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Abstract

In the first part of the project, we define stable homotopy and
construct the category of CW-spectra, which is the appropriate setting
for studying it. CW-spectra are particular spectra with properties
that resemble CW-complexes. We define the homotopy groups of CW-
spectra, which are connected to stable homotopy groups of spaces, and
we define homology and cohomology for CW-spectra.

Then we construct the Adams spectral sequence, in the setting of
the category of CW-spectra. This spectral sequence can be used to get
information about the stable homotopy groups of spaces.

The last part of the project is devoted to calculations. We show
two examples of the use of the Adams sequence, the first one applied
to the stable homotopy groups of spheres and the second one to the
homotopy of the spectrum ko of the connective real K-theory.
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Introduction

The stable homotopy groups of spaces are quite complicated to compute
and this spectral sequence provides a tool that helps in this task. To get a
clean construction of the spectral sequence, instead of working with space,
we consider spectra, which are sequences of spaces (X;) with structure maps
¥ X; — X,;41 and soon we restrict our attention to CW-spectra. So we
construct a suitable category for these objects, in which many of the results
that hold for CW-complexes are true. The construction of the spectral
sequence is done following the approach of [Hat04].

Performing calculations of stable homotopy groups using of the Adams
spectral sequence is not a mechanical process. One has to compute free
resolutions over the Steenrod Algebra and the differentials of the spectral
sequence to obtain the F,, page. Moreover, the F,, term gives only sub-
quotients of the p-components of the stable homotopy groups for certain
filtrations of them. So one has still to solve the extension problem to get
the group itself. In Section 4, we show two examples of this process: the
first one regards the stable homotopy groups of spheres, the second one the
homotopy of the spectrum ko of the connective real K-theory. We work out
the cited free resolutions explicitly, by actually computing the generators of
each free module.

We assume that the reader is familiar with the material contained in
[Hat02]. The proofs of some of the results here presented could not fit into
this project: in such cases we sketch them and refer the reader to one of the
references for a more detailed treatment.
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1 Stable homotopy

1.1 Generalities

In this section, we will always consider basepointed topological spaces with
a CW-structure, i.e. pairs (X, zg) where the space X is a CW-complex and
the basepoint g € X is a fixed 0-cell.

Definition 1.1. Given two basepointed spaces (X,zo) and (Y,yo), their
smash product is defined as

XANY =X xY)/(XVY)=(XxY)/(X x{yo} U{zo} xXY).

This is again a basepointed space, with basepoint the subspace we quotient
out.

For a basepointed space X, we consider (instead of the suspension) the
reduced suspension, which is

X = (5X)/({wo} x 1),

where SX is the suspension of X. The reduced suspension is again a base-
pointed space and it follows immediately for the definition that it can be ex-
pressed in terms of smash product with the sphere S!, namely ©X = X AS?.

Let us also note that, if X is a CW-complex, the reduced suspension is
homotopy equivalent to the unreduced one. In fact XX is obtained from
SX by collapsing the contractible subspace {zp} x I.

1.2 Stable homotopy groups

The term stable in Algebraic Topology is used to indicate phenomena that
occur in any dimension, without depending essentially on it, given that the
dimension is sufficiently large. [Ada74, Part III, Ch. 1]

Let us recall a classical result:

Theorem 1.2. (Freudenthal Theorem) Let X be a (n — 1)-connected CW-
complex. Then the suspension map m;(X) — mi11(XX) is an isomorphism
for i < 2n — 1 and a surjection for i =2n — 1.

If X is n-connected, then XX is (n+1)-connected and so the Freudenthal
theorem implies that, if X is a CW-complex of any connection and ¢ € N,
the morphisms in the sequence:

(X)) = i (BX) = - = miap(BFX) — L

will become isomorphisms from a certain point. The group to which the
sequence stabilized is called the i*" stable homotopy group of X, denoted

75 (X). This is the same as saying that:

)

73 (X) = limy 74 (S4X),

i



where hgl denotes the direct limit.

In particular, taking X = SO, 75(S%) is called the i stable homotopy
groups of spheres and is denoted by 7;. By the Freudenthal Theorem, we
have:

i = m(S%) = mopi(S™),

for any n > i + 1.
The composition of maps S*T7+k — §itk _ S* induces a product struc-
ture on 7§ = @, 7. We have the following:

Proposition 1.3. The composition product w7 x w7 — m}, ; given by com-

position makes i into a graded ring in which we have the relation af =
(=1)"Ba, for a €, B € ;.

Proof. See [Hat02, Proposition 4.56]. O

2 Spectra

2.1 Definition and homotopy groups

Definition 2.1. A spectrum E is a family (F,),en of basepointed spaces
X, together with structure maps e,: ¥FE, — FE,y; that are basepoint-
preserving.

Example 2.2. Let X be a pointed space. If we set E, = X"(X) for all
n € N and ¢, the identity of X"*! we get a spectrum, called the suspension
spectrum of X. In particular, taking X = SY we get the sphere spectrum,
denoted S°. The n'* space of this spectrum is homeomorphic to S™.

A second example shows the connection of spectra with cohomology: by
the Brown Representation Theorem [Hat02, Thm 4E.1], for every reduced
cohomology theory K on the category of CW-complexes with basepoint,
we have that the functor K™ is natural equivalent to [—, E,] for a family
of basepointed CW-complexes (E,,), where [X, E,] denotes the set of the
homotopy classes of basepoint-preserving maps X — FE,. By the suspension
isomorphism for K, we have that: o: K"(X) — K" (XX) is a natural
isomorphism. Hence we get the sequence of natural isomorphisms:

(X, E,] = K"(X) = K"Y(2X) 2 [2X, By 2 [X, QF, 1],

where the last equivalence comes from the adjunction between reduced sus-
pension and basepointed loops. By the (contravariant) Yoneda Lemma, the
natural equivalence [ X, E,| = [X, QF, ;1] must be induced by a weak equiv-
alence ¢/, : E, — QFE,, 11 which is the adjoint of a map &,,: ¥E,, — F, 41 and
so (E,) forms a spectrum.

If we take the reduced cohomology with coefficients in an abelian group
G, we get E, = K(G,n) and the spectrum is called the Eilenberg-MacLane
spectrum for the group G and denoted HG.
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This can be slightly generalized by shifting dimension of an integer m and
taking X,, = K(G,n +m) with the same maps YK (G,n+m) — K(G,n+
m + 1). We will denote this shifted Eilenberg-MacLane with K (G, n).

It is possible to define homotopy groups for spectra in a quite natural
way:

Definition 2.3. Let E be a spectrum. We define the i** homotopy group of
E, denoted m;(E), as the direct limit of the sequence:

b i+n n)
S T (Bn) S w1 (SE,) ZimiEn),
P
7Ti+n+1(En+1) — 7Ti+n+2(ZEn+1) — ..
In symbols: m;(E) = hgﬂﬂ_n(En)

Example 2.4. The homotopy groups of the suspension spectrum of a space
are precisely the stable homotopy groups of that space, since the structure
maps ¢; are all identities. For the Eilenberg-MacLane spectrum, we already
know that X FE,, — FE,11 is a weak equivalence for all n and the homomor-
phism 7 4p+i(Fnt1) = Trentit1(XEn+yi) is an isomorphism in the range
given by the Freudenthal suspension theorem, so we have that, as for the
Eilenberg-MacLane spaces:

G, ifi=0,

mi(HG) = {0, if i # 0.

Note that, unlike in the definition of the stable homotopy group of a space,
this direct limit is not always attained.

Let us give the definition of a subobject of a spectrum, which will be
useful for the next section:

Definition 2.5. Given a spectrum F, a subspectrum A of E is a family of
spaces (Ap)nen such that A, C E, and €,(XA,) € Apy1 for all n € N. In
particular, A is a spectrum if we take £,|x4, as structure maps.

2.2 CW-Spectra

Our aim now is to build a category with spectra as objects and use this
setting to study stable homotopy phenomena. To do this we will consider a
particular class of spectra, called CW-spectra, which have a structure that
resembles the one of CW-complexes.

Given a spectrum F in which the spaces F,, are a CW-complexes with a
0-cell as basepoint for all n € N, we can apply the procedure that we sketch
here: first we make the structure maps cellular, via the cellular approxi-
mation theorem ([Hat02, Thm. 4.8]): since the structure maps of E map
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basepoints to basepoints and they are 0-cells in the CW-structures, we can
take the cellular maps to be also basepoint-preserving. Then we proceed
replacing each space F, with union of the reduced mapping cylinders of the
maps in the composition®, which is again a CW-complex:

n—1
SM(Ey) =% SN E) — - — S(Epl1) 25 B,

For example, we begin the construction by replacing E; with the homotopy-
equivalent space E] = M, so that we have an inclusion X Ey < M,,. Then
we consider
2 Yeo €1
Y4(Ey) — X(E1) — By

and we have that XE] = My, — My, U M., ~ M o5, = E) ~ Es.
Proceeding this way we get a new spectrum in which all spaces are CW-

complexes with the basepoints as 0-cells and the structure maps are in-

clusions of subcomplexes. This construction gives motivates the following

definition:

Definition 2.6. A CW-spectrum is a spectrum FE in which the spaces E,
are CW-complexes with a 0-cell as basepoint for all n € N and such that the
structure maps are inclusions of subcomplexes.

A CW-subspectrum of a CW-spectrum FE is a subspectrum A as defined
earlier with the requirement that A, is a subcomplex of E, for all n € N.

This way, for each cell e; of E,, different from the basepoint, its suspen-
sion becomes a cell of dimension ¢ + 1 in E, 1. We say that two cells e, of
E, and eg of E,,, with n < m are equivalent if e, becomes eg by suspending
(and including) a suitable number of times. We will say that a stable cell of
F is an equivalence class under this relation. So, a stable cell consists of cells
e"tk of E, for all n > ng. The dimension of such a stable cells is defined to
be k. This way, if we consider the suspension spectrum of a CW-complex
X, the cells of X coincide with the stable cells of the spectrum, together
with their dimensions.

The homology of a CW-spectrum E can be defined in terms of cellular
chains. We consider the cellular chain complexes relative to the basepoint
Cy(Ey; G): the structure maps Y E; — E;4; induce inclusions Cy(E,; G) —
Ci(En+1;G). If we take the union C.(E;G) = U,Cy(Ey;G), it can be
checked that we get a chain complex with one G summand for every stable
cell of E, as for CW-complexes. Then we define H;(E;G) to be the i
homology group of this chain complex.

A CW-spectrum with finitely many stable cells is called finite. If the
number of cells in each dimension is finite, then the spectrum is of finite

type.

Lin the union, we identify, for each space in the composition, its copy in the mapping
cylinders of the map from and to it.
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Remark 2.7. Note that a CW-spectrum can also have cells in negative
dimension: consider, for example, the CW-spectrum X defined by

X,=8'"vS?v...
for all n > 0, with structure map the obvious inclusion
X, =82vS3v.. = X

and in which all the factors S* are realized as a disc D? with the boundary
glued on one point. This spectrum has one cell for each dimension k € Z.

The Adams Spectral Sequence deals only with CW-spectra in which the
dimension of the stable cells is bounded below. A CW-spectrum with this
property is called connective.

The objects in the category we are going to build are of course CW-
spectra. Instead, it is not that easy to find a suitable class of maps and it
will require some work to get to a definition of morphism in our category. A
reasonable goal would be to have that a morphism between two CW-spectra
induces a homomorphism on homotopy.

The most obvious choice would be to take maps that commute with the
structure maps of the spectra. Namely, we can give the following definition:

Definition 2.8. If E and F are CW-spectra and r € Z, a strict map®> of
degree r from E to F is a sequence of maps f = (f)nez with fn: E, — F—,
a basepoint-preserving map for all n € Z such that the following diagram
commutes for all n € Z:

YE, — En+1

Efnl fn+1l

YFyr — Fhnrta-
We will just say strict map when the degree is 0.

Since we define graded maps, it is more convenient to index the spaces
of the spectra over the integers rather than over N. We will see soon that
this does not cause any substantial difference.

Strict maps can be composed in the natural way and the identity of a
CW-spectrum is a strict-map. Moreover, if we take a CW-subspectrum E’
of a CW-spectrum F, the inclusion E' < F is a strict map.

We can however weaken the requirements of the definition and still get
maps that induce homomorphisms on homotopy. In fact, if we had the maps
fn defined only for n > ng for some ng, we would still get an induced map
mi(E) — mi—y(F), since we can think of m;(X) as lingrn(En) and similarly
for m;(F).

Actually, we can relax the condition some more. To do this, we first need
a definition:

%strict maps are called functions in [Ada74].



2.2 CW-Spectra 7

Definition 2.9. A CW-subspectrum A of a CW-spectrum F is called cofinal
if, for all n € N and for every cell e of E,,, there exists a k € N such that
k(e is a cell of Ay

Lemma 2.10. If E', E" are cofinal subspectra of a CW-spectrum E’, then
their intersection is also cofinal in E.

Proof. Let n € N and let ¢’ be a cell of E,. By definition, there exist ki
and ks such that ¥ (¢?) is a cell of B and k2 (e?) is a cell of By -
Assume k1 < ko: if we suspend the cell Z‘kl(ez) for ko — ki times, we get

that ¥%2(e?) is a cell of E/, |, . This shows that £’ N E" is cofinal. O

Let £ be a CW-spectrum and F a spectrum. Let E’, E” be cofinal
subspectra of £ and f: E/ — F, g: E” — G strict maps of degree r. We
say that f and g are equivalent if there exists a cofinal subspectrum E of
E contained in E' and E” on which f and g coincide. We leave it as an
exercise for the reader to check that this is an equivalence relation.

Definition 2.11. A map (of degree ) E — F of CW-spectra is an equiva-
lence class of strict maps (of degree r) defined on cofinal subspectra.

Note that the previous lemma tells us that, if we take a map defined
on a cofinal subspectrum FE’, we get the same map restricting f to another
cofinal subspectrum E” C E'.

The composition of maps of CW-spectra is defined by taking represen-
tatives, choosing them in a way such that their composition is defined. It is
well defined by the following Proposition:

Proposition 2.12. (a) Let f: E — F be a strict map of degree r of CW-
spectra and F' C F a cofinal subspectrum. Then, there exists a cofinal
subspectrum E' C E such that f(E') C F’.

(b) If E' is a cofinal subspectrum of E and E" a cofinal subspectrum of
E', then E" is a cofinal subspectrum of E.

Proof. (a) We set E’ to be the subspectrum made by the cells of the spaces
E,, which are mapped into F_,. This is cofinal, in fact, if e’ is a cell
in E,, then it is mapped by f to a finite union of cells of F,,_, and
so, for some k, their k-fold suspension lies in F;_ ., since I’ cofinal.

f is a strict map and so it commutes with the structure maps. Then,

the ¥*(e?) is mapped in F’ by f and so it is in E’.

(b) This is a straightforward consequence of the definition.
O

To see that also a map f: E — F of CW-spectra induces a morphism
for mi(E) — mi—r(F), assume that f is defined on the cells of a cofinal



2.2 CW-Spectra 8

subspectrum E' of E. If we take a map St — X,,, its image is compact and
hence included in a finite subcomplex of X,,. If we suspend the cells of this
subcomplex enough times, they will lie in E), ., (for some k) and f is defined
on them. The same process can be done for a homotopy S*™" x I — X,,.

We can now define homotopies between maps of CW-spectra, in a way
all similar to what is done for spaces: for a CW-spectrum F, we define the
cylinder spectrum E x I by

(B, xI)

ExI),=
(X)n 60)([’

where ey denotes the basepoint. Clearly we have X(E,, x I) = X(E,) x I.
The structure maps of the cylinder spectrum are defined in the obvious way.
We have two obvious inclusion maps:

i0,01: B —> E x I,
that correspond to the two ends of the cylinder.

Definition 2.13. If f,g: E — F are maps of CW-spectra, we say that they
are homotopic if there exists a map of CW-spectra H: E x I — F such that
f=Hoig,g=Hoi.

We leave to the reader to check that this is an equivalence relation and the
composition of maps defined earlier induces the composition for homotopy
classes, as in the familiar case of spaces.

The set of the homotopy classes of the maps F — F of degree r is
denoted [E, F],

We have finally obtained a satisfactory definition for the morphisms in
our category: the objects are CW-spectra and the morphisms of degree r
are homotopy classes of maps of degree r. We will just say morphism to
mean a morphism of degree 0. Note that a morphism f is an isomorphism
in this category if it is a homotopy equivalence of spectra.

Remark 2.14. If E’ is a cofinal subspectrum of a CW-spectrum FE, we
already know that the inclusion E’ < F is a strict map and hence a map of
CW-spectra. Moreover, if we take the equivalence class of the identity of F’,
it is a map of CW-spectra & — E’, by definition, and one can easily check
that the composition of these two maps in any order gives identity. This
shows that every CW-spectrum is isomorphic to any of its cofinal subspectra.

Till now we have always considered spectra indexed over N, but, if
E = (E,)nez is a CW-spectrum indexed over Z, we can define E' by

y E,, ifn>0,
ETZ = .
{x}, ifn<O.

E' is a cofinal subspectrum of E and so they are isomorphic: this shows that
it does not really matter if we consider spectra indexed over N or over Z.
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Remark 2.15. We can always define a subspectrum E’ of E by setting
E, =YE,_ 1 CE,.

This is a cofinal subspectrum of E and so, by the previous remark, they are
isomorphic.

More generally, we can define the suspension XF' of a spectrum F' by
setting (XF),, = X(F),). Then, the last assertion can be reformulated by
saying that any CW-spectrum F is isomorphic to X F where F' is the spec-
trum defined by F,, = E,_1. This spectrum F' can be denoted by Y1E,
so that £ = X(X7'E). This argument shows that any CW-spectrum is
isomorphic to the suspension of another CW-spectrum. In other words, the
suspension is invertible in our category. We can iterate this construction:
for m € N, we define a CW-spectrum G by:

Gn = Ln—m-

This way we get that £ = ¥™G.

Recall that the sphere spectrum S° is the suspension spectrum of the
sphere S°. The following Proposition is saying that our choice for morphisms
is actually reasonable:

Proposition 2.16. If E is the suspension spectrum for a finite CW-complex
K and F is any spectrum, we have that:

[E, F]’I‘ = hg[En-‘rra Fn]
In particular, if K = S9:
m(E) = [S%, E], = [S", Elo.

Proof. If we start with a map (of spaces)ﬁ f: X" K — F,,, we can define a
map of spectra f: E — F of degree r: fyi1,: Enyr — F, is taken to be f
itself and, since we have X FE, 1, = Fyy,11, we are forced to define, for all
m > 0:

Em
En+r+m = Em(En+T> —f> Fn+m-

This defines a strict map on the cofinal subspectrum:

B - E; ifi>n+m,
! {x}, ifi<n+4+m.

If f: """ K — F,, g: Y™K — F,,, are two maps which are equivalent
in the direct limit, it means that, for some p there exists a homotopy between
the maps:

seirg 2 seenp R,
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st 209 seemp S B

This homotopy induces a homotopy between the map of spectra correspond-
ing to f and g and so we have a map:

o lig[EnH,Fn] — [E, F,.

A map of CW-spectra E — F' of degree r is a homotopy class of strict maps
defined on a cofinal subspectrum of £. Any of these strict maps is equivalent
to one defined on a subspectrum which has the form of E’ defined above
and so « is surjective. Moreover, if two maps of CW-spectra are homotopic,
the homotopy is induced by a homotopy of maps of spaces, therefore « is
injective. Therefore « is a bijection. O

Remark 2.17. One of the reasons to consider spectra instead of spaces is
that, for E, FF CW-spectra, the set [E, F| is always an abelian group. This
is because, as we have seen, a CW-spectrum is always isomorphic to the
suspension of another CW-spectrum (and hence also to a double suspension),
in other words it can always be de-suspended as many times as we want,
allowing us to define an abelian sum operation using the extra coordinates
given by the suspension, as one does for homotopy groups of spaces.

Proposition 2.18. If E, F' are CW-spectra, the suspension map
[E,F] — [XE,XF)
s a group isomorphism.
Proof. See [Ada74, Part III, Theorem 3.7] or [Hat04, p. 10]. O

Another advantage of working with CW-spectra is that many results
which hold for CW-complexes also translate in this context. For instance
we have cellular approximation of maps, as for CW-complexes. We have
also a version of the Whitehead theorem:

Theorem 2.19. A morphism of CW-spectra f: E — F that induces iso-
morphisms fi: mi(E) — m;(F) for alli is an isomorphism and so a homotopy
equivalence between e and F.

Proof. See [Ada74, Part III, Corollary 3.5]. O

Another important result translate to the category of CW-spectra: the
Hurewicz theorem. It must be noted that it holds only for connective spectras:

Theorem 2.20. Let E be a connective CW-spectrum. It m;(E) = 0 for all
i < n, then there exists an isomorphism h: m,(E) — H,(E;Z).

Proof. See [Mar83, Theorem 6.9]. O
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2.3 Exact sequences for a cofibration of CW-spectra

In order to talk about cofibrations, we need to define mapping cylinders and
mapping cones for a map of CW-spectra.

If f: E — F is a map of CW-spectra, we can pick as a representative
for it a strict map f’: £’ — F defined on a cofinal subspectra E’ of E. Now
we can deform f], to be cellular as a map of CW-complexes for each n and
define the mapping cylinder of f to be the CW-spectrum My with:

(Mp)n = My,

where My, is a reduced mapping cylinder. This defines a CW-spectrum,
since f’ is a strict map and XMy = My . If we replace X’ with a co-
final subspectrum, My is replaced with a subspectrum cofinal in it, hence
isomorphic. Therefore the definition depends uniquely only on f, up to
equivalence. The familiar deformation retraction of My, onto F,, for each
n, give a deformation retraction of the spectrum My onto F.

The mapping cone, is built up the same way, taking the reduced mapping
cones of the maps f], instead of the cylinders. The resulting spectrum is
denoted C'y. For an inclusion of a subspectrum A < E, the mapping cone
can be written as X UCA, as one does for CW-complexes, defining the cone
cylinder C' A similarly to what we did for the cylinder spectrum.

Definition 2.21. A subspectrum A of a CW-spectrum FE is called closed
if, when a cell e’ of E, has an iterated suspension lying in A, , then €’ is

in A,,.

If A is a closed subspectrum of E, we can form the quotient spectrum
E/A setting (E/A), = E,/A,. We have a map EU CA — E/A, whose
components are the homotopy equivalences of CW-complexes E,, UCA,, —
E,/A,. We can then apply Theorem 2.19 to get a homotopy equivalence
XUCA~ X/A.

As for spaces, from the inclusion of a subspectrum, we can form a cofi-
bration sequence:

A—FE—-FUCA,

which can we extended to the right by taking the mapping cone of the last
inclusion:

A—-FE—-FEUCA— (FEUCA)UCE

and we have that (FEUCA)UCE ~ (EUCA)/E ~ YA, so we can go on
extending the sequence with XA — X F, just as for spaces:

A—-FE—-FEUCA—-YA—-YE—--- (2.1)
And, as for spaces, we have an associated exact sequence:

[A,F| < [E,F) «+ [E/A,F] < [XA,F| + [XE,F] + --- (2.2)
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But with CW-spectra we have also another exact sequence associated
to a cofibration, which is not present for cofibrations of spaces. The reason
is basically that we can always de-suspend spectra, which is is not true for
spaces.

Proposition 2.22. For a cofibration A — E — E U CA, the following
sequence is exact:

[F, Al - [F,E] — [F,E/A] — [F,XA] —» [F,XE] — - -- (2.3)

Proof. The sequence (2.1) is built including each space in the mapping cone
of the map that is entering that space. So, it is enough to prove the exactness
of the sequence:

[F,A] — [F,E] — [F,EUCA].
It is clear that the composition of the two maps is zero. Suppose now that we
have f: F — E that becomes nullhomotopic when including E into FUC A.
This homotopy F' x I — E U CA gives a map H: CF — E U CA (since
C'F can be seen as the quotient of F' X I where we mod out one face of the
cylinder) which forms a commutative square with f:

F———CF

EFE~—— FUCA.
The two rows complete to cofibrations and we get the two next vertical maps

at the right of the square to fill the following diagram, which commutes up
to homotopy:

F— Vv Fc L CF - SF e SF

I
A Ec» EUCA — YA —% 3E.
By Proposition 2.18, k = 3, for some | € [F, A] and, by commutativity,
Yf ~¥(i)3(l) = X(il). Since the suspension is an isomorphism, this implies
f ~ il and then f is in the image of [F, A] — [F, E]. This completes the
proof of the exactness. O

This exact sequence we built for a cofibration of CW-spectra is the anal-
ogous of the exact sequence [Y, F| — [Y, E| — [Y, B] for a fibration of spaces
F — E — B. In other words, in the category of CW-spectra, cofibrations
are the same as fibrations.

Given two CW-spectra A and B we can form their wedge sum AV B in
the obvious way, setting (A V B), = A, V B,, for all n. The structure maps
come from pasting the ones of A and B, since ¥(A,, V By,) is homeomorphic
to XA, VXB,,. Moreover the inclusions of the two factors, A - AV B« B
are strict maps of spectra.
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Remark 2.23. For cofibration of the pair (A V B, A), the exact sequence
of Proposition 2.22:

o= [FAl - [F,AVB]|— [F,B] — ---

has a splitting [F, B] — [F, AV B] given by inclusion and so we have that
[F,AV B] = [F, A] @ [F, B]. This clearly generalizes to finite wedge sums.

2.4 Cohomology for CW-spectra

Definition 2.24. Given a CW-spectrum E, we define the n'* E-cohomology
of a CW-spectrum X as:

EM(X) =[X, E]l,.

An element f € [X, E]_,, is a homotopy class of maps of spectra X — F
of degree —n. It corresponds to a strict map f’ defined on a subspectrum
X' € X with components f/: X;_, — E;. As shown in Remark 2.15, the
spectrum X is isomorphic to XY, where Y is the spectrum defined by
Y; = X,;_, for all i. Then we have:

S7"X, E] = [SSY, E) = [Y, B,

and a map Y — FE of degree 0 corresponds to a strict map f’ defined on a
cofinal subspectrum Y’ C Y with components f/: Y, = X;_,, — E,. Thus,
E™(X) can be also written as [X7"X, E|.

One check easily that, for all n, E"(X) is a contravariant functor from
the category of CW-spectra to abelian groups in the variable X.

The reason for the name “F-cohomology” is that E™ satisfies a series
of properties analogous to the axioms for a reduced cohomology theory on
spaces (see, for instance, [May99, Ch. 19] for a reference on them):

Proposition 2.25. If F is a CW-spectrum, the functor E™ satisfies the
following properties:

(a) For a cofibration A — X — X /A, the sequence:
E"(X/A) — E™"(X) — E"(A)
18 exact.
(b) There is a natural isomorphism E"(X) — E"T1{(32X).

(c) For a finite wedge sum of CW-spectra A1V ---V Ay, there is an iso-
morphism

k
EM(Ay V- v Ap) = [ B (A4).
i=1
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(d) A map of CW-spectra f: X — Y that is a weak equivalence induces a
isomorphism:

f E"Y) = E"(X).
Proof. (a) We can just use the exact sequence (2.2).

(b) Writing E™(X) as [X7"X, E], we have:

EM(X) = [X, E]_, = [S7"(X), ] =
£ (S(X0), B) & [S(X), Byt = B (EX).

(c) By definition, E"(A; V ---V Ag) = [A1 V --- V A, E]_,. To a map
fr A1V ---V Ay — FE we can associate, for 0 <i <k, f;: A; — FE by
pre-composing with the inclusion 4; — Ay V ---V Ag and, conversely,
a sequence of maps (f;: A; — E) define a map from the wedge sum
ALV ---V A, to E.

(d) If f is a weak equivalence, by Theorem 2.19 it is an isomorphism and
so the induced map E"(Y) — E™(X) is also an isomorphism.
O

It is interesting to look at the F-cohomology functors for a CW-spectrum
FE that we know: given an integer n and an abelian group G, recall that we
have the shifted Eilenberg-MacLane spectrum K(G,m), with

K(G,m), = K(G,m +n).

Note that:3
HG, = K(G,m)p—m.

By Remark 2.15, HG is equivalent to X" K (G, m). Hence, by Proposition
2.18, we have a natural isomorphism:

HG™(X) = [E~™X, HG] = [X, Y™ HG] = [X, K(G,m)]. (2.4)

It is also possible to define a cohomology theory on CW-spectra in a more
direct way, as we did for homology, building the cellular cochain complexes
for stable cells and taking the cohomology of the complex, the same way
one does for CW-complexes. For example, [Hat04] follows this approach.
The resulting cohomology H*(X; G) is isomorphic to the HG-cohomology
([Hat04, Prop. 2.4]). Moreover, if we apply this functor to the suspension
spectrum of a basepointed CW-complex X, it coincides with the ordinary
reduced cohomology of X with coefficients in G.

If one defines the spectra cohomology with the cellular cochain complex,
it is clear that, for a CW-spectrum of finite type, we get finitely generated

3HG is the Eilenberg-MacLane spectrum for the group G, defined in section 2.1.
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cohomology groups. Then, the HG-cohomology groups for a spectrum of
finite type are finitely generated.
Let us consider the natural transformations of functors:

HG™(—) — HG(—)

for an abelian group G and integers m, s. These natural transformation are
cohomology operations and, by (2.4), if we can apply the (contravariant)
Yoneda Lemma, we get that the set of them is in bijection with

HG(K(G,m)) = [K(G,m),K(G,s)] 2 [HG, K(G,s—m)]| = HG* "™(HG)

Namely, a natural transformation HG™(X) — HG*(X) corresponds to the
composition:

X = K(G,m) = K(G, s). (2.5)

So, every natural transformation HG*(—) — HG*(—) is identified with an
element of HG*(HG).

We have that HG*(HG@G) is an abelian group, as in general for any [ X, Y],
and it is also a ring, with multiplication given by composing maps. It can
be easily checked that, for any CW-spectrum X of finite type, these facts
give to HG*(X) a HG*(HG)-module structure, with scalar multiplication
given again by the composition.

Setting G = Z/p for a prime number p, we define the modulo p Steenrod
Algebra:

Ay = (HZ/p) (HZ/p),

the algebra of stable cohomology operations with Z/p coefficients. It is a
Z/p-algebra and it is generated by the Steenrod operations: the Steenrod
squares Sq', if p = 2, the Steenrod powers P* and the Bockstein map Bp,
for p > 2 ([Ada74, Ch. II1.12)).

In the construction of the Adams Spectral Sequence we will need an
improved version of the isomorphism seen in Remark 2.23, that works for
certain infinite wedges of CW-spectra. Note that here we get an isomorphism
between [X, V;K;] and the direct product | [,[X, K;|, while for finite wedges
we have a direct sum.

Proposition 2.26. The natural map
X, ViE (G, ni)] = [[1X, K (G, ni)]
i
[ (fo),
where f; is the composition of f with the projection V;K (G, n;) B, K(G,nj),

is an isomorphism if X is a connective CW-spectrum of finite type and
n; — 00 as i — o0.



2.4 Cohomology for CW-spectra 16

The proof of the Proposition is based on the two following lemmas. Recall
that, if X is a connective CW-spectrum of finite type, the dimension of its
stable cells is bounded below and X can be written as the increasing union
of its k-skeleta X*. Since X has finite type, each X* is finite.

Lemma 2.27. Let E* be the E-cohomology for a fited CW-spectrum E and
X a connective CW-spectrum. Then there is an exact sequence:

0 — lim' E"1(X*) = E"(X) — lim E"(X") — 0,
where X* denotes the k-skeleton of X.

Recall that @E”(X *) denotes the inverse limit of the groups Gj =
E™(X"), which can be seen as the kernel of the homomorphism:

5: H(Gk) —>H(Gk), 6((9:)) = (ha),

with h;j = g; — i}, 1(gj+i), where i} is the map induced on cohomology by
the inclusion X**1 — X% Here yinl is the cokernel of §.

A result analogous to this Lemma, but for CW-complexes instead that
for CW-spectra, is proved in [Hat02, Thm. 3F.8]. and the argument can be
easily translated to CW-spectra. The second ingredient for the proof of the
proposition is the following algebraic lemma, whose proof is omitted from
this project:

Lemma 2.28 (Mittag-Leffler criterion). If, for each k, the images of
Gren — Gy are independent of n, for n big enough, then @1 G =0.

Proof (of Proposition 2.26). If X is a finite spectrum, every space X; has
a finite number of cells. Hence, by cellular approximation, all the factors
K(G,n;) with n; bigger than the maximum dimension of the cells in the
spaces X can be omitted from the direct product and from the wedge sum
and so we get back to the finite case seen in Remark 2.23. For the general
case, we can see the spectrum X as the union of its skeleta X, that are finite.
If we denote A" (X) = [¥7"X, V;K(G,n;)] is the cohomology associated to
ViK(G,n;), by the previous lemma we have the exact sequence:

0 — lim' A" (X*) = A™(X) = Lim A" (X*) — 0,

The third term of the spectral sequence %iinh”(X k) is the product we are
interested in, [[,[X, K(G,n;)], because it is the inverse limit of the finite
product from the previous case. Then it is enough to show that the term
I'Lm1 (X k) is zero to get the wanted isomorphism. We can apply the
Mittag-LefHer criterion: in fact we have that the images of the maps

HGH (XM - HGY(XF)

are independent of n when k +n > i. Then l'gll h"=1(X*) = 0 and the
proof is complete. O
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3 The Adams Spectral Sequence

We begin the section doing the construction of an exact resolution of the
cohomology of a CW-spectrum, before moving on to the construction of
the Spectral Sequence. The spectral sequence deals with cohomology with
coefficients in Z /p, for a prime p. Hence in the following we will consider only
this cohomology, with the notation H"(X) = (HZ/p)"(X) = [ X, K(Z,n)].

3.1 Exact resolutions

From now on we are restricting our attention to connective CW-spectra of
finite type, so that the cohomology groups are finitely generated.

The results of the previous section allow us to use CW-spectra in a much
similar way to CW-complexes, in the sense that we don’t need anymore to
look at the spaces composing a spectra. Instead, when looking at a sequence
of spectra, we will use the notation X,, to refer to one of the spectra in the
sequence.

Let X be a connective CW-spectrum of finite type. Our goal is to build a
free resolution of the cohomology H*(X), seen as a module over the modulo
p Steenrod algebra A,. The first step is to take «; generators for H*(X),
with a finite number of them in each H"(X). By (2.4), each a; can be seen
as an element of [ X, K(Z/p, n;)] and so, by Proposition 2.26, they determine
a map

X = V;K(Z/p,n;).

We set Ky = V;K(Z/p,n;), that is a spectrum of finite type, and then,
replacing this map with an inclusion via the mapping cylinder construction,

we may form the quotient:
X1 =Ky/X.

X1 is again a connective spectrum of finite type, then we can repeat the
construction with X; in place of X to build K; and Xo = K;/X;. This
yields the diagram:

X — K, - Ky - K,

NN NS
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and, applying the cohomology functor, we get the diagram:
H*(X)«— H*(

H*(Ky) H*(K>)

NN N

H*(X)) H*(X>) H*(X3)

N N\

which gives a free resolution of H*(X) as a A,-module.
If we denote X" = X7"X,, and K" = ¥~ "K,,, we can rewrite the previ-
ous diagram in the form:

X? —+ K?

|

x' . K!
X —+ KO

by using (2.1) for the cofibrations X; — Ks; — Xgy1 we built above and
applying the suspension isomorphism of Proposition 2.18. The diagram is
called the Adams tower over X.

3.2 Constructing the spectral sequence
In the construction of the exact resolution we defined cofibrations:
Xs = Kg — Xsq1.
Then, by Proposition 2.22, we get exact sequences:
(2, X] — [, K] — [, Xoq] = 2, 2X] —
Recall that we have the isomorphisms given by suspension (Proposition

2.18):
Xy, ¥ X, = 2y, X,
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and so the exact sequences above fit together to form a so-called staircase
diagram:

- [EtJrlY? XS] - [Et+1Y7 KS] - [Et+1Y7 XS+1] - [EtJrlY? 2K8+1] - [EtJrlYa XS+2] -

| | |

- [BY, X 1] — [, K, 4] —— [Z'Y, X|] B, YK, —— XY, Xoq] —

| | |

. [Et_ly, Xs—2] . [Et_1Y, Ks—Q] . [Et_1Y, Xs—l] . [Zt_1Y7 EKS—I] — [Et—lyv, Xs] >

! ! !

Such a diagram determines an exact couple, which is one of the standard
ways to construct a spectral sequence (see [HS97, Chapter VIII] for a de-
scription of the construction in general).

Definition 3.1. The spectral sequence obtained from the previous staircase
diagram is called the modulo p Adams spectral sequence.

To simplify the writing, we introduce the notation:
= (X) = [2'Y, X].

This way, taking Y equal to S°, the sphere spectrum, we have: 7rtSO (X) =
Tt (X) )

To identify the terms in the first pages of the spectral sequence, we pro-
ceed as follows: by construction, each K is a wedge of Eilenberg-MacLane
spaces and we know that its cohomology H*(Kj) is a free Aj-module.

The elements of 7} (K) = [X'Y, K] are tuples (a;) of maps a;: 'Y —
K(Z/p,n;) or, in other words, o; € H™(X'Y). Since H*(K;) is a free
module, the natural map:

Y, K] % Hom, (H*(K), H*(£'Y))

is an isomorphism. If we introduce the notation Hom! to indicate the ho-
momorphism that lower degree by ¢, this can be rewritten as:

7 (K,) = Homu, (H*(K,), H*(S'Y)) = Hom!y (H*(K), H*(Y)).
Therefore, the terms of the first page of the spectral sequence have the form:
B} = Homly (H*(K,),H*(Y))

and the differential d; in this page is formed by the maps:

t t 1.t
dy': Bt — By,
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induced by the map K; — K11, that we defined when constructing the
exact resolution of H*(X). In fact ES" = 1) (K,) and E{TH = oY (K1),
so we may view di' as a map 7} (Ks) = 1) (Kqp1).

This means that the F; page consists of the complexes

gt
0— Homilp(H*(Ko), H*(Y)) — Homlep(H*(Kl), H*(Y))
1,t

d;’
—— Homly (H*(Ka), H*(Y)) = ... (3.1)
The terms of the next page Fs are, by definition:

Ey' = ker(d¥")/ Tm(d{™ "),

hence, computing them amounts to compute the homology of the complexes
(3.1) and so, since the groups H*(Kj) are an exact resolution of H*(X), we
get the Ext groups:

Ey' = Ext (H*(X), H*(Y)).

3.3 The main theorem

Our main result deals with the convergence of the Adams Spectral Sequence.

Theorem 3.2. Let X be a connective CW-spectrum of finite type. Then the
Adams Spectral Sequence with Ey terms of the form.:

Byt = Bxt’y (H*(X), H*(Y)

is convergent to w) (X) modulo the subgroup given by torsion elements of
order prime to p. In other words:

(a) The terms E3 are isomorphic to the successive quotients F5t ) Fst1t+1
for a filtration of 7} J(X) in which F*' is the image of the map
Wt(XS) — TI't_S(X).

(b) NpFs+™H" s the subgroup of m)_ (X)) of the torsion elements of order
prime to p.

Note that the filtration can very well be infinite: this happens if 7} (X)
is infinite, since all the elements ES' of the spectral sequence are finite
dimensional Z/p vector spaces. In fact the terms on the E; page are finite
dimensional, because they have the form Homi‘p (H*(Ky), H*(Y)), and this
implies that all the terms in the next pages are finite dimensional as well.

Let us introduce the following terminology: a sequence of spectra (L;)
with maps Z — Ly — L; — ... such that the composition of two con-
secutive maps is nullhomotopic is called a complex on Z. A complex such
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that every spectrum L, is a wedge of Eilenberg-MacLane spectra is named
Eilenberg-MacLane complez. If the sequence induced in cohomology:

0« H*(Z) <+ H*(Lo) « H*(L1) « ...

is exact, then the complex is called resolution.
Let us prove a lemma that will be used in the proof of the theorem:

Lemma 3.3. If we are given a resolution of Z:
Z = Lo— L1 — ...,

an Filenberg-MacLane complex:
X—>Kyg—Ki— ...

and a map f: Z — X, then we can build maps f; forming the following
diagram, commutative up to homotopy:

Z —— Lyg—— L —— Ly — ...

1

X ~ Ko K Ky -

Proof. Since the composition of two consecutive maps is nullhomotopic, we
can factor the maps as in the diagram:

Lo/Z = 74 L1)Z1 = Zy
7 — L : - Iy : v Ly —
f\ fo! 1 fi 1 fo
| | v | |
X Ky : K : - Ko
\ v / \ ; /
Ko/X = X, Ki/X1 =X,

The map X — Ky = VK(Z/p,n;) corresponds to a sequence of a;: X —
K(G,n;) and we can view each «; as a class in H"(X), by (2.4). Since the
map H*(Lg) — H*(Z) is surjective (because the first row is a resolution),
there exist, for all 7, some ; € H™(Lg) such that f*(5;) = «;. Each 5;
gives a homotopy class in [Lo, K(G,n;)], again by (2.4), and so we get a
map fo: Lo — Kjp, forming a homotopy-commutative square. By exactness,
the map H*(Ly) — H*(Z) is surjective, so we can repeat the argument to
build f; and further for all the other f;’s. O



3.3 The main theorem 22

We can now prove out Theorem about the convergence of the Adams
spectral sequence.

Proof (of Theorem 3.2). We prove the theorem in the case of the ordinary
homotopy groups, in which Y is the sphere spectrum S°: the proof for an
arbitrary spectrum Y contains only minor changes. We start from (b) and
for the proof we take Y to be the sphere spectrum, so that H*(Y') = Z/p:
since the terms of the Fj page are Z/p vector spaces, as observed, they
have the form E}" = my(K,) = Hom!(H*(K,),Z/p). So, by exactness, the
vertical maps in the staircase diagram are isomorphisms on the torsion of
order prime to p, therefore we have that the torsion of order prime to p is
contained in N, Fstt+n,

To prove the other inclusion, we do first a special case: suppose that
(X)) is entirely of p-torsion. We want to build a Eilenberg-MacLane com-
plex over X: X — Ly — L1 — ... as follows: take n such that m,(X) is the
first non-trivial homotopy group. Then take generators o;: X — K(Z/p,n)
for H"(X) and let Ly be a wedge of Eilenberg-MacLane spectra K(Z/p,n),
one for each element ;. This way the map a: X — Ly induces isomorphism
on cohomology and also on homology. By the Hurewicz Theorem 2.20, on
homotopy it is the map m,(X) — m,(X) ® Z,. Now, if we make the map
X — Lo into an inclusion and look at Z; = Ly/X, we have m;(Z;) = 0 for
i < n and mp41(Z1) = ker(mp(X) — mn(Lo)), so mp+1(Z1) has a smaller
order than 7,(X). Then we can repeat the process with Z; in place of X
and build a map Z; — L; in the same way, with L; a wedge of Eilenberg-
MacLane spectra. Turning this map into an inclusion, we form Zs = L1 /7,
whose first non-trivial homotopy group is m,4+1(Z2) and it has a smaller or-
der than m,41(Z1). Continuing the process for a finite number of steps, we
will get to Zi, with m;(Z;) = 0 for ¢ < n + k. At that point we consider
Tnik+1(Zk) and repeat the steps. This way we get the wanted complex
X — Ly — L1 — .... Now, if we denote Z* = ¥7'Z;, we get the Adams
tower associated to the complex, with maps --- — Z?2 — Z' — X. By
the previous construction, the map induced by Z' — X on homotopy is an
isomorphism on all degrees except on m, for which it is the inclusion of a
proper subgroup. The same for Z2 — Z1, until we reach the step k for which
7,(Z%) = 0 and the inclusion of a proper subgroup is in degree n + 1. The
tower continues: after another finite number of steps, 7,41(Z7) becomes
zero and so on: this implies that, for each i, m;(Z7) is zero if j is big enough.
Now we can apply Lemma 3.3, to get a map from the resolution of X that we
used to build the spectral sequence and the complex X — Lo — L; — ....
If we pass to the associated towers and apply homotopy, we get the diagram:

. — 7TZ‘(X2) — 7ri(X1) — ;i (X)

L

 — (2% — m(ZY) — m(X)
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If there was an element in 7;(X) pulling back in all the groups in the first row,
it would do the same in the second row. But the Z%’s have been constructed
so that 7;(Z7) = 0 for j big enough, so this is impossible so the intersection
the groups F*! = Im(m(Xs) — m—s(X)) = Im(m—s(X®) — m_s(X) have
empty intersection, so (b) is proved in the case of 7, (X)) entirely of p-torsion.
To prove this inclusion in general, let us consider an element o € 7, (X)
that is either of infinite order or of p-torsion. We shall prove that it is
not contained in the intersection N, F**t™!+"  Since the order of « is either
infinite of p' for some t > 0, we can pick a positive integer k such that « is
not equal to p* times another any other element of 7,,(X). If we consider the

k
identity map in [X, X] and add it to itself p* times, we get a map X 2y x

k
and we can form a cofibration X 2+ X — H. By (2.1), we get a long exact
sequence in homotopy:

in which the map p* is z — P By exactness, we have that m;(H) is entirely
of p-torsion for all ;. We have a map X — H from the cofibration and so,
by the Lemma, we get a map from the tower over X associated with the free
resolution to the tower over H, as done in the previous case. By the way
we have chosen o and k, we have that « is mapped to a non-zero element
by the map 7,(X) — m,(H), by looking at the previous exact sequence in
degree n. If our element « pulled back in all the groups m;(X7) in the tower
over X, it would do the same in the tower over Z, but this is impossible by
the case we proved earlier, because 7.(Z) is entirely of p-torsion. Hence «
is not contained in the intersection N, F*T™*" and so (b) is proved.

For (a), we look at the r*" derived couple associated to the staircase
diagram. We have the diagram:

E,
Bt o4,

A, ir

h A,

Ay

We shall prove that, if r is big enough, then 4, is injective: injectivity on
elements of infinite order or on torsion elements of order prime to p come
from the exactness, since the in the £ columns of the staircase diagram we
have Z/p vector spaces. For elements of p-torsion, we know from (b) that
A" does not contain such elements if 7 is sufficiently big, therefore the claim
is proved.
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This implies that, for r big enough, the map preceding 7, in the exact
couple, k., is zero, hence the differential d, at ES' is also zero. For the
differential d, mapping to E2' we have that is is also zero if r is sufficiently
big, because it originates at a zero group, since the terms in the E column
of the staircase diagram are zero under some level. Hence ESt = Ef_il from
a certain value of r, since the differentials become zero. Since k, is zero for
r big enough, then E$' is the cokernel of the map h in the diagram, which
is the inclusion F5TU+1 — Fst and so B3 = Fst/psthttl, O

We end this section with a result that will be useful for the calculations:
if we want to use the spectral sequence with the spectrum Y equal to the
sphere spectrum S, as in the case of the computation of stable homotopy
groups, we have a way to simplify the calculation of Exti{i (H*(X),Zp): it
is to build a minimal free resolution for H*(X). A free resolution

0+ H*(X) « My My + My« ...

is called minimal if during the construction of the free modules, we take the
minimal number of generators for each M; in each degree.

The following proposition, which can be proved via an algebraic argu-
ment, shows why it is convenient to build such resolutions:

Proposition 3.4. If a free resolution 0 < H*(X) < My < M; < ... is
minimal, then all the boundary maps in the complex:

-+ ¢ Hom!y(Ma,Z/p) + Hom’y(M1,Z/p) + Hom’y(My,Z/p) + 0
are zero and so Ext{ (H*(X),Z/p) = Hom!, (M, Z/p).

Proof. See [Hat04, Ch.2, Lemma 2.8]. O
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4 Calculations

4.1 Stable homotopy groups of spheres

One of the most classical applications of the Adams Spectral Sequence is
the computation of the stable homotopy groups of spheres. If we take both
X and Y equal to the sphere spectrum S° in Theorem 3.2, we obtain in-
formation about the p-component of the stable homotopy groups of spheres
»m5(8Y) = ,78. In the calculation we will fix p = 2 and denote with A the
modulo 2 Steenrod Algebra. The following diagram, that presents a portion
of the page F», is an example of the result of these calculations.

—_
=)

01 2 3 4 5 6 7 8 9 1011 12 13

O H N W ke Ot O N 00 ©

The vertical axis of the diagram is the coordinate s and the horizontal
one t—s, this way each column gives information about one homotopy group:
namely, the column ¢ — s contains information about 7;_,. Every dot in the
diagram represents one factor Z/2 in Ej.

The differential df«’t in the page E, goes from Ef’t to Ef“’tM_I
in our diagram, d, goes one cell to the left and r cells upward.

It can be shown that the vertical lines in the diagram represent multi-
plication by p = 2 in #¢, therefore, for instance, the infinite line of dots in
the column ¢ — s = 0 corresponds to the fact that 7§ = Z and so one can
keep multiplying by 2 without getting a zero. As a consequence of Theo-
rem 3.2, each dot in this column is a quotient 2"Z/2"*17Z for the filtration
.cortlzcomz Ccovlz C . of Z.

All the differentials in the portion of Fs drawn here are zero, hence all
the dots shown here stay till the spectral sequence converges. To see this,
one can use the fact that they are derivations and so satisfy the relation:

. Hence,

dr(zy) = xdr(y) + dr(2)y.
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This is not obvious, but it is true in our hypothesis as a consequence of
[Rav03, Theorem 2.3.3]. The multiplication operation in every page of the
spectral sequence corresponds to the graded multiplication that is present
inside the graded stable homotopy group =3:

S S S

induced by the compositions S*H7+k — Sitk _ Gk (see Proposition 1.3).
The vertical solid lines in the diagram represent multiplication by hg.

Let us show how one can prove that the differential d, (in the page E,)
originating at (1,1) is zero. This differential maps to the cell (0,7 4+ 1) and
so, if we suppose that it is non-zero, it maps hy to the non-zero element at
(0,7 + 1): we would have d,.(h;) = hj*!. Then, by the derivation rule:

dy(hoh1) = hody(h1) + dy(ho)h1 = hohl™ = b2,

and h6+2 is non-zero, because multiplication by hg in the column t —s = 0 is
an isomorphism. But, looking at the diagram, we see that the product hghy
is zero, and so the left hand side of the equality is zero, giving a contradiction.
Therefore, we must have d,(h;) = 0.

To get the picture of the Fo page that we have described, we need to
calculate the Ext 4(Z/2,7/2) terms and for this we may work out a minimal
free resolution

oo > My — My — My —Z/2 — 0

of Z/2 as a A-module. The process begins by taking as My a copy of A,
with a generator Ag in degree zero that maps to the generator of Z/2, as
shown in the diagram of the next page. For the resolution to be exact, we
need to choose M; so that it maps onto the kernel of the map My — Z/2,
that is composed by all the terms of the form Sq’ Ag, where Sq’, for I =
(i1,i2,...,15), denotes the product of Steenrod squares Sq’ ... Sq’™. So we
need a generator B; in M; that maps to Sq' Ag. This implies that Sq! By
maps to Sq'Sq! Ag = 0, by the Adem relations. Hence we need a new
generator By in the position s = 1, t — s = 1, mapping to Sq? Ay.

The process continues like this: note that in the diagram, in the column
s, we have the elements of degree k in the row t — s = k£ — s. We use
coordinates s and t — s on the axes of the diagram to use the same notation
that is used in the spectral sequence. For this reason, the maps of the
resolution, which have degree 0, are sloping downward to the left. These
maps are displayed as arrows in the chart and are omitted for elements that
map to 0. An arrow with more than one head means that the element from
which the arrow originates maps to the sum of the elements pointed.

All the resolution can be computed inductively, proceeding row by row
and from left to right in each row: in every entry (s,t — s) of the diagram
we compute the boundary map on the elements that are already present
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Fy Fi Fy F3 Fy Fs
Ao By Co D3 Ey F5
Sqt Ag qul B qul Ca qul D3 qul Ey4 qul Fjs
Bo
Sq2 Ag quZ By Sq2 Co Sq? D3 Sq? Ey Sq? Fy
fsql Bs Cy f f f
Sq?! Ag fSQZ’l B Sq?1 Cy Sq?! D3 Sq?! By Sq?! Fy
Sq® Ag Sq® By Sq® Co Sq® D3 Sq® Ey Sq® Fy
Sq2 B Sql Cy
By Cs Dg
Sq®1 Ag Sq®! By Sq®1 Ca Sq®! D3 Sq*! By Sq®1 Fy
Sq* Ag Sq® Bs Sq* Co Sq* D3 Sq* Ey Sq* Fy
Sq* By Sq2 Cy Sq'! D¢
qu’l B Sq1 Cs
Sq' By
Sq*! Ag Sq*! By Sqtl Cy Sq*! D3 Sq*l By Sqb! Fy
5
Sq” Ao Sq* By Sq® Ca Sq® Ds Sq® B4 Sq® Fs
Sq®! Ba Sq® Cy Sq? D¢
Sq® By Sq? Cs
Sq? By Sq%1 Cy
Sq4,2 AO Sq4,2 Bl qu’l 02 Sq5’1 D3 Sq5,1 E4 Sq5,1 F5
Sq>* Ao Sq>! By Sq*2 Oy $q12 Dy Sq™2 4 Sq*? Fy
6
Sq” Ao Sq® By Sq® Co Sq® Ds Sq® Ey Sq® Fy
Sq2,1 B4 Sq2’1 05 SqQ,l D6
Sq*1 By Sq*1 Cy Sq® Dg
Sq® By Sq* Cy
Sq® By Sq® Cs
Cs
Sq4’2’1 AO Sq4’2’1 B: Sq4’2‘1 CQ Sq4’2’1 D3 Sq4’2’1 Ea
6,1 6,1 6,1
Sq® Ao Sq”+ By Sq”+ Ca Sq%! D3 Sqb1 By
Sq5,2 Ag Sq5’1 Bo Sq4’1 Cy
Sq” Ag Sq®>? B Sq® Cy
Sq*?2 By Sq” Ca .
Sq7 By SqB’I Cs .
Sq3’1 B4
Sq® B,
Sq* By
Bs Co D1o Ei
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(and have the form Sq! times a generator introduced in a previous row,
for all the admissible monomials Sq’ of the appropriate degree). Then, to
decide if we need a new generator in the cell, we look at the map going
from (s —1,t —s+1) to (s — 2,t — s + 2): if it is not injective, then we
have to introduce a new generator. It does not matter if in the next row
we will introduce new generators in (s — 1,£ — s + 1), because generators
map injectively, so they are never in a kernel. This process makes use of
the Adem relations, to write the image of the product Sq’ X as admissible
monomials.

This example gives the feeling of how one uses this spectral sequence
for calculations: first there is the algebraic problem of building an exact
resolution for H*(X) and computing the homology of the Hom complex of
the resolution, to get the terms Extiit(H*(X),H*(Y)). Then one has to
understand what differentials d, are non-trivial and to compute them to
understand the convergence of the spectral sequence. As shown, E., only
contains the successive quotients in filtrations of the homotopy groups, so
one has still to solve the group extension problem to recover the homotopy
groups.

4.2 The homotopy of the spectrum ko

In this section we will show a computation of the 2-component o7, (ko) of the
homotopy of the spectrum ko, the spectrum of real connective K-theory. In
this specific case, the computation of an exact resolution of H*(ko) is easier,
because, via a certain change-of-ring isomorphism, we can avoid working
with the (mod 2) Steenrod algebra A and use instead the finite-dimensional
subalgebra A(1), which is defined as the subalgebra generated by Sq' and
Sq?. This is a module (or, in other words, a vector space) over Z/2. By
an explicit computation of the products of elements of A(1), applying the
Adem relations, one sees that the following elements give an explicit basis
for it, so A(1) is 8-dimensional over Z/2:

B = {Sq",Sq",Sq% Sq®, Sq* Sq', Sq® Sq*, Sq? Sq' Sq?, Sq” Sq' }.

We recall a shortened notation that is used to denote products of Steenrod
squares: Sq*t " = Sq*t...Sq"™. In the following computations we will use
repeatedly the Adem relations, so we list here the ones that we are going to
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need:
Sq’ =1 Sqtt =0
Sq1? = S Sq¥ =0
S22 = S = gt S22 = 523
S22 = SP1? = gt Sl — gt
Sq1?? = §3? = 0 S22 — 0.

All elements in our basis for A(1) have degree lower or equal than 6, hence
every product of squares Sq! where I = (ig, ...,i,) with ig + -+ + 4, > 6
is automatically zero. As said, our aim is to compute the Adams Spectral
Sequence for p = 2 to compute o7, (ko). We will sketch here the reason for
which we can switch to A(1) in this case. For a more detailed explanation
of this, we refer the reader to [Rav03, Ch. 3.1].

By Theorem 3.2, the terms EQS’t of the spectral sequence converging to
the 2-component of 7, (ko) are:

Ey" = Ext*{ (H*(ko),Z/2).

Now, we have that H*(ko) is a module over A(1) and, by [Ada74, Part III,
Prop. 16.6]:
H*(ko) = A/JA(1) = A®401) Z/2.

So we can substitute in the equation for the terms of E5 and apply a change-
of-ring isomorphism, obtaining:
it )t t
Ey" = Ext (A®.aa) 2/2,2/2) = Ext’y ) (Z/2,2/2).

Hence we can compute a free resolution of Z/2 as a A(1)-module to
compute this Ext4;). To do this we proceed as we did in the previous
section for computing a minimal free resolution of Z/2 over A, but in this
case the computation is easier, since A(1) is finite dimensional.

We want to construct free A(1)-modules M; such that

o= My — My — My —Z/2 -0

is exact.

Our computation is displayed in the chart in the following page. Note
that the chart is indexed in the same way of the spectral sequence, with s
on horizontal axis and ¢ — s on the vertical one. This choice is convenient to
translate the information to the spectral sequence, but we have to be careful
because this introduces a vertical shifting in the columns: the module M;,
which is in the column ¢, has its part of degree k in the row k—s. For example,
the entry (3,1) contains the 4-degree part of Ms. Another consequence is
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Fo Fy Fy F3 Fy Fs Fg Fr
Ao By Co D3 Ey Fs Ge Hr
Sqt Ao qul B; qul Ca qul D3 qul Ey qul Fs qul Gs qul Hry
Ba
Sq? Ag f5q2 By Sq? Cy Sq® Ds Sq? By Sq® Fs Sq® Gs Sq® Hr
fsql B2 C4 f f f f f
Sq®! Ag ‘/7&1271 B Sq®! Cy Sq*! D3 Sq*! B4 Sq*! Fy Sq*! Gg Sq*! Hy
Sq® Ao Sq3 By Sq3 Cy Sq3 Ds Sq3 B4 Sq3 Fy Sq® Gs Sq® Hy
fsqz 5 fsql 4 f f f f f
Sq>! Ao Sq>! By Sq>! Cy Sq®! D3 Sq>! By Sq>! F Sq>! Gg Sq>! Hr
Sq?! By Sq% Cy D7 Eg Fy Gio Hyy
f5q3 Bs
Sq2’1’2 AO Sq2,1,2 Bi Sq2’1’2 02 Sq2’1’2 D- Sq2’1’2 Ey Sq2’1’2 F5 Sq2’1’2 G Sq2’1’2 H7
Sq®! By Sq® Cy Sqt D7 Sq' Eg Sq' Fy Sq' Go Sa* Hi1
Sq2,1 Cy
Sq5’1 Ao Sq5’1 B1 Sq5’1 Co Sq5’1 D3 Sq5‘1 Ey Sq5’1 F5 Sq5'1 Ge Sq5’1 H~7
Sq%1:2 By Sq?1 Cy Sq? D7 Sq? Es Sq? Fo Sq? Gio Sq? Hi1
Sq®1 By qu2’1’2 C4qu3 D~ fSQS Eg qus Fy qug G1o qus Hi
quQ’l Dz quQ’l Esg f8q2’1 Fy quQ’l G1o quQ’l Hy,
Sq®1 Cy Sq®! D7 Sq>! Bg Sq®! Fy Sq®1 G1o Sq®! Hia
Fio Fi3 G4 Hys
Sq2’1’2 D7fsq2,1,2 E83/78q271’2 Fgfqu,l,Q GIOJV Sq2’1’2 H11
Sql E1z Sql Fis Sq! Gia Sql His
Fiy
Sq®! Dy Sq™! Eg Sq®! Fy Sq! Gio Sq®! His
Sq? E12 Sq? Fi3 Sq? Gia Sq® His
Sq! Fiy Gie f
Sq*! E1z fSQQ’l Fi3 Sq*! Gig Sq®! His
Sq® E1z Sq® Fis Sq® Gia Sq® His
fSQQ Fiq qul Gie f
Sq®! E1a Sq*! Fis Sq*! G4 Sq*! His
Sq?! Py Sq? G16 Hyg
qus Fiy
Sq2’1’2 E: Sq2’1’2 Fy: Sq2,1,2 Gl Sq2’1’2 H15
Sq>! Fiy Sq3 Gie :
Sq?! G1s

Sq®! E1g Sq®! Fis j5q5‘1 Gia Sq®! His
Sq?1:2 F1qu3‘1 Gie

Sq%! Fia Sq212 Gig
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that the maps of the resolution, which have degree 0, are sloping downward
to the left. These maps are displayed as arrows in the chart and are omitted
for elements that map to 0. An arrow with two heads means that the element
from which the arrow originates maps to the sum of the two elements.

The first step of the resolution is of course to take as My a copy of A(1)
with a generator Ay of degree 0 which is mapped to the generator 1 € Z/2.
The generator Ap originates the 8 elements of the first column, given by
products with the elements of the basis B of A(1). In general, every time
that we introduce a generator in the cell (s,t — s), we get 8 elements that
reside in the entries from (s, —s) to (s,t — s+ 6). In the chart, we write
generators in red.

The kernel of the map My — Z/2 consists of the products Sq! Ay for
Sq! € B except for Sq° = 1. Then, we have to construct M; so that it maps
on this kernel: to start with, we need a generator B; of degree 1 mapping to
Sq! Ap in the first column. This defines the map on all the elements Sq* By:
for instance, we have that Sq' B; maps to Sq' Sq' Ag = 0 and Sq? B; maps
to Sq>! Ag. Now one notes that no element is mapping to Sq? Ag, therefore
we need a generator of M, mapping to it. Since Sq? Ay has degree 2, so
does the generator, which we denote with By. In general we respect the
convention that the subscript of a generator indicates its degree. Now we
can compute the map on the elements of M originating from B and we
see that we do not need any other generator in this column, because we are
already hitting the entire kernel of My — Z/2.

Then we can continue the process to compute every column of the chart:
since we want to obtain a minimal resolution, we introduce a new generator
only when it is needed to map on the kernel of the previous map.

After few columns, some patterns emerge: namely, we have a generator
in every entry of the row ¢t — s = 0, while there is only the generator By for
s =1 and only Cy mapping to Sq® B; + Sq? Bs.

One can proceed row by row in the calculation, going from left to right
in the row. In every cell (s,t — s), to decide if a new generator is needed,
we have to look at the map from (s —1,t —s+1) to (s — 2,t — s+ 2): if
it is not injective, then we have to introduce a new generator. As said, it
does not matter if in the next row we have to introduce new generators in
(s—1,t — s+ 1), because generators map injectively, so they are never in a
kernel.

We see that we need a generator D7 in s = 3, t — s = 4, mapping to the
sum Sq?1? Cy + Sq® C4. This causes the existence of the elements Sq®2 D5
and Sq' D7 in the cell below, that both map to Sq*! Cs. Therefore we have
to introduce a new generator in s = 4, t — s = 4, called Ejg, to kill these
two elements and so on for all the row t — s = 4: hence this row presents an
infinite tower beginning in s = 3. We can see inductively for the following
three rows that we do not need any new generator. When we come to s = 4,
t — s = 8 we have to introduce a new generator Fio and, for a similar
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argument as before, we get a whole new tower on this row.

Now, when we come to the row below, t —s = 9, we see that we are in the
same situation that is present in s = 1, t — s = 1: the generators of the row
t—s = 8 play the role of there was of the ones in the row t —s = 0: Fi4 maps
to Sq? times the first generator in the tower. Hence the situation repeats and
we get the same pattern of the rows t —s = 0,1, 2 in the rows t —s = 8,9, 10,
shifted of 4 columns and 8 rows. Similarly, in s =7, t — s = 12, we have the
generator Hig that corresponds to D7, shifted by the same number of rows
and columns and so again the situation repeats.

Hence the resolution is composed by this pattern that repeats periodi-
cally, every time shifted of 4 columns to the right and 8 rows up.

By Proposition 3.4, since our resolution is minimal, we have the following
pattern on the Fy page of the (mod 2) spectral sequence for o7, (ko):

10| e ° ° °

9| e [} [} [}

| e [} ° [}

o 1 2 3 4 5 6 7 8 9 10 11 12 13

Also in this diagram, the vertical lines indicate multiplication by hg.
The only differential that could be non-trivial is the one going from the
column 8k 4 1 to the column 8k, for £ € N. It is possible to see that it is
zero, using again the fact that, in our hypothesis, differentials satisfy the
derivation relation d,(zy) = zd,(y) + dr(x)y ([Rav03, Theorem 2.3.3]), as
we have done for the case of the homotopy groups of spheres. To see that
d,(h1) = 0, we can apply the derivation rule, which gives, since hoh; = 0:

0 = dy(hoh1) = hody(h1) + dy(ho)h1 = hody (1),

and so d,.(h1) = 0, because multiplication by hg is an isomorphism between
consecutive groups in the column ¢t — s = 0.

Hence, the diagram is also a picture of the F,, page.

As in the case of spheres, the vertical lines in the diagram represent
multiplication by 2. In the E., page, each dot in the i*" column represents a
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successive quotient isomorphic to Z/2 in a filtration of om; (ko). The infinite
towers of connected dots in the columns ¢t — s = 4k correspond to the fact
that one can keep multiplying by 2 without getting zero: since the homotopy
groups of a spectrum of finite type are finitely generated, one can prove
that these homotopy groups are isomorphic to Z. For t —s = 8k + 1 or
t —s = 8k + 2, we have only one quotient Z/2 in the filtration of the
homotopy group, which is then isomorphic to Z/2. The absence of dots
in the other columns implies that the corresponding homotopy groups are
trivial. In conclusion, we get, for n > 0:

7, if n =0 (mod 4),
oty (ko) = ¢ Z/2, ifn=1or 2 (mod 8),

0, otherwise.
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