism of C;

2. (unitality) the following diagram commutes:

https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...
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e®id id®e

1A — AQRA «— AR1
N L zy
A

where ¢ and r are the left and right unitor isomorphisms of C.

Moreover, if (G, ®,1) has the structure of a symmetric monoidal category (def. 1.5) (G, ®,1,B) with
symmetric braiding 7, then a monoid (4, u,e) as above is called a commutative monoid in (¢, ®,1,B) if in
addition

e (commutativity) the following diagram commutes

AQRA - AR A

A homomorphism of monoids (A4, u,,e1) — (43, 4,, f,) IS @ morphism
fi4; — 4,

in ¢, such that the following two diagrams commute

fefr
A ®A — A, QA

=) LH2

Ay 7> A,

and

Write Mon(C, ®,1) for the category of monoids in ¢, and CMon(C, ®,1) for its subcategory of
commutative monoids.

Example 1.14. Given a (pointed) topological monoidal category (G, ®,1), then the tensor unit 1 is a monoid
in ¢ (def. 1.13) with product given by either the left or right unitor

=711 1Q151.

By lemma 1.2, these two morphisms coincide and define an associative product with unit the identity
id:1 - 1.

If (¢, ®,1) is a symmetric monoidal category (def. 1.5), then this monoid is a commutative monoid.

Example 1.15. Given a symmetric monoidal category (¢, ® ,1) (def. 1.5), and given two commutative
monoids (E;, u;, e;) i € {1,2} (def. 1.13), then the tensor product E; ® E, becomes itself a commutative
monoid with unit morphism

e Qey

e:1>51Q1—E; QE,

(where the first isomorphism is, £;* = ;! (lemma 1.2)) and with product morphism given by

id®7g, F, ®id

i Qu
E'QE, QE,QE; 51®E1®Ez®521—2’51®52

(where we are notationally suppressing the associators and where t denotes the braiding of €).

That this definition indeed satisfies associativity and commutativity follows from the corresponding
properties of (E; u;,e;), and from the hexagon identities for the braiding (def. 1.4) and from symmetry of

the braiding.

Similarly one checks that for E;, = E, = E then the unit maps
E~E®@1-25EQE

F~1QE 3 EQE

and the product map

8 of 75
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u:EQE—E
and the braiding
Tep EQE—EQE
are monoid homomorphisms, with E ® E equipped with the above monoid structure.

Definition 1.16. Given a (pointed) topological monoidal category (¢, ® ,1) (def. 1.1), and given (4,u,e) a
monoid in (6, ®,1) (def. 1.13), then a left module object in (¢, ®,1) over (4, e) is

1. an object N € C;

2. a morphism p : AQ N — N (called the action);

such that

1. (unitality) the following diagram commutes:

id
10N 2% AN
PV N
N

where ¢ is the left unitor isomorphism of C.

2. (action property) the following diagram commutes

A®HON 2 40ueNn 25 aeN
KON | P
AQN - L 0N

A homomorphism of left A-module objects
(Nl'Pl) - (NZ'pz)
is @ morphism
f:Ni— N,

in ¢, such that the following diagram commutes:

AN, 2L a@n,

P1 | P2

N — N
1 f 2

For the resulting category of modules of left A-modules in ¢ with A-module homomorphisms between
them, we write

AMod(C) .

This is naturally a (pointed) topologically enriched category itself.

Example 1.17. Given a monoidal category (G, ®,1) (def. 1.1) with the tensor unit 1 regarded as a monoid
in a monoidal category via example 1.14, then the left unitor

. :1®C—C

makes every object C € € into a left module, according to def. 1.16, over C. The action property holds due
to lemma 1.2. This gives an equivalence of categories

€ = 1Mod(C)

of ¢ with the category of modules over its tensor unit.

Example 1.18. The archetypical case in which all these abstract concepts reduce to the basic familiar ones
is the symmetric monoidal category Ab of abelian groups from example 1.11.

1. A monoid in (Ab, ®,,Z) (def. 1.13) is equivalently a ring.

2. A commutative monoid in in (Ab, ®,,Z) (def. 1.13) is equivalently a commutative ring R.

9of 75
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3. An R-module object in (Ab, ®,,Z) (def. 1.16) is equivalently an R-module;

4. The tensor product of R-module objects (def. 1.21) is the standard tensor product of modules.

5. The category of module objects R Mod(Ab) (def. 1.21) is the standard category of modules R Mod.

Example 1.19. Closely related to the example 1.18, but closer to the structure we will see below for
spectra, are monoids in the category of chain complexes (Ch., ® ,Z) from example 1.12. These monoids

are equivalently differential graded algebras.

Proposition 1.20. In the situation of def. 1.16, the monoid (A, u,e) canonically becomes a left module over
itself by setting p = u. More generally, for C € C any object, then A ® C naturally becomes a left A-module
by setting:

p:A®(A®C)¢%A'C>(A®A)®C@>A®C.

The A-modules of this form are called free modules.
The free functor F constructing free A-modules is left adjoint to the forgetful functor U which sends a
module (N, p) to the underlying object U(N, p) := N.

AMod(C) L C.

Ql}—T'ﬂ

Proof. A homomorphism out of a free A-module is a morphism in ¢ of the form
f:AQC—N

fitting into the diagram (where we are notationally suppressing the associator)

A4®c %L agN

u®id l lP
ARQC 7 N

Consider the composite

-~ £ i
Frcli1ecagctn,

i.e. the restriction of f to the unit “in” A. By definition, this fits into a commuting square of the form (where
we are now notationally suppressing the associator and the unitor)

d®f

ARQC —> AQ®N
id®e®idl l:
ARARQC id_®} AQRN

Pasting this square onto the top of the previous one yields

idQfF

ARQC —> AQ®N
id®e®idl l:

AR4®c &5 a@ N
ﬂ®idl lP

ARQC 7 N

where now the left vertical composite is the identity, by the unit law in A. This shows that f is uniquely
determined by f via the relation

f=pe(da®f).
This natural bijection between f and f establishes the adjunction. W

Definition 1.21. Given a (pointed) topological closed symmetric monoidal category (G, ® ,1) (def. 1.5, def.
1.7), given (4,p,e) a commutative monoid in (¢, ® ,1) (def. 1.13), and given (Ny,p,) and (N,,p,) two left
A-module objects (def.1.13), then

1. the tensor product of modules N; ®, N, is, if it exists, the coequalizer
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N1 ®p,
— coeq
N, Q®ARN, Ni®N, — N, ®, N,
p1°(TN,,A®N3)

and if A® (-) preserves these coequalizers, then this is equipped with the left A-action induced from
the left A-action on N,

2. the function module hom,(N,, N,) is, if it exists, the equalizer

hom(p,,N7)

hom, (N1, Ny) =5 hom(Ny, Ny) hom(4 ® Ny, N,) .
hom(A®N1,p,)° (AR (-))

equipped with the left A-action that is induced by the left A-action on N, via

A @ hom(X,N,) — hom(X,N,)

- .
A®hom(X,N) @ X L2 4@ N, 22 N,

(e.g. Hovey-Shipley-Smith 00, lemma 2.2.2 and lemma 2.2.8)

Proposition 1.22. Given a (pointed) topological closed symmetric monoidal category (C, ®,1) (def. 1.5,
def. 1.7), and given (A,u,e) a commutative monoid in (€, ® ,1) (def. 1.13). If all coequalizers exist in C,
then the tensor product of modules @, from def. 1.21 makes the category of modules AMod(C) into a
symmetric monoidal category, (AMod, ®,,A) with tensor unit the object A itself, regarded as an A-module
via prop. 1.20.

If moreover all equalizers exist, then this is a closed monoidal category (def. 1.7) with internal hom given
by the function modules hom, of def. 1.21.

(e.g. Hovey-Shipley-Smith 00, lemma 2.2.2, lemma 2.2.8)

Proof sketch. The associators and braiding for ® , are induced directly from those of ® and the universal
property of coequalizers. That A is the tensor unit for @, follows with the same kind of argument that we
give in the proof of example 1.23 below. N

Example 1.23. For (4,u,e) a monoid (def. 1.13) in a symmetric monoidal category (G, ® ,1) (def. 1.1), the
tensor product of modules (def. 1.21) of two free modules (def. 1.20) A® €, and A ® C, always exists and
is the free module over the tensor product in € of the two generators:

(ABCHV,(ARC)=AR(C1R®C,) .

Hence if ¢ has all coequalizers, so that the category of modules is a monoidal category (AMod, ®,,4)
(prop. 1.22) then the free module functor (def. 1.20) is a strong monoidal functor (def. 1.47)

F:( ®,1) = (AMod, ®,,4) .

Proof. It is sufficient to show that the diagram

u®id

LN u
AQARA AQA— A

id®u

is a coequalizer diagram (we are notationally suppressing the associators), hence that A ®, A =~ 4, hence
that the claim holds for ¢; =1 and ¢, = 1.

To that end, we check the universal property of the coequalizer:

First observe that u indeed coequalizes id ® u with ¢ ® id, since this is just the associativity clause in def.
1.13. So for f:A® A — Q any other morphism with this property, we need to show that there is a unique
morphism ¢:4 — Q@ which makes this diagram commute:

u

ARA — A
fl g
Q

We claim that
r1 id®e f
¢:A7A®1—>A®A—>Q,

where the first morphism is the inverse of the right unitor of C.

First to see that this does make the required triangle commute, consider the following pasting composite of
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commuting diagrams

Y=Y B
er, I

A401 Y8 A®1

id®e | ~Lid®.€

AR4A04 “CS A®a

deu | lf
AR A - Q
Here the the top square is the naturality of the right unitor, the middle square commutes by the functoriality

of the tensor product ® : € x ¢ — € and the definition of the product category (def. 1.26), while the
commutativity of the bottom square is the assumption that f coequalizes id ® u with ¢ ® id.

Here the right vertical composite is ¢, while, by unitality of (4, y e), the left vertical composite is the identity
on A, Hence the diagram says that ¢ o u = f, which we needed to show.

It remains to see that ¢ is the unique morphism with this property for given f. For that let q:4 - Q be any
other morphism with g o u = f. Then consider the commuting diagram

AR1 & A
id®el

L
u
ARA S A
fl Z,
Q

where the top left triangle is the unitality condition and the two isomorphisms are the right unitor and its
inverse. The commutativity of this diagram says thatq=¢. N1

Definition 1.24. Given a monoidal category of modules (4AMod, ® ,,4) as in prop. 1.22, then a monoid
(E,u,e) in (AMod, ®,,A) (def. 1.13) is called an A-algebra.

Propposition 1.25. Given a monoidal category of modules (AMod, ® ,,A) in a monoidal category (€, ®,1)
as in prop. 1.22, and an A-algebra (E,u,e) (def. 1.24), then there is an equivalence of categories

AAlg (€) == CMon(AMod) = CMon(C’)A/

comm

between the category of commutative monoids in AMod and the coslice category of commutative monoids
in ¢ under A, hence between commutative A-algebras in C and commutative monoids E in C that are
equipped with a homomorphism of monoids A — E.

(e.g. EKMM 97, VII lemma 1.3)

Proof. In one direction, consider a A-algebra E with unit e; : A — E and product Hg a0 E Q4 E— E. There is
the underlying product u,

coeq

EQAQE __ E®E ~5 E®,E

HE/A
YL

E

By considering a diagram of such coequalizer diagrams with middle vertical morphism ez o e,, one find that
this is a unit for u, and that (E, u,, ez o e,) is @ commutative monoid in (¢, ®,1).

Then consider the two conditions on the unit e;: 4 — E. First of all this is an A-module homomorphism, which
means that

id
A4 B 4xE

(*) “Al 1P
A — E

commutes. Moreover it satisfies the unit property
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es®id
=

AQ,E EQ,E
-\ l”E/A
E
By forgetting the tensor product over 4, the latter gives

AQE &Y E®E

! 1 AQE ep ®id EQE
AR, E 28 F@,E = Pl ke,

= 1HE/A E Ty E
E = E

where the top vertical morphisms on the left the canonical coequalizers, which identifies the vertical
composites on the right as shown. Hence this may be pasted to the square () above, to yield a commuting

square
id® ®id ®
A4 5 A®E 25 EQE A4 2% EQE
Ha | Pl LHE = Ha | LHE
A — E — E A — E
eg id ep

This shows that the unit e, is a homomorphism of monoids (4,u,,e,) — (E, pi,, eg © e4)-

Now for the converse direction, assume that (4,u,,e,) and (E,u,,e'y) are two commutative monoids in
(6, ®,1) with ez : A - E a monoid homomorphism. Then E inherits a left A-module structure by

p  AQEA®SEQE"EE.

By commutativity and associativity it follows that u, coequalizes the two induced morphisms

EFERAR E:E ® E. Hence the universal property of the coequalizer gives a factorization through some
Mg a0 E @y E— E. This shows that (E\ g, 40 €5) is a commutative A-algebra.

Finally one checks that these two constructions are inverses to each other, up to isomorphism. N

Topological ends and coends

For working with pointed topologically enriched functors, a certain shape of limits/colimits is particularly
relevant: these are called (pointed topological enriched) ends and coends. We here introduce these and then
derive some of their basic properties, such as notably the expression for topological left Kan extension in
terms of coends (prop. 1.38 below). Further below it is via left Kan extension along the ordinary smash
product of pointed topological spaces (*Day convolution”) that the symmetric monoidal smash product of
spectra is induced.

Definition 1.26. Let ¢, D be pointed topologically enriched categories (def.), i.e. enriched categories over
(Top, A,S°) from example 1.10.

1. The pointed topologically enriched opposite category ¢ is the topologically enriched category
with the same objects as ¢, with hom-spaces

CP(X,Y) = C(Y,X)
and with composition given by braiding followed by the composition in C:
COP(X, Y) ACOP(Y,Z) = C(Y,X) AC(Z,Y) — C(Z,Y) AC(Y,X) 225 0(Z,X) = €P(X,2) .

2. the pointed topological product category ¢ x D is the topologically enriched category whose
objects are pairs of objects (c,d) with ¢ € ¢ and d € D, whose hom-spaces are the smash product of
the separate hom-spaces

(€ xXD)((c1,d1), (€2,d3)) = C(cy,¢2) AD(dy,d7)

and whose composition operation is the braiding followed by the smash product of the separate
composition operations:
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(€ xD)((c1,d1), (€2,d2)) A (€ X D)((cz,d2), (c3,d3))
=1l
(C(c1,€2) AD(dy,d3)) A(C(cz,¢3) AD(dy, d3))
,LT

(°cq,c0,c3 INC°d,,dy,ds )
(C(c1,€2) AC(cy c)) A (D(dy, dp) AD(dy,dy)) — —228 BB, e cy) AD(dy, ds)

-
(€ xD)((c1,d1), (€3,d3))

Example 1.27. A pointed topologically enriched functor (def.) into Topc*g/ (exmpl.) out of a pointed
topological product category as in def. 1.26

F: €xD — Top,)
(a “pointed topological bifunctor”) has component maps of the form

Fey,d)(cpdy) * C(c1,€2) AD(dy, dz) — Maps(Fo((c1,d1)), Fo((c2,d2))), -

By functoriality and under passing to adjuncts (cor.) this is equivalent to two commuting actions

P (d) : C(cq,c2) AFo((c1,d)) — Fo((cz2, D))

and
Pa,.a,(€) : D(d1,d2) AFo((c,d1)) — Fo((c,d2)) -

In the special case of a functor out of the product category of some € with its opposite category (def.
1.26)

F: €% x € — Top,/

then this takes the form of a “pullback action” in the first variable

P (d) : C(cy,c2) ANFo((c2,d)) — Fo((c1,d))

C2,C1
and a “pushforward action” in the second variable
Pa,.a,(©) : C(d1,d2) AFo((c,d1)) — Fo((c,d2)) -

Definition 1.28. Let ¢ be a small pointed topologically enriched category (def.), i.e. an enriched category
over (Topc*g/, A,S% from example 1.10. Let

F: €% x € — Top,/

be a pointed topologically enriched functor (def.) out of the pointed topological product category of ¢ with
its opposite category, according to def. 1.26.

cec

1. The coend of F, denoted [ F(c,c), is the coequalizer in Tong (prop., exmpl., prop., cor.) of the two
actions encoded in F via example 1.27:

SaPea@®

cec
U (e, d) AF(d,c) UF(C, o) <9 f F(cc) .

cdec C"Jdp(d,c)(c) cec

2. The end of F, denoted [ F(c,c), is the equalizer in Top;‘g/ (prop., exmpl., prop., cor.) of the adjuncts
cecC
of the two actions encoded in F via example 1.27:

P (@)

fF(c, ) = l_[ F(c,0) 1_[ Maps(C(c,d), F(c,d)), .

A cec cudﬁ(c,d)(c) cec
c ,

Example 1.29. Let G be a topological group. Write B(G..) for the pointed topologically enriched category
that has a single object *, whose single hom-space is G, (G with a basepoint freely adjoined (def.))

B(G)(*, *) =Gy

and whose composition operation is the product operation (-) - (-) in ¢ under adjoining basepoints
(exmpl.)
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(=) ()
Gy NGy = (GXG), — G .

Then a topologically enriched functor

(X,p) : B(G,) — Topg,
is a pointed topological space X := F(*) equipped with a continuous function
p G ANX—X

satisfying the action property. Hence this is equivalently a continuous and basepoint-preserving left action
(non-linear representation) of G on X.

The opposite category (def. 1.26) (B(G.))°? comes from the opposite group

(B(G,))* = B(G) .

(The canonical continuous isomorphism G = ¢°? induces a canonical eugivalence of topologically enriched
categories (B(G,))°® =~ B(G,).)

So a topologically enriched functor
(¥.p,) : (B(G:))*® — Top,,
is equivalently a basepoint preserving continuous right action of G.
Therefore the coend of two such functors (def. 1.28) coequalizes the relation
(xg, y) ~ (% gy)

(where juxtaposition denotes left/right action) and hence is equivalently the canonical smash product of a
right G-action with a left G-action, hence the quotient of the plain smash product by the diagonal action of
the group G:

*€B(G4)

(V,p)(*) A (X,p)(*) = YAGX .

Example 1.30. Let ¢ be a small pointed topologically enriched category (def.). For F,G : ¢ — Topc*g/ two
pointed topologically enriched functors, then the end (def. 1.28) of Maps(F(-),G(-)), is a topological space
whose underlying pointed set is the pointed set of natural transformations F — G (def.):

U( f Maps(F(c),G(c))*) = Hom, o, (F6).

cec

Proof. The underlying pointed set functor U:Topc*g/ - Set*/ preserves all limits (prop., prop., prop.). Therefore
there is an equalizer diagram in Set*/ of the form

U, U(pg, (@)

U( f Maps(F(c),G(c))*) cay 1_[HomTopé J(F(©),6(0) 1_[ Hom, ./ (C(c, ), Maps(F(e), G(d)).) -

ceC U UPca)(©)cdec
cec cd @d

Here the object in the middle is just the set of collections of component morphisms {F(c) X G(c)} . The two
ce

parallel maps in the equalizer diagram take such a collection to the functions which send any ¢ EN d to the
result of precomposing

F(c)
N

Fd) > G

and of postcomposing

F(c) — G(c)
160

G(d)

each component in such a collection, respectively. These two functions being equal, hence the collection
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{n.}.cc being in the equalizer, means precisley that for all ¢,d and all f:c - d the square

F© 5 6o

F) | 160

F(d) w2 G(9)
d

is a commuting square. This is precisley the condition that the collection {n_} ., be a natural
transformation. W

Conversely, example 1.30 says that ends over bifunctors of the form Maps(F(-),G(-))), constitute
hom-spaces between pointed topologically enriched functors:

Definition 1.31. Let ¢ be a small pointed topologically enriched category (def.). Define the structure of a
pointed topologically enriched category on the category [C, Topc"g/] of pointed topologically enriched functors
to Topjg/ (exmpl.) by taking the hom-spaces to be given by the ends (def. 1.28) of example 1.30:

[, Tope/1(F,G) = f Maps(F(c), G(c)),

cec

The composition operation on these is defined to be the one induced by the composite maps

(°F(c),G(c), )
F(c),G(c),H(c) )cee l_[Maps(F(c),H((

ceC

( f Maps(F(c), G(c))*) /\( f Maps(G(c),H(c))*) N 1_[ Maps(F(c), G(c)). A Maps(G(c), H(c)),
ceC cec cee
where the first, morphism is degreewise given by projection out of the limits that defined the ends. This

composite evidently equalizes the two relevant adjunct actions (as in the proof of example 1.30) and
hence defines a map into the end

( fMaps(F(c),G(c))*) A( fMaps(G(c),H(c))*) — fMaps(F(c),H(c))* .
cec cec cec

The resulting pointed topologically enriched category [C, Topc*g/

category over ¢ with coefficients in Topc*g/.

] is also called the Top;‘g/-enriched functor

This yields an equivalent formulation in terms of ends of the pointed topologically enriched Yoneda lemma
(prop.):

Proposition 1.32. (topologically enriched Yoneda lemma)

Let ¢ be a small pointed topologically enriched categories (def.). For F:C - Topc*g/ a pointed topologically
enriched functor (def.) and for ¢ € C an object, there is a natural isomorphism

[€, Topgg 1(C(c, =), F) = F(c)

between the hom-space of the pointed topological functor category, according to def. 1.31, from the
functor represented by ¢ to F, and the value of F on c.

In terms of the ends (def. 1.28) defining these hom-spaces, this means that

Maps(C(c, d), F(d)), = F(c) .
aec

In this form the statement is also known as Yoneda reduction.

The proof of prop. 1.32 is formally dual to the proof of the next prop. 1.33.

Now that natural transformations are expressed in terms of ends (example 1.30), as is the Yoneda lemma
(prop. 1.32), it is natural to consider the dual statement involving coends:

Proposition 1.33. (co-Yoneda lemma)

Let ¢ be a small pointed topologically enriched category (def.). For F:C — Topjg/ a pointed topologically
enriched functor (def.) and for ¢ € C an object, there is a natural isomorphism
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cec

F(-) = f Clc, =) NF(c) .

Moreover, the morphism that hence exhibits F(c) as the coequalizer of the two morphisms in def. 1.28 is
componentwise the canonical action

e(c,d) AF(c) — F(d)

which is adjunct to the component map C(d, c) — Maps(F(c), F(d)), of the topologically enriched functor F.

(e.g. MMSS 00, lemma 1.6)

Proof. The coequalizer of pointed topological spaces that we need to consider has underlying it a
coequalizer of underlying pointed sets (prop., prop., prop.). That in turn is the colimit over the diagram of
underlying sets with the basepointe adjoined to the diagram (prop.). For a coequalizer diagram adding that
extra point to the diagram clearly does not change the colimit, and so we need to consider the plain
coequalizer of sets.

That is just the set of equivalence classes of pairs

(c = cg, x) €C(c,cy) NF(0),
where two such pairs
(c EA co» XEF(c)), (d 5 Co, ¥ EF(d))

are regarded as equivalent if there exists

such that
f=9°¢, and y=¢).

(Because then the two pairs are the two images of the pair (g,x) under the two morphisms being
coequalized.)

But now considering the case that d = ¢, and g = id., so that f = ¢ shows that any pair

2 ¢, x€F)
is identified, in the coequalizer, with the pair
(id¢,, @(x) € F(co)),
hence with ¢(x) € F(c).

This shows the claim at the level of the underlying sets. To conclude it is now sufficient (prop.) to show that
the topology on F(cy) € Topc*g/ is the final topology (def.) of the system of component morphisms

C(d,c) NF(c) — f@(c, co) NF(c)

which we just found. But that system includes
C(c,c) NF(c) — F(c)
which is a retraction
id : F(c) — €(c,c) AF(c) = F(c)

and so if all the preimages of a given subset of the coequalizer under these component maps is open, it
must have already been open in F(c). N

Remark 1.34. The statement of the co-Yoneda lemma in prop. 1.33 is a kind of categorification of the
following statement in analysis (whence the notation with the integral signs):

For X a topological space, f:X — R a continuous function and §(—,x,) denoting the Dirac distribution, then

f 8(x,x0)f(x) = f(xo) -
xEX
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It is this analogy that gives the name to the following statement:
Proposition 1.35. (Fubini theorem for (co)-ends)

For F a pointed topologically enriched bifunctor on a small pointed topological product category €, X C,
(def. 1.26), i.e.

F: (€ % €)™ x (€, X €;) — Top,/

then its end and coend (def. 1.28) is equivalently formed consecutively over each variable, in either order:

(c1,¢2) €1 €3 €3 €1

f F((CDCZ)' (CI'CZ)) = ffF((CI'CZ)' (CI'CZ)) = ffF((Cl'CZ)' (CI'CZ))
fF((CDCZ)'(Cl'CZ)) = ffF((Cl'Cz)'(Cl'Cz)) = ffF((Cl'Cz)'(Cl'Cz))-

(c1,¢2) c1 ¢ ¢z C1

and

Proof. Because limits commute with limits, and colimits commute with colimits. W

Remark 1.36. Since the pointed compactly generated mapping space functor (exmpl.)
/\°P N N
Maps(—, —), : (Topcg/) X Topcg/ — Topcg/

takes colimits in the first argument and limits in the second argument to limits (cor.), it in particular takes
coends in the first argument and ends in the second argument, to ends (def. 1.28):

Maps(X, fF(c, 0), = fMaps(X,F(c, c),)

c

and

Maps(f F(cc), Y), = fMaps(F(c, c),Y),.

c

With this coend calculus in hand, there is an elegant proof of the defining universal property of the smash
tensoring of topologically enriched functors [C, Top;g] (def.)

Proposition 1.37. For C a pointed topologically enriched category, there are natural isomorphisms

[, Topeg I(X AK, Y) = Maps(K, [C,Top.g](X,V)).
and
[€, Top,/1(X, Maps(K,Y),) = Maps(K, [C,Top./](X,Y))
for all X, € [¢,Top./] and all K € Top,.
In particular there is the combined natural isomorphism
[C.Top/IX AK,Y) = [€,Top./](X, Maps(K,Y),)

exhibiting a pair of adjoint functors

(—)AK
e, Topc*g/] L [CTopg].
Maps(K, -),

Proof. Via the end-expression for [C, Topc"g/](—, —) from def. 1.31 and the fact (remark 1.36) that the pointed
mapping space construction Maps(—, —), preserves ends in the second variable, this reduces to the fact that
Maps(—, —), is the internal hom in the closed monoidal category Topc*g/ (example 1.10) and hence satisfies the
internal tensor/hom-adjunction isomorphism (prop. 1.8):
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[, Tope, 1(X AK,Y) = [Maps((X AK)(c), Y(c)),

~ {Maps(X(c) AK,Y(x)),

~ { Maps(K, Maps(X(c), Y(c)),),

~ Maps(K, { Maps(X(c), Y(c))),

= Maps(K, [€, Top./1(X, 1)),

and
(€, Topeg 1(X, Maps(K, ¥),) = [ Maps(X(c), (Maps(K, 1)) (©)),

~ {Maps(X(C).MaPS(K, Y(e),),
~ { Maps(X(c) AK,Y(c)),
~ { Maps(K, Maps(X(c), Y(c)),).,
~ Maps(K, { Maps(X(c), Y()),),

= Maps(K, [C, Top./](X, Y)), -

Proposition 1.38. (left Kan extension via coends)

Let ¢,D be small pointed topologically enriched categories (def.) and let

p:C—D

be a pointed topologically enriched functor (def.). Then precomposition with p constitutes a functor

p* : [D,Top,]] — [C,Top, ]

G = G o p. This functor has a left adjoint Lan,,, called left Kan extension along p

Lanp
D,Top./]1 L [C, Top./
[D,Topg] L [C Topg]
o

which is given objectwise by a coend (def. 1.28):

cec

(Lan, F) : d v fD(p(c),d)/\F(c).

Proof. Use the expression of natural transformations in terms of ends (example 1.30 and def. 1.31), then
use the respect of Maps(—, —), for ends/coends (remark 1.36), use the smash/mapping space adjunction
(cor.), use the Fubini theorem (prop. 1.35) and finally use Yoneda reduction (prop. 1.32) to obtain a
sequence of natural isomorphisms as follows:

[D, Tong/](Lanp F,6)= | Maps((Lan, F)(d), G(d)),
deD

CEC

= dngaps( J Dp(c),d) AF(c), G(d)).

R

J | Maps(D(p(c),d) AF(c), G(d)),
d€eDceC

R

J g ,Maps(F (), Maps(D(p(©), ), G(d).).

cecd

CicMapS(F(C), diDMapS(D(P(C), d), G(d)),),

IR

~ cchaps(F(C). G(p(0)),

= [C, Top./1(F,p"G)

Topological Day convolution

Given two functions f,,f,:G — C on a group (or just a monoid) G, then their convolution product is,

19 of 75 09.05.17, 15:55



Introduction to Stable homotopy theory -- 1-2 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

whenever well defined, given by the sum

Forfyigm ) F0) f,09,)

91°92=9

The operation of Day convolution is the categorification of this situation where functions are replaced by
functors and monoids by monoidal categories. Further below we find the symmetric monoidal smash product
of spectra as the Day convolution of topologically enriched functors over the monoidal category of finite
pointed CW-complexes, or over sufficiently rich subcategories thereof.

Definition 1.39. Let (¢, ®,1) be a small pointed topological monoidal category (def. 1.1).

Then the Day convolution tensor product on the pointed topological enriched functor category [C, Topc*g/]
(def. 1.31) is the functor

®pay * [C Topc*g/] x [C, Topc*g/] —[c, Topc*g/]

out of the pointed topological product category (def. 1.26) given by the following coend (def. 1.28)

(c1,c3)ECXC

XQpayYic » Clc; ® cy, ) ANX(c ) ANY(cy) .

Example 1.40. Let Seq denote the category with objects the natural numbers, and only the zero morphisms
and identity morphisms on these objects (we consider this in a braoder context below in def. 2.4):

0 _
S° ifny =n,

Seq(nq,ny) :={ B
*  otherwise

Regard this as a pointed topologically enriched category in the unique way. The operation of addition of
natural numbers ® = + makes this a monoidal category.

An object X. € [Seq, Topc*g/] is an N-sequence of pointed topological spaces. Given two such, then their Day
convolution according to def. 1.39 is

(nq,n2)

(X ®pay V), = [ Seq(n; +n,,n) AXn, NXn,

= ]_[n1+n2 (Xn1 /\an)

=n

We observe now that Day convolution is equivalently a left Kan extension (def. 1.38). This will be key for
understanding monoids and modules with respect to Day convolution.

Definition 1.41. Let ¢ be a small pointed topologically enriched category (def.). Its external tensor
product is the pointed topologically enriched functor

A e Top;g/] X [C, Topc*g/] — [EXC, Topc*g/]

from pairs of topologically enriched functors over mmathcal C to topologically enriched functors over the
product category € x € (def. 1.26) given by

XAY = Ao(X,Y),

(XAY)(c1,c2) = X(c) AX(cz) -

Proposition 1.42. For (¢, ® 1) a pointed topologically enriched monoidal category (def. 1.1) the Day
convolution product (def. 1.39) of two functors is equivalently the left Kan extension (def. 1.38) of their
external tensor product (def. 1.41) along the tensor product ® :C x C: there is a natural isomorphism

X ®p,y ¥ = Lang (XAY) .

Hence the adjunction unit is a natural transformation of the form

XAY

exe — Top;g/
AV S ®pay ¥’
c

This perspective is highlighted in (MMSS 00, p. 60).

Proof. By prop. 1.38 we may compute the left Kan extension as the following coend:
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(€1,¢2)

Lang (X AY)(c) = [ Clc; ®p ez, 0) AXAY)(cy,c5)

(€1,¢2)

= [ €1 ®cre) AX(c) AX(cr)

Proposition 1.42 implies the following fact, which is the key for the identification of “functors with smash
product” below and then for the description of ring spectra further below.

Corollary 1.43. The operation of Day convolution ®y,, (def. 1.39) is universally characterized by the
property that there are natural isomorphisms

[C,Topel1(X ®pay ¥, 2) = [C X C,Topyd [XAY, Zo @),

where A is the external product of def. 1.41, hence that natural transformations of functors on C of the
form

(X ®pay V() — Z(c)

are in natural bijection with natural transformations of functors on the product category mmathcal C x C
(def. 1.26) of the form

X(c)ANY(cz) = Z(c; D cy) -
Write

y:C%P— [C,Topc*g/]

for the Topc*g/—Yoneda embedding, so that for ¢ € ¢ any object, y(c) is the corepresented functor
y(c):d - C(c,d).

Proposition 1.44. For (¢, ® ,1) a small pointed topological monoidal category (def. 1.1), the Day
convolution tensor product ®y,, of def. 1.39 makes the pointed topologically enriched functor category

([C. Topeg ], ®pay »y(1)

into a pointed topological monoidal category (def. 1.1) with tensor unit y(1) co-represented by the tensor
unit 1 of C.

Moreover, if (C, ® ,1) is equipped with a (symmetric) braiding ¢ (def. 1.4), then so is
(€. Topy ], ®pay ¥ (1).

Proof. Regarding associativity, observe that

(c1,¢2) (dy,dz)
(X Qpay (Y ®pay £))(c) = J Cles®c nX(e)n [ Cldy ®dycy)(Y(dy) AZ(dy))
cq,dq,dyCp
I Jeler ® ca0) AC(dy ® dy, c2) A (X(cr) A (Y(dr) AZ(d2)))
=C(c1 ®(d1 ®¢ d3).0)

R

cq,dq,dy
Jeler ® (dy @ dy),0) A (X(cr) A (Y(dr) AZ(d)))

€1,€2,€3

J o eler ® (e ® ¢3),0) A (X(er) A (Y(ez) AZ(c3))

R

R

where we used the Fubini theorem for coends (prop. 1.35) and then twice the co-Yoneda lemma (prop.
1.33). Similarly

(c1,¢2) (d1,d2)
(X ®pay V) Bpay (@) = [ Cle1 ®cpc)A [ Cdy ® dyycq) A(X(dy) AY(d2)) AY(cr)
Cp,dq,dycq
I Jeler ® ca0) AC(dy ® dy, c1) A ((X(dy) AY(dR)) AZ(c2))
=C((d; ®dz)®c2)

R

cp,dq,d

ZC((dl R dy) ® ) A ((X(dy) AY(dr)) AZ(cr))

IR
—,

€1,¢3,

"e(e ® €2) ® €3) A ((X(e1) AY(c)) AZ(ca))

R
—

“/
So we obtain an associator by combining, in the integrand, the associator a of (¢, ®,1) and t"°P<¢ of
(Top;/, A,5% (example 1.10):
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€1,69,C3
((X @pay ¥) Opay 2)(¢) = I elles ® ) ® e3) A ((X(er) AY(e)) AZ(c3))
"‘)]?,a;/},,z(c) l 1 " IZ 3C(agrczlcs'C)Aax(ocplc)%x(cz),x(cy
c1,65,C3
X Qpay (¥ Opay 2)(©) = [ Cler ® (2 ® ¢3),¢) A (X(er) A (Y(e2) AZ(c3))

It is clear that this satisfies the pentagon identity, since ¢ and tT°P< do.

To see that y(1) is the tensor unit for ®p,,, use the Fubini theorem for coends (prop. 1.35) and then twice
the co-Yoneda lemma (prop. 1.33) to get for any X € [C,Topc*g/] that

cq1,c2€C
X ®pay ¥(1) = I Cler ®p ¢z =) AX(cr) AC(L,c))
c1 ECcyEC

f C(c1 Qe 2, =) AC(1,c3) ANX(cy)

R

¢, €EC
= fC(C1®81,—)/\X(C1)
c1 €EC
= [ Cler, ) AX(cy)
=X(-)
=X

Hence the right unitor of Day convolution comes from the unitor of ¢ under the integral sign:

fee ®1,0 %)

(X ®Day Y(l))(c) =
(o
SO . { earé, onxen)
51
X(0) = Jelero)nX(er)

Analogously for the left unitor. Hence the triangle identity for ®y,,, follows from the triangle identity in ¢
under the integral sign.

Similarly, if ¢ has a braiding ¢, it induces a braiding t°® under the integral sign:

T ety ® c30) AX(er) AY(c2)

(X ®Day Y)(c) =
c1,Cp «/
Xy © | L) COEe 9Nt xe)
cq1,¢2
¥ ®pay X)(0) = [ €c; @ cy,0) AY(c) AX(cy)

«/
and the hexagon identity for tP% follows from that for z¢ and 7Pz 1
Moreover:

Proposition 1.45. For (C, ® ,1) a small pointed topological symmetric monoidal category (def. 1.5), the
monoidal category with Day convolution ([C, Topc*g/ 1, ®pay,¥(1)) from def. 1.44 is a closed monoidal

category (def. 1.7). Its internal hom [—, is given by the end (def. 1.28)

_] Day

[X, Y],y (0) = fMapS(C’(C ® c1,¢2), Maps(X(c1), Y(c2)),), -

c1,¢2

Proof. Using the Fubini theorem (def. 1.35) and the co-Yoneda lemma (def. 1.33) and in view of definition
1.31 of the enriched functor category, there is the following sequence of natural isomorphisms:

[C.VI(X. 1Y, Z]p,,) = [Maps(X(c), | Maps(C(c ® c1,¢;), Maps(¥(€1),2(c)),),)

*

=[ [ Maps(C(c® c1,¢2) AX(c) AY(c1), Z(cy)),

ccy,cp

= [ Maps( | Clc ® cy,c2) AX(S) AY(ey), Z(cy)).

= [ Maps((X @pay 1)(c2), 2(c2)),

= [CV](X ®pay Y. 2)
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Proposition 1.46. In the situation of def. 1.44, the Yoneda embedding c - C(c, —) constitutes a strong
monoidal functor (def. 1.47)

€ ®,1) 5 ([CV], ®pay . y(D) -

Proof. That the tensor unit is respected is part of prop. 1.44. To see that the tensor product is respected,
apply the co-Yoneda lemma (prop. 1.33) twice to get the following natural isomorphism

dq,dy
((€1) ®pay ¥(€))(©) = [ €(dy ® dy,¢) AC(cy,dy) AC(cy, dy)
=~ C(c; @ c3,0)
=y(c1 ® ¢)(0)

Functors with smash product

Since the symmetric monoidal smash product of spectra discussed below is an instance of Day convolution
(def. 1.39), and since ring spectra are going to be the monoids (def. 1.13) with respect to this tensor
product, we are interested in characterizing the monoids with respect to Day convolution. These turn out to
have a particularly transparent expression as what is called functors with smash product, namely lax
monoidal functors from the base monoidal category to Top;‘g/. Their components are pairing maps of the form

Rnl A an - Rnl +ny

satisfying suitable conditions. This is the form in which the structure of ring spectra usually appears in
examples. It is directly analogous to how a dg-algebra, which is equivalently a monoid with respect to the
tensor product of chain complexes (example 1.19), is given in components .

Here we introduce the concepts of monoidal functors and of functors with smash product and prove that
they are equivalently the monoids with respect to Day convolution.

Definition 1.47. Let (G, ®.,1¢) and (D, ®,,15) be two (pointed) topologically enriched monoidal categories
(def. 1.1). A topologically enriched lax monoidal functor between them is

1. a topologically enriched functor

F:¢c—D,
2. a morphism
€:1p — F(1p)

3. a natural transformation

Hey t F(O) ®p F(¥) = F(x ®¢ ¥)
forallx,yec
satisfying the following conditions:

1. (associativity) For all objects x,y,z € C the following diagram commutes

oD
F(x),F(y),F(z)

(F(x) ®p F(¥)) ®y F(2) F(x) @p (F(y) ®p F(2))
Hyy ®id | 4@y,

F(x ®c¥) ®p F(2) F(x) ®p (F(x Qe ¥) -
Hx®c v,z 1 l”x.y®el

F((x ®c y) ®c 2) — Fx Qe (v Q¢ 2))

F(a;?,y,z)

where af and a® denote the associators of the monoidal categories;

2. (unitality) For all x € ¢ the following diagrams commutes

®id
1p ®p FX) == F(le) ®p F(x)
[?(x) 1 l”lc,x

FeS)

F(x) — F1Q®:x)

and
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e
F(O) ®plp —5 F(x) ®p F(le)
o 1 e

F(r)

F(x) — Fx®:1)

where £, £2, r¢, P denote the left and right unitors of the two monoidal categories, respectively.

If e and alll Ky, are isomorphisms, then F is called a strong monoidal functor.

If moreover (G, ®.,1¢) and (D, ®,,1p) are equipped with the structure of braided monoidal categories
(def. 1.4) with braidings ¢ and 2, respectively, then the lax monoidal functor F is called a braided
monoidal functor if in addition the following diagram commutes for all objects x,y € ¢

D
TF(x),F(y)

F) Q@ F(y) —— F(y) ®p F(x)
Hy,y l \L”y'x

F(x®cy) — F(y ® x)
F(Tx,y)
A homomorphism f : (Fy,u,,€) — (F2,u,,€;) between two (braided) lax monoidal functors is a monoidal
natural transformation, in that it is a natural transformation f, : F;(x) — F,(x) of the underlying
functors

compatible with the product and the unit in that the following diagrams commute for all objects x,y € C:

£ ®p f)
F1() @p F1(y) ——— F,(x) @ F2(¥)
(”l)x,y 1 l(ﬂz)x,y
Fi(x Q¢ y) ey Fa(x Qe y)
and
1p
€1y \ €2
Fi(1e) m Fy(1e)

We write MonFun(C, D) for the resulting category of lax monoidal functors between monoidal categories ¢
and D, similarly BraidMonFun(C, D) for the category of braided monoidal functors between braided monoidal
categories, and SymMonFun(C, D) for the category of braided monoidal functors between symmetric
monoidal categories.

Remark 1.48. In the literature the term “monoidal functor” often refers by default to what in def. 1.47 is
called a strong monoidal functor. But for the purpose of the discussion of functors with smash product
below, it is crucial to admit the generality of lax monoidal functors.

If (6, ®¢,1¢) and (D, ®4,1p) are symmetric monoidal categories (def. 1.5) then a braided monoidal
functor (def. 1.47) between them is often called a symmetric monoidal functor.

Proposition 1.49. For ¢ Lo 5 etwo composable lax monoidal functors (def. 1.47) between monoidal
categories, then their composite F o G becomes a lax monoidal functor with structure morphisms

G F
€ 1, 5 6(1p) “5 G(F(1e)
and

BE ey F(cy 6w, c,)
HEF  G(F(e1) ® GF(2)) — 2B G(F(er) ®p F(e2)) — 22 G(F (e @ ¢)) -

1)

Proposition 1.50. Let (€, ®.,1;) and (D, @, ,1p) be two monoidal categories (def. 1.1) and let F : ¢ — D be
a lax monoidal functor (def. 1.47) between them.

Then for (A,u,,e,) @ monoid in C (def. 1.13), its image F(A) € D becomes a monoid (F(A), g a0 €F(a) by

setting
Flpa)
ga)  F(A) @ F(A) — F(A @ A) =% F(A)

(where the first morphism is the structure morphism of F) and setting
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F(ep)
erea) + 1p = F(1e) = F(4)

(where again the first morphism is the corresponding structure morphism of F).

This construction extends to a functor

Mon(F) : Mon(C, ®¢,1¢) — Mon(D, ®,,1p)

from the category of monoids of C (def. 1.13) to that of D.

Moreover, if ¢ and D are symmetric monoidal categories (def. 1.5) and F is a braided monoidal functor
(def. 1.47) and A is a commutative monoid (def. 1.13) then so is F(A), and this construction extends to a
functor

CMon(F) : CMon(C, ®,.,1:) — CMon(D, ®,,1p) .

Proof. This follows immediately from combining the associativity and unitality (and symmetry) constraints
of F with those of A. R

Definition 1.51. Let (¢, ®.,1¢) and (D, ®;,1p) be two (pointed) topologically enriched monoidal categories
(def. 1.1), and let F : ¢ — D be a topologically enriched lax monoidal functor between them, with product
operation pu.

Then a left module over the lax monoidal functor is

1. a topologically enriched functor

G:C—D;

2. a natural transformation

Pry  FO) ®p G) — G(x B¢ y)
such that

e (action property) For all objects x,y,z € C the following diagram commutes

a?
F(x),F(y) F(z)

(F(x) ®p F(») ®p G(2) F(x) ®p (F(y) ®p G(2))
ux'y®id 1 lid®ﬂy_z
Flx ®cy) ®p G(2) F(0) Qp (G(x ®ey)
Px Qe v,z l lpx,y Rcz
G((x ®cy) ®¢ 2) — Cx Qe (v B¢ 2))

F(agyz)
A homomorphism f : (G1,p,) — (G2, p,) between two modules over a monoidal functor (F,u,e€) is

¢ a natural transformation f : G;(x) — G,(x) of the underlying functors

compatible with the action in that the following diagram commutes for all objects x,y € C:

id®p f(¥)
—_—

F(x) ®p G1(y) F(x) ®p G2(¥)
(Pl)x,y 1 l(rhiz )x,y
G1(x Qe ¥) m G, (x Qe y)

We write F Mod for the resulting category of modules over the monoidal functor F.

Now we may finally state the main proposition on functors with smash product:

Proposition 1.52. Let (C, ®,1) be a pointed topologically enriched (symmetric) monoidal category (def.
1.1). Regard (Topc*g/ , A,S% as a topological symmetric monoidal category as in example 1.10.

Then (commutative) monoids in (def. 1.13) the Day convolution monoidal category ([C, Topc*g/], Opay »¥(1e))
of prop. 1.44 are equivalent to (braided) lax monoidal functors (def. 1.47) of the form

(€ ®,1) — (Top,,, A,S%),

called functors with smash products on C, i.e. there are equivalences of categories of the form
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Mon([C, Top,! ], ®pay »¥(1e)) = MonFunc(C, Top,,)

CMon([C, Top;g/], ®pay »¥(1e)) = SymMonFunc(C, Topc*g/)

Moreover, module objects over these monoid objects are equivalent to the corresponding modules over
monoidal functors (def. 1.51).

This is stated in some form in (Day 70, example 3.2.2). It is highlighted again in (MMSS 00, prop. 22.1).

Proof. By definition 1.47, a lax monoidal functor F:¢ —» Topjg/ is a topologically enriched functor equipped
with a morphism of pointed topological spaces of the form

§° —F(1e)

and equipped with a natural system of maps of pointed topological spaces of the form

F(c1) NF(cy) — F(cy Qe c2)
for all ¢,,¢c, €C.
Under the Yoneda lemma (prop. 1.32) the first of these is equivalently a morphism in [C,Topc"g/] of the form

y(§9 —F.

Moreover, under the natural isomorphism of corollary 1.43 the second of these is equivalently a morphism in
[, Top,4] of the form

FQpay F—F.

Translating the conditions of def. 1.47 satisfied by a lax monoidal functor through these identifications gives
precisely the conditions of def. 1.13 on a (commutative) monoid in object F under &y, .

Similarly for module objects and modules over monoidal functors. W

Proposition 1.53. Let f : ¢ — D be a lax monoidal functor (def. 1.47) between pointed topologically
enriched monoidal categories (def. 1.1). Then the induced functor

f*: [D,Top.l] — [C Top,,]
given by (f'X)(c) = X(f(c)) preserves monoids under Day convolution

f* s Mon([D, Topey ], @pay »¥(15)) — Mon([€, Topl,], ®pay »¥(1e)

Moreover, if C and D are symmetric monoidal categories (def. 1.5) and f is a braided monoidal functor
(def. 1.47), then f* also preserves commutative monoids

f*: CMon([D, Top,{ ], ®pay »¥(1p)) — CMon([C, Top;,], ®pay ,¥(1e) -
Similarly, for
A € Mon([D, Topc*g/], ®pay »¥(1p))
any fixed monoid, then f* sends A-modules to f*(A)-modules
"+ AMod(D) — (f*A)Mod(C) .

Proof. This is an immediate corollary of prop. 1.52, since the composite of two (braided) lax monoidal
functors is itself canonically a (braided) lax monoidal functor by prop. 1.49. K

2. S-Modules

We give a unified discussion of the categories of

1. sequential spectra

2. symmetric spectra

3. orthogonal spectra

4. pre-excisive functors

(all in topological spaces) as categories of modules with respect to Day convolution monoidal structures on
Top-enriched functor categories over restrictions to faithful sub-sites of the canonical representative of the
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sphere spectrum as a pre-excisive functor on Top;/.

This approach is due to (Mandell-May-Schwede-Shipley 00) following (Hovey-Shipley-Smith 00).

Pre-Excisive functors

We consider an almost tautological construction of a pointed topologically enriched category equipped with a
closed symmetric monoidal product: the category of pre-excisive functors. Then we show that this
tautological category restricts, in a certain sense, to the category of sequential spectra. However, under this
restriction the symmetric monoidal product breaks, witnessing the lack of a functorial smash product of
spectra on sequential spectra. However from inspection of this failure we see that there are categories of
structured spectra “in between” those of all pre-excisive functors and plain sequential spectra, notably the
categories of orthogonal spectra and of symmetric spectra. These intermediate categories retain the
concrete tractable nature of sequential spectra, but are rich enough to also retain the symmetric monoidal
product inherited from pre-excisive functors: this is the symmetric monoidal smash product of spectra that
we are after.

Literature (MMSS 00, Part I and Part III)

Definition 2.1. Write
e 2 Top'/ . & Top?/
fin - pcg,fm pcg

for the full subcategory of pointed compactly generated topological spaces (def.) on those that admit the
structure of a finite CW-complex (a CW-complex (def.) with a finite number of cells).

We say that the pointed topological enriched functor category (def. 1.31)

Exc(Top,,) = [Top g i, Top,g |

is the category of pre-excisive functors. (We had previewed this in Part P, this example).

Write
Sexc = ¥(S°) = Tope, 1 (S°, —)

for the functor co-represented by 0-sphere. This is equivalently the inclusion , itself:

Sexc = lin : K K .
We call this the standard incarnation of the sphere spectrum as a pre-excisive functor.

By prop. 1.44 the smash product of pointed compactly generated topological spaces induces the structure
of a closed (def. 1.7) symmetric monoidal category (def. 1.5)

(Exc(Tong), A= Qpay s Sexc)
with

1. tensor unit the sphere spectrum S,.;

2. tensor product the Day convolution product ®,, from def. 1.39,

called the symmetric monoidal smash product of spectra for the model of pre-excisive functors;

3. internal hom the dual operation [—, from prop. 1.45,

_]Day
called the mapping spectrum construction for pre-excisive functors.

Remark 2.2. By example 1.14 the sphere spectrum incarnated as a pre-excisive functor S.,. (according to
def. 2.1) is canonically a commutative monoid in the category of pre-excisive functors (def. 1.13).

Moreover, by example 1.17, every object of Exc(Top,,) (def. 2.1) is canonically a module object over Sgy..

We may therefore tautologically identify the category of pre-excisive functors with the module category
over the sphere spectrum:

Exc(Tong) =~ S Mod .

Lemma 2.3. Identified as a functor with smash product under prop. 1.52, the pre-excisive sphere spectrum
Sexc from def. 2.1 is given by the identity natural transformation
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#(Kviz) : Sexc(Kl) A Sexc(KZ) = Kl AKZ = Kl AKZ = §exc(Kl AKZ) .

Proof. We claim that this is in fact the unique structure of a monoidal functor that may be imposed on the
canonical inclusion ¢ : Topc*g/,fin © Topc*g/, hence it must be the one in question. To see the uniqueness, observe
that naturality of the matural transformation p in particular says that there are commuting squares of the
form

SOASY S s0A8°
XXz | lxb"z

KiAK, —— K;AK,

HK1,Ko
where the vertical morphisms pick any two points in K, and K,, respectively, and where the top morphism is
necessarily the canonical identification since there is only one single isomorphism $° - 5°, namely the

identity. This shows that the bottom horizontal morphism has to be the identity on all points, hence has to
be the identity. N

We now consider restricting the domain of the pre-excisive functors of def. 2.1.

Definition 2.4. Define the following pointed topologically enriched (def.) symmetric monoidal categories
(def. 1.5):

1. Seq is the category whose objects are the natural numbers and which has only identity morphisms
and zero morphisms on these objects, hence the hom-spaces are

s% forn, =n,
Seq(ny,n,) = )
*  otherwise

The tensor product is the addition of natural numbers, ® = +, and the tensor unit is 0. The braiding
is, necessarily, the identity.

2. Sym is the standard skeleton of the core of FinSet with zero morphisms adjoined: its objects are the
finite sets 7 := {1,---,n} for n € N (hence 0 is the empty set), all non-zero morphisms are
automorphisms and the automorphism group of {1,---,n} is the symmetric group X(n) on n elements,
hence the hom-spaces are the following discrete topological spaces:

(Z(ny)), forny =n,
Sym(ny,n,) = )
* otherwise

The tensor product is the disjoint union of sets, tensor unit is the empty set. The braiding

Sym R — — J—
Tom, 1M UM, — 7, Uy

is given by the canonical permutation in Z(n; + n,) that shuffles the first n, elements past the
remaining n, elements.

(MMSS 00, example 4.2)

3. Orth has as objects the finite dimenional real linear inner product spaces (R" (—, —)) and as non-zero
morphisms the linear isometric isomorphisms between these; hence the automorphism group of the
object (R" (-, —)) is the orthogonal group 0(n); the monoidal product is direct sum of linear spaces,
the tensor unit is the 0-vector space; again we turn this into a Topc*g/-enriched category by adjoining a
basepoint to the hom-spaces;

0(Vy), fordim(V,) = dim(V;)
Orth(V4,V,) = 0 )
* otherwise

The tensor product is the direct sum of linear inner product spaces, tensor unit is the 0-vector space.
The braiding

Tlg)lr‘tgz Vi@V, -V, eV,
is the canonical orthogonal transformation that switches the summands.

(MMSS 00, example 4.4)

Notice that in the notation of example 1.29

1. the full subcategory of Orth on V is B(O(V),);

2. the full subcategory of Sym on {1,--,n} is BZ(n),);
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3. the full subcategory of Seq on n is B(1,).

Moreover, after discarding the zero morphisms, then these categories are the disjoint union of categories
of the form BO(n), BX(n) and B1 = =, respectively.
There is a sequence of canonical faithful pointed topological subcategory inclusions

seq sym orth /
Seq — Sym — Orth — Top gy,

n - {1,-,n » R"' o s"

into the pointed topological category of pointed compactly generated topological spaces of finite CW-type
(def. 2.1).

Here S¥ denotes the one-point compactification of V. On morphisms sym:(Z,), © (0()), is the canonical
inclusion of permutation matrices into orthogonal matrices and orth:0(V), Aut(s") is on 0(V) the

topological subspace inclusions of the pointed homeomorphisms $¥ - sV that are induced under forming
one-point compactification from linear isometries of V (“representation spheres”).

Below we will often use these identifications to write just “n” for any of these objects, leaving implicit the
identifications n - {1,---,n} » S™.

Consider the pointed topological diagram categries (def. 1.31, exmpl.) over these categories:

® [Seq, Topc*g/] is called the category of sequences of pointed topological spaces (e.g. HSS 00, def.
2.3.1);

° [Sym,TopC*g/] is called the category of symmetric sequences (e.g. HSS 00, def. 2.1.1);

e [Orth, Topc*g/] is called the category of orthogonal sequences.

Consider the sequence of restrictions of topological diagram categories, according to prop. 1.53 along the
above inclusions:

Exc(Top,.) = [Orth, Top./] £ [Sym, Top:/] =% [Seq, Top;/
xe(Top,g) ©™ [Orth, Top;/] 2™ [Sym, Top:/] % [Seq, Top./] .

Write
Sorth = orth’ Sexc Ssym = sym” Soren Sseq = seq” Ssym

for the restriction of the excisive functor incarnation of the sphere spectrum (from def. 2.1) along these
inclusions.

Proposition 2.5. The functors seq, sym and orth in def. 2.4 become strong monoidal functors (def. 1.47)
when equipped with the canonical isomorphisms

seq(n,) Useq(n,) = {1,--,n }U{l, -, ny} = {1,-,ny +n,} = seq(n, +n,)
and
sym({1,-,n}) @ sym({1,---,n,}) = R" @ R"2 =~ R" "2 = sym({1,--,n} U {1, n,})
and
orth(V,) Aorth(V,) = V1 AS"2 = §¥19V2 — orth(v, @ V,) .

Moreover, orth and sym are braided monoidal functors (def. 1.47) (hence symmetric monoidal functors,
remark 1.48). But seq is not braided monoidal.

Proof. The first statement is clear from inspection.

For the second statement it is sufficient to observe that all the nontrivial braiding of n-spheres in Topc*g/ is
given by the maps induced from exchanging coordinates in the realization of n-spheres as one-point
compactifications of Cartesian spaces S™ ~ (R™)". This corresponds precisely to the action of the symmetric
group inside the orthogonal group acting via the canonical action of the orthogonal group on R". This shows
that sym and orth are braided, for they include precisely these objects (the n-spheres) with these braidings
on them. Finally it is clear that seq is not braided, because the braiding on Seq is trivial, while that on Sym is
not, so seq necessrily fails to preserve precisely these non-trivial isomorphisms. W

Remark 2.6. Since the standard excisive incarnation S, of the sphere spectrum (def. 2.1) is the tensor
unit with repect to the Day convolution product on pre-excisive functors, and since it is therefore
canonically a commutative monoid, by example 1.14, prop. 1.53 says that the restricted sphere spectra
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Sorths Ssym @nd Sgq are still monoids, and that under restriction every pre-excisive functor, regarded as a
Sexc-module via remark 2.2, canonically becomes a module under the restricted sphere spectrum:

orth™: Exc(Top,,) = Sexc Mod — S, Mod

sym”™: Exc(Topcg) = Seyc Mod — Sgym Mod .

seq”: Exc(Topcg) = Seyc Mod — Sgeq Mod
Since all three functors orth, sym and seq are strong monoidal functors by prop. 2.5, all three restricted
sphere spectra Sq.n, Ssym and Sgeq canonically are monoids, by prop. 1.53. Moreover, according to prop.

2.5, orth and sym are braided monoidal functors, while functor seq is not braided, therefore prop. 1.53
furthermore gives that S, and S, are commutative monoids, while S, is not commutative:

sphere spectrum  Scyc Sorth Ssym Sseq

monoid yes|yes |yes |yes

commutative monoid|yes|yes |yes |no

tensor unit yesino |no |no
Explicitly:

Lemma 2.7. The monoids Sg;, from def. 2.4 are, when identified as functors with smash product via prop.
1.52 given by assigning

Sgeq : = S™
Seym : A S™
Sortn : Vo SV,

respectively, with product given by the canonical isomorphisms
S"1ASs"2 — §V1®Vz

Proof. By construction these functors with smash products are the composites, according to prop. 1.49, of
the monoidal functors seq, sym, orth, respectively, with the lax monoidal functor corresponding to S.,.. The

former have as structure maps the canonical identifications by definition, and the latter has as structure
map the canonical identifications by lemmma 2.3. R

Proposition 2.8. There is an equivalence of categories

()% : Sgeq Mod — SeqSpec(Top,,)

which identifies the category of modules (def. 1.16) over the monoid S, (remark 2.6) in the Day

convolution monoidal structure (prop. 1.44) over the topological functor category [Seq, Topc*g/ ] from def. 2.4
with the category of sequential spectra (def.)

Under this equivalence, an Sy.q-module X is taken to the sequential pre-spectrum Xx*¢*9 whose component
spaces are the values of the pre-excisive functor X on the standard n-sphere " = (SH)""

X*°9),, = X(seq(m)) = X(S™
and whose structure maps are the images of the action morphisms
Sseq ®Day X—X
under the isomorphism of corollary 1.43
Sseq(M1) AX(n1) — X, 10,
evaluated atn, =1
Sseq(DAX(M) — Xpiq
=1 1=
SYAXn — Xni1

(Hovey-Shipley-Smith 00, prop. 2.3.4)

Proof. After unwinding the definitions, the only point to observe is that due to the action property,

id ®Day P
gseq ®Day Sseq ®Day X Sseq ®Day X
U ®pay id l 1P
Sseq Opay X — X
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any S,eq-action
Pt Sseq ®DayX — X
is indeed uniquely fixed by the components of the form
Sseq(D AX() — X(n) .

This is because under corollary 1.43 the action property is identified with the componentwise property

APy, ng
—=3

S"™ AS"2 A Xn, SMAX

ny+ng
=~ lpnl,nz +ng

EREIN Xng N

an +ny +n3
Pny +ny,n3

where the left vertical morphism is an isomorphism by the nature of Ss,. Hence this fixes the components
Pn n to be the n'-fold composition of the structure maps o, == p(1,n). B

However, since, by remark 2.8, S, is not commutative, there is no tensor product induced on Sequec(Tong)

under the identification in prop. 2.8. But since S, and S, are commutative monoids by remark 2.8, it
makes sense to consider the following definition.

Definition 2.9. In the terminology of remark 2.6 we say that
OrthSpec(Tong) == S,tn Mod
is the category of orthogonal spectra; and that
SymSpec(Tong) = Sgym Mod
is the category of symmetric spectra.

By remark 2.6 and by prop. 1.22 these categories canonically carry a symmetric monoidal tensor product
®syrin and ®Sseq' respectively. This we call the symmetric monoidal smash product of spectra. We
usually just write for short

A= ®§0rth : OrthSpec(Topcg) X OrthSpec(Tong) — OrthSpec(Tong)
and
A = ®§Sym : SymSpec(Tong) X SymSpec(Topcg) — SymSpec(Topcg)

In the next section we work out what these symmetric monoidal categories of orthogonal and of symmetric
spectra look like more explicitly.

Symmetric and orthogonal spectra
We now define symmetric spectra and orthogonal spectra and their symmetric monoidal smash product. We

proceed by giving the explicit definitions and then checking that these are equivalent to the abstract
definition 2.9 from above.

Literature. ( Hovey-Shipley-Smith 00, section 1, section 2, Schwede 12, chapter I)

Definition 2.10. A topological symmetric spectrum X is

1. a sequence {X, € Top;‘g/ | n € N} of pointed compactly generated topological spaces;

2. a basepoint preserving continuous right action of the symmetric group X(n) on X,;;

3. a sequence of morphisms a,,:S'AX,, — X,,1
such that

e for all n,k € N the composite
id id —
SEAX, =~ SKTIASIAK, I gkt Ay = SKTRASIAY, ,, ot Tkt
intertwines the X(n) x Z(k)-action.

A homomorphism of symmetric spectra f:X — Y is
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* a sequence of maps f, :X, — Y,
such that

1. each f, intetwines the X(n)-action;

2. the following diagrams commute

£, Aid

S'AX, =— S'AY,

Lo e
fn+1

Xn+1 — yn+1
We write SymSpec(Top,,) for the resulting category of symmetric spectra.

(Hovey-Shipley-Smith 00, def. 1.2.2, Schwede 12, I, def. 1.1)

The definition of orthogonal spectra has the same structure, just with the symmetric groups replaced by the
orthogonal groups.

Definition 2.11. A topological orthogonal spectrum X is

1. a sequence {X, € Topc*g/ | n € N} of pointed compactly generated topological spaces;

2. a basepoint preserving continuous right action of the orthogonal group 0(n) on X,;

3. a sequence of morphisms ¢,,:S*A X, — X1
such that

e for all n,k € N the composite

SEAX, = SKTIASIAK, k-1 Ay o~ gk ZAglAx,,, SN Tntkoty
intertwines the 0(n) x Ok()-action.

A homomorphism of orthogonal spectra f:X — Y is

¢ a sequence of maps f,:X, — Y,
such that

1. each f, intetwines the 0(n)-action;

2. the following diagrams commute

S'AX, & S'AY,
Lo L

Xnv1 — Yapu
We write OrthSpec(Top,,) for the resulting category of orthogonal spectra.

(e.g. Schwede 12, I, def. 7.2)

Proposition 2.12. Definitions 2.10 and 2.11 are indeed equivalent to def. 2.9:
orthogonal spectra are eugqivalently the module objects over the incarnation S,.., of the sphere spectrum
OrthSpec(Topcg) =~ S, .n Mod

and symmetric spectra sre equivalently the module objects over the incarnation S, of the sphere
spectrum

SymSpec(Tong) =~ Ss¢ym Mod .

(Hovey-Shipley-Smith 00, prop. 2.2.1)

Proof. We discuss this for symmetric spectra. The proof for orthogonal spectra is of the same form.

First of all, by example 1.29 an object in [Sym, Topc"g/] is equivalently a “symmetric sequence”, namely a
sequence of pointed topological spaces X,, for k € N, equipped with an action of ¥(k) (def. 2.4).

32 0of 75 09.05.17, 15:55



Introduction to Stable homotopy theory -- 1-2 in nLab https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

By corollary 1.43 and lemma 2.7, the structure morphism of an Sg,,-module object on X
Ssym ®Day X—X

is equivalently (as a functor with smash products) a natural transformation

Snl /\an - XTL1+TL2
over Sym x Sym. This means equivalently that there is such a morphism for all n;,n, € N and that it is
X (ny) x X(ny)-equivariant.

Hence it only remains to see that these natural transformations are uniquely fixed once the one forn, =1 is
given. To that end, observe that lemma 2.7 says that in the following commuting squares (exhibiting the
action property on the level of functors with smash product, where we are notationally suppressing the
associators) the left vertical morphisms are isomorphisms:

SMASZAX,, — SMAX
=l l

ng +ny
S AXn3 - Xn1+n2+n3

ny +1'1.3

This says exactly that the action of $™""2 has to be the composite of the actions of 5™ followed by that of
S§™. Hence the statement follows by induction.

Finally, the definition of homomorphisms on both sides of the equivalence are just so as to preserve
precisely this structure, hence they conincide under this identification. N

Definition 2.13. Given X,Y € SymSpec(Topcg) two symmetric spectra, def. 2.10, then their smash product of
spectra is the symmetric spectrum

XAY € SymSpec(Tong)
with component spaces the coequalizer

coeq

1 L’
\/ Sp+1+a), | A X AS'AY, \/ Sp+a), A X AYe SR AN
p+l+gq=n pro1Toa T p+q=n LA

where ¢ has components given by the structure maps
1 id/\aq
X, ASTAY, — X, AY,

while r has components given by the structure maps conjugated by the braiding in Top;‘g/ and the
permutation action y,, , (that shuffles the element on the right to the left)

*/
TTOPC% Aid o Aid Xp 1 Nid
1 D’ 1 14 p.1
XpASTAXy —— S"AX, A Xy —— Xy  AXg—— X1y A Xy .
Finally The structure maps of X AY are those induced under the coequalizer by

1 1 a{,(/\id
SYAX,AY A) = (STAX)AY, —— X, AY, .

Analogously for orthogonal spectra.

(Schwede 12, p. 82)

Proposition 2.14. Under the identification of prop. 2.12, the explicit smash product of spectra in def. 2.13
is equivalent to the abstractly defined tensor product in def. 2.9:

in the case of symmetric spectra:

A= ®§sym

in the case of orthogonal spectra:

N = .
Sorth

(Schwede 12, E.1.16)

Proof. By def. 1.21 the abstractly defined tensor product of two S,,,-modules X and Y is the coequalizer
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X®p
—2> coeq
X ®pay Ssym ®pay Y _ XQY—X®s,, Y.
plc(rx,agysym ®id)

The Day convolution product appearing here is over the category Sym from def. 2.4. By example 1.29 and
unwinding the definitions, this is for any two symmetric spectra A and B given degreewise by the wedge sum
of component spaces summing to that total degree, smashed with the symmetric group with basepoint
adjoined and then quotiented by the diagonal action of the symmetric group acting on the degrees
separately:

nq,ny

Il
—

(4 ®Day B)(n) X(ny +ny,n) /\An1 ABn1
Z(ng+nyn)y ifng+ny=n

N .
otherwise i

= an +ny=n Z(nl + n2)+ 0(n1)<<\0(n2) (An1 A an)
This establishes the form of the coequalizer diagram. It remains to see that under this identification the two
abstractly defined morphisms are the ones given in def. 2.13.

To see this, we apply the adjunction isomorphism between the Day convolution product and the external
tensor product (cor. 1.43) twice, to find the following sequence of equivalent incarnations of morphisms:

(X ®Day (Sorth ®Day Y))(n) - (X ®Day Y)(n) - ZTl
an A (Ssym ®Day y)(nIZ) - an A Y(nlz) - an +nry
(Ssym ®Day Y) (nIZ ) - y(nlz ) - Maps(an ’ an +nry )

s"z AYn, - Yo, ins — Maps(Xp,, Zn, +ny+n3)

an/\Snszn3 - an/\yn2+n3 - Zn1+n2+n3

This establishes the form of the morphism ¢. By the same reasoning as in the proof of prop. 2.12, we may
restrict the coequalizer to n, = 1 without changing it.

The form of the morphism r is obtained by the analogous sequence of identifications of morphisms, now
+/
with the parenthesis to the left. That it involves TPz and the permutation action 5™ as shown above
follows from the formula for the braiding of the Day convolution tensor product from the proof of prop. 1.44:
nq,ny

*

/
Day _ Sym Topg;

Tap (M) = Sym(Tnlynz ;) A TAnl'gnz

by translating it to the components of the precomposition

LDay
X.Ssym
X ®Qpay Ssym > Ssym Opay X — X

via the formula from the proof of prop. 1.38 for the left Kan extension A ®y,, B = Lang AA B (prop. 1.42):

nq,ny */
* D Top
[Sym, Topcg/](rxyag};ym,)() =~ {Maps( [ Sym(zh,, ) A TXn;?"Z'X(n))*

*/
~ Maps(‘L’TOpcg

sym
S (A
nq,m;, 1

This last expression is the function on morphisms which precomposes components under the coend with the

o */

braiding r}T( p‘fnz in topological spaces and postcomposes them with the image of the functor X of the
niy

braiding in Sym. But the braiding in Sym is, by def. 2.4, given by the respective shuffle permutations

sym

A S and by prop. 2.12 the image of these under X is via the given Z,, ,, -action on X, ., .

Finally to see that the structure map is as claimed: By prop. 2.12 the structure morphisms are the degree-1
components of the Sgy,-action, and by prop. 1.21 the S,,,,-action on a tensor product of S,,,,-modules is
induced via the action on the left tensor factor. W

Definition 2.15. A commutative symmetric ring spectrum E is
1. a sequence of component spaces E,, € Top:g/ forneN;

2. a basepoint preserving continuous left action of the symmetric group X(n) on E,;

3. for all n,,n, € N a multiplication map
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Hpimy * E"1 AE"Z - E"1+"z
(a morphism in Top,,)
4. two unit maps

t0:50—>E0

4y St —E,
such that

1. (equivariance) [T intertwines the X(n,) x X(n,)-action;

2. (associativity) for all n,,n,,n; € N the following diagram commutes (where we are notationally
suppressing the associators of (Top./, A,S°))

id/\“nz,n3
En, NEn, NE,, ——= En NEn, in,

Hny,n, Md 1 i”nl,nz 413

—_—
En1+n2 /\En3 " En1+n2+n3
nq+nyz,n3

3. (unitality) for all n € N the following diagram commutes

0 g Aid
S°AE, ¥ E,AE,

PN LHon
Top,
%, g
En
and
o idAgy
E, NS — E,AE,
RN LHno
Topcg ’
TEn
ETl

where the diagonal morphisms ¢ and r are the left and right unitors in (Topc*g/, A,S%), respectively.

4. (commutativity) for all n,,n, € N the following diagram commutes

Toped

Eny En,
En1 /\En2 E— En2 /\En1
Hnqiny ! l“nz,nﬁ

E

_ E

nq +n:
1 2 an.nz

ny +1’1.1
where the top morphism 7 is the braiding in (Topjg/, A,S% (def. 1.10) and where Xnyn, € Z(n, +ny)
denotes the permutation action which shuffles the first n, elements past the last n, elements.

A homomorphism of symmetric commutative ring spectra f:E — E' is a sequence f, : E, — E', of
X(n)-equivariant pointed continuous functions such that the following diagrams commute for all n,,n, € N

fnyMn, , ,
Enl/\E.,12 " En1 /\E.,12
Hny,ny l LHngng
En1+n2 X ? En2 +nq
nq,my

and foi =t and f, oy =1.
Write
CRing(SymSpec(Tong))

for the resulting category of symmetric commutative ring spectra.

We regard a symmetric ring spectrum in particular as a symmetric spectrum (def. 2.10) by taking the
structure maps to be
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1 11 Aid Hin
on: SANE,— E,NE,—E, 1.
This defines a forgetful functor
CRing(SymSpec(Topcg)) — SymSpec(Topcg)

There is an analogous definition of orthogonal ring spectrum and we write

CRing(OrthSpec(Topcg))
for the category that these form.

(e.g. Schwede 12, def. 1.3)

We discuss examples below in a dedicated section Examples.

Proposition 2.16. The symmetric (orthogonal) commutative ring spectra in def. 2.15 are equivalently the
commutative monoids in (def. 1.13) the symmetric monoidal category Sg,m, Mod (S, Mod) of def. 2.9 with
respect to the symmetric monoidal smash product of spectra A = ®§Sym (AN = ®s,rn ). Hence there are

equivalences of categories

CRing(SymSpec(Topcg)) =~ CMon(Ssyny, Mod, ®§Sym ) Ssym)

and
CRing(OrthSpec(Topcg)) =~ CMon(Sern Mod, ®§0rth , Sorth) -
Moreover, under these identifications the canonical forgetful functor
CMon(Sgym Mod, ®§sym »Ssym) — SymSpec(Topcg)

and

CMon(Sytn Mod, ®§orth , Sorth) — OrthSpec(Tong)

coincides with the forgetful functor defined in def. 2.15.
Proof. We discuss this for symmetric spectra. The proof for orthogonal spectra is directly analogous.

By prop. 1.25 and def. 2.9, the commutative monoids in S, Mod are equivalently commtutative monoids E
in ([Sym,Topjg/], ®pay »¥(0)) equipped with a homomorphism of monoids Sy, — E. In turn, by prop. 1.52 this

are equivalently braided lax monoidal functors (which we denote by the same symbols, for convenience) of
the form

E : (Sym, +,0) — (Top,/, A,S%)

equipped with a monoidal natural transformation (def. 1.47)

t: Sgym — E.

The structure morphism of such a lax monoidal functor E has as components precisely the morphisms

iy, Eng NEny = Eqyim, - In terms of these, the associativity and braiding condition on the lax monoidal

functor are manifestly the above associativity and commutativity conditions.
Moreover, by the proof of prop. 1.25 the S;,,,-module structure on an an S, -algebra E has action given by
eAid u
Ssym AE— EANE —E,

which shows, via the identification in prop 2.12, that the forgetful functors to underlying symmetric spectra
coincide as claimed.

Hence it only remains to match the nature of the units. The above unit morphism  has components
ty : ST E,

for all n € N, and the unitality condition for ¢, and ¢, is manifestly as in the statement above.

We claim that the other components are uniquely fixed by these:

By lemma 2.7, the product structure in Sy, is by isomorphisms $™ A $"2 ~ §"1%"2, so that the commuting
square for the coherence condition of this monoidal natural transformation
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tn, Alp
n n 1 2
smasm 23 E, AE,
= l“nl,nz

gn1tng

. Enl +ny
n1+n2

says that ¢, n, = oy, s © (tn, Atny). This means that 1, , is uniquely fixed once i, and (, are given.

Finally it is clear that homomorphisms on both sides of the equivalence precisely respect all this structure
under both sides of the equivalence. N

Similarly:

Definition 2.17. Given a symmetric (orthogonal) commutative ring spectrum E (def. 2.15), then a left
symmetric (orthogonal) module spectrum N over E is

1. a sequence of component spaces N, € Topc"g/ forneN;

2. a basepoint preserving continuous left action of the symmetric group X(n) on N,;

3. for all n,,n, € N an action map
Pnyny + Eng ANny = Ny iy
(a morphism in Top,,)
such that

1. (equivariance) oy ny intertwines the X(n,) x X(n,)-action;

2. (action property) for all ny,n,,n; € N the following diagram commutes (where we are notationally
suppressing the associators of (Top./, A,S°))

id/\pnz,n3
Ep, AEn, AN,, ——= E, AN

ny +TL3

Hny,m, AMd 1 ipnl,nz +n3

En1+n2 /\Nn3 —

an +ny+n3
Pny +ny,m3

3. (unitality) for all n € N the following diagram commutes

S°AN, fotl¢ Eo AN,

. N LHon

iITv:chg .
Ny

A homomorphism of left E-module spectra f : N — N’ is a sequence of pointed continuous functions
f, : Nn — N, such that for all n;,n, € N the following diagrams commute:

idA Sy, ,

Epy ANy, —3 En AN,
Pnymy l 1Pnyng
N P N,nl +ny

nq+n
1772 faing

We write
EMod(SymSpec(Topcg)) , EMod(OrthSpec(Topcg))
for the resulting category of symmetric (orthogonal) E-module spectra.

(e.g. Schwede 12, I, def. 1.5)

Proposition 2.18. Under the identification, from prop. 2.16, of commutative ring spectra with commutative
monoids with respect to the symmetric monoidal smash product of spectra, the E-module spectra of def.

2.17 are equivalently the left module objects (def. 1.16) over the respective monoids, i.e. there are
equivalences of categories

EMod(SymSpec(Tong)) =~ F Mod([Sym, Topc*g/], ®pay »¥(0))

and
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EMod(OrthSpec(Topcg)) =~ F Mod([Orth, Topc*g/], ®pay »¥(0)),

where on the right we have the categories of modules from def. 1.16.

Proof. The proof is directly analogous to that of prop. 2.16. Now prop. 1.25 and prop. 1.52 give that the
module objects in question are equivalently modules over a monoidal functor (def. 1.51) and writing these
out in components yields precisely the above structures and properties. N

As diagram spectra

In Introduction to Stable homotopy theory -- 1-1 we obtained the strict/level model structure on topological
seqguential spectra by identifying the category SeqSpec(Top,,) of sequential spectra with a category of

topologically enriched functors with values in Topjg/ (prop.) and then invoking the general existence of the
projective model structure on functors (thm.).

Here we discuss the analogous construction for the more general structured spectra from above.

Proposition 2.19. Let (C, ®.,1¢) be a topologically enriched monoidal category (def. 1.1), and let
A € Mon([C, Topc*g/ I, ®pay »¥(1e)) be @ monoid in (def. 1.13) the pointed topological Day convolution monoidal
category over C from prop. 1.44.

Then the category of left A-modules (def. 1.16) is a pointed topologically enriched functor category

category (exmpl.)

AMod = [AFree,Mod®?, Topc*g/],

over the category of free modules over A (prop. 1.20) on objects in C (under the Yoneda embedding
y:CP > [C, Topjg/ ]1). Hence the objects of AFree;Mod are identified with those of C, and its hom-spaces are

AFreecMod(cy,¢2) = AMod(A ®p,, ¥(c1), A Qp,y ¥(€2)) -

(MMSS 00, theorem 2.2)

Proof. Use the identification from prop. 1.52 of 4 with a lax monoidal functor and of any A-module object N
as a functor with the structure of a module over a monoidal functor, given by natural transformations

Pcq,cn
Ac1) ® N(cz) — N(c; ® ¢3) .

Notice that these transformations have just the same structure as those of the enriched functoriality of N
(def.) of the form

C(c1,2) ® N(cq) — N(cz) -

Hence we may unify these two kinds of transformations into a single kind of the form

id®p63' 1

Ce3 R c1,¢2) ® A(c3) ® N(cq) - C(c3 ® c1,62) @ N(e3 ® ) — N(c2)

and subject to certain identifications.
Now observe that the hom-objects of AFree.Mod have just this structure:
AFreecMod(cz, ¢1) = AMod(4 Qp,y, ¥(c2), A Qpay ¥(€1))

= [C, TOp;g/]()’(Cz)'A ®Day Y(Cl))
= (A Qpay ¥(c1))(c2)

= | Cles ® car ) AA(c3) AC(cyc4)
= fC’(c3 ® c1,¢3) NA(c3)

Here we used first the free-forgetful adjunction of prop. 1.20, then the enriched Yoneda lemma (prop. 1.32),
then the coend-expression for Day convolution (def. 1.39) and finally the co-Yoneda lemma (prop. 1.33).

Then define a topologically enriched category D to have objects and hom-spaces those of 4 Free.Mod°® as
above, and whose composition operation is defined as follows:
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D(cz,¢3) AD(cq,¢5) = (fC(cs ®¢ c2,C3) /\A(Cs)) A (f C(cy Qe €1,C3) /\A(c4))

C4,Cs

= [ C(cs QR €2,03) ANC(cs Q¢ €1,¢2) AA(cs) NA(cy)

C4,Cs

— | Clcs Qe €2,63) NC(cs B €4 Q¢ €1, 65 R €3) AA(cs B €4)’
C4,C5

- f C(cs ®g Cy ®c C1,Cs ®c CZ) NA(cs ®c C4)
C4

- fc(c4 Q¢ €1,¢3) y A(cq)

where

1. the equivalence is braiding in the integrand (and the Fubini theorem, prop. 1.35);

2. the first morphism is, in the integrand, the smash product of

1. forming the tensor product of hom-objects of ¢ with the identity morphism on c¢;;

2. the monoidal functor incarnation A(cs) A A(c,) — A(cs @, c,) of the monoid structure on 4;
3. the second morphism is, in the integrand, given by composition in C;

4. the last morphism is the morphism induced on coends by regarding extranaturality in ¢, and c;
separately as a special case of extranaturality in ¢; = ¢, ® cs (and then renaming).

With this it is fairly straightforward to see that
AMod = [D, Top,, ],

because, by the above definition of composition, functoriality over D manifestly encodes the A-action
property together with the functoriality over C.

This way we are reduced to showing that actually D ~ A FreecMod°P.

But by construction, the image of the objects of D under the Yoneda embedding are precisely the free
A-modules over objects of C:

D(c, —) = AFreecMod(—, ¢) = (A Qp,y ¥(€))(-) .

Since the Yoneda embedding is fully faithful, this shows that indeed

D°P ~ AFree.Mod > AMod .

Example 2.20. For the sequential case Dia = Seq in def. 2.4, then the opposite category of free modules on
objects in Seq over S, (def.) is identified as the category StdSpheres (def.):

Sseq FreeseqMod®® = StdSpheres

Accordingly, in this case prop. 2.19 reduces to the identification (prop.) of sequential spectra as
topological diagrams over StdSpheres:

[Sseq FreeseqMod P, Topc*g/] ~ [StdSpheres, Topc*g/] = SeqSpec(Top,,) -

Proof. There is one object y(n) for each n € N. Moreover, from the expression in the proof of prop. 2.19 we
compute the hom-spaces between these to be

n
Sseq FreeseqMOd(Sseq ®Day ykz' Sseq ®Day }’kl) = fSeq(n + klﬁ kz) A Sseq (n)

skz=k1 if ke, > ky

~

* otherwise

These are the objects and hom-spaces of the category StdSpheres. It is straightforward to check that the
definition of composition agrees, too. H

Stable weak homotopy equivalences

We consider the evident version of stable weak homotopy equivalences for structured spectra and prove a
few technical lemmas about them that are needed in the proof of the stable model structure below

Definition 2.21. For Dia € {Top(fg/_ﬁn,Orth, Sym, Seq} one of the shapes of structured spectra from def. 2.4, let
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S4ia Mod be the corresponding category of structured spectra (def. 2.1, prop. 2.8, def. 2.9).

1. The stable homotopy groups of an object X € S4;, Mod are those of the underlying sequential spectrum
(def.):

m.(X) ==m.(seq" X) .

2. An object X € S4, Mod is a structured Omega-spectrum if the underlying sequential spectrum seq*X
(def. 2.4) is a sequential Omega spectrum (def.)

3. A morphism f in Sy;, Mod is a stable weak homotopy equivalence (or: n.-isomorphism) if the
underlying morphism of sequential spectra seq*(f) is a stable weak homotopy equivalence of
sequential spectra (def.);

4. a morphism f is a stable cofibration if it is a cofibration in the strict model structure
OrthSpec(Top,,) from prop. 3.1.

strict

(MMSS 00, def. 8.3 with the notation from p. 21, Mandell-May 02, III, def. 3.1, def. 3.2)

Lemma 2.22. Given a morphism f : X — Y in S4;, Mod, then there are long exact sequences of stable
homotopy groups (def. 2.21) of the form

o 1, (Y) — . (Path, () — m (X) L5 m.(¥) — . (Path, () — -
and
= T 1 (V) — 74 (Come(f)) — m.(X) L5 m.(¥) — m.(Cone(f)) — -,

where Cone(f) denotes the mapping cone and Path,(f) the mapping cocone of f (def.) formed with respect
to the standard cylinder spectrum X A (I,) hence formed degreewise with respect to the standard reduced
cylinder of pointed topological spaces.

(MMSS 00, theorem 7.4 (vi))

Proof. Since limits and colimits in the diagram category S4;, Mod are computed objectwise, the functor seq*
that restricts S4;,-modules to their underlying sequential spectra preserves both limits and colimits, hence it
is sufficient to consider the statement for sequential spectra.

For the first case, there is degreewise the long exact sequence of homotopy groups to the left of pointed
topological spaces (exmpl.)

o my(¥) — my (Path, (F)) — 1, (X) 25 7, () — m(Path, () — 10(X,) 25 m0(¥o) .

Observe that the sequential colimit that defines the stable homotopy groups (def.) preserves exact
sequences of abelian groups, because generally filtered colimits in Ab are exact functors (prop.). This
implies that by taking the colimit over n in the above sequences, we obtain a long exact sequence of stable
homotopy groups as shown.

Now use that in sequential spectra the canonical morphism morphism Path,(f) — 2 Cone(f) is a stable weak
homotopy equivalence and is compatible with the map f (prop.) so that there is a commuting diagram of the
form

Do ) —  mPath(f) — mX) D m) — m i (Path.(f)) — -

1= = 1~ 1= =
D= mea () — mog(Cone(f) — m(®) B om(¥) —  m(Come(f) — -

Since the top sequence is exact, and since all vertical morphisms are isomorphisms, it follows that also the
bottom sequence is exact. W

Lemma 2.23. For K € Top;‘g{ n @ CW-complex then the operation of smash tensoring (—) AK preserves stable
weak homotopy equivalences in Sgi, Mod.

Proof. Since limits and colimits in the diagram category S4;, Mod are computed objectwise, the functor seq*
that restricts S4,-modules to their underlying sequential spectra preserves both limits and colimits, and it
also preserves smash tensoring. Hence it is sufficient to consider the statement for sequential spectra.

Fist consider the case of a finite cell complex K.

Write

* =Ko OK 9K 95K
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for the stages of the cell complex K, so that for each i there is a pushout diagram in Top,, of the form

sni—1 K; — *
l (po) l (po) L .

DMt — Ky — S

Equivalently these are pushoutdiagrams in Topc*g/ of the form

S:lrl — K; — %
l (po) 1  (po) ! .
Dzrlrl — Kiyy — S™

Notice that it is indeed S™ that appears in the top right, not S}.

Now forming the smash tensoring of any morphism f:X — Y in Sg;, Mod(Topcg) by the morphisms in the
pushout on the right yields a commuting diagram in Sg;, Mod of the form
XAK;, — XAK; ., — XAS™
! ) l
YAK; — YAK;,; — YAS™
Here the horizontal morphisms on the left are degreewise cofibrations in Top;‘g/, hence the morphism on the
right is degreewise their homotopy cofiber. This way lemma 2.22 implies that there are commuting diagrams
Toi1(XAS™) — m(XAK) — m(XAKip) — mXAS™) — m._1(XAK))
l l ARG 1 . ,
To (YAS™) — w(YAK) — m.(YAKi ) — m(YAS™) — m,_(XAK))

where the top and bottom are long exact sequences of stable homotopy groups.

Now proceed by induction. For i = 0 then clearly smash tensoring with K, = * preserves stable weak
homotopy equivalences. So assume that smash tensoring with K; does, too. Observe that (—) AS™ preserves
stable weak homotopy equivalences, since XX[1] - X is a stable weak homotopy equivalence (lemma). Hence
in the above the two vertical morphisms on the left and the two on the right are isomorphism. Now the five
lemma implies that also f AK;,, is an isomorphism.

Finally, the statement for a non-finite cell complex follows with these arguments and then using that spheres
are compact and hence maps out of them into a transfinite composition factor through some finite stage
(prop.). N

Lemma 2.24. The pushout in S4, Mod of a stable weak homotopy equivalence along a morphism that is
degreewise a cofibration in (Topc*g/ is again a stable weak homotopy equivalence.

)Quillen

Proof. Given a pushout square

x 5 7z

fl (o) L
Yy — YI)J(Z

observe that the pasting law implies an isomorphism between the horizontal cofibers

x 5 Z  — cofib(g)

fl (o) L =
Yy — YI)_(IZ — cofib(g)

Moreover, since cofibrations in (Top;‘g/)Quillen are preserves by pushout, and since pushout of spectra are
computed degreewise, both the top and the bottom horizontal sequences here are degreewise homotopy

cofiber sequence in (Topc*g/)QumEH. Hence lemma 2.22 applies and gives a commuting diagram

To(cofib(g) — m(X) — m(@) — micofibg) — m (X)
= w0y ! = =

.11 (cofib(g)) — m(Y) — m(YUZ) — m(cofib(g)) — m.1(¥)

where the top and the bottom row are both long exact sequences of stable homotopy groups. Hence the
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claim now follows by the five lemma. N

Free spectra and Suspension spectra

The concept of free spectrum is a generalization of that of suspension spectrum. In fact the stable homotopy
types of free spectra are precisely those of iterated loop space objects of suspension spectra. But for the
development of the theory what matters is free spectra before passing to stable homotopy types, for as
such they play the role of the basic cells for the stable model structures on spectra analogous to the role of
the n-spheres in the classical model structure on topological spaces (def. 3.2 below).

Moreover, while free sequential spectra are just re-indexed suspension spectra, free symmetric spectra and
free orthogonal spectra in addition come with suitably freely generated actions of the symmetric group and
the orthogonal group. It turns out that this is not entirely trivial; it leads to a subtle issue (lemma 2.33
below) where the adjuncts of certain canonical inclusions of free spectra are stable weak homotopy
equivalences for sequential and orthogonal spectra, but not for symmetric spectra.

Definition 2.25. For Dia € {Topf*i,/,,Orth, Sym, Seq} any one of the four diagram shapes of def. 2.4, and for each
n € N, the functor

* = x
(=), : Sqia Mod =, Sseq Mod = Sequec(Topcg) -3 Topcg/

that sends a structured spectrum to the nth component space of its underlying sequential spectrum has,
by prop. 1.38, a left adjoint

Fdia . Top*/ — Sy, Mod .
This is called the free structured spectrum-functor.

For the special case n =0 it is also called the structured suspension spectrum functor and denoted

Ik = F§PK

(Hovey-Shipley-Smith 00, def. 2.2.5, MMSS 00, section 8)

Lemma 2.26. Let Dia € {Top;‘if],Orth, Sym, Seq} be any one of the four diagram shapes of def. 2.4. Then

1. the free spectrum on K € Top;‘g/ (def. 2.25) is equivalently the smash tensoring with K (def.) of the
free module (def. 1.20) over Sg;, (remark 2.6) on the representable y(n) € [Dia, Top;‘g/ ]

FRK = (Saia ®pay YW) AK
= Sgia @pay P AK)

2. 0onn' €Dia? 2 [Dia, Topc*g/ ] its value is given by the following coend expression (def. 1.28)

nq €Dia

(FYagY(n') = Dia(n; @ n,n' ) AS™ AK .

In particular the structured sphere spectrum is the free spectrum in degree 0 on the 0-sphere:
Saia = F§'°S°
and generally for K € Top,, then
FIRK ~ Sy ANK
is the smash tensoring of the strutured sphere spectrum with K.

(Hovey-Shipley-Smith 00, below def. 2.2.5, MMSSO00, p. 7 with theorem 2.2)

Proof. Under the equivalence of categories

Saia Mod = [Sgia FreegiaMod®, Top,/ |

from prop. 2.19, the expression for F32K is equivalently the smash tensoring with K of the functor that n
represents over Sg;, Freegqi,Mod:

diag
Fn K = ySdia FreeDiaMod(n’) NK

= Sgia FreegiaMod(—, Sqia A Y, (W) AK

(by fully faithfulness of the Yoneda embedding).
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This way the first statement is a special case of the following general fact: For ¢ a pointed topologically
enriched category, and for ¢ € C any object, then there is an adjunction

y(E©A(=)
¢ Top /1" L Top.!
[C, Tope, ] ODg
(e

(saying that evaluation at ¢ is right adjoint to smash tensoring the functor represented by c¢) witnessed by
the following composite natural isomorphism:

[€, Top,/1(¥(c) AK,F) = Maps(K, [C, Top./1(y(c), F)), = Maps(K,F(c)), = Tops, (K,F(c)) .

The first is the characteristic isomorphism of tensoring from prop. 1.37, while the second is the enriched
Yoneda lemma of prop. 1.32.

From this, the second statement follows by the proof of prop. 2.19.

For the last statement it is sufficient to observe that y(0) is the tensor unit under Day convolution by prop.
1.44 (since 0 is the tensor unit in Dia), so that

F§S® = Sgia @pay (7(0) AS®)
= S4ia ® y(S%)

= Sgia

Proposition 2.27. Explicitly, the free spectra according to def. 2.25, look as follows:

For sequential spectra:

ST"AK ifg=n

Seq
(FS*K), =
" a * otherwise

for symmetric spectra:

(FSymK) - Z(q)+ /\z(q_n) ST""AK lfq >n
n
1 * otherwise

for orthogonal spectra:

(FOrthg) z{o(q)+ Nog-ny NSTPAK ifg=n
n q B

* otherwise
where "A;” is as in example 1.29.

(e.g. Schwede 12, example 3.20)

Proof. With the formula in item 2 of lemma 2.26 we have for the case of orthogonal spectra

nq €0rth

(FOMKY(RY =~ [ Orth(ng, +n,q) ASMAK
_—
B 0(q); ifng+n=gq
- otherwise

ny =+ €B(0(qg—m)) n

- . =
- 0(q)+o(q/ln)5 AK ifg=n

* otherwise

where in the second line we used that the coend collapses to n; = ¢ —n ranging in the full subcategory

B(0(q —n),) © Orth

on the object R~ ™ and then we applied example 1.29. The case of symmetric spectra is verbatim the same,

with the symmetric group replacing the orthogonal group, and the case of sequential spectra is again
verbatim the same, with the orthogonal group replaced by the trivial group. N

Lemma 2.28. For Dia € {Orth,Sym, Seq} the diagram shape for orthogonal spectra, symmetric spectra or
sequential spectra, then the free structured spectra

Fdiagl e s, Mod

from def. 2.25 have component spaces that admit the structure of CW-complexes.
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Proof. We consider the case of orthogonal spectra. The case of symmetric spectra works verbatim the
same, and the case of sequential spectra is tivial.

By prop. 2.27 we have to show that for all ¢ > n € N the topological spaces of the form
0(q), Nog-nm ST ™ € Topc*g/
admit the structure of CW-complexes.
To that end, use the homeomorphism
§9TM = paTm/gpa ™

which is a diffeomorphism away from the basepoint and hence such that the action of the orthogonal group
0(q —n) induces a smooth action on DY~ " (which happens to be constant on ap9™ ™).

Also observe that we may think of the above quotient by the group action
(x,9y) = (xg,5)
as being the quotient by the diagonal action
0(q—n) x (0(q), AST™™) — (0(q), AST™™
given by
(9.(xy) = (xg~gy) .

Using this we may rewrite the space in question as

R

(0@, Nog-m ST ™ = (0(@), AST"™)/0(q—n)

0 pa—n
= A0 /0(g—n)

o(q)xapd—™
. _O0@xpi™™" _
= 0@t/ 0@=™
~ _(0@xDp1"™/0(@@-n)

(3(0(@)xpI™™)/0(q—n)

Here 0(q) x DY~™ has the structure of a smooth manifold with boundary and equipped with a smooth action
of the compact Lie group 0(q —n). Under these conditions (Illman 83, corollary 7.2) states that 0(q) x D™ "
admits the structure of a G-CW complex for G = 0(q —n), and moreover (Illman 83, line above theorem 7.1)
states that this may be chosen such that the boundary is a G-CW subcomplex.

Now the quotient of a G-CW complex by G is a CW complex, and so the last expression above exhibits the
quotient of a CW-complex by a subcomplex, hence exhibits CW-complex structure. N

Proposition 2.29. et Dia € {Topc*g/_ an, Orth, Sym} be the diagram shape of either pre-excisive functors,

orthogonal spectra or symmetric spectra. Then under the symmetric monoidal smash product of spectra
(def. 2.1, def. 2.1, def.2.9) the free structured spectra of def. 2.25 behave as follows

FR(Ky) ®sy, Fry (K2) = Fpyin, (K1 AK) .

In particular for structured suspension spectra 23, = F&? (def., 2.25) this gives isomorphisms
Zgoia(Kl) ®§dia 23?3(1(2) = Zéﬁa(l(l /\KZ) .

Hence the structured suspension spectrum functor g, is a strong monoidal functor (def. 1.47) and in fact
a braided monoidal functor (def. \ref{braided monoidal functor}) from pointed topological spaces
equipped with the smash product of pointed objects, to structured spectra equipped with the symmetric
monoidal smash product of spectra

I§a t (Topgg, A,S%) = (Saia Mod, g, Saia) -

More generally, for X € S4;, Mod then

X @, E&aK) =X AK,

where on the right we have the smash tensoring of X with K € Topc*g/ .

(MMSS 00, lemma 1.8 with theorem 2.2, Mandell-May 02, prop. 2.2.6)

Proof. By lemma 2.26 the free spectra are free modules over the structured sphere spectrum Sg;, of the
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form FI3(K) = Syia ®pay (M) AK). By example 1.23 the tensor product of such free modules is given by
(Saia ®pay ¥011) AKD)) ®pay (Stia Opay Y(12) AK2)) = Saia ®pay /(01) AK) ®pyy, (1) AK) .

Using the co-Yoneda lemma (prop. 1.33) the expression on the right is

(G0 MK @y ) AK) )@ = | Dia(ey +2,0) A¥(ny)(er) AKy Ay(ny)(cr) AK,

cq1,¢2
~ [ Dia(c; + ¢, ¢) ADia(ny, c;) ADia(ny, c;) AKy AK, .

=~ Dia(n; +n,,c) AK; AK,
= (y(nq +mz) A (K1 AK3))(C)

For the last statement we may use that Z§,K = Sg4i, A K, by lemma 2.26), and that Sg;, is the tensor unit for

®§dia by prop. 1.22.

To see that 2§, is braided, write Z3,K ~ SAK. We need to see that

(SAK) Qs (SAK;) — (SAK;) Qs (SAK7)
l l
SA(K AK,)  —  SAK,AK,)

commutes. Chasing the smash factors through this diagram and using symmetry (def. 1.5) and the hexagon
identities (def. 1.4) shows that indeed it does. N

One use of free spectra is that they serve to co-represent adjuncts of structure morphisms of spectra. To
this end, first consider the following general existence statement.

Lemma 2.30. For each n € N there exists a morphism

Ayt F2 5T — Fiago

between free spectra (def. 2.25) such that for every structured spectrum X € S4, Mod precomposition 1,
forms a commuting diagram of the form

R
l

Sdia MOd(FTCLliaSO'X) TOp*/(SO,Xn) - Xn

* ~ X
1A 1on

’

Saia Mod(Fp#, 5%, X)

R

TOP*/(Sl'XnH) = 00Xy

where the horizontal equivalences are the adjunction isomorphisms and the canonical identification, and
where the right morphism is the (X 4 2)-adjunct of the structure map o, of the sequential spectrum seq* X

underlying X (def. 2.4).

Proof. Since all prescribed morphisms in the diagram are natural transformations, this is in fact a diagram
of copresheaves on Sg;, Mod

R

Sqia Mod(F's°, —) Top™/(5°,(-),)

R
~
L
3

! 1on

Saia Mod(F1S%, =) = Top™/(S%(-),,,) = 2(-),,,

R

With this the statement follows by the Yoneda lemma. N
Now we say explicitly what these maps are:
Definition 2.31. For n € N, write
Ap : Fpy ST — F,S°

for the adjunct under the (free structured spectrum 4 n-component)-adjunction in def. 2.25 of the
composite morphism

2%
— n .
STS (FRSY),,, s (Flas)

where the first morphism is via prop. 2.27 and the second comes from the adjunction units according to
def. 2.25.

(MMSS 00, def. 8.4, Schwede 12, example 4.26)
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Lemma 2.32. The morphisms of def. 2.31 are those whose existence is asserted by prop. 2.30.

(MMSS 00, lemma 8.5, following Hovey-Shipley-Smith 00, remark 2.2.12)

Proof. Consider the case Dia = Seq and n = 0. All other cases work analogously.

By lemma 2.27, in this case the morphism 1, has components like so:

id

s = s
2 4 g
st e
* i) SO

A
F,st 25 F,S8°

Now for X any sequential spectrum, then a morphism f:F,S° - X is uniquely determined by its Oth
components fO:S0 - X, (that’s of course the very free property of F,$°); as the compatibility with the
structure maps forces the first component, in particular, to be % o 2f:

z
550 Z X,

= laé(
o‘Xolf
st 0 X,

But that first component is just the component that similarly determines the precompositon of f with 2,,
hence Aqf is fully fixed as being the map of - 2f. Therefore 4; is the function

. 0 f>—>o'é(o2f 1
Ay @ Xo = Maps(S-,Xy) ——— Maps (S, X;) = 02X, .
It remains to see that this is the (2 4 2)-adjunct of ¢¥. By the general formula for adjuncts, this is
0 X
¥ x, L arx, =25 ox, .
To compare to the above, we check what this does on points: §° LS X, is sent to the composite
o fo n ﬂ"-é{
ST — Xy — 22X, — 0X, .

To identify this as a map $' — X, we use the adjunction isomorphism once more to throw all the 2-s on the
right back to X-s the left, to finally find that this is indeed

X
P
oXosf:st=35"Lsx, Dx, .

Lemma 2.33. The maps A, : Fp,1S* — F,S° in def. 2.31 are

1. stable weak homotopy equivalences for sequential spectra, orthogonal spectra and pre-excisive
functors, i.e. for Dia € {Top*/,Orth, Seq};

2. not stable weak homotopy equivalences for the case of symmetric spectra Dia = Sym.

(Hovey-Shipley-Smith 00, example 3.1.10, MMSS 00, lemma 8.6, Schwede 12, example 4.26)

Proof. This follows by inspection of the explicit form of the maps, via prop. 2.27. We discuss each case
separately:

sequential case

Here the components of the morphism eventually stabilize to isomorphisms
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A)y,s S —  S°
M)y, S — S?

A

0
(An),,: * — §°
* —_— *
* —_— *
- —

Ap: Fpy S — F,S°

and this immediately gives that 4, is an isomorphism on stable homotopy groups.

orthogonal case
Here for g = n+ 1 the g-component of 1, is the quotient map
(ln)q : 0(q)+ No(g-n-1) ST = O(q)+ No(g-n-1) StAsITTt— 0(q)+ No(g—n) s,

By the suspension isomorphism for stable homotopy groups, 2, is a stable weak homotopy equivalence
precisely if any of its suspensions is. Hence consider instead 2"4, := S™ A 4,,, whose g-component is

(anln)q : 0(q)+ No(g-n-1) $1— O(q)+ No(g—n) s,

Now due to the fact that 0(q — k)-action on 57 lifts to an 0(g)-action, the quotients of the diagonal action of
0(q — k) equivalently become quotients of just the left action. Formally this is due to the existence of the
commuting diagram

id id
0@, AST S 0(@),AST S 0(g), AST
! ) LP2
QD N1 ST — QD Mo ST = 57

which says that the image of any (g,s) € 0(q), AS“ in the quotient Q(q), M-k S? is labeled by ([g],s).

It follows that (Z"An)q is the smash product of a projection map of coset spaces with the identity on the
sphere:

(Z"An), = proj, Aidga : 0(q)/0(q —n—1), AST— 0(q)/0(q—n), AS?.
Now finally observe that this projection function
proj : 0(q)/0(q—n—1) — 0(q)/0(q —n)
is (3 —n — 1)-connected (see here). Hence its smash product with 5% is (2q — n — 1)-connected.

The key here is the fast growth of the connectivity with g. This implies that for each s there exists g such
that ns+q((2"/1n)q) becomes an isomorphism. Hence "1, is a stable weak homotopy equivalence and

therefore so is 4,,.
symmetric case

Here the morphism A,, has the same form as in the orthogonal case above, except that all occurences of
orthogonal groups are replaced by just their sub-symmetric groups.

Accordingly, the analysis then proceeds entirely analogously, with the key difference that the projection
Z(@)/2(q-—n—-1) = 2(@)/2(q—n)

does not become highly connected as g increases, due to the discrete topological space underlying the
symmetric group. Accordingly the conclusion now is the opposite: 4, is not a stable weak homotopy
equivalence in this case. N

Another use of free spectra is that their pushout products may be explicitly analyzed, and checking the
pushout-product axiom for general cofibrations may be reduced to checking it on morphisms between free
spectra.

Lemma 2.34. The symmetric monoidal smash product of spectra of the free spectrum constructions (def.
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2.25) on the generating cofibrations {S™* 3 D™, of the classical model structure on topological spaces
is given by addition of indices

(Fkinl) D§dia (Ft’inz) = Fk+t’(in1+n2) .

Proof. By lemma 2.29 the commuting diagram defining the pushout product of free spectra

ng—1 ny -1

FieSE " Asy,, FoST

' N
_1 -1 -1
FyDI* Asy, FoSY? FiSY 7 Asy,, FeD?
N /
-1 -1
Fi D Ay, FiDY?
is equivalent to this diagram:
Frpo((S™ 71 x 8™ )
' N
Fiio((D™ xS™ 71 ) Fiio((S™71xD"2) ).
N '

F (D™ xD"2) )
Since the free spectrum construction is a left adjoint, it preserves pushouts, and so
(Fkinl) DSdia (Ft’inz) = Fk+i(in1 o inz) = Fk+l(in1+n2)'
where in the second step we used this lemma. N
3. The strict model structure on structured spectra

Theorem 3.1. The four categories of

1. pre-excisive functors Exc(Tong) ;

2. orthogonal spectra OrthSpec(Topcg) = Soren Mod;

3. symmetric spectra SymSpec(Top,,) = Ssym Mod;

4. sequential spectra SeqSpec(Top,,) = Sseq Mod

(from def. 2.1, prop. 2.8, def. 2.9) each admit a model category structure (def.) whose weak equivalences
and fibrations are those morphisms which induce on all component spaces weak equivalences or
fibrations, respectively, in the classical model structure on pointed topological spaces (Topc*g/ )Quillen® (thm.,

prop.). These are called the strict model structures (or level model structures) on structured spectra.

Moreover, under the equivalences of categories of prop. 2.8 and prop. 2.12, the restriction functors in def.
2.4 constitute right adjoints of Quillen adjunctions (def.) between these model structures:

EXC(TOng)strict Orthspec(TOpcg)strict Symspec(Topcg)strict SequeC(Topcg)strict
= = = =
orth, sym, seq,
— — —
S MOdstrict L SOr':h MOdstrict L SSym MOdstrict s SSeq MOdstrict
orth” sym* seq”

(MMSS 00, theorem 6.5)

Proof. By prop. 2.19 all four categories are equivalently categories of pointed topologically enriched
functors

Sdia Mod = [Sg4;, Freeg;,Mod, Topc*g/]

and hence the existence of the model structures with componentwise weak equivalences and fibrations is a
special case of the general existence of the projective model structure on enriched functors (thm.).

The three restriction functors dia” each have a left adjoint dia, by topological left Kan extension (prop. 1.38).

Moreover, the three right adjoint restriction functors are along inclusions of objects, hence evidently
preserve componentwise weak equivalences and fibrations. Hence these are Quillen adjunctions. N
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Definition 3.2. Recall the sets

_, (g
ITop*/ =7 — Di}en
LUns
Jroyr = 01 S5 07X D)3

of generating cofibrations and generating acyclic cofibrations, respectively, of the classical model structure
on pointed topological spaces (def.)

Write

I3 = {FO2 () )}

c€Dia,neN

for the set of images under forming free spectra, def. 2.25, on the morphisms in ITOP*/ from above.

Similarly, write
Jam = {FE*U D}
for the set of images under forming free spectra of the morphisms in Jrope!
cg

Proposition 3.3. The sets IS5 and ];gf“t from def. 3.2 are, respectively sets of generating cofibrations and
generating acyclic cofibrations that exhibit the strict model structure Sp;; Modg,ir from theorem 3.1 as a

cofibrantly generated model category (def.).

(MMSS 00, theorem 6.5)

Proof. By theorem 3.1 the strict model structure is equivalently the projective pointed model structure on
topologically enriched functors

Spia Modsgrice = [Spia FreepiaMod®, Top*/]proi

of the opposite of the category of free spectra on objects in ¢ - [C, Topc*g/].
By the general discussion in Part P -- Classical homotopy theory (this theorem) the projective model

structure on functors is cofibrantly generated by the smash tensoring of the representable functors with the
elements in ITOP*/ and ]Top*/. By the proof of lemma 2.26, these are precisely the morphisms of free spectra
cg cg

in I35 and J31, respectively. W

Topological enrichment

By the general properties of the projective model structure on topologically enriched functors, theorem 3.1
implies that the strict model category of structured spectra inherits the structure of an enriched model
category, enriched over the classical model structure on pointed topological spaces. This proceeds verbatim
as for sequential spectra (in part 1.1 — Topological enrichement), but for ease of reference we here make it
explicit again.

Definition 3.4. Let Dia € {Topc*g/_ﬁn,Orth, Sym, Seq} one of the shapes for structured spectra from def. 2.4.
Let f : X » Y be a morphism in Sg;, Mod (as in prop. 3.1) and let i : A —» B a morphism in Topc*g/.

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

in

XNA

rid) NI
YAA (po) XAB
\ v/ ,
(YAA) U (XAB)
1 (G, (i)

YAB

where

(=) A (=) : Sgia Mod X Topc*g/ =~ [S4ia FreqiaMod®®, Topc*g/] x Topc*g/ — [Sgia FreqiaMod P, Topc*g/] >~ S4ia Mod

denotes the smash tensoring of pointed topologically enriched functors with pointed topological spaces
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(def.)
Dually, their pullback powering is the universal morphism

7" = (Maps(B, f),, Maps(i, X),)

in

Maps(B, X),

1 (Maps(B.f),,Maps(i.X).)
Maps(B,Y), Maps>(<A,Y)* Maps(4, X),
/ N ’
Maps(B,Y), (pb) Maps(4, X),
Maps(iy), ¥ < Maps(4p),

Maps(4,Y),

where

Maps(—, =), : (Top.,) X Sy, Mod = (Topc*g/)op X [Sgia Freep;Mod P, Topc*g/] — [Sqia Freep;Mod P, Topc*g/] =~ S4i, Mod

denotes the smash powering (def.).

Finally, for f:X - Y and i: A - B both morphisms in Sg;, Mod, then their pullback powering is the universal
morphism

£ = (Sqia Mod(B, f), Saia Mod (i, X))

Sqia Mod(B, X)

1 (Sdia Mod(B. 1), Sgia Mod(i.X)

Sgia Mod(B,Y) Sai MoaAy) Sqia Mod(4, X)
1a d

4 N ,
Sdia Mod(B,Y) (pb) S4ia Mod(4, X)

Sdia Mod(i,y) YS gia Mod(4,p)

Sdia MOd(A, Y)
where now Sg;, Mod(—, —) is the hom-space functor of Sg;, Mod = [Sq;, Freep;;Mod P, Topc*g/] from def. 1.31.

Proposition 3.5. The operations of forming pushout products and pullback powering with respect to smash
tensoring in def. 3.4 is compatible with the strict model structure Sg;, Modgic On Structured spectra from
theorem 3.1 and with the classical model structure on pointed topological spaces (Topc"g/ )Quillen (thm.,
prop.) in that pushout product takes two cofibrations to a cofibration, and to an acyclic cofibration if at
least one of the inputs is acyclic, and pullback powering takes a fibration and a cofibration to a fibration,
and to an acylic one if at least one of the inputs is acyclic:

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

Dually, the pullback powering (def. 3.4) satisfies

.. OCof) .
Flbstrict c Flbstrict

o(Cofe NWep)
strict

Fib c Fibstrict n Wstrict .

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

Proof. The statement concering the pullback powering follows directly from the analogous statement for
topological spaces (prop.) by the fact that, via theorem 3.1, the fibrations and weak equivalences in

S4ia Modricr @re degree-wise those in (T"p:g/)qmnenr and since smash tensoring and powering is defined
degreewise. From this the statement about the pushout product follows dually by Joyal-Tierney calculus

(prop.). N

Remark 3.6. In the language of model category-theory, prop. 3.5 says that Sg;, Modgic: iS an enriched
model category, the enrichment being over (Topc*g/)QumEH. This is often referred to simply as a “topological

https://ncatlab.org/nlab/print/Introduction+to+Stable+homotopy+theor...

09.05.17, 15:55



Introduction to Stable homotopy theory -- 1-2 in nLab

51 of 75

model category”.
We record some immediate consequences of prop. 3.5 that will be useful.

Proposition 3.7. Let K € Tong be a retract of a cell complex (def.), then the smash-tensoring/powering
adjunction from prop. 1.37 is a Quillen adjunction (def.) for the strict model structure from theorem 3.1

(-)AK
Sdia Mod(Topcg) 1 Sdia Mod(Tong)

strict ——— strict *

Maps(K, -),
Proof. By assumption, K is a cofibrant object in the classical model structure on pointed topological spaces
(thm., prop.), hence = - K is a cofibration in (Top;‘g/)Qumen. Observe then that the the pushout product of any
morphism f with = - K is equivalently the smash tensoring of f with K:

fo(x->K) =fAK.

This way prop. 3.5 implies that (—) A K preserves cofibrations and acyclic cofibrations, hence is a left Quillen
functor. B

Lemma 3.8. Let X € Sy, Modyic: be a structured spectrum, regarded in the strict model structure of theorem
3.1.

1. The smash powering of X with the standard topological interval I, (exmpl.) is a good path space
object (def.)

EWstrict € Fibggrict
Ay i X X'+ XxX.

2. If X is cofibrant, then its smash tensoring with the standard topological interval I, (exmpl.) is a good
cylinder object (def.)

€ Cofstrict strict

EW
Uyt XVX —S ¥ A () —S x

Proof. 1t is clear that we have weak equivalences as shown (I - = is even a homotopy equivalence), what
requires proof is that the path object is indeed good in that XU+) - X x X is a fibration, and the cylinder
object is indeed good in that XvX - X A (I,) is indeed a cofibration.

For the first statement, notice that the pullback powering (def. 3.4) of = u = %) I 'into the terminal

morphism X — * is the same as the powering x(o:i1);
(X - *)E\(io'iﬂ) ~ xUoin)

But since every object in S4i, Modgic IS fibrant, so that X —» = is a fibration, and since (i,,i,) is a relative cell

complex inclusion and hence a cofibration in (Topc*g/)Qumn, prop. 3.5 says that x(o-i); x!+ X x X is a fibration.

Dually, observe that
(x =2 X)0 (g, iy) = XA(ig ) -

Hence if X is assumed to be cofibrant, so that * — X is a cofibration, then prop. 3.5 implies that
XA (ig,i1):XAX - XA (1) is a cofibration. N

Proposition 3.9. For X € Sy;, Mod a structured spectrum, f € Mor(Sg. Mod) any morphism of structured

spectra, and for g € Mor(Top;‘p/t) a morphism of pointed topological spaces, then the hom-spaces of def.

1.31 (via prop. 2.19) interact with the pushout-product and pullback-powering from def. 3.4 in that there
is a natural isomorphism

Sqia Mod(f O g, X) = (Sgia Mod(f, X))™ .
Proof. Since the pointed compactly generated mapping space functor (exmpl.)
«/\ °P * *
Maps(—, —), : (Topcg/) X Topcg/ — Topcg/
takes colimits in the first argument to limits (cor.) and ends in the second argument to ends (remark 1.36),

and since limits and colimits in S4;, Mod are computed objectswise (this prop. via prop. 2.19) this follows
with the end-formula for the mapping space (def. 1.31):
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Suia Mod(£ 019, X) = [ Maps((f 0.9)(e), X(©)),
= [Maps(f()n g, X(c),
= [ Maps(f(c), X(c))
= (/Maps(f(©), X(c)).)™

= (Sqia Mod(f, X))

Proposition 3.10. For X,Y € Sy, Mod(Top,,) two structured spectra with X cofibrant in the strict model
structure of def. 3.1, then there is a natural bijection

MpSgia Mod(X,Y) = [X,Y]

strict

between the connected components of the hom-space (def. 1.31 via prop. 2.19) and the hom-set in the
homotopy category (def.) of the strict model structure from theorem 3.1.

Proof. By prop. 1.37 the path components of the hom-space are the left homotopy classes of morphisms of
structured spectra with respect to the standard cylinder spectrum X A (I,):

I, — SeqSpec(X,Y)
Xn(Iy) —Y

Moreover, by lemma 3.8 the degreewise standard reduced cylinder X A (I..) of structured spectra is a good
cylinder object on X in S4i, Modgic:. Hence hom-sets in the strict homotopy category out of a cofibrant into a
fibrant object are given by standard left homotopy classes of morphisms

[X’ y]strict = Hodeia Mod (X’ Y)/ ~
(this lemma). Since X is cofibrant by assumption and since every object is fibrant in Sy;, Modg., this is the
case. Hence the notion of left homotopy here is that seen by the standard interval, and so the claim

follows. W

Monoidal model structure

We now combine the concepts of model category (def.) and monoidal category (def. 1.1).

Given a category C that is equipped both with the structure of a monoidal category and of a model category,
then one may ask whether these two structures are compatible, in that the left derived functor (def.) of the
tensor product exists to equip also the homotopy category with the structure of a monoidal category. If so,
then one may furthermore ask if the localization functor y : ¢ — Ho(C) is a monoidal functor (def. 1.47).

The axioms on a monoidal model category (def. 3.11 below) are such as to ensure that this is the case.

A key consequence is that, via prop. 1.50, for a monoidal model category the localization functor y carries
monoids to monoids. Applied to the stable model category of spectra established below, this gives that
structured ring spectra indeed represent ring spectra in the homotopy category. (In fact much more is true,
but requires further proof: there is also a model structure on monoids in the model structure of spectra, and
with respect to that the structured ring spectra represent A-infinity rings/E-infinity rings.)

Definition 3.11. A (symmetric) monoidal model category is a model category ¢ (def.) equipped with the
structure of a closed (def. 1.7) symmetric (def. 1.5) monoidal category (G, ® ,I) (def. 1.1) such that the
following two compatibility conditions are satisfied

1. (pushout-product axiom) For every pair of cofibrations f:X - Y and f':X' - Y’, their pushout-
product, hence the induced morphism out of the cofibered coproduct over ways of forming the tensor
product of these objects

foeg = X®Y) U YOX)—Y®Y,
is itself a cofibration, which, furthermore, is acyclic if at least one of f or f' is.

(Equivalently this says that the tensor product ® :€ x € - C is a left Quillen bifunctor.)

2. (unit axiom) For every cofibrant object X and every cofibrant resolution @ £cof Q1 Z—W> 1 of the tensor
1
unit 1, the resulting morphism

Q1®XP1®X1®XEIs:cWX
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is a weak equivalence.

(Hovey 99, def. 4.2.6 Schwede-Shipley 00, def. 3.1, remark 3.2)

Observe some immediate consequences of these axioms:

Remark 3.12. Since a monoidal model category (def. 3.11) is assumed to be closed monoidal (def. 1.7), for
every object X the tensor product X ® (-) = (-) ® X is a left adjoint and hence preserves all colimits. In

particular it preserves the initial object @ (which is the colimit over the empty diagram).

If follows that the tensor-pushout-product axiom in def. 3.11 implies that for X a cofibrant object, then the
functor X ® (—) preserves cofibrations and acyclic cofibrations, since

fog@-X)=f@®X.

This implies that if the tensor unit 1 happens to be cofibrant, then the unit axiom in def. 3.11 is already
implied by the pushout-product axiom. This is because then we have a lift in

®» — Q1

Py

€ Cof
oL 2 Uy

1 =1

This lift is a weak equivalence by two-out-of-three (def.). Since it is hence a weak equivalence between
cofibrant objects, it is preserved by the left Quillen functor (—) ® X (for any cofibrant X) by Ken Brown's
lemma (prop.). Hence now p, ® X is a weak equivalence by two-out-of-three.

Since for all the categories of spectra that we are interested in here the tensor unit is always cofibrant (it
is always a version of the sphere spectrum, being the image under the left Quillen functor zg, of the
cofibrant pointed space $°, prop. 3.18), we may ignore the unit axiom.

Proposition 3.13. Let (C, ®,I) be a monoidal model category (def. 3.11) with cofibrant tensor unit 1.

Then the left derived functor @" (def.) of the tensor product @ exsists and makes the homotopy category
(def.) into a monoidal category (Ho(C), ®",y(1)) (def. 1.1) such that the localization functor y:C, - Ho(C)

(thm.) on the category of cofibrant objects (def.) carries the structure of a strong monoidal functor (def.
1.47)

y: (€ ®,1) — (Ho(@), ®",y(1)) .

The first statement is also for instance in (Hovey 99, theorem 4.3.2).

Proof. For the left derived functor (def.) of the tensor product

R CxXC—C
to exist, it is sufficient that its restriction to the subcategory

(€xC), =C.xC,

of cofibrant objects preserves acyclic cofibrations (by Ken Brown's lemma, here).

Every morphism (f, g) in the product category C, x C. (def. 1.26) may be written as a composite of a pairing
with an identity morphisms

(idclvg) (f.ich)
(f,9) i (c1,dy) — (€c1,d3) — (€2,d3) -

Now since the pushout product (with respect to tensor product) with the initial morphism (x - ¢;) is
equivalently the tensor product

(* »c)Ogg = id, @g

and

R

fog (x »¢) = fR®id,

the pushout-product axiom (def. 3.11) implies that on the subcategory of cofibrant objects the functor ®

preserves acyclic cofibrations. (This is why one speaks of a Quillen bifunctor, see also Hovey 99, prop.
4.3.1).

Hence ® exists.

By the same decomposition and using the universal property of the localization of a category (def.) one finds
that for ¢ and D any two categories with weak equivalences (def.) then the localization of their product
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category is the product category of their localizations:

(EXDY[(We x Wp) '] = (C[We']) x (DIW5]) .

With this, the universal property as a localization (def.) of the homotopy category of a model category

(thm.) induces associators a’ and unitors #%, L on (Ho(C, ®*)):

First write

py(9)® () Sv((m) ()

for (the inverse of) the corresponding natural isomorphism in the localization diagram

Then consider the associators:

cexe % e

-1

Yxv | Vis l)’

Ho(C) X Ho(C) ; Ho(C)

L

The essential uniqueness of derived functors shows that the left derived functor of (=) ® ((-) ® (-)) and of
((-) ® (-) ® (-) is the composite of two applications of ®", due to the factorization

Ho(C) x Ho(C) x Ho(C)

Ce X Ce X C,

YXYXY |

(V)R ()

C, X C, % C, GEeE) e
YXYXY | v 1Y
— . Ho(©)
L((5)® (- ®(-))
id
48 ¢, xC, 8 e
&idxﬂ—l Yxv ] ﬂﬂ—l Y

Ho(C) x Ho(C) x Ho(C) m Ho(C) x Ho(C) ;L Ho(C)

i L

and similarly for the case with the parenthesis to the left.

So let
BN (- OO (-
C. X C, X C, (DR (-NR®(-) c C. X C, X C, ()V((H®(-) e
Tl Cyrwrag Vo, Tl Cytgaxpy L
Seliyel Selioy el
Ho(€) x Ho(C) x Ho(€) “2& "D 1 yie) Ho(€) x Ho(C) x Ho(€¢) & % Ny

be the natural isomorphism exhibiting the derived functors of the two possible tensor products of three
objects, as shown at the top. By pasting the second with the associator natural isomorphism of ¢ we obtain
another such factorization for the first, as shown on the left below,

((DBO(N®()

(DB (=N® ()

C. X C. X C, 164 CeXC X C _ ¢
=1 1= yXyxy | ”u—l_(idxu) ly
(®®() ek ek
(%) Co X € X €, — ¢ = Ho(C) x Ho(€) x Ho(¢) 222 € ) yoiey
yXvyxvy 2 =1 (idxp 1) ¥ =1 7 =

Ho(C) x Ho(C) x Ho(C)

ek -

a

Ho(C) x Ho(€C) X Ho(€() ————— Ho(0)
Ho(€) LR )

and hence by the universal property of the factorization through the derived functor, there exists a unique
natural isomorphism a’ such as to make this composite of natural isomorphisms equal to the one shown on
the right. Hence the pentagon identity satisfied by a implies a pentagon identity for !, and so a* is an

associator for @,

Moreover, this equation of natural isomorphisms says that on components the following diagram commutes

L
%y (X),¥(Y),¥(Z)
—_—

G " y() @' y@) X)) ®" (V) @ v(2))
pTt e txid) ¢ puT e dxph
Y((XQ®Y)R® 2) -— X ® (Y ®2)

y(a)

This is just the coherence law for the the compatibility of the monoidal functor u with the associators.

Similarly consider now the unitors.
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The essential uniqueness of the derived functors gives that the left derived functor of 1 ® (-) is y(1) ®" (-)

_ Jid
c. B3 ¢ c. ¥ exee 2 ¢
vy 4 ~ vy Yxrl 2y, -1 24
Ho(C) e Ho(C) Ho(C) T Ho(C) x Ho(C) @7 Ho(C)

Hence the left unitor ¢ of ¢ induces a derived unitor £* by the following factorization

c. B9 ¢ Ce — G
vy 7z R4 T iyt v

. 2 e = Ho© 2" yoe)-
& v -1 ¢, =

I3

Ho(€) - Ho(C) Ho(¢) =  Ho(©)

Moreover, in components this equation of natural isomorphism expresses the coherence law stating the
compatibility of the monoidal functor u with the unitors.

Similarly for the right unitors. N

The restriction to cofibrant objects in prop. 3.13 serves the purpose of giving explicit expressions for the
associators and unitors of the derived tensor product ®"* and hence to establish the monoidal category
structure (Ho(C), ®"*,y(1)) on the homotopy category of a monoidal model category. With that in hand, it is
natural to ask how the localization functor on all of ¢ interacts with the monoidal structure:

Proposition 3.14. For (¢, ® ,1) a monoidal model category (def. 3.11) then the localization functor to its
monoidal homotopy category (prop. 3.13) is a lax monoidal functor

y: (€ ®,1) — (Ho(C), ®",y(1)) .

The explicit proof of prop. 3.14 is tedious. An abstract proof using tools from homotopical 2-category theory

is here.

Definition 3.15. Given monoidal model categories (€, ®.,1¢) and (D, ®;,1p) (def. 3.11) with cofibrant
tensor units 1, and 15, then a strong monoidal Quillen adjunction between them is a Quillen
adjunction

cC.1D

xll—Tr-

such that L (hence equivalently R) has the structure of a strong monoidal functor.

Proposition 3.16. Given a strong monoidal Quillen adjunction (def. 3.15)

cCL1LD

xll—Th

between monoidal model categories (€, Q. ,1¢) and (D, ®,,,1p) with cofibrant tensor units 1, and 14, then
the left derived functor of L canonically becomes a strong monoidal functor between homotopy categories

]LL : (HO(C)' ®8 'y(l)c) - (HO(D)' ®D 'y(l)p) .

Proof. As in the proof of prop. 3.13, consider the following pasting composite of commuting diagams:

®qp L
D, x D, 3 D, L oe D XD, - De - G
=1 . 1= YpX¥p l YD LYe
LXL ®c ~ ®5
D, x D, — CcxC = € = Ho(D)xHoD) 3 Ho(D) -5 Ho(C)
YpX¥Yp ! chXYc ll’e = v 1=
Ho(D) x Ho(D) TTH Ho(C) x Ho(C) @—Jé) Ho(C) Ho(D) x Ho(D) T, Ho(© x Ho(€) — Ho(C)
®¢

On the top left we have the natural transformation that exhibits L as a strong monoidal functor. By
universality of localization and derived functors (def.) this induces the unique factorization through the
natural transformation on the bottom right. This exhibits strong monoidal structure on the left derived
functor LL. W
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With some general monoidal homotopy theory established, we now discuss that structured spectra indeed
constitute an example. The version of the following theorem for the stable model structure of actual interest
is theorem 4.14 further below.

Theorem 3.17.

1. The classical model structure on pointed topological spaces equipped with the smash product is a
monoidal model category

((Top‘fg/)Quillen' N, SO) .

2. Let Dia € {Top;‘g/_ sn» Orth, Sym}. The strict model structures on structured spectra modeled on Dia from

theorem 3.1 equipped with the symmetric monoidal smash product of spectra (def. 2.1, def. 2.9) is a
monoidal model category (def. 3.11)

(Sdia MOdstrict' AN = ®§dia ’ Sdia) .

(MMSS 00, theorem 12.1 (iii) with prop. 12.3)

Proof. By cofibrant generation of both model structures (this theorem and prop. 3.3) it is sufficient to check
the pushout-product axiom on generating (acylic) cofibrations (this is as in the proof of this proposition).

Those of Topc*g/ are as recalled in def. 4.4. These satisfy (exmpl.) the relations
Ujey O, = Uy +ky
and
Uy Oy = Jiey iy -
This shows that

I L. . cl

Top*/ D®§dia Top Top*/
and

ITop*/ D®§dia ]Top*/ c ]Top*/

which implies the pushout-product axiom for Topgg/. (However the monoid axiom (def.\ref{MonoidAxiom}) is
problematic.)

Now by def. 3.2 the generating (acyclic) cofibrations of S, Modsyicc are of the form F5(iy), and Fp(j,),,
respectively. By prop. 2.29 these satisfy

Fr (), On Fry (i), = Fnyn, (g Oale,),
and
Fry () B FryUp,)y = Fryiny (g B,
Hence with the previous set of relations this shows that
strict strict c Ifili:;ict

lgia U®s 4ia Liia

and

strict

strict strict
lgia D®s 4 Jaia < Jdia

and so the pushout-product axiom follows also for Sg;, Modgyict -

It is clear that in both cases the tensor unit is cofibrant: for Topjg/ the tensor unit is the 0-sphere, which
clearly is a CW-complex and hence cofibrant. For Sy, Mod the tensor unit is the standard sphere spectrum,
which, by prop. 2.26 is the free structured spectrum (def. 2.25) on the 0-sphere

Saia = F§"(5°) -

Now the free structured spectrum functor is a left Quillen functor (prop. 3.18) and hence Sg;, is cofibrant. N

Suspension and looping

For the strict model structure on topological sequential spectra, forming suspension spectra consitutes a
Quillen adjunction (Z® 4 2*) with the classical model structure on pointed topological spaces (prop.) which is
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the precursor of the stabilization adjunction involving the stable model structure (thm.). Here we briefly
discuss the lift of this strict adjunction to structured spectra.

Proposition 3.18. Let Dia € {Topc*g/_ fin» OTth, Sym, Seq} be one of the shapes of structured spectra from def. 2.4.
For every n € N, the functors Ev3® of extracting the nth component space of a structured spectrum, and
the functors F3? of forming the free structured spectrum in degree n (def. 2.25) constitute a Quillen
adjunction (def.) between the strict model structure on structured spectra from theorem 3.1 and the
classical model structure on pointed topological spaces (thm., prop.):

nga
€ x/
Sdia MOdstrict L (T()pcg

- )Quillen )
Ev,‘%lla

For n =0 and writing 23, = F&? and 03, = Evd3, ¥$. this yields a strong monoidal Quillen adjunction (def.
3.15)

>
LI
Sdia MOdstrict i} (TOpcg

o0
24ia

)Quillen )

Moreover, these Quillen adjunctions factor as

Seql EDO
—

[ee] (oo} *
(ZFa 4 282) : Saia Mod(Top ), e, L SeaSpec(Top,,) e L, (Topey )
nOO

strict —
seq™
where the Quillen adjunction (seq, 4 seq”) is that from theorem 3.1 and where (¥ - 2%) is the suspension
spectrum adjunction for sequential spectra (prop.).

Proof. By the very definition of the projective model structure on functors (thm.) it is immediate that Evi2
preserves fibrations and weak equivalences, hence it is a right Quillen functor. FJi# is its left adjoint by
definition.

That Z§, is a strong monoidal functor is part of the statement of prop. 2.29.

Moreover, it is clear from the definitions that
0, = 2% oseq”,
hence the last statement follows by uniqueness of adjoints. W

Remark 3.19. In summary, we have established the following situation. There is a commuting diagram of
Quillen adjunctions of the form

z
(Top.)) T (Top.)
ng Quillen = ng Quillen
0
2y 4 2 2y 4 2
z
— .
Seqspec(Topcg)strict i} Seqspec(Topcg)strict
0
diay | Tdia* diay |, Tclia"
Sdia MOdstrict Sdia MOdstrict

The top square stabilizes to the actual stable homotopy theory (thm.). On the other hand, the top square
does not reflect the symmetric monoidal smash product of spectra (by remark 2.6). But the total vertical
composite 2§, = dia, ” does, in that it is a strong monoidal Quillen adjunction (def. 3.15) by prop. 3.18.

Hence to obtain a stable model category which is also a monoidal model category with respect to the
symmetric monoidal smash product of spectra, it is now sufficient to find such a monoidal model structure
on Sgi, Mod such that (seq, - seq”) becomes a Quillen equivalence (def.)

This we now turn to in the section The stable model structure on structured spectra.

4. The stable model structure on structured spectra

Theorem 4.1. The category OrthSpec(Top,,) of orthogonal spectra carries a model category structure (def.)
where

e the weak equivalences W, are the stable weak homotopy equivalences (def. 2.21);
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e the cofibrations Cof,y . are the cofibrations of the strict model stucture of prop. 3.1;

e the fibrant objects are precisely the Omega-spectra (def. 2.21).

Moreover, this is a cofibrantly generated model category (def.) with generating (acyclic) cofibrations the
sets [stble (jstable) from def, 3.2.

(Mandell-May 02, theorem 4.2)

We give the proof below, after

Proof of the model structure

The generating cofibrations and acylic cofibrations are going to be the those induced via tensoring of
representables from the classical model structure on topological spaces (giving the strict model structure),
together with an additional set of morphisms to the generating acylic cofibrations that will force fibrant
objects to be Omega-spectra. To that end we need the following little preliminary.

Definition 4.2. Forne N let

k.
ApiFpiaS* 3 Cyl(4,) — F,S°

be the factorization as in the factorization lemma of the morphism 2,, of lemma 2.30 through its mapping
cylinder (prop.) formed with respect to the standard cylinder spectrum (F,,{S% A (I,):

Notice that:

Lemma 4.3. The factorization in def. 4.2 is through a cofibration followed followed by a left homotopy
equivalence in Sgi, Mod(Tong)Strict

Proof. Since the cell s* is cofibrant in (Topc*g/)Qumen, and since F,,,(—) is a left Quillen functor by prop. 3.18,
the free spectrum F,,,S* is cofibrant in S, Mod(Tong)smct. Therefore lemma 3.8 says that its standard

cylinder spectrum is a good cylinder object and then the factorization lemma (lemma) says that k,, is a
cofibration. Moreover, the morphism out of the standard mapping cylinder is a homotopy equivalence, with
homotopies induced under tensoring from the standard homotopy contracting the standard cylinder. N

With this we may state the classes of morphisms that are going to be shown to be the classes of generating
(acyclic) cofibrations for the stable model structures:

Definition 4.4. Recall the sets of generating (acyclic) cofibrations of the strict model structre def. 3.2. Set

[Stable .= strict
Sdia Mod(Topcg) "= "Sgja Mod(Topcg)
and
stable strict .
= u {k,oi
]Sdia Mod(Top.g) ]Sdia Mod(Topg) {knOi Inen

iel

for the disjoint union of the strict acyclic generating cofibration with the pushout products under smash
tensoring of the resolved maps k, from def. 4.2 with the elements in I.

(MMSS 00, def.6.2, def. 9.3)

Lemma 4.5. Let Dia € {Topc*gﬁn,Orth,Seq} (but not Sym). Then every element in jgzglaodmp ; (def. 4.4) is
) cg
both:

1. a cofibration with respect to the strict model structure (prop. 3.1);

2. a stable weak homotopy equivalence (def. 2.21).

Proof. First regarding strict cofibrations:

By the Yoneda lemma, the elements in J have right lifting property against the strict fibrations, hence in
particular they are strict cofibrations. Moreover, by Joyal-Tierney calculus (prop.), k, oi, has left lifting
against any acyclic strict fibration f precisely if k, has left lifting against f°'. By prop. 3.5 the latter is still a
strict acyclic fibration. Since k,, by construction is a strict cofibration, the lifting follows and hence also k, oi,
is a strict cofibration.

Now regarding stable weak homotopy equivalences:

The morphisms in J5* by design are strict weak equivalences, hence they are in particular stable weak
homotopy equivalences. The morphisms k, are stable weak homotopy equivalences by lemma 2.33 and by
two-out-of-three.
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To see that also the pushout products k, 0(i,), are stable weak homotopy equivalences. (e.g. Mandell-May
02, p.46):

First k, A (5"‘1)+ is still a stable weak homotopy equivalence, by lemma. 2.23.

Moreover, observe that dom(k,) Ai, is degreewise a relative cell complex inclusion, hence degreewise a

cofibration in the classical model structure on pointed topological spaces. This follows from lemma 2.28,
which says that dom(k,) Ai, is degreewise the smash product of a CW complex with i,, and from the fact

that smashing with CW-complexes is a left Quillen functor (Topc"g/ (prop.) and hence
preserves cofibrations.

*/
)quitten — (TOPcg ) quitten

Altogether this implies by lemma 2.24 that the pushout of the stable weak homotopy equivalence
kn A (5"‘1)+ along the degreewise cofibration dom(k,) A i, is still a stable weak homtopy equivalence, and so

the pushout product k,, oi, is, too, by two-out-of-three. W

The point of the class K in def. 3.2 is to make the following true:

stable

Lemma 4.6. A morphism f:X - Y in Sy, Mod is a | -injective morphism (for K from def. 4.4) precisely if

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

2. for all n € N the commuting squares of structure map compatibility on the underlying sequential

spectra
Xp 5 0%
l l
Yo — QVnyq

o

are homotopy pullbacks (def.).

(MMSS 00, prop. 9.5)

Proof. By prop 3.3, lifting against Jst alone characterizes strict fibrations, hence degreewise fibrations.
Lifting against the remaining pushout product morphism k, oi, is, by Joyal-Tierney calculus, equivalent to
left lifting i, against the dual pullback product of 2%, which means that %~ is a weak homotopy
equivalence. But by construction of k, and by lemma 2.30, f™ is the comparison morphism into the
homotopy pullback under consideration. N

Corollary 4.7. The Js%'e-injective objects are precisely the Omega-spectra (def. 2.21).

Lemma 4.8. A morphism in S4i, Mod which is both
1. a stable weak homotopy equivalence (def. 2.21);

2. a Js®-jnjective morphisms

is an acyclic fibration in the strict model structure of prop. 3.1, hence is degreewise a weak homotopy
equivalence and Serre fibration of topological spaces;

(MMSS 00, corollary 9.8)

Proof. Let f:X — B be both a stable weak homotopy equivalence as well as a J*@P'*-injective morphism.

Since J%#P!¢ contains, by prop. 3.3, the generating acyclic cofibrations for the strict model structure of prop.
3.1, fis in particular a strict fibration, hence a degreewise fibration. Therefore the fiber F of f is its
homotopy fiber in the strict model structure.

Hence by lemma 2.22 there is an exact sequence of stable homotopy groups of the form

a2 - - "B .
By exactness and by the assumption that n.(f) is an isomorphism, this implies that n.(F) =~ 0, hence that
F — = is a stable weak homotopy equivalence.

Observe also that F, being the pullback of a J5%P"*-injective morphisms (by the standard closure properties)

is a Js'e-injective object, so that by corollary 4.7 F is an Omega-spectrum. Since stable weak homotopy
equivalences between Omega-spectra are already degreewise weak homotopy equivalences, together this
says that F - = is a weak equivalence in the strict model structure, hence degreewise a weak homotopy
equivalence. From this the long exact sequence of homotopy groups implies that .., (f,) is a weak

homotopy equivalence for all n and for each homotopy group in positive degree.

To deduce the remaining case that also n,(f,) is an isomorphism, observe that, by assumption of
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Jstable_jnjectivity, lemma 4.6 gives that f, is @ homotopy pullback (in topological spaces) of 2(f, , ). But, by
the above, Q(f, . ,) is a weak homotopy equivalence, since m.(2(-)) = n.,,(—). Therefore f,_ is the homotopy
pullback of a weak homotopy equivalence and hence itself a weak homotopy equivalence. N

stable

Lemma 4.9. The retracts of | -relative cell complexes are precisely the morphisms which are

1. stable weak homotopy equivalences (def. 2.21),
2. as well as cofibrations with respect to the strict model structure of prop. 3.1.

(MMSS 00, prop. 9.9 (i))

Proof. Since all elements of J5P!® are stable weak homotopy equivalences as well as strict cofibrations by
lemma 4.5, it follows that every retract of a relative K-cell complex has the same property.

In the other direction, if f is a stable weak homotopy equivalence and a strict cofibration, by the small

stable stable

object argument it factors f: 5 5 as a relative ] -cell complex i followed by a J -injective morphism
p. By the previous statement i is a stable weak homotopy equivalence, and so by assumption and by
two-out-of-three so is p. Therefore lemma 4.8 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 implies that f is a retract of the relative K-cell complex i. N

Corollary 4.10. The Js%°-injective morphisms are precisely those which are injective with respect to the
cofibrations of the strict model structure that are also stable weak homotopy equivalences.

(MMSS 00, prop. 9.9 (ii))
Lemma 4.11. A morphism in Sg, Mod (for Diq # Sym) is both
1. a stable weak homotopy equivalence (def. \ref{StableEquivalencesForDiagramSpectra})

2. injective with respect to the cofibrations of the strict model structure that are also stable weak
homotopy equivalences;

precisely if it is an acylic fibration in the strict model structure of theorem 3.1.

(MMSS 00, prop. 9.9 (iii))

Proof. Every acyclic fibration in the strict model structure is injective with respect to strict cofibrations by
the strict model structure; and it is a clearly a stable weak homotopy equivalence.

Conversely, a morphism injective with respect to strict cofibrations that are stable weak homotopy
equivalences is a J**®'-injective morphism by corollary 4.10, and hence if it is also a stable equivalence
then by lemma 4.8 it is a strict acylic fibration. R

Proof. (of theorem 4.1)

The non-trivial points to check are the two weak factorization systems.

That (cofsiapie N Weq,
argument.

stable » [1Dstable) 1S @ Weak factorization system follows from lemma 4.9 and the small object

By lemma 4.11 the stable acyclic fibrations are equivalently the strict acyclic fibrations and hence the weak
factorization system (cofgiapie » fibstapie N Westable) 1S identified with that of the strict model structure

(COfstrict ’ flbstrict n Westrict)' .

Stability of the homotopy theory

We show now that the model structure on orthogonal spectra OrthSpec(Top ,) ¢apie from theorem 4.1 is Quillen
equivalent (def.) to the stable model structure on topological sequential spectra SeqSpec(Top,,) (thm.),

hence that they model the same stable homotopy theory.

stable

Theorem 4.12. The free-forgetful adjunction (seq, 4 seq”) of def. 2.4 and theorem 3.1 is a Quillen

equivalence (def.) between the stable model structure on topological sequential spectra (thm.) and the
stable model structure on orthogonal spectra from theorem 4.1.

seq,
OrthspeC(Topcg)Stable =Quillen Seqspec(Topcg)stable
_—

seq*

(MMSS 00, theorem 10.4)

Proof. Since the forgetful functor seq* “creates weak equivalences”, in that a morphism of orthogonal
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spectra is a weak equivalence precisely if the underlying morphism of sequential spectra is (by def. 2.21) it
is sufficient to show (by this prop.) that for every cofibrant sequential spectrum X, the adjunction unit

X — seq’seq, X

is a stable weak homotopy equivalence.

By cofibrant generation of the stable model structure on topological sequential spectra SeqSpec(Top ) iapie
(thm.) every cofibrant sequential spectrum is a retract of an Issgzb‘e—relative cell complex (def., def.), where

ny —1 Fny Ung)4

ey = {Fnlw ﬁFnln’P}.

Since seq, and seq” both preserve colimits (seq” because it evaluates at objects and colimits in the diagram
category OrthSpec are computed objectwise, and seq, because it is a left adjoint) we have for X = lim X; a
: 13

relative I553°'°-decompositon of X, that n,:X — seq’seq, X is equivalently
li_)mi My, li_)mi X, — li_)miseq!seq X; .

Now observe that the colimits involved in a relative Issggble—complex (the coproducts, pushouts, transfinite
compositions) are all homotopy colimits (def.): First, all objects involved are cofibrant. Now for the
transfinite composition all the morphisms involved are cofibrations, so that their colimit is a homotopy
colimit by this example, while for the pushout one of the morphisms out of the “top” objects is a cofibration,
so that this is a homotopy pushout by (def.).

It follows that if all n, are weak equivalences, then so is n = lim 7, .
13 i 3

Unwinding this, one finds that it is sufficient to show that
D Fp SY2 *seq, Fp,, S"2
My, stz * Fny S+° — seq’seq, F,
is a stable weak homotopy equivalence for all n,,n, € N.
Consider this for n, = n,. Then there are canonical morphisms

Fp 8"z — FoS™2 ™™

whose components in degree q > n, are the identity. These are the composites of the maps 1, AS**"2"™ for
k <n; with 4, from def. \reg{CorepresentationOfAdjunctsOfStructureMaps}. By prop. 2.33 also seq‘seq, 1,
are weak homotopy equivalences. Hence we have commuting diagrams of the form

FRiisne — FoS™2 ™M
nl = )
seq* Fgrthsnz—nl N Seq*FgrthSnz—nl
1
where the horizontal maps are stable weak homotopy equivalences by the previous argument and the right

vertical morphism is an isomorphism by the formula in prop. 2.27.Hence the left vertical morphism is a
stable weak homotopy equivalence by two-out-of-three.

If n, <n, then one reduces this to the above case by smashing with 5™~ "2,

and

Remark 4.13. Theorem 4.12 means that the homotopy categories of SeqSpec(Top,,)
OrthSpec(Top,,) are equivalent (prop.) via

stable

stable

Lseq,
Ho(OrthSpec(Topcg)stable) =~ Ho(Sequec(Tong)stable).
Rseq*

Since SeqSpec(Top ) iapie is a stable model category (thm.) in that the derived suspension looping
adjunction is an equivalence of categories, and and since this is a condition only on the homotopy
categories, and since Rseq?* manifestly preserves the construction of loop space objects, this implies that
we have a commuting square of adjoint equivalences of homotopy categories

z
Ho(Sequec(Topcg)stable) g Ho(Sequec(Topcg)Stable)
Io}

Lseq, | ~ Tleeq* Lseq, 1l ~ T]Rseq*

z
Pl
Ho(OrthSpec(Tong)Stable) = Ho(OrthSpec(Tong)Stable)
I}
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is a stable model category.

and so in particular also OrthSpec(Topy)ap1e

Due to the vertical equivalences here we will usually not distinguish between these homotopy categories
and just speak of the stable homotopy category (def.)

Ho(Spectra) := Ho(Sequec(Topcg) ) = Ho(OrthSpec(Tong)

stable stable) :

Monoidal model structure

We now discuss that the monoidal model category structure of the strict model structure on orthogonal
spectra OrthspeC(Topcg)strict (theorem 3.17) remains intact as we pass to the stable model structure

OrthSpec(Top,,) of theorem 4.1.

stable

Theorem 4.14. The stable model structure Orthspec(Topcg)stable of theorem 4.1 equipped with the symmetric

monoidal smash product of spectra (def. 2.9) is a monoidal model category (def. 3.11) with cofibrant
tensor unit

(OrthSpec(Top,,), A = ®s_ .+ Sorth) -

(MMSS 00, prop. 12.6)

Proof. Since Cofy,1e = Cofyrice, the fact that the pushout product of two stable cofibrations is again a stable
cofibration is part of theorem 3.17.

It remains to show that if at least one of them is a stable weak homotopy equivalence (def. 2.21), then so is
the pushout-product.

Since Or‘thSpec(Topcg) is a cofibrantly generated model category by theorem 4.1 and since it has internal
homs (mapping spectra) with respect to Osyia (prop. 1.45), it suffices (as in the proof of this prop.) to check

this on generating (acylic) cofibrations, i.e. to check that

stable stable
I D® ] c Wstable n COfstable .

Now [stable — ystrict g jstable _ gstrict || ¢ 0 } so that the special case
Istable I:I® ]strict — Istrict D® ]strict

c Wstrict n COfstrict

c Wstable n COfstable

follows again from the monoidal stucture on the strict model category of theorem 3.17.
It hence remains to see that
IStriCt Og (knl O (in2)+) c Wstable n COfstable

for all ny,n, €N.

By lemma 4.5 k, oi, is in Cofy and hence

[striet g (kp, B (iny),) € Cofgyrice

follows, once more, from the monoidalness of the strict model structure.
Hence it only remains to show that

P 0g (ky, O (in,),) € Wgple -
This we now prove by inspection:

By two-out-of-three applied to the definition of the pushout product, it is sufficient to show that for every
Fp, (iy,), in I°™%, the right vertical morphism in the pushout diagram

Frg (in, ) @ dom(kn, O(in,),)

dom(Fn3 (in4)®(kn1 D(in2)+) 1

(po) 4

—

is a stable weak homotopy equivalence. Since seq* preserves pushouts, we may equivalently check this on
the underlying sequential spectra.

Consider first the top horizontal morphism in this square.
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We may rewrite it as

Fag (in,), ® (dom(kn,) O (in,) ) = Fry (in,), ® (Fay SOAST2™" 0 Fp1STADI?)
Fny+1STASY?
= Fp, (in,), ® Fn, S°AST2T" u ny 1 Frs (iny), ® Fpy 415" ADY?

; 1

Frg(ing )y ®Fny 115 ASy
- . ny—1
= Fnying (ing ) ASY u nz—anl

. 1 ny
L +nz+1(ng ), ANSTADY
Fny+nz+1(n, ) ASt

where we used that X ® (—) is a left adjoint and hence preserves colimits, and we used prop. 2.29 to
evaluate the smash product of free spectra.

Now by lemma 2.28 the morphism

ng—1 1 ny,—1 Mg —1 1 n
Fn1+n3+15+4 ASTASL? _’FnlJrn3+15+4 AS"AD?

is degreewise the smash product of a CW-complex with a relative cell complex inclusion, hence is itself
degreewise a relative cell complex inclusion, and therefore its pushout

ng—1

FritingSat ' @F, SOAST2 ™" —F, (s™ ), ® dom(k,, O(iy,),)

is degreewise a retract of a relative cell complex inclusion. But since it is the identity on the smash factor

Sf“’l in the argument of the free spectra as above, the morphism is degreewise the smash tensoring with

s™~1 of a retract of a relative cell complex inclusion. Since the domain is degreewise a CW-complex by
ng—1

lemma 2.28, F,, (5"4’1)Jr ® dom(ky, O(in,),) is degreewise the smash tensoring with Sy of a retract of a
cell complex.

The same argument applies to the domain of Fp, (i,), ® (dom(k,) o (iz),), and so in conclusion this morphism
is degreewise the smash product of a cofibration with a cofibrant object in (Top,, and hence is itself

D

g 7/ Quillen’
degreewise a cofibration.
Now consider the vertical morphism in the above square

The same argument that we just used shows that this is the smash tensoring of the stable weak homotopy
equivalence k,, o (i,,), with a CW-complex. Hence by lemma 2.23 the left vertical morphism is a stable

weak homotopy equivalence.

In conclusion, the right vertical morphism is the pushout of a stable weak homotopy equivalence along a
degreewise cofibration of pointed topological spaces. Hence lemma 2.24 implies that it is itself a stable weak
homotopy equivalence. N

Corollary 4.15. The strong monoidal Quillen adjunction (def. 3.15) (Zgn 1 Qo) ON the strict model

structure (prop. 3.18) descends to a strong monoidal Quillen adjunction on the stable monoidal model
category from theorem 4.14:

Z3tth
OrthSpec(Top ) 1L (Top./, A,S%
p pcg stable — ng' ’ Quillen *
2orth

Proof. The stable model structure OrthSpec(Top,) apie is a left Bousfield localization of the strict model

structure (def.) in that it has the same cofibrations and a larger class of acyclic cofibrations. Hence Xg, is
still a left Quillen functor also to the stable model structure. N

5. The monoidal stable homotopy category

We discuss now the consequences for the stable homotopy category (def.) of the fact that by theorem 4.12
and theorem 4.14 it is equivalently the homotopy category of a stable monoidal model category. This makes
the stable homotopy category become a tensor triangulated category (def. 5.3) below. The abstract
structure encoded by this governs much of stable homotopy theory (Hovey-Palmieri-Strickland 97). In
particular it is this structure that gives rise to the E-Adams spectral sequences which we discuss in Part 2.

Corollary 5.1. The stable homotopy category Ho(Spectra) (remark 4.13) inherits the structure of a
symmetric monoidal category

(Ho(Spectra), A",S = ¥(Sortn))

with tensor product the left derived functor A* of the symmetric monoidal smash product of spectra (def.
2.9, def. 2.13, prop. 2.14) and with tensor unit the sphere spectrum S (the image in Ho(Spectra) of any of
the structured sphere spectra from def. 2.4).
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Moreover, the localization functor (def.) is a lax monoidal functor

y: (OrthSpec(Topcg), A, Sortn) — (Ho(Spectra), AL, y(S)) .
Proof. In view of theorem 4.14 this is a special case of prop. 3.13. 1

Remark 5.2. Let 4, X € Ho(Spectra) be two spectra in the stable homotopy category, then the stable
homotopy groups (def.) of their derived symmetric monoidal smash product of spectra (corollary 5.1) is
also called the generalized homology of X with coefficients in A and denoted

A(X) =T (ANX) .

This is conceptually dual to the concept of generalized (Eilenberg-Steenrod) cohomology (example)

A'(X) = [X,4], .
Notice that (def., lemma)

A.(X)=m.(ANX)
=[S, ANX],

In the special case that X = ¥¥K is a suspension spectrum, then

AJ(X) =T, (ANK)
(by prop. 2.29 ) and this is called the generalized A-homology of the topological space K € Topc*g/.

Since the sphere spectrum § is the tensor unit for the derived smash product of spectra (corollary 5.1) we
have

E.(S) =n.(E) .
For that reason often one also writes for short

E.=mn,(E).

Notice that similarly the E-generalized cohomology (exmpl.) of the sphere spectrum is

E":=E(S)
=[S E]_,

=~ .(E)
~F .,

(Beware that, as usual, here we are not displaying a tilde-symbol to indicate reduced cohomology).
Tensor triangulated structure

We discuss that the derived smash product of spectra from corollary 5.1 on the stable homotopy category
interacts well with its structure of a triangulated category (def.).

Definition 5.3. A tensor trianqulated category is a category Ho equipped with

1. the structure of a symmetric monoidal category (Ho, ®,1,7) (def. 1.5);

2. the structure of a triangulated category (Ho, %, CofSeq) (def.);

3. for all objects X,Y € Ho natural isomorphisms

exy : CX)QY S IXQY)
such that

1. (tensor product is additive) for all V € Ho the functors V ® (-) = (-) ® V preserve finite direct sums
(are additive functors);

2. (tensor product is exact) for each object V € Ho the functors V ® (-) = (-) ® V preserves
distinguished triangles in that for

in CofSeq, then also
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idy ® f idy ®g

id
VX VX vy e

V@@ ~sveX)

is in CofSeq, where the equivalence at the end is ey o 7y 5y.

Jointly this says that for all objects V the equivalences e give V ® (—) the structure of a triangulated
functor.

(Balmer 05, def. 1.1)

In addition we ask that

1. (coherence) for all X,Y,Z € Ho the following diagram commutes

coenez X sxermez X% xxere2)
AZXY,Z | lfax,y,z ,
JN®Y®2) —, JX® (Y ®2))

exXY®z
where « is the associator of (Ho, ® ,1).

2. (graded commutativity) for all n,,n, € Z the following diagram commutes

M) (2™1) = gmtntzg

ny-nz
,

Triy,xM2y | 1D
EmHE™MY) — M
where the horizontal isomorphisms are composites of the e. . and the braidings.

(Hovey-Palmieri-Strickland 97, def. A.2.1)

Proposition 5.4. The stable homotopy category Ho(Spectra) (def.) equipped with

1. its triangulated category structure (Ho(Spectra), X, CofSeq) for distinguished triangles the homotopy
cofiber sequences (prop.;

2. the derived symmetric monoidal smash product of spectra (Ho(Spectra), AL, S) (corollary 5.1)

is a tensor triangulated category in the sense of def. 5.3.

(e.g. Hovey-Palmieri-Strickland 97, 9.4)

We break up the proof into lemma 5.5, lemma 5.6, lemma 5.7 and lemma 5.9.

Lemma 5.5. For V € Ho(Spectra) any spectrum in the stable homotopy category (remark 4.13), then the
derived symmetric monoidal smash product of spectra (corollary 5.1)

V AL (=) : Ho(Spectra) — Ho(Spectra)
preserves direct sums, in that for all X,Y € Ho(Spectra) then
VAL X B Y)=VALX) D (VALY).

Proof. The direct sum in Ho(Spectra) is represented by the wedge sum in SeqSpec(Top,,) (prop., prop.). Since
wedge sum of sequential spectra is the coproduct in SeqSpec(Top,,) (exmpl.) and since the forgetful functor
seq’: OrthSpec(Top ) — SeqSpec(Top ) preserves colimits (since by prop. 2.19 it acts by precomposition on

functor categories, and since for these colimits are computed objectwise), it follows that also wedge sum of
orthogonal spectra represents the direct sum operation in the stable homotopy category.

Now assume without restriction that v, X and Y are cofibrant orthogonal spectra representing the objects of
the same name in the stable homotopy catgeory. Since wedge sum is coproduct, it follows that also the
wedge sum X vY is cofibrant.

Since V AL (—) is a left Quillen functor by theorem 4.14, it follows that the derived tensor product VAL (X @ Y)
is represented by the plain symmetric monoidal smash product of spectra VA (XVvY). By def. 2.9 (or more
explicitly by prop. 2.14) this is the coequalizer

_— coeq
4 ®Day Sorth ®Day (X vY) 14 ®Day (XV Y) —V ®Sorth xv Y) .

Inserting the definition of Day convolution (def. 1.39), the middle term here is
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7 Orth(c, ®gpep €20 =) AVE) AV Y)(E) = | Orth(c; @pey 2 =) AV(er) A (X(e2) V Y(c3))

€1,C2

€q1,C3
[ Orth(c, ®orth €20 =) AV(c)) AX(cy) V [ Orth(c, ®oren €20 =) AV(c1) AY(cy)
= V®DayX \ V®DayY

where in the second but last step we used that the smash product in Topjg/ distributes over wedge sum and
that coends commute with wedge sums (both being colimits).

The analogous analysis applies to the left term in the coequalizer diagram. Hence the whole diagram splits
as the wedge sum of the respective diagrams for VAX and VAY. I

Lemma 5.6. For X € Ho(Spectra) any spectrum in the stable homotopy category (remark 4.13), then the
derived symmetric monoidal smash product of spectra (corollary 5.1)

X AL (=) : Ho(Spectra) — Ho(Spectra)

preserves homotopy cofiber sequences.

Proof. We may choose a cofibrant representative of X in OrthSpec(Topcg)
symbol. Then the functor

which we denote by the same

stable’

XAN(=): OrthSpec(Tong) — OrthSpec(Tong)

stable stablestable

is a left Quillen functor in that it preserves cofibrations and acyclic cofibrations by theorem 4.14 and it is a
left adjoint by prop. 1.22. Hence its left derived functor is equivalently its restriction to cofibrant objects
followed by the localization functor.

But now every homotopy cofiber (def.) is represented by the ordinary cofiber of a cofibration. The left
Quillen functor preserves both the cofibration as well as its cofiber. N

Lemma 5.7. The canonical suspension functor on the stable homotopy category

2 : Ho(Spectra) — Ho(Spectra)

commutes with forming the derived symmetric monoidal smash product of spectra A from corollary 5.1 in
that for X,Y € Ho(Spectra) any two spectra, then there are isomorphisms

S(XALY) = EX)ALY = X AL (ZY) .

Proof. By theorem 4.14 the symmetric monoidal smash product of spectra is a left Quillen functor, and by
prop. 3.7 and lemma 3.8 the canonical suspension operation is the left derived functor of the left Quillen
functor (—) AS* of smash tensoring with S*. Therefore all three expressions are represented by application of
the underived functors on cofibrant representatives in OrthSpec(Top,,) (the fibrant replacement that is part of

the derived functor construction is preserved by left Quillen functors).

So for X and Y cofibrant orthogonal spectra (which we denote by the same symbol as the objects in the
homotopy category which they represent), by def. 2.9 (or more explicitly by prop. 2.14), the object
Z(X ALY) € Ho(Spectra) is represented by the coequalizer

coeq

—_—
(X ®pay Sortn @ V) AS? X ®pay N AS' — (X @, YIASY,

where the two morphisms bing coequalized are the images of those of def. 2.9 under smash tensoring with
s, Now it is sufficient to observe that for any K € Topjg/ we have canonical isomorphisms

(X ®pay V) AK = (X ®p,, (Y AK)) = (XAK) ®p,, Y)
and similarly for the triple Day tensor product.

This follows directly from the definition of the Day convolution product (def. 1.39)

ViVs
(X ®pay NAKIV) = [ Orth(Vy @V, V) AX(Vy) AY(V2) AK

and the symmetry of the smash product on Topc*g/ (example 1.10). N

Example 5.8. For A € Ho(Spectra) a spectrum, then the A-generalized homology (according to remark 5.2) of
a suspension of the spectrum is the stable homotopy groups of 4 in shifted degree:

A.(Z"S) =T, _,(A) .

Proof. We compute
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A.(Z"S) = m.(AAE"S)
~ m.(Z"(ANS))
=m,(2"4)
=[S, 5"4]
=[S,4]_
=1, _n(4)

n

Here we use

e first the definition (remark 5.2);

e then the fact that suspension commutes with smash product (lemma 5.7, part of the tensor
triangulated structure of prop. 5.4);

e then the fact that the sphere spectrum is the tensor unit of the smash product of spectra (cor. 5.1);

e then the isomorphism of stable homotopy groups with graded homs out of the spjere spectrum
(lemma).

Lemma 5.9. For n,,n, € Z then the following diagram commutes in Ho(Spectra):

@E™MS) AL (ZT2S) S pmtizg
Trhis zm2s | 1D
E™MS) AL (ZMS) — rhmtreg
Proof. It is sufficient to prove this for n,,n, € N & Z. From this the general statement follows by looping and
using lemma 5.7.

So assume ny,n,; > 0.

Observe that the sphere spectrum S = y(S,.) € Ho(Spectra) is represented by the orthogonal sphere
spectrum Sy, = 22, 8° (def. 2.25) and since £2,, is a left Quillen functor (prop. 3.18) and 5° € (Topc*g/)Quillen
is cofibrant, this is a cofibrant orthogonal spectrum. Hence, as in the proof of lemma 5.7, ™S is
represented by

SAS™M = 38,S™ .

Since Yq IS @ symmetric monoidal functor by prop. 2.29, it makes the following diagram commute

OrthSpec(Topcg))
Tsas™,sA5M2

(SAS™) ®g . (SAS™) (SAS™) @ (SAS™)

l l
SA(S™ AS™2) —_— SA(S"2AS™)
TOch/
S(TS"I,S”Z)
Topgg/ .
Now the homotopy class of Tgny gnp IN

[Snl +n2,5n2 +n1]* = My iy (Sn1 +n2) ~7

Tovég{ 1 ifny -n, even

T = .
[Tgm sne] -1 ifn, -n, odd
. Topég/ . e .
This translates to S Atn, n, under the identification (lemma)
[S,X], = m.(X)

and using the adjunction (—) A (S™t*"2) 4 Maps($™ *"2, —)_from prop. 1.37:

[SA(S™772), S A (S™11"2)] = [S, S A Maps(S™ * "2, §™1+"2)] .

Homotopy ring spectra
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We discuss commutative monoids in the tensor triangulated stable homotopy category (prop. 5.4).

In this section the only tensor product that plays a role is the derived smash product of spectra from
corollary 5.1. Therefore to ease notation, in this section (and in all of Part 2) we write for short

A= AL

Definition 5.10. A commutative monoid (E, u,e) (def. 1.13) in the monoidal stable homotopy category
(Ho(Spectra), A,S) of corollary 5.1 is called a homotopy commutative ring spectrum.

A module object (def. 1.16) over E is accordingly called a homotopy module spectrum.

Proposition 5.11. For (E,u,e) a homotopy commutative ring spectrum (def. 5.10), its stable homotopy
groups (def.)

m.(E)

canonically inherit the structure of a Z-graded-commutative ring.

Moreover, for X € Ho(Spectra) any spectrum, then the generalized homology (remark 5.2)

E.(X) =m.(EAX)

(i.e. the stable homotopy groups of the free module over E on X (prop. 1.20)) canonically inherits the
structure of a left graded n.(E)-module, and similarly

X.(E) =mn.(XAE)
canonically inherits the structure of a right graded n.(E)-module.
Proof. Under the identification (lemma)
. (E) =[S, E],

~[S,2"E]
= [Z°S, E]

let
a : 2MS > E
for i € {1,2} be two elements of r,(E).
Observe that there is a canonical identification
rmtreg ~ yM§ A Z2S

since S ~ SAS is the tensor unit (cor. 5.1, lemma 1.2) using lemma 5.7 (part of the tensor triangulated
structure from prop. 5.4). With this we may form the composite

~ A
Qs ZMtres = pmgartes L% pap B g

That this pairing is associative and unital follows directly from the associativity and unitality of x and the
coherence of the isomorphism on the left (prop. 5.4). Evidently the pairing is graded. That it is bilinear
follows since addition of morphisms in the stable homotopy category is given by forming their direct sum
(prop.) and since A distributes over direct sum (lemma 5.5, part of the tensor triangulated structure of prop.

5.4)).
It only remains to show graded-commutivity of the pairing. This is exhibited by the following commuting
diagram:
(-p"m2
Pt +n2§ PN ym +n2§
=1 =
IMS A S SIS g p g
ahag | ¥z
EAE EE EAE
p N Yy
E

Here the top square is that of lemma 5.9 (part of the tensor triangulated structure of prop. 5.4)), the middle
square is the naturality square of the braiding (def. 1.4, cor. 5.1), and the bottom triangle commutes by
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definition of (E,u, e) being a commutative monoid (def. 1.13).
Similarly given
a:XMS —>E
as before and
v:IZmS —>EAX,
then an action is defined by the composite
a-v:zmtneg = gmgases Y A aAx S Eax

This is clearly a graded pairing, and the action property and unitality follow directly from the associativity
and unitality, respectively, of (E,u,e).

Analogously for the right action on X.(E). N

Example 5.12. (ring structure on the stable homotopy groups of spheres)

The sphere spectrum $ = y(S,) iS @ homotopy commutative ring spectrum (def. 5.10).

On the one hand this is because it is the tensor unit for the derived smash product of spectra (by cor. 5.1),
and by example 1.14 every such is canonically a (commutative) monoid. On the other hand we have the
explicit representation by the orthogonal ring spectrum (def. 2.15) S, according to lemma 2.7, and the
localization functor y is a symmetric lax monoidal functor (prop. 3.14, and in fact a strong monoidal
functor on cofibrant objects such as S,.;, according to prop. 3.13) and hence preserves commutative
monoids (prop. 1.50).

The stable homotopy groups of the sphere spectrum are of course the stable homotopy groups of spheres
(exmpl.)

s =m.(S) = li_)mk T (S") .

Now prop. 5.11 gives the stable homotopy groups of spheres the structure of a graded commutative ring.
By the proof of prop. 5.11, the product operation in that ring sends elements «;:2™S — S to

S
grmtnzg = ymg A gnzs PR g a5 s,

where now not only the first morphism, but also the last morphism is an isomorphism (the isomorphism
from lemma 1.2). Hence up to isomorphism, the ring structure on the stable homotopy groups of spheres
is the derived smash product of spectra.

This implies that for X,Y € Ho(Spectra) any two spectra, then the graded abelian group [X,Y], (def.) of
morphisms from X to Y in the stable homotopy category canonically becomes a module over the ring =

m Q [X, Y], = [X, Y],
by
cmusSs), xSy o (2“1+”2X 3 ymgaziex Msay 3 Y) .

In particular for every spectrum X € Ho(Spectra), its stable homotopy groups m.(X) = [S,X], (lemma)

canonically form a module over r$. If X = E happens to carry the structure of a homotopy commutative
ring spectrum, then this module structure coincides the one induced from the unit

w.(e) : i =m.(S) — w.(E)
under prop. 5.11.

(It is straightforward to unwind all this categorical algebra to concrete component expressions by
proceeding as in the proof of this lemma).)

This finally allows to uniquely characterize the stable homotopy theory that we have been discussing:

Theorem 5.13. (Schwede-Shipley uniqueness theorem)

The homotopy category Ho(C) (def.) of every stable homotopy category C (def.) canonically has graded
hom-groups with the structure of modules over n{ = n,(S) (example 5.12). In terms of this, the following
are equivalent:
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1. There is a zig-zag of Quillen equivalences (def.) between C and the stable model structure on
topological sequential spectra (thm.) (equivalently (thm. 4.12) the stable model structure on
orthogonal spectra)

—
¢ =Qu FQu =Qu Orthspec(Topcg)stable =Qu Seqspec(Topcg)stable

2. there is an equivalence of categories between the homotopy category Ho(C) and the stable homotopy
category Ho(Spectra) (def.)

Ho(C) = Ho(Spectra)
which is wi-linear on all hom-groups.

(Schwede-Shipley 02, Uniqueness theorem)

6. Examples

For reference, we consider some basic examples of orthogonal ring spectra (def. 2.15) E. By prop. 2.16 and
corollary 5.1 each of these examples in particular represents a homotopy commutative ring spectrum (def.
5.10) in the tensor triangulated stable homotopy category (prop. 5.4).

We make use of these examples of homotopy commutative ring spectra E in Part 2 in the computation of
E-Adams spectral sequences.

For constructing representations as orthogonal ring spectra of spectra that are already known as sequential
spectra (def.) two principles are usefully kept in mind:

1. by prop. 2.16 it is sufficient to give an equivariant multiplicative pairing E,, AE,, = Ey, 14, and
equivariant unit maps S° - E,, S* —» E,, from these the structure maps s™ ANEy, = En ip, are already
uniquely induced;

2. the choice of 0(n)-action on E,, is governed mainly by the demand that the unit map S™ - E,, has to be

equivariant, with respect to the 0(n)-action on S™ induced by regarding S™ as the one-point
compactification of the defining 0(n)-representation on R™ (“representation sphere”).

Sphere spectrum

We already described the orthogonal sphere spectrum § as an orthogonal ring spectrum in lemma 2.7. The
component spaces are the spheres S™ with their 0(n)-action as representation spheres, and the
multiplication maps are the canonical identifications

Sﬂ.l /\Snz — STL1 +TLZ .

More generally, by prop. 2.29 the orthogonal suspension spectrum functor is a strong monoidal functor, and
so by prop. 2.16 the suspension spectrum of a monoid in Top;‘g/ (for instance G, for G a topological group)
canonically carries the structure of an orthogonal ring spectrum.

The orthogonal sphere spectrum is the special case of this with S, = 22, S° for $° the tensor unit in Topc*g/
(example 1.10) and hence a monoid by example 1.14.

Eilenberg-MacLane spectra

We discuss the model of Eilenberg-Maclane spectra as symmetric spectra and orthogonal spectra. To that
end, notice the following model for Eilenberg-MaclLane spaces.

Definition 6.1. For A an abelian group and n € N, the reduced A-linearization A[S"], of the n-sphere S™ is

the topological space, whose underlying set is the quotient of the tensor product with A of the free abelian

group on the underlying set of ™,
AR, [S™ = A[S™] — A[S™],

by the relation that identifies every formal linear combination of the basepoint of S™ with 0. The topology
is the induced quotient topology

k ny k n
L AR (S — Als™,

(of the disjoint union of product topological spaces, where A is equipped with the discrete topology).

(Aguilar-Gitler-Prieto 02, def. 6.4.20)
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Proposition 6.2. For A a countable abelian group, then the reduced A-linearization A[S™], (def. 6.1) is an
Eilenberg-MacLane space, in that its homotopy groups are

n A ifg=n
e (A[S™],) = .
* otherwise

(in particular for n > 1 then there is a unique connected component and hence we need not specify a
basepoint for the homotopy group).

(Aguilar-Gitler-Prieto 02, corollary 6.4.23)

Definition 6.3. For A a countable abelian group, then the orthogonal Eilenberg-MacLane spectrum HA
is the orthogonal spectrum (def. 2.11) with

e component spaces

(HA),, = A[S™),

being the reduced A-linearization (def. 6.1) of the representation sphere S™;

e O(n)-action on A[S™], induced from the canonical O(n)-action on S™ (representation sphere);

e structure maps

oy : SYHA), — (HA),,,

hence
SYAA[S™ — A[S™Y
given by

(x, (Z aiyi),> - Z a;(x,y,) -

13 L

The incarnation of HA as a symmetric spectrum is the same, with the group action of 0(n) replaced by the
subgroup action of the symmetric group 2(n) < 0(n).

If R is a commutative ring, then the Eilenberg-MacLane spectrum HR becomes a commutative orthogonal
ring spectrum or symmetric ring spectrum (def. 2.15) by

1. taking the multiplication

(HR)n1 A (HR)nZ = R[S™]_AR[S™?], — R[S™*™2] = (HR)

1’11+1'1.2

to be given by

(Zanh(T)) = Zasiosy
i J ]
2. taking the unit maps
S™ — A[S™]. = (HR),
to be given by the canonical inclusion of generators
x-1x.

(Schwede 12, example 1.1.14)

Proposition 6.4. The stable homotopy groups (def. 2.21) of an Eilenberg-MacLane spectrum HA (def. 6.3)
are

A ifg=0

n,(HA) =
q( ) 0 otherwise

Thom spectra

We discuss the realization of Thom spectra as orthogonal ring spectra. For background on Thom spectra
realized as sequential spectra see Part S the section Thom spectra.
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Definition 6.5. As an orthogonal ring spectrum (def. 2.15), the universal Thom spectrum MO0 has

e component spaces

o— n
(M), = EO(n), A S

the Thom spaces (def.) of the universal vector bundle (def.) of rank n;

e |left O(n)-action induced by the remaining canonical left action of EO(n);
e canonical multiplication maps (def.)

111 TLZ 111 +TLZ
(EO(m), (A S™)A(EO(S), (A S™ = EO(m +m5), , A S

® unit maps
Sn = 0(n)+ AO(TL) Sn — EO(n)+ AO(n) Sn
induced by the fiber inclusion 0(V) - EO(V).

(Schwede 12, I, example 1.16)

For the universal complex Thom spectrum MU the construction is a priori directly analogous, but with the
real Cartesian space R" replace by the complex vector space C" thoughout. This makes the n-sphere
s™=s®" pe replaced by the 2n-sphere s2" =~ s¢" throughout. Hence the construction requires a second step
in which the resulting s?-spectrum (def.) is turned into an actual orthogonal spectrum. This proceeds
differently than for sequential spectra (lemma) due to the need to have compatible orthogonal group-action
on all spaces.

Definition 6.6. The universal complex Thom spectrum MU is represented as an orthogonal ring
spectrum (def. 2.15) as follows

First consider the component spaces

n
Un = EU(M), Ay S

given by the Thom spaces (def.) of the complex universal vector bundle (def.) of rank n, and equipped
with the 0(n)-action which is induced via the canonical inclusions

O(n) > U(n) - EU(n) .
Regard these as equipped with the canonical pairing maps (def.)

: MUy, AMU,, — MU, i, -

[
These are U(n)-equivariant, hence in particular 0(n)-equivariant.
Then take the actual components spaces to be loop spaces of these:
MU, := Maps(S™, MU,,)

and regard these as equipped with the conjugation action by 0(n) induced by the above action on MU,, and

the canonical action on s™ ~ S®",
Define the actual pairing maps
By @ MUpy AMUy, — MUy 4,
via
Maps(S™t, MU, ) A Maps(S"2, MU,,,) — Maps(S™*"2, MU, ,n,)
(ay,az) » Haym, © (a; Aap) .
Finally in order to define the unit maps, consider the isomorphism
g2 o Sc" ~ Sm"@im" ~STpAST
and then take the unit maps

S™ — (MU), = Maps(S",MU,)

to be the adjuncts of the canonical embeddings
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STAS" = S = Un), Ay S© — EUM), Ayemy SC .

(Schwede 12, I, example 1.18)

~. Conclusion

We summarize the results about stable homotopy theory obtained above.

First of all we have established a commuting diagram of Quillen adjunctions and Quillen equivalences of the

form
Py
Ton"/ T Ton/
( OP¢g )Quillen = ( Opcg)Q“me“
n
4 197 5® 4 0%
z
Fall
Seqspec(TOch)strict i Seqspec(Topcg)strict
n
i) 4 qid id | | qid
z
Pall
SeqSpec(Top ) apie =0  S€qSPec(Top ) apie
Y
seqy | ) sedy |~ .
1L =g 15 Lo=q 1%
OrthSpec(Top o). apie OrthSpec(Top )¢ ape
where
. (Top;g/)Qumen is the classical model structure on pointed topological spaces (thm., thm.);

is the stable model structure on topological sequential spectra (thm.);

. Sequec(Topcg)

stable

is the stable model structure on orthogonal spectra from theorem 4.1.

. OrthSpec(Topcg)

stable

Here the top part of the diagram is from remark 3.19, while the vertical Quillen equivalence (seq, 4 seq”) is
from theorem 4.1.

Moreover, the top and bottom model categories are monoidal model categories (def. 3.11): Topc"g/ with

respect to the smash product of pointed topological spaces (theorem 3.17) and OrthSpec(Top,,) as well as
OrthSpec(Topcg)Stable
theorem 4.14); and the compsite vertical adjunction

strict
with respect to the symmetric monoidal smash product of spectra (theorem 3.17 and

(Topsd, A,S°)
Z3tth 14 Tﬂg?rth

(OrthSpec(Top,,), A, Sorth)

is a strong monoidal Quillen adjunction (def. 3.15, corollary 4.15), and so also the induced adjunction of
derived functors

(Ho(Top™/), A,S°)
SR
(Ho(Spectra), AL,S)

is a strong monoidal adjunction (by prop. 3.16) from the the derived smash product of pointed topological
spaces to the derived symmetric smash product of spectra.

Under passage to homotopy categories this yields a commuting diagram of derived adjoint functors

gy e .
Ho(Top*/) R Ho(Top*/)
0
S R
z
Ho(Spectra) E Ho(Spectra)
0

between the (Serre-Quillen-)classical homotopy category Ho(Top*/) and the stable homotopy category
Ho(Spectra) (remark 4.13). The latter is an additive category (def.) with direct sum the wedge sum of spectra
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@® = v (lemma, lemma) and in fact a triangulated category (def.) with distinguished triangles the homotopy
cofiber sequences of spectra (prop.).

While this is the situation already for sequential spectra (thm.), in addition we have now that both the
classical homotopy category as well as the stable homotopy category are symmetric monoidal categories
with respect to derived smash product of pointed topological spaces and the derived symmetric monoidal
smash product of spectra, respectively (corollary 5.1).

Moreover, the derived smash product of spectra is compatible with the additive category structure (direct
sums) and the triangulated category structure (homotopy cofiber sequences), this being a tensor
triangulated category (prop. 5.4).

abelian groups spectra

integers Z sphere spectrum S
Ab =~ 7Z Mod Spectra = S Mod

direct sum @ wedge sum v
tensor product ®,|smash product of spectra Ag
kernels/cokernels homotopy fibers/homotopy cofibers

The commutative monoids with respect to this smash product of spectra are precisely the commutative

orthogonal ring spectra (def. 2.15, prop. 2.16) and the module objects over these are precisely the
orthogonal module spectra (def. 2.17, prop. 2.18).

algebra homological algebrahigher algebra
abelian group|chain complex spectrum

ring dg-ring ring spectrum
module dg-module module spectrum

The localization functors y (def.) from the monoidal model categories to their homotopy categories are lax
monoidal functors (cor. 5.1)

(Toped, A,S°) — (Ho(Top"/), A*,y(S)
(OrthSpec(Topcg), A,Sortn) — (Ho(Spectra), AL, y(S)) .

This implies that for E € OrthSpec(Tong) a commutativeorthogonal ring spectrum, then its image y(E) in the

stable homotopy category is a homotopy commutative ring spectrum (def. 5.10) and similarly for module
spectra (prop. 1.50).

monoidal stable model category -localization— tensor triangulated category
stable model structure on orthogonal spectra stable homotopy category
OrthSpec(Tong)Stable Ho(Spectra)
symmetric monoidal smash product of spectra derived smash product of spectra
. ) o ) homot commutative rin
commutative orthogonal ring spectrum (E-infinity ring) omotopy co uta g
spectrum

Finally, the graded hom-groups [X,Y], (def.) in the tensor triangulated stable homotopy category are

canonically graded modules over the graded commutative ring of stable homotopy groups of spheres
(exmpl. 5.12)

[X,Y], € m.(S)Mod .

Hence the next question is how to actually compute any of these. This is the topic of Part 2 -- The Adams
spectral sequence.
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