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Abstract

The computation of stable homotopy groups of topological spaces, spheres
in particular, has been and continues to be one of the driving forces of
algebraic topology. Two tools used for this are Toda brackets[19] and
Adams spectral sequences[1].

As demonstrated by Miller[11] the Adams spectral sequence can be
constructed in any triangulated category 7 equipped with projective and
injective classes. Christensen and Frankland[ 6] prove that the differential
d, in an Adams spectral sequence can be expressed as an (r+1)-fold Toda
bracket.

In this thesis we aim to compile and present some of these results with
additional details. The thesis has four parts. In the first part we discuss
the construction and properties of projective and injective classes. We
then move on to Toda brackets, before returning to the projective and
injective classes and Adams spectral sequences with respect to them. In
the last part, all the preceding parts come together, and we show how
Toda brackets and the general Adams spectral sequences relate.

iii






Contents

Abstract . . ... .. ... iii
Contents . . . .. ... ... i e A
Acknowledgements . . . ... ......... .. ... .. ... ..., vii
1 Introduction . ... ......... ... ... ... 1
1.1 Preliminaries . . . .. .. ... .. ... ... 3

2 Projective and injective classes . . . ... ... .......... 5
2.1 Projective classes in a category with weak kernels . . . .. 6
2.2 Projective classes in a triangulated category . . . . ... .. 7
2.3 The ghost projectiveclass . .. ................. 9
2.4 Injectiveclasses .. ........... ... 12
2.5 Some properties of projective classes . .. .......... 14

3 Todabrackets ............. ... ... ... 17
3.1 Three coinciding definitions. . . . ... ............ 17
3.2 Some examples of Toda brackets . . . . ............ 20
3.3 Heller’s theorem and higher Toda brackets. . ... ... .. 25

4 Adams spectral sequences . . .. ... ... ... 27
4.1 Exactcouples. ... ... ..., 27
4.2 Adamsresolutions. . ... ........ . ... ... ... 29
4.3 A general Adams spectral sequence . ............. 31

4.3.1 Adams spectral sequence with respect to a project-
iveclass ... ... ... 31
4.3.2 Adams spectral sequence with respect to an inject-

iveclass ... ... .. 33

4.4 The classical Adams spectral sequence . ........... 35
4.5 CONVEIZENCE . . . v v v v v et e ittt et et e e 39

5 The differential . . .. ... ... ... ... ... . ...... 43
5.1 The differentiald; . ....................... 43
5.2 Thedifferentialdy . ....................... 44



Bibliography . . . ... ... ... . ... ...
A Some computations of the Moore spectrum. . . ........

vi



Acknowledgements

I want to thank both of my supervisors, Marius Thaule and Sebastian H.
Martensen. They have been very generous with their time and efforts,
always supportive, and providing motivation when necessary. For this,
I am deeply grateful. This thesis would not have been possible without
them.

vii






Chapter 1

Introduction

Stable homotopy groups and in general stable classes of maps between
topological spaces have been in the center of attention for many algebraic
topologists for decades. This thesis is devoted to a relation between two of
the most renowned methods of computations, namely the Adams spectral
sequence and Toda brackets.

Letting H be mod p singular cohomology and A the mod p Steenrod
algebra, we can apply the Hurewicz homomorphism to stable classes of
maps between spaces X and Y:

[X,Y]—> Hom(H*(Y), H*(X)).

This yields a spectral sequence which abuts to [X, Y ]/non-p torsion, and
has

Ey' = Exty (H*(Y), H* (X)),

known now as the classical Adams spectral sequence, cf.[1]. Since then,
it has been altered and appeared in many variations, for instance for a
general cohomology theory E, instead of singular cohomology.

In his PhD thesis, Miller generalized the Adams spectral sequence
even further. Injective and projective classes are central here. A projective
class is a pair (P, £), where the first is a collection of objects, the second
a collection of morphisms, that model objects that “look projective” from
the viewpoint of the morphisms in £. Using these, he constructed what
is known as Adams resolutions of an object in a general triangulated cat-
egory 7. Under the functors 7(—,—) they become exact couples, through



which we obtain the spectral sequence. This is known as an Adams spec-
tral sequence.

Toda brackets, defined by Toda as “stable secondary composition,”
were first used to calculate stable homotopy groups of spheres, by ex-
ploiting the triangulated structure of the homotopy category of topolo-
gical spaces. As with Adams spectral sequence, this has found its gener-
alization. For a diagram

X, 5 x, Box, B x,

in a triangulated category 7 the Toda bracket (fs, f5, f1) is a subset of
T(xXy,X3). It is computed by comparing the sequence to one of the
cofiber sequences of f;, fy or f3, and including all maps that make the
comparison possible. Although there are three different ways of doing
this comparison, they coincide, which we will prove in Chapter 3. Toda
brackets have been generalized further as well, to n-fold Toda brackets,
which are applied to sequences of length n instead of length 3.

The aim of this thesis is to show the following theorem, first shown
by Christensen and Frankland [6], which we do in Theorem 5.2.2. It is
stated slightly differently here, for simplicity.

Theorem. Consider the Adams spectral sequence with respect to a projective
class associated to T(X,Y). Let [x] be a cycle in E;’t, and let d,[ x] denote
the set of all representatives of d,([x]). Then

dz[X] = <X, d].’ Z_ldl)?c

for a fixed a.

The superscript means that a morphism in the construction of the
Toda bracket is fixed.

Christensen and Frankland also showed that this result can be gen-
eralized to the higher differentials and the higher Toda brackets, with
an n-fold Toda bracket representing the n — 1 differential in the spectral
sequence.

The thesis has four chapters, excluding this one, the first three of
which explore the different components necessary to state and prove
Theorem 5.2.2. We start in Chapter 2 by defining projective and injective
classes, and look at how they show up in practice. We also recall some ter-
minology necessary for discussing convergence of the spectral sequences.



In Chapter 3 we look at Toda brackets in a general triangulated category
and compute some examples. Then we move on to the general Adams
spectral sequences in Chapter 4. We also look at how our definition will
be related to the classical Adams spectral sequence, and discuss some
aspects of convergence.

Finally, in Chapter 5 we are all set to prove our main result.

This thesis does not relate to the UN sustainable development goals.

1.1 Preliminaries

We will construct the Adams spectral sequence in a general triangulated
category. In particular, we will apply the construction and results to the
stable homotopy category, denoted throughout this thesis by SHC. Our
main reference will be [2], especially chapters 1, 2 and 5.

The stable homotopy category is defined as the homotopy category
of a stable model category [2, Chapter 3.2] of spectra. There are many
different such model categories, each of which have both advantages and
disadvantages. A spectrum is defined differently in each of them. How-
ever, by Schwede’s rigidity theorem [15] all the different stable model
categories of spectra that model SHC are Quillen equivalent [2, Defini-
tion A.4.7].

Theorem 1.1.1 (Schwede). Let C be a stable model category. If the homo-
topy category of C and the homotopy category of spectra are equivalent as
triangulated categories, then there exists a Quillen equivalence between C
and the model category of spectra.

Essentially, SHC captures all the homotopy structure of spectra. There-
fore, when we say spectra, we will mean an object in SHC, and leave the
model structures be.

To simplify things even further, we will mostly consider the compact
objects in SHC. An object X in a triangulated category 7 is compact if the
functor 7(A,—), commutes with arbitrary coproducts. By [2, Theorem
5.6.13] the compact objects in SHC are exactly the objects that are iso-
morphic (in SHC) to a CW-spectrum with finitely many stable cells, which
are known as finite CW-spectra. Furthermore, by [14, Chapter 2.7] the
full subcategory of compact objects in SHC is equivalent to the Spanier—
Whitehead category SW [9, Chapter 1.2]. The objects in SW are denoted



by (X, n), where X is a finite CW-complex, and n € Z. Hence, for a finite
CW-spectrum in SHC we will often be thinking about it as a finite CW-
complex.

We recall some notation and definitions on spectra. Classes of maps
between two spectra X and Y are denoted by [X,Y]. Every spectrum
E defines a cohomology theory (dually a homology theory) through the
graded groups [—, E]_,. An Eilenberg-Mac Lane spectrum HG, where
G is a group, is a spectrum which has all zero homotopy groups ex-
cept for my(HG) = G. Levelwise it consists of the spaces Eilenberg—
Mac Lane spaces K(G,n). The Eilenberg-Mac Lane spectra are also the
spectra which represent singular cohomology with G coefficients.

Let S denote the sphere spectrum, and let S” denote the n™ suspen-
sion of S. The homotopy groups of a spectrum X is a homology theory
through [S", X ] = 7,(X).

A spectrum X is connective if it only has finitely many non-zero neg-
ative homotopy groups. It is of finite type if H,(X) is finitely generated
in all degrees.



Chapter 2

Projective and injective
classes

Projective and injective modules are well known from abstract algebra.
In homological algebra projective and injective modules and resolutions
are the foundation of many constructions. In this chapter we will provide
a more general description of a projective (injective) object, and will
define what is called projective (injective) classes. These definitions will
yield objects that “look projective” from the viewpoint of certain specified
morphisms. The projective class is an important construction for the gen-
eral Adams spectral sequence, which we will define in Chapter 4.

We first define a projective class in a category with weak kernels, and
then we look at how this definition can be altered when the category is
triangulated. In the end we dualize and define an injective class. All the
definitions and results are due to [5].

In this chapter we will be assuming that all categories are pointed. A
category is pointed if it has a zero object, that is, an object that is both
initial and terminal. Note that all triangulated categories are pointed.



2.1 Projective classes in a category with weak ker-
nels

Let 7 be a category. A weak kernel for morphism f: X — Y in 7 is
another morphism W — X such that the sequence

TV,W)— T(V,X)— T(V,Y)

is an exact sequence of pointed sets for all objects V € T. Recall that a
set is pointed if it has a basepoint, and that functions between pointed
sets preserve the basepoint.

In other words, a morphsim V — X is zero if and only if it factors
through W. The object W behaves like a kernel for f, but it is not neces-
sarily unique, hence the name “weak kernel.”

Definition 2.1.1. Let P be a collection of objects in 7. A morphism X —
Y such that 7(P,X) — T(PY) is surjective for all P € P is called P-epic.
The collection of all such morphisms is called P-epi.

Let £ be a collection of morphisms in 7. An object P such that
T(PX)— T(PY) is surjective for all morphisms X — Y in £ is called
E-projective. The collection of all such objects is called £-proj.

There is also a notion of P-monic morphism, which induce injective
functions under 7(P,—) for all P in P.

Using these two definitons we define a projective class in the context
of category with weak kernels.

Definition 2.1.2. Let (P, ) be a pair in a category 7 with weak kernels,
where P is a collection of objects and & is a collection of morphisms. If
the pair satisfies P-epi = £ and £-proj = P, and if for each X € 7 we have
some morphism P — X in £ with P € P, we say that it is a projective
class.

Projective classes mimic the behavior of projective modules. The P-
projective objects and the P-epic morphisms determine each other through
the following lifting property

~
\
\
\
\
N<&—o



The double-tipped arrow indicates that the morphism is P-epic.

Example 2.1.3. Let R be a ring. By the diagram above, we see that the
projective R-modules along with surjective R-module homomorphisms
are a projective class in ModR.

2.2 Projective classes in a triangulated category

In the following, 7 is always assumed to be a triangulated category. The
distinguished triangles induce exact sequences under 7(V,—) forall V e
T . Since every morphism X — Y lies in a distinguished triangle W —
X — Y — XYW, we have that

TWV,W)—T(V,X)— T(V,Y)— T(V,ZW)

is an exact sequence of abelian groups for all V. So, in a triangulated
category every morphism both has a weak kernel and is a weak kernel.

In fact, we could make the following definition and proposition in a
category where we assume all morphisms are weak kernels, in addition
to having weak kernels. However, as we will be working mostly with
triangulated categories and SHC, we are really only interested in the
projective classes in the context of a triangulated category.

Definition 2.2.1. Let P be any collection of objects in 7. A morphism
X — Y such that T(PX) — T(BRY) is zero for all objects P € P is
called P-null, and the collection of all such morphisms is called P-nulls.
Let \V be a collection of morphisms in 7. An object P such that the
induced morphism 7(PX) — T(PY) is zero for all X — Y in N is
called NV -projective. The collection of all such objects is called N -proj.

The following proposition tells us that in a triangulated category we
can choose whether we determine a projective class through its P-epic
morphisms or its P-null morphisms.

Proposition 2.2.2 ([5, Proposition 2.6]). Let P be a collection of objects,
and N a collection of morphisms in T, such that P-nulls = N and N-proj
= P. In addition, assume that for each X € T there is a morphism P — X
with P € P, that is a weak kernel of a morphism in N. Then (P, P-epi) is
a projective class. Furthermore, every projective class is of this form for a
unique pair (P, /N) as above.



Proof. Let (P,N) be a pair as above. Let X ERN Y 5 Z bea diagram
that is exact under 7(V,—). Then especially for P € P we have the exact
sequence

T(eX) L T(RY) =5 T(R2).

Here we have that f, is surjective if and only if g, is zero. So f is P-epic
if and only if g is P-null.

Now, assume that X — Y is a P-epic morphism. Since every morph-
ism is a weak kernel, there is a morphism Y — Z such thatX — Y —
Z is exact under 7(V,—) for all V € 7. Then the morphism Y — Z is
P-null.

Conversely, if Y — Z is P-null, we can use the fact that every morph-
ism has a weak kernel to obtain a morphism X — Y such that X —
Y — Z is exact under 7(V,—). Then the morphism X — Y is neces-
sarily P-epic. From this we see that P-epi and P-nulls determine each
other.

That every X has a P — X that is a weak kernel of a morphism
in N means that there is a morphism X — Y such that 7(V,P) —
T(V,X) — T(V,Y) is exact and T(P/,X) — T(P’,Y) is zero for all
P’ € P. Hence, this condition is equivalent to demanding that for each X
there is a P — X that is P-epic, in a category where every morphism is
a weak kernel.

We conclude that every pair (P, ) as described in the proposition
corresponds bijectively to a pair (P, £) as in Definition 2.1.2. O

Remark 2.2.3. In [5] a projective class is actually defined simply in a
pointed category, using sequences that are exact under 7(P,—). Then it
is shown that we can rephrase this definition whenever the category has
more structure (e.g. it has weak kernels, or is triangulated). However, we
are really only interested in the more structured categories, so we have
taken Definition 2.1.2 as our definition of a projective class, even though
it reads as Proposition 2.4 in [5].

As we already have mentioned, we will be working mostly with trian-
gulated categories. However, both of the descriptions we have provided
for a projective class can be useful. In later chapters we will use whichever
of the two that is most fitting.



In the setting of a triangulated category, we can rephrase the defini-
tion even more.

Lemma 2.2.4. In Proposition 2.2.2 we can replace the condition

“every X has a P — X with P € P that is a weak kernel of a morphism in

Nu
with

“every X lies in a distinguished triangle P — X — Y — %P where
PePandX — Y isin N.”

Proof. The direction (<) is straightforward: If we have a distinguished
triangle as described, then 7(V,P) — T(V,X) — T(V,Y) is exact for
all V € T. So by definition P — X is the weak kernel of a morphism in
N.

(=): Assume that P — X is the weak kernel of a morphism in W/,
say X — Y’. This means, as we have seen, that 7(P’,P) — T(P’,X) is
an epimorphism for all P’ € P.

Let X — Y be a cofiber of P — X, suchthat P — X — Y is a
distinguished triangle. Then 7(P’,P) — T(P’,X) — T(P’,Y) is exact
for all P’ € P, which means that 7(P’,X) — T(P’,Y) is zero for all
P’ eP. O

Example 2.2.5. A simple example of a projective class is P = {0}, which
makes N contain all morphisms in 7 For all X — Y the induced morph-
ism 7(0,X) — T(0,Y) is zero, and if P is an object such that T(PX) —
T(PY) is zero for all morphisms X — Y, then P is necessarily the zero
object. Finally, we know that the triangle X — X — 0 — XX is dis-
tinguished for all X, which shows that (P, N) is a projective class.

2.3 The ghost projective class

An interesting question is what a projective class looks like outside of
module categories. Our focus in this thesis will be on the stable homotopy
category, and one example of a projective class here is the projective class
generated by the sphere spectrum, known as ghost projective class. It is
called “ghost” because the null-maps will be the nullhomotopic maps.



We need to show that this actually is a projective class. We begin by
discussing generated projective classes.

Lemma 2.3.1. The objects in a projective class are closed under retracts
and coproducts.

Proof. Let (P,N) be a projective class and A/ the P-null morphisms. We
first show that it is closed under coproducts. Let P; and P, be two objects
in P. Their coproduct P; LI P, is in P if T(P; U Py, X) — T(P,UP,,Y) s
zero for all morphisms X — Y in V. We have 7 (P, UP,,Z) = T(P;,Z) x
T(Py,Z) forall Z € T, so the following diagram commutes for all morph-
isms X —Y

T(P1,X) X T(Py,X) ——> T(P,Y) X T(Py,Y)

=| IE

T(P;UPy,X) > T(P,UP,,Y)

and so P; U P, is in P if and only if P; and P, are in P.

Next we show that it is closed under retracts. Let r: P — P’ be a
retract, P € P, with i: P’ < P the section. Let f : X — Y be in \/. We
then get the following diagram of induced morphisms

T(P',X) —— T(RX) —— T(P',X)
1t Jo 1
TP, Y) > T(BY) —— T(P',Y).
Since ri = id, we get that i*r*f, = f, =0, so P’ isin P. O

Next, we show that for some collection of objects, closure under re-
tracts and coproducts actually produces a projective class.

Proposition 2.3.2. Let S be a set of objects in T, and let Pg be the set
of retracts of coproducts of objects in S. Then (Ps,S-epi) is the smallest
projective class that contains S.

Proof. 1f (Ps, S-epi) is a projective class, it is necessarily also the smallest
projective class containing S, since all projective classes are closed under
coproducts and retracts.

To show that the pair is projective, we need to show that

10



1) Ps-epi = S-epi.

2) (S-epi)-proj = Ps.

3) For each X there is a morphism P — X that is S-epic, where P €
Ps.

Starting with 1), we have that since S C Pg, every morphism
f: X — Y in Ps-epi induces a surjective morphism 7(S,X) — 7(S,Y)
for all S € S, so Pg-epi € S-epi. To see the opposite inclusion, let
f:X — Y be S-epic. Let P be in Pg, with r: U; S; — P a retract
where L;S; is a coproduct of objects in S. Let i be the inclusion of P into
the coproduct. We want to show that 7(P,X) — T(PY) is surjective.

Let W =;S;. Since ri = Idp the following diagram commutes

T(PX) —Z— T(RY)

| I

TW,X) — 25 7w, 7)

| b

T(eX) —L=— T(RY).

Let y € T(RY). Since W is (S-epi)-projective, there is an x’: W — X
such that fx’ = yr as illustrated in the diagram below.

W—>PL>Y
\'
x|

Let x := x'i. This satisfies fx = fx'i = yri = y. Since P was arbitrary
in P we can conclude that f is Ps-epic.

Moving on to 2), we can see that the inclusion Pg C (S-epi)-proj
follows from Lemma 2.3.1: Since the objects that look projective from
the point of view of S-epis must be closed under retracts and coproducts,
it must contain all retracts of coproducts of objects in S, which is Ps.

To show the opposite inclusion, let X be (S-epi)-projective, that is it
looks projective from S-epic morphisms. Let

w=|] || a>x,
AES fT(AX)

11



that is, the coproduct over all morphisms from objects in S. We claim that
this is a retraction. To see this we need to find a section. Since r is S-epic,
the induced morphism

TX, W) —= T(X,X)

is surjective. Hence, there is an i : X — W such that ri = Idy, making X
a retract of a coproduct in S.

Finally, we see that the construction above may be applied to any
object of T, which proves 3). O

Thus, taking any collection of objects in 7, we can use it to make a
projective class. Often we want the projective class to be stable, which
means that it is closed under suspension. For a set S let ' = {Z"S: S €
S,n € Z}. Then the smallest stable projective class containing S is Pg/,
i.e., the smallest projective class containing S’.

Recall also that in a triangulated category we can describe a project-
ive class equivalently with its null-morphisms. In the stable homotopy
category, we could look at the stable projective class generated by the
sphere spectrum. Then the null-morphisms in this projective class are
necessarily all maps X — Y such that 7(S!,X) — 7(S',Y) are zero for
all i, i.e., the maps that induce zero maps of homotopy groups. This leads
us to the following definition.

Definition 2.3.3. Consider the stable projective class in the stable homo-
topy category generated by S°. This is the projective class that contains
retracts of wedges of spheres of all dimensions, and whose null-maps
are the nullhomotopic maps. This projective class is known as the ghost
projective class.

Throughout this thesis, we will denote the objects in the ghost pro-
jective class by S.
2.4 Injective classes

We can take everything we have done so far in this chapter, and dual-
ize it. This gives the definition of what we call an injective class. The
definitions are provided briefly, and then we state the dual results.

12



Definition 2.4.1. Let 7 be a collection of objects and M be a collection
of morphisms in a pointed category 7 with weak kernels. We say that a
morphism X — Y is Z-monic if it induces an injective morphism under
T (—,I) for all objects I € Z. An object I such that 7(—, I') induces injective
morphisms on all morphisms in M is called M-injective.

An injective class is then a pair (Z, M) such that the Z-monic morph-
isms are exactly M, the M-injective objects are exactly Z, and for all
objects X there is a morphism X — I in M with I € 7.

The Z-injective objects and Z-monic morphisms determine each other
through the extension property

I

K\
T
AN

X — Y.

The tailed arrow indicates that the morphism is Z-monic.

The objects in injective classes are closed under products and retracts.
If the category T is triangulated we can describe an injective class with
the Z-null morphisms instead of the Z-monic morphisms. Furthermore, in
a triangulated category, the condition “every object X admits an Z-monic
morphism into an injective object” can be replaced with “every object
X lies in a distinguished triangle | — W — X — XI with [ € 7,
W — X an Z-null morphism.” We don’t prove these properties, as the
proofs are dual to those for projective classes.

Similarly to the projective case, the smallest injective class generated
by a set S is the set of retracts of products of objects in S. If we are in a
triangulated category, and want the injective class to be stable, then we
include all suspensions as well.

The following is a common (and important) example of an injective
class in the stable homotopy category, generated by the mod n Eilenberg—
Mac Lane spectrum.

Example 2.4.2. Let p be a prime. Denote the Eilenberg—-Mac Lane spec-
trum of mod p coefficients by HF,. Then the set {]_[l Y"HF,:n; € Z}
along with maps that induce zero on mod p singular cohomology is an
injective class.

Actually, any spectrum E generates a stable injective class in the stable
homotopy category, where the null maps induce zero on E-cohomology.

13



It is the injective class generated by HF, which will eventually lead to
the classical Adams spectral sequence.

2.5 Some properties of projective classes

We will need the following terminology when discussing convergence of
the Adams spectral sequence. The definitions and results are collected
from [5].

Definition 2.5.1. Let (P, \) be a projective class. We say that it gener-
ates if for all X # O there is a P € P such that 7(P,X) # 0. Equivalently,
N has no non-zero identity morphisms.

Lemma 2.5.2. An equivalent description of a projective class that generates
is that a morphism X — Y is an isomorphism if and only if T(RX) —
T(PY) is an isomorphsim for all P € P.

Proof. Functors preserve isomorphisms, so the direction (=) is clear.
Conversely, if the projective class generates, then there is at least one
P such that T(BX) # 0. If f,: T(RX) — T(PY) is an isomorphism,
it has an inverse, and by Yoneda lemma this inverse corresponds to a
morphism g: Y — X that must necessarily also be an inverse for f. [

Example 2.5.3. We see that the ghost projective class generates: A spec-
trum X such that [S',X] = 0 for all i is contractible.

For a projective class (P, ), let NV, be the collection of n-fold com-
positions of morphisms in A/. This becomes a decreasing filtration of N.
We can also make an increasing filtration of P. Let P; =P, and let P,
be the projective class generated by elements Y that lie in a cofiber se-
quence X — Y — P, where X € P, and P € P. Let P, denote the
zero-objects of 7, and let Ay denote all morphisms in 7.

Theorem 2.5.4 ([5, Theorem 3.5]). The pair (P,,N,) is a projective class
foralln=0.

This follows from a more general idea that certain sets of morphisms
are ideals in a triangulated category. More specifically, the null morph-
isms in a projective class behaves somewhat like an ideal (in the algeb-
raic sense) in relation to other collections of null morphisms in other

14



projective classes, and there are several operations that can be done on
these “ideals.” The theorem is proven using these operations. For more
about ideals in triangulated categories, and a proof of the theorem, see
[5, Chapter 3].

Definition 2.5.5. An object X has length n with respect to the projective
class (P, N) if it is in P,, but not in P,_;.

Example 2.5.6. All finite CW-spectra have finite length. Indeed, if X is a
CW-spectrum with structure X, € X; € --- € X,, = X, then each X; lies in
a cofiber sequence VS' — X;_; —> X;. Since X, is a finite set of points,
Xo € Py, so inductively each X; € P;, and X has length at most n.

The last thing we need is a generalization of a projective resolution.

Definition 2.5.7. Let X be in 7, and let
X<_P0(_P1 (_...(_Pl. — e

be a diagram where each P; € P. Then it is a P-projective resolution of
X if for all P € P the following is an exact sequence:

0 <— T(BX) ¢<— T(BPy) <— T(BP) <— ---.

As before, these definitions can be dualized to an injective class.

Example 2.5.8. Going back to the injective class in Example 2.4.2 we
can ask whether this class generates, the way ghost projective class does.
The claim is that it does not. Consider the Poincaré homology sphere
Sp [18, Example 1.4.4], which has homology groups of a 3-sphere, but a
non-trivial fundamental group. Let S}, be Sp, but with one point removed.
Then the reduced homology of S}, is zero in all degrees, but it is still not
contractible. Hence, this is a space which becomes zero under [—,I] for
all I injectives in this class, but that is not zero itself.
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Chapter 3

Toda brackets

Toda brackets were originally defined by Toda in [19]. There it was defined
for maps between spheres of different dimensions, and used to compute
stable homotopy groups of spheres. Later, the defition has been general-
ized and expanded, and we present here a general definition for morph-
isms in a triangulated (not necessarily topological) category. The defini-
tions and propositions in this chapter are due to [6].

We fix a triangulated category 7.

3.1 Three coinciding definitions

Given a diagram
f f2 f3

Xog— X1 > Xy — X5
in 7 one might ask “how far” the triangle is from being distinguished. One
way of finding an answer to that question is by comparing it to triangles
already known to be distinguished. Given the three maps in the triangle,
there are three distinguished triangles that it is natural to compare it to,
namely the three different cofiber sequences associated to each map. This
is what gives us three different definitions of the Toda bracket.
S f fo f3 . .

Definition 3.1.1. Let X, — X; — X, — X3 be a diagram in 7. Then we
can define the following three subsets of 7(2X,X3) :

e The iterated cofiber Toda bracket is the set (f3, f5, f1) . of all maps
1) such that the following diagram with distinguished top row com-
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mutes

X, 2 x, > Cp, > YX,

| |
|,

v v 3.1
X, Dy x, Ly x, By x B.D

e The fiber-cofiber Toda bracket is the set (f, f5, f1) . of all maps
P o Za such that the following diagram with distinguished middle
row commutes

X, — sy x,
al H
T s
nIC, — Xy —> Xy — Cp (3.2)
[
iy o
Xy ——> X3

e The iterated fiber Toda bracket is the set (f3, f2, f1) ¢ of all maps
26 such that the following diagram with distinguished bottom row

commutes
X, A . X, fa ' X, f3 ' X,
5 7 H H
% v
f3 (3.3)

5TXy — 57IC, — X, — X,

Note that the Toda brackets depend on the triangulation of 7. For in-
stance, the Toda bracket of a distinguished triangle contains the identity:
IfX — Y — Z — XX is distinguished, then (3.1) can be completed
with

X —>Y —>C —> 35X
[ I
X > Y > Z > X



where ¢ is an isomorphism.
Proposition 3.1.2. The three definitions of a Toda bracket coincide.

Proof. We will only show that (fs, f2, f1)« = (f3, f2, f1) fc, since the proof
that (f3, f2, f1) r = (fs, fo, f1) s is dual.

(3, f2, f1) se € (f3 f2, f1)c: Let BEa € (fs, fa, f1)gc- Then they ap-
pear in the following commutative diagram of distinguished triangles

X, S > X, y Cr, > ¥X,
RN
\I/
¢y, > X, —— X, > Cp,
I—
fa
X, —23 X,

Here the map ¢ exists by the morphism axiom, (TR3), as the rows are
distinguished triangles. So we have maps ¢ and ¢ = BXa that make
(3.1) commute. This proves the inclusion of fXa in (fs, fo, f1)e-

(35 f2 f1)ec € (f3, f2, f1) g1 Let o) € (fs, fo, f1) and let ¢ be the map
making (3.1) commute. We need to find 8 and a with SXa = 1 such that
(3.2) commutes.

Let; be the map X; — Cy, . We can compare the cofibers of ¢, (; and
fo = ¢ 1, with the octahedron axiom, (TR4), for triangulated categories:

U q1 —If

Xl > Cfl > z:}(O > ZXI
|
|
X, s x, 2 g 2y vx
1 7 Ko 7 Lf, 7 1
l” H ! lzbl (3.4)
C —Pex,—t s~y
f1 7 A2 [ 4 fr
i
J
%2X,

The vertical row is a distinguished triangle, so the sequence

Ta* (== ) _
T(Cy,,X3) = T(EX0, X5) —— T(Z71C4,X3)

19



is exact. By rotating the bottom row in (3.4) to the right we get the fol-
lowing commutative diagram

1 — 51
z7lc, = v7I¢,

_Z_lql ) \L—Z*ln
Cfl — XX
o] lw

X —f X
where the left column is part of a distinguished triangle. Hence
7'y () = fap(-='q) =0,

so by exactness there is a §: C;, — X3 such that fZa = .

This f might not satisfy i, = f3, which is required by the fiber-
cofiber definition. We will correct it to a new map which does. Since
(f3—PBty)¢ = 0, there is a factorization of the error through the cofiber
of ¢, in other words, we have amap 6: Cy, — X3 such that f3—ft, = 6.
Let B’ := B + 0&, and note that ’t, = f5. Furthermore, 'Za = ¢ =
BZa, since 0&EXa =0.

We have found the desired factorization of . This concludes the
proof. O

From now on we denote the Toda bracket simply by (fs, fa, f1)-

3.2 Some examples of Toda brackets

Example 3.2.1. We can already compute some simple brackets in a gen-
0 1 0
eral triangulated category 7. Let X — Y — Y — Z be a diagram. The

cofiber of X > Y is Y @ %X, and hence the map ¢ in (3.1) can be any
map (1 b) as seen below. So by the iterated cofiber definition of the
Toda bracket, we must have (0, 1,0) = {0}.

20



o)

0 1
X—0>Y—>Y€BZX(—QZX
(o Jow o
X 2yy 1 vy ° vz

0 0 1
If we on the other hand consider the diagram X — VY — Z — Z

in 7 we get that (1,0,0) = 7(ZX, Z), by looking at the iterated cofiber
definition of the Toda bracket.

x —%»
|

X 0

~

Here ¢ can be any map (O b), and so by letting 1) = b, we can make
the above diagram commute.

. f fo f3 :
Lemma 3.2.2. For any diagram X, — X; — X, — X3 in T the Toda
bracket (fs, fo, f1) is a coset of the subgroup

(f3): T (X0, X2) + (1) T(EX1,X3) € T(XX0,X3).

Proof. The iterated cofiber Toda bracket of the diagram above contains
maps ) that make the following diagram commute

f
Xo = Xy —% Cp —— TX,
| |
|
AL oY 5 Y

X, — X, > X, S X,

We want to show that if ) and v’ are two elements in (fs, f5, f1), along
with maps ¢ and ¢’ that make (3.1) commute, then ¢ — )’ = f3g +
h(Xf;) for some g: X, — X, and some h: %X; — Xj3. Since the top
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row is a distinguished triangle, we can make the following diagram of
long exact sequences:

7K, X,) I 75X, X5) —T T(C,Xa) — b -

f;i f;l f;l

T(2X1,X3) W T(2Xo,X3) 7 T(Cp, X3) ———> ==

[ fi
o T(X1, X)) —— T(Xo,X3)

f;l f;\L

#) T(XIJXS) f—1*> T(X0>X3)

Then
(@)= () =1
implying that
¢’ — ¢ €ker(t*) =Im(q*).

Therefore there is a g € T(XX,,X,) such that ¢’ = ¢ +gq, and it induces

a member of (fs, fo, f1)-
Now, suppose v and ¢’ are in (fs, f,, f1). Then we have

(Y =g = fa(¢ — d") = fa8q
which implies that
Y =y’ — fsg €kerq =Im(Zf1)".

So there is an h € T(XX;,X3) such that h(Zf;) + gfs = Y — . Fur-
thermore, any h € T(2X,,X3) satisfies ¢*(h(2%f;)) = h(Zf;)g = 0, so it
induces another element of (fs, fo, f1)- O

Remark 3.2.3. The subgroup in Lemma 3.2.2 is called the indetermin-
acy of the Toda bracket (fs, fy, f1). If it is zero we say that the bracket
has no indeterminacy.
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Example 3.2.4. Several relations of Toda brackets are known for spectra.
The most famous, perhaps, is that for a map x: S" — S with 2x =0
we have xn € (2, x,2), where 7 is the Hopf fibration n: S3 — S2. As
a consequence, we have n? = (2,7,2), since the indeterminacy of this
Toda bracket is zero. By n? we mean (Zn)1.

One way to prove this is by using the mod 2 Moore spectrum M. A
mod n Moore spectrum is a spectrum which has homology Z/n in degree

. . . 2
zero, and zero otherwise. The spectrum M is the cofiber of S — S, so

2 incl pinch 1
S—S— M —— §" is a distinguished triangle in the stable homotopy

category. Central to the proof is the fact that [M,M] = Z/4{1d,,} (the
group Z/4, with generator Id,;), with 21d;,; = inclon o pinch # 0, which
is proven in Lemma A.2.

Let x € m,(S) with 2x = 0. By (TR3), we get a lifting of x as follows:

pmch

sn 2 s st incl S SM Sn+1

J/ X\L : X J/
N

* > S S > .

Then by the relation 21d;, = inclon o pinch and the commutativity of
7.(S) we get that nx € (2, x,2) as the following diagram commutes

2 plnch

st N st ind> SUM Sn+1

23 incl st

\i

When Toda defined what we now call Toda brackets, it was for maps
between spheres. Assume we have maps

sn 2>Sn

sk s gl yogm _hy gn

where gof and ho g are nullhomotopic. Then we have (null)homotopies
F:CS¥— 8™ and G: CS! — S™. We can construct a map 1) : S+ —
S", where ¢) =hoF| |.s« G o Cf. This is illustrated in Figure 3.1.
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Toda defined the Toda bracket as the set of maps 1) as above. We
see that the different maps in the brackets is a consequence of different
choices of the homotopies F and G. One can actually show that this set
is a coset of h, 7,1 (S™) + (Zf )* 1,11 (5%). So the two definitions coincide
for topological spaces/spectra.

F
f g h
SR i
Cf

—>W

Figure 3.1: The Toda bracket of (h, g, f) consists of maps from £S* to
S™.

Note how we here demand that the maps in the Toda bracket pair-
wise compose to zero (which means nullhomotopic in SHC), but that

we did not demand this in Definition 3.1.1. This might seem like an in-

consistency, but the Toda bracket of X ELN X, 2, X5 ELN X5 is empty if

either f5 o f; or f5 o f, is nonzero. Consider the latter case, and look at
the iterated cofiber definition of the Toda bracket:

X, 2 x, — ¢; — 3%,
| |

I
fiy f2 M N ¥

Xo =1 X; —2% X, —— Xs

We need the map v to satisfy 1) oqoi = f30 f, # 0. Since q and i are in a
distinguished triangle, they compose to zero. Therefore, no v can satisfy
this equation, and the bracket is empty.
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3.3 Heller’s theorem and higher Toda brackets

Before moving on to the Adams spectral sequence we discuss some in-
teresting aspects of Toda brackets. We first consider a relation between
the triangulated structure of the category 7 and Toda brackets. Then we
take a quick look at a generalization of the Toda bracket for diagrams of
morphisms.

The first is a theorem first stated by Heller ([8, Theorem 13.2]). We
present it in the form of [6, Theorem B.1] as we find this more accessible.

Theorem 3.3.1 (Heller). Let T be a triangulated category. A triangle X ERN
h
Y5755 is distinguished if and only if the following holds
e The sequence following sequence of abelian groups is exact for all A €
T

—1 (E_lh)* f* 8 h*

e The Toda bracket (h, g, f) contains the identity of ©.X.

That the two conditions hold for a triangulated category is straight-
forward. The converse holds because Z and the mapping cone of f are
isomorphic as a consequence of the two conditions. Another way of stat-
ing this theorem, is that the triangulated structure of a category 7 with
a fixed automorphism ¥ is determined by the Toda brackets.

The second is the notion of n-fold Toda brackets. The construction
is rather comprehensive, so we will not be elaborating it. It was first
provided by Shipley [16]. Given a diagram X|, EiR X, ELS Xy — - > X, in
T, the n-fold Toda bracket (f,,--- , f1) is a subset of T(X,, £X,). In [6] it
is shown that the n-fold Toda bracket can be calculated inductively, and
although there are (n — 2)! ways of doing this, all the different subsets
coincide up to a sign ([6, Theorem 5.11]).
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Chapter 4

Adams spectral sequences

The Adams spectral sequence was first constructed by Adams as a tool
to compute stable homotopy groups of spheres [1], where the singular
mod p cohomology theories play an important role. Later, more general
Adams spectral sequences were presented using general cohomology the-
ories, like the Adams-Novikov spectral sequence [12]. We will provide
a general construction of an Adams spectral sequence in a triangulated
category, using the projective and injective classes of Chapter 2. They
are called Adams spectral sequences because they coincide with the clas-
sical Adams spectral sequences in SHC, for certain injective classes. The
general construction makes it very versatile, as it can be applied in any
triangulated category, not just topological ones.

In this chapter we will first review necessary prerequisites, like ex-
act couples and Adams resolutions, before we move on to the spectral
sequences. As we will be constructing the spectral sequences with pro-
jective and injective classes, there will be two different definitions.

4.1 Exact couples

Before defining the Adams spectral sequence in the context of a general
triangulated category, we recall the definition and properties of an exact
couple. The definition and results can be found in [10, Chapter 2.2].

Definition 4.1.1. Let R be a ring. An exact couple is a pair (D, E) of
R-modules, and homomorphisms i, j and k such that the triangle
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is exact.

From this we can then define a differential d: E — E by letting
d := jk. It then follows by exactness that d? = 0. Using the differential
we can form the derived exact couple:

D’ :=Imi=Kkerj

— _ kerd
E':=H(E,d) = %4

i/ = i|D/
J'(i00) = [j(x)]
K'([yD) :=k(y)

which can be summarized in the following diagram

l‘/

/
> D

RN

E'.

D/

One can show that this is well-defined. We have the following result
about the derived couple:

Lemma 4.1.2. The derived couple of an exact couple is exact.

For a proof, see [10, Proposition 2.7].

We can iterate this process and obtain the n'" derived couple (E", D™),
and we can define the n™ differential as d" := j"k". We say that (E",d")
is the spectral sequence associated to the exact couple (E, D).

We include the following example to show how exact couples can
appear, inspired by [7, Chapter 5.1]

Example 4.1.3. Let w: X — B be a Serre fibration of CW-complexes,
with B path-connected. Let B, be the p-skeleton of B. Then we have a
filtration of X via X, := mt (Bp). Since (B, B,_) is p-connected, (X, X,)
is p-connected. In particular, the inclusion X, — X induces an isomorph-
ism H,(X,) — H,(X) if n < p. For the pair (X,,X,_;) we have a long
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exact sequence in homology

L J k
B Hn(Xp—l) - Hn(Xp) - Hn(Xp:Xp—l) - Hn—l(Xp—l) e

and since H,(Xp,X,_1) = 0 whenever n < p, we can let n = p +q, and
summarize the homologies of the filtration of X with the following exact
couple:

@Hp+q(Xp) > @Hp+q(Xp)'
b,q b,q

ng+q(Xp:Xp—l)

This exact couple yields a spectral sequence by the construction above.
One can show that this is the Serre spectral sequence associated to the
fibration p, with
2 _
Ep,q _Hp(B)Hq(F)))

where F is the fiber of the fibration.

4.2 Adams resolutions

In this section we fix a triangulated category 7, whose suspension functor
is an adjoint equivalence of 7.

Definition 4.2.1. Let X € 7. An Adams resolution of X with respect to
a projective class (P, N) is a diagram of the form

X:XO

0 X X,
Py P,

s .S 55
where each P, € P, each i; € N and the triangle P, ZiN X = X1 —
2P, is distinguished. The circles indicates that the morphisms are degree-
shifting.

~
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Remark 4.2.2. Recalling the equivalent definitions of a projective class
in Chapter 2, we see that all the morphisms p; in the resolution are P-
epic, and all the morphisms 6, are P-monic, since all morphisms i; are
P-null. If we assume that 7 has enough P-projectives, that is every
object X admits a P-epic morphism from a projective into X, then by the
properties of a projective class there is an Adams resolution for all objects
XeT.

Example 4.2.3. Recall that the ghost projective class S in Definition 2.3.3
is a projective class in SHC. We find an Adams resolution for the sphere
spectrum.

Recall the inductive CW-structure of the sphere: We can build
by gluing together two cones of S™ with the pushout

Sn+1

stygh — Py ogn
iy

cs"v(cSt —— sl

where p,, is the identity when restricted to each sphere. This means that
S™*1 is the cofiber of p,,, so the triangle

Sn V Sn ﬁ) Sn l_”> Sn+1 i) ST‘H—]. Vv STH—].

in SHC is distinguished. The map 6,, is the pinch map. Using this we can
make the following resolution of S (which implicitly is also a resolution
for S™).

s fo y sl b y §2
SVS

stvs!

~

Since all inclusions S™ < S"*! are nullhomotopic, this is an Adams res-
olution with respect to S.

In the above example, we could swap the sphere spectrum with any
CW-spectrum on which the inclusion of the n-skeleton into the (n + 1)-
skeleton is nullhomotopic.
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Definition 4.2.4. Let Y be an object in 7. An Adams resolution of Y
with respect to the injective class (Z, ) is a diagram of the form

~

iO il
Y - YO < Y] < Y2
)m 4 x A‘
Iy I

where each I is in Z, each morphism i, is in AV, and all triangles Y, ; —

S 58 . . .
Y, ZiN I, — XY, are distinguished.

Remark 4.2.5. From the way injective classes are constructed, we see
that all the morphisms p, in the Adams resolution are Z-monic and all
the morphisms 6, are Z-epic, since all morphisms i; are Z-null. If the
category 7 has enough Z-injectives (dual to enough P-projectives), then
every object admits an Adams resolution.

4.3 A general Adams spectral sequence

We obtain two dual constructions of an Adams spectral sequence. One
with respect to a projective class, and one with respect to an injective
class.

4.3.1 Adams spectral sequence with respect to a projective
class

In this subsection we consider a projective class (P, ). Let X be an object
in 7 with a projective Adams resolution as in Definition 4.2.1, and let Y
be another object in 7. Then we obtain an unraveled exact couple by
applying 7(—,Y) to the resolution:

()"

...HT(XS,Y) < T(XH—])Y)—)"'

(ps)*\)/ag*r

T(P,Y)
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which can be summarized in the following exact couple of bigraded
groups

&; (i)

D T(zkX,, V) < D T7(=X,, V)
s,k s,k
GB;(P;)*\) %5(5:)*

D 7(=kp, V).
s,k

We usually let t =k +s, and i = &,(i,)*,p = &,(p;)* and & = &,(5,)* to
simplify the notation. We are left with the following exact couple

T(X,, Z571Y) 4 " T(X,, =57tY)

N / -1

T(P,, =57tY).

To this exact couple there is an associated spectral sequence, which is the
Adams spectral sequence with respect to the projective class P.

We have used the identification 7(X'°Z,Y) 2 T(Z,%2°'Y), and so
we can write Ei’t =T(Z°P,Y) = T(P,=7"Y). We see that for these
spectral sequences, E>* =0 for all s < 0 by construction.

We can describe the E,-page with Ext groups.

Lemma 4.3.1. For an Adams spectral sequence with respect to a projective
class we have E;’t = Ext;;t X,Y).

Remark 4.3.2. We define
Exty (X,Y) :=Ext,(X,2'Y) = H_(T(P},=7'Y)),
where PX is a P-projective resolution of X.

Proof. Given the projective Adams resolution of X, we can make a P-
projective resolution of X:

, Po Z71502 7 py Z725,57%p,

0 ¢ X <4 P, 4 »lp &—— 52p, &— -,
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Applying 7(—, 7Y to this resolution gives us the following sequence

2 (p180)*
_

0— T(X,=7Y) 25 T(P, 5Y) TP, oY) -

and we find that

Exty (X,Y) =H_(T(PX,=7'Y))
_ ker(Z 715, 1p, 1)
Im(Z—6;_ 1 5~ py)*
s 1,
_ ker(d; : Ei f— EiJ’ )
= = :
Im(d;: E; " — E; D)
=E)". O

Example 4.3.3. We now return to the ghost projective class and consider
the projective resolution of the sphere spectrum in Example 4.2.3. Here
the maps p;: S" VS" — S" are two copies of the identity, while the
maps o,: S" — S" VS" are pinch maps. Then the composition &, o p,;
becomes the identity. This means that ker(d,p,,;)* = {0} for all 5. By
Lemma 4.3.1 we get that E;" = Exty'(S,Y) = {0} for all s and t for this
resolution of the sphere spectrum, no matter what the object Y is.

4.3.2 Adams spectral sequence with respect to an injective
class

Let X and Y be objects in our triangulated category 7. Let Y have an
Adams resolution with respect to an injective class (Z, ') as in Defini-
tion 4.2.4. We can apply 7 (X, —) to the resolution, and get the unraveled
exact couple

S TX,Y,) < ®). T(X,Yipy) — -

(ps)*\/k/a({)i

T(X,I)
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which can be summarized in the following exact couple of bigraded
groups

®S(i5 )*

@T(Ekx,n+1) > Q;T(zkx,m

$5(55)* $S(ps)>‘<

D T(kX, I)).
s,k

The Adams spectral sequence with respect to the injective class (Z,N) is
the spectral sequence associated to this exact couple. As with the project-
ive case, we usually let t = k + s and define i = &,(i,),,p = ®,(p,),, 0 =
®,(5,), to obtain the notation

G?T(ZIHX, Y1) d y PT(ZX,Y)
s,

©n
~

DTETX, ).
s,t

This spectral sequence has Ei’t = T(Z'X,Y;). We see that for these
spectral sequences, Ey* =0 for all s < 0.

The Ext groups play an important role in the injective Adams spectral
sequence as well.

Lemma 4.3.4. The E, term of the spectral sequence is given by E;’t =
Ext)' (X, V).

Remark 4.3.5. We define
Ext: (X, Y) == Ext(3'X, ¥) = H_(T(ZX,11)),

where IY is an Z-injective resolution of Y.
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Proof. We can construct the following Z-injective resolution of Y from its
Adams resolution with respect to 7

D %p16 %2p, %6
0—Y S —> % ——5 5%, —> -

to which we can apply 7(Z(X,—)

* Zp160)s
0— 7=, ¥) 2 7(zix, 10) ZH0N sk, 21) — -
and obtain that
ker(Z5tp,, 1 2565,),

Ext’'(X,Y)=H_(T(=Xx,IV)) = )
X =L ERAD = e 5.,

This is precisely E5° = H(E}", d;) since d; = p§. H

4.4 The classical Adams spectral sequence

In this section we focus on the classical Adams spectral sequence, and
how it can be obtained from our general Adams spectral sequence. The
approach is inspired by [13, Chapter 11.3]. For X and Y two connect-
ive spectra (where X is often the sphere spectrum), the classical Adams
spectral sequence is the spectral sequence with

Ey' = Ext (H*(Y),H* (X)) = [Z"°X, Y, ].

Here H is the mod p Eilenberg-Mac Lane spectrum, A the mod p
Steenrod algebra, and [X,Y,] = [X,Y]/non — p torsion. The groups
Exti’lt(H*(Y),H*(X)) are defined as ExtsA(H*(Y),H*(ZtX)).

We saw in Section 2.4 that an example of an injective class in the
stable homotopy category is the smallest injective class generated by mod
p Eilenberg—Mac Lane spectra, along with maps that induce zero on mod
p cohomology. Denote this injective class by #, and the mod p Eilenberg—
Mac Lane spectrum by H.

In this section we want to show that this injective class leads to the
classical Adams spectral sequence. The claim is that the two spectral se-
quences have the same E,-page. Recall Lemma 4.3.4 where we saw that
the E,-page of a spectral sequence with respect to an injective class is
Ext}'(X,Y).
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We need some technical results before we can prove our claim. First,
we show that we can make an injective Adams resolution of Y with re-
spect to H using only wedge sums of Eilenberg-Mac Lane spectra, i.e.,
there are no retracts involved in the Adams resolution.

Lemma 4.4.1. Let Y be a connective spectrum of finite type. Then there
exists an injective Adams resolution of Y with respect to H

Y5 < L Yo
N \/@5/5‘
KS

where each K, is a wedge sum of suspensions of Eilenberg—Mac Lane spectra,
and each Y; is a connective spectrum of finite type.

i
h)

A

Proof. We prove this inductively. Assume we have our wanted resolution
up until Y;. Then, let K, = HAY,, and let p, = A1: S°AY, — HAY,,
where 11: S — H is the unit map. From the Kiinneth formula we have
that

H*(H AY,) 2 H*(H) 8, H*(Y;) = A®y H(Y,).
Hence an element 1® y € A ®r, H*(Y;), is in correspondence with a
map in [HAY,H]_,. Let {y;: i € I} be the set of generators of H*(Y).

Summing over them we get a wedge sum \/; H along with projection
maps 7;: V; H— H. Then for all i and j we have the diagram

HAY,

1®y; | " 18y,
2

H(T\/IHT>H

and so the map v exists by the universal property of the product. Fur-
thermore, this map is an isomorphism of homotopy groups [13, Lemma
11.1.4], so by Whitehead’s theorem K, = H A Y, = V;H.

The map p, is 7 A 1, which means it induces the Steenrod action
Ay, H*(Y;) m H*(Y;), which is surjective. Letting Y;,, be the fiber
of p,, we can expand the Adams resolution with the cofiber sequence

iS pS 55
Yo = Y, 2 K = B, (4.2)
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in which i, is #-null, since p, is H-epi. To complete the proof we need
to see that Y, ; is connective and of finite type. Consider the long exact
sequence in homotopy of (4.2):

E nn+1(Ks) - nn(Ys+1) - nn(Ys) I Tcn(Ks) — .

Since both Y; and K, are connective, there is an N such that 7,(K,) =
n,(Y;) =0 for all n < N. So Y, is connective.

To see that it is of finite type, we can look at the long exact sequence
in homology:

(is)* (ps)* (55)*
e H*(Ys+1) I H*(Ys) - H*(Ks) I H*(ZY5+1) —> .

Since both Y; and K; are of finite type, H,(Y;) and H,(K,) are finitely gen-
erated. We can split the long exact sequence into short exact sequences
0— COker(ps—l)* - H*(Ys+1) B Im(ls)* —0

in which coker(p,_;), and Im(i), are finitely generated, so H,(Y;,;) is
finitely generated.

Continuing this construction inductively, we obtain the Adams resol-
ution of Y that we wanted. O

The next step is to see that this Adams resolution leads to an A-
projective resolution with free .A-modules.

Lemma 4.4.2. For a connective spectrum Y of finite type, there is a pro-
jective resolution of H*(Y') with only free A modules.

Proof. From the Adams resolution in Lemma 4.4.1, we have maps

_ (Z°pe)o(=16,-1)
K, —————5 K.

Let Py = H'(Z°Ky), f; = (X°716,.1)" o (X°p,)* and fo = pg.
In the long exact sequence in cohomology of

iS pS 65
Y12 Y, =K — 2V,

we have that the map (3°i,)* is zero, so the sequence splits into a short
exact sequence
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0 — HA(Z1Y, 1) s B (K)o B (2Y,) — 0,

Varying s we get different short exact sequences which we can splice to-
gether using the maps f; as follows

fs _
- — H*(ZK,) > H (1K) — -+

(Eﬂvs)*\/x 453_1)*

H*(Z°Y)
and get the following projective resolution of H*(Y')

-—> P, £>P - —>P0£>H (Y)—

where each P, is a free A-module by construction. O

Finally we need the following result about the Hurewicz homomorph-
ism.

Lemma 4.4.3. The Hurewicz homomorphism
d: [Y,X]—> Hom 4(H*(X), H*(Y))

given by d(f) = f* is an isomorphism if X is a wedge sum of suspensions
of Eilenberg—Mac Lane spectra.

Proof. It is sufficient to assume that X = X"H, because of distribution
over the wedge sum. Then we have that

[V, 2"H] = [S"Y,H] = Hom 4(H*(H), H*(Z7"Y))
= Hom 4(H*(X"H),H*(Y))

The second isomorphism follows from the general fact that for a ring R
and an R-module M, Homg(R, M) = M. O

Proposition 4.4.4. The Adams spectral sequence with respect to the inject-
ive class H is the classical Adams spectral sequence.
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Proof. We know from Lemma 4.3.4 that the E,-page of the injective
Adams spectral sequence is Ey* = Ext}, (X,Y) = H_(([X'X, 1) ]). For the
resolution in Lemma 4.4.1, we are looking for the (—s)™ cohomology of
the sequence

(ESPS 25_1 68—1 )*
—_——

s [BX, 2K ] [ZX, 25K ] — - .

Let Hom' (H*(Y),H*(Z)) := Hom(H*(Y),H*(X'Z)). Under the iso-
morphism in Lemma 4.4.3 the above sequence becomes

*

f; _
- > Hom",(H*(Z°K,), H*(X)) = Hom",(H* (" 'K,_;), H* (X)) = --- .

Using Lemma 4.4.2 we see that the (—s)™ cohomology of this becomes
exactly Ext’ (H*(Y), H*(X)). O

4.5 Convergence

In the following section we will be using Cartan-FEilenberg terms of con-
vergence and strongly convergent spectral sequences [4].

Definition 4.5.1. Let A° be a sequence of graded abelian groups, and let
i, be morphisms - - - —» A1 = 45 25 a1 5 L

The limit is A°° = limA®. It comes with morphisms ¢;: A — A°
such that i; o e, ; = €. -

The colimit is A=°° = limA’. It comes with maps 7n,: A’ — A~
such that n, o i, =n,,;. -

The derived limit is RA®® = REmAS, the first derived functor of lim.

Let IT,A® be the product formed degree-wise, and let i : [T,A* — II,A°

be the morphism ITi;. The derived limit is constructed explicitly through
the exact sequence

0 —> A% —> A —5 [1,A° — RA® — 0. (4.3)

For this and more about the construction of the derived limit, see [17,
Section 15.86].
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Definition 4.5.2. Let the following be an unraveled exact couple of bi-
graded groups

s—1

N ks N y AT

A — :

\ / \ / (4.4)

ks js ksfl jsfl
ES ES—].

The spectral sequence associated to this exact couple is conditionally

convergent and converges to the colimit A~*° if A°° = 0 and RA®® = 0.

The spectral sequence is conditionally convergent and converges to the
limit A% if A=*° = 0.

Theorem 4.5.3. Suppose the spectral sequence associated to (4.4) is a half-
plane spectral sequence with respect to s, that is, E° = 0 for all s < 0. If it
is conditionally convergent and collapses (E" = E°° for some n) then it is
strongly convergent.

The theorem and its proof can be found in [3, Theorem 7.1].

We now go back to a triangulated category 7 and some stable pro-
jective class P. All results in the rest of this section are due to [5, Chapter
4].

Proposition 4.5.4. Let X have an Adams resolution as in Definition 4.2.1
with respect to P. Assume furthermore that the category T has all small
coproducts. The spectral sequence derived from T(X,Y) is conditionally con-
vergent for all X and Y if the projective class generates.

Proof. Assume that the projective class generates. Consider the exact
couple in (4.1). The exact sequence (4.3) for this couple becomes

0 - imT(X,,Y), - IT(X,,Y), 5 NT(X,,Y), > Rim T(X,,Y), — 0.

Here the map 2 is induced by 1 —Lii,: L, X, — LX,. By construction

each map i, induces zero maps 7 (P, X;) (i)g T(PX4,) forall P € P, so

(1 —u,i),: T(BUX,) — T(BLX,) is the identity for all P. This means
that the map J is an isomorphism by Lemma 2.5.2. Thus

lim7(X,,Y),=0=Rlim7(X,,Y),. O
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Remark 4.5.5. One can show that the converse also holds, that if the
projective class does not generate, then the spectral sequence is not con-
ditionally convergent.

Proposition 4.5.6. Let X be an object with length n. Then the spectral
sequence derived from T(X,Y) collapses at E,.; with E,; = Eo.

Proof. Let X be in P,, with an Adams resolution as in Definition 4.2.1.
Since each X, is a cofiber of the previous X,, we see inductively that
each X; is also in P,. This means that all n-fold composites iy, , - --i; are
zero. This again means that the differential d, is zero for all r > n. Hence
the spectral sequence collapses at E,,_ ;. O

Proposition 4.5.7. If the projective class generates, and X is an object with
finite length, then the spectral sequence derived from T(X,Y) is strongly
convergent.

Proof. The Adams resolutions are defined only for s > 0, so by definition
the Adams spectral sequences we can form with respect to a projective
class satisfy E, = 0 for s < 0. Then by Proposition 4.5.6 and Propos-
ition 4.5.4 along with Theorem 4.5.3 the spectral sequence is strongly
convergent. O

Example 4.5.8. We have already seen that the ghost projective class gen-
erates. We have also seen that all finite CW-spectra have finite length.
Hence for all finite CW-spectra X the spectral sequence derived from
T(X,Y) with respect to the ghost projective class is strongly convergent.

Remark 4.5.9. All of the results above hold, dually, for an injective class.

Example 4.5.10. As we saw in Example 2.5.8, the injective class of
Eilenberg-Mac Lane spectra does not generate. Hence we can not ex-
pect Adams spectral sequences with respect to this injective class to be
strongly convergent in general.
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Chapter 5

The differential

When working with spectral sequences, the difficult part is often to com-
pute the differentials. New and more efficient ways of computations are
sought after. In this chapter we present results about how the second dif-
ferential in a general Adams spectral sequence can be found using Toda
brackets.

5.1 The differential d,

Consider an Adams resolution with respect to a projective class, as in
Definition 4.2.1. This leads to a spectral sequence in which di’t is a map
T(P,, =5'Y) — T(Z7'P,,1,2"tY). Then by the Yoneda lemma this is
in one-to-one correspondence with a map ©'P,,; — P,. By definition
di’t = (716,27 !p,,1)*, and so we see that the differential corresponds
to the map 16,2 p,,;: 7'P,,; — P,. We will therefore use the
notation d; for both of these maps.

The following proposition is found as a dual version in [ 6, Proposition
2.17].

Proposition 5.1.1. Let 6 : P — R be a map between projectives. The map
0 appears as d; in some Adams resolution if and only if it admits a factor-
ization into a P-epic followed by a P-monic.

Proof. That a differential d; in any Adams spectral sequence has such a
factorization holds by construction. To see that the condition is sufficient,

43



suppose we have such a factorization
p [
P—DAQ»—R

of 8. Then we can extend the factorization with the cofibers of p and &
and obtain the following diagram

which we again can extend to the right to make an Adams resolution of
Cs, with d; = op. O

5.2 The differential d,

We now move on to the differential d,. We will prove dual results to [6,
Proposition 4.1], which applies to Adams spectral sequences with respect
to an injective class.

Consider an Adams spectral sequence with respect to a projective
class P, and recall the notation in (4.1). Let [x] be a class in Eg’t, rep-
resented by a morphism x € T(P,, 2°"'Y). We want to describe the dif-
ferential d, when applied to [x]. Let d,[x] denote the set of all repres-
entatives of d,([x]). Note that d,([x]) € E§+2’t+1, so dy[x] C ET“Z’HI =
T(Z1P,, 257tY).

We display x along with the projective resolution of X, and a repres-
entative d,(x) for dy([x])

ls+1 s+2

X —>Xs+1 > X2 > X543

\ / P!H\ //m Psyﬂ\ Zz/s+z
s+1 s+2
lx -~
< dy(x)

Tty

Recall that when defining the second differential of a spectral sequence
associated to an exact couple, we started by defining two new morphisms:
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p’ by [i(y)] — [p(y)] and &’ by [e] — [6(e)]. Then for our class [x],
dy([x]) =p’8'([x]) = p’[(x=716,)]. The map x is a cycle, i.e., it satisfies
xX 16,57 p,,; = 0, so we can choose a lift ¥: 71X, — Z5Y of
x% 715, to the cofiber of X1 p,, ;. This follows by the exactness of

T (X2 BY) =5 T (X1, B7Y) 25 T(Pyy g, B570Y).
This means precisely that do([x]) is given by the class [¥Z !p,,,], since
i(%) = (') (%) = x=7 16, ie., p'I(xZ78,)] = [p(X)] = [¥Z " pysa].

Proposition 5.2.1. Let d,[x] C Ei+2,t+1

of dy([x]) € E;+2’t+1. Then we have

be the subset of all representatives

dz[x] = <XZ_15S, 2_1p5+17 2_1d1>.

Proof. Since t plays no role in the statement we can assume, without loss
of generality, that ¢t =s.

We have seen that an element of d,[x] is found by choosing a lift X,
such that it makes the following diagram commute

o »lq, Py
L Py —— X Py

- H
z:_1ps+l

_ _ _ n7g _
Sy o TP —— 0 T X —— 2 BT,
s+1

H l

Xy ———— T
xX 76

The morphism ~72p;_, plays no role here in finding the different maps
in the Toda bracket, as it is unique in the factorization

) = N |
z Ps+2 > Ps+1

Zfzpsh /22_265+2

Z:_2Xs+2 .

This is because the morphism &,,; is P-monic and P,,, is pro-
jective, which means that (Z728.,,).: T(Z 2Py, 2 2 X,p) —
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T(272P,,, % 1P,,,) is injective. Thus, varying over all the possible lifts
X, we get that

day[x]=(x=716,, 2 pey1, 27 Ndy). O

Theorem 5.2.2. As sets we have dy[x] = (x,dy, % dy)s, where the
morphism Ya in (3.2) is fixed as the composition & = @X " 2p,,,, and &
is obtained from the octahedron axiom, applied to the composition

dl = E_l 552_1ps+1-
Proof. The morphism @& is obtained through the diagram below
»X,

»lx

N

2_1 lsl l
—1 - _15
ps+1 s+1

¥ 115 1 —
ST Py —> ST X ——— T Xy —— Py

|
H z—lssl : Ta
A A

»-1p & .p L scC LN
s+1 7 Ls 7 “dy 7 Ls+1
|
z:_11:’s+ll/ ‘ : [5 lps+1
=15 p ~ i
_1 S S S
)2 Xs+1 ? Ps ? s ? s+1-

On the other hand, the morphisms in the bracket where a is fixed consists
of f2Za as in the diagram below

2P, 0y w
| H
_ g _ d i
D lcd1 —> 3 1Ps+1 1 > ) 1 > Cdl (51)
| L
<
P, % Y

Denote this restricted bracket by (x, d;, Z_ldl)?c
We show first that (x, d;, Z_1d1>j’c‘c C dy[x]. Let Ba = Braz p, 4
be in the restricted bracket. Then $Xa is a valid choice for the lift of X

since
prazli,, =piz s, =xx715,,
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so BXa € d,[x].
Now we show that dy[x] C (x,dl,Z_ldl)J‘Zc. Let ¥ !p.,; be in
dy[x]. We want to show that ¥ factors as

) P+1—>Cd Ly

for some f3 such that

i2_1p5+2 = ﬁ2d2_1p5+2 = ﬂza'

By construction the morphism %™ s+12 X, — X, is a
fiber of X:é. Furthermore ¥~ ti 1 = ti, = xZI 15,371, = 0. This means
that ¥ € Im(Za)*, by the exactness of the sequence

1.y
ls+1 x- ls))k

T(Cq,, v) Z 7z 1Xs+1,Y) T(Z7X,, 7).

This means that there is a f: Cq, — Y such that fXa = X. However,
this map 8 might not satisfy i = x in (5.1), but we correct it so that it
does.

The two morphisms coincide under precomposition with 71§, since

x215, = %2t = praz i, = pinls,.

The morphism p; is a cofiber of 271§, so x—fi = 6 p, for some morphism
0: X, — Y. Then we let the correction be

B =p+6p.

This satisfies B'i = Bi + 0fi = Bi+ Op, = fi + (x — Bi) = x. And since
Bxa = 0 it also satisfies f'2a = (f + 08)Zd = fXa = %. So we have
found our desired factorization of x. O

If we want to use the Toda bracket as a tool for computing differen-
tials in an Adams spectral sequence, a natural question to ask is when
does a Toda bracket arise as the set d,[x] for some Adams resolution.
Inspired by Proposition 5.2.1, we have the following proposition.

Proposition 5.2.3. Let (fs, fo, f1) be a Toda bracket. Assume f; and f,
are maps from projective objects. Assume also that f, factors through a
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projective as a P-epic followed by a P-monic, f, is P-epic and f3 factors as
a P-epic followed by some map. This is illustrated in the following diagram:

X, A v X, f3 b X,
Ny N A
w; P

Then there is an Adams resolution such that d,[x] in the induced spectral
sequence equals (fs, fo, f1) as sets. The converse also holds.

fa

» X

Proof. We complete the triangles in the natural way to make an Adams
resolution:

Wy, —————————- > Xg —mmm—————- >W, - > Wy
. ’\ / ﬁ\ e
\\ 5y fo 5 P1 Vel

From here we can extend the Adams resolution in both directions, un-
der the assumption that there are enough projectives. That d,[x] =
(fs, f3, f1) holds by the assumptions along with Proposition 5.2.1.

The converse holds by construction. O

Example 5.2.4. The Toda bracket (2, 7,2) from Example 3.2.4 does not
appear as d,[x] in any Adams spectral sequence with respect to the ghost
projective class S. Assume that 2 admits a factorization into a S-epic
followed by a S-monic:

shxSs.

Recall that the mod 2 Moore spectrum M is the cofiber of the map S 2, S.
The octahedron axiom applied to the factorization yields the following
diagram
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s 2% x —» ¢, —2»s!
|
s 235y y Ly
A
X9y s 2y c; — ux

with distinguished rows. Looking at the long exact sequences in homo-
topy of the two top rows

nn(X) —0> Tcn(cp) L> Tcn—l(S) i> Tcn—l(X)

i q
7Tn(S) — nn(M) — Th— (S) # nn—l(S)
we see that g, is injective, so
7Tn(cp) =1Imgq, = kerp, =ker(6p), =ker(2) = y7,1(S).

Furthermore, the map q,: 7,(C,) — 7,_1(S) corresponds to the in-
clusion ,7,_1(S) — m,_1(S). Similarly, 7,(Cs) = m,(S)/2, and the
map p.: n(S) — m,(Cs) corresponds to the quotient map 7, (S) —
m,(S)/2.

The long exact sequence in homotopy of the Moore cofiber sequence
can be split into short exact sequences

/

0—> 1,(S)/2 = T (M) 2> y,_1(S) —> 0.

The map a, satisfies q_a, = gq,, which becomes the identity when con-
sidered as a map onto the subgroup 57, _;(S) € 7,_1(S). Therefore the
short exact sequences split for all n, contradicting the fact that w,(M) =
7./4. This means there can be no such factorization of 2.

Recall the n-fold Toda brackets introduced in Chapter 3. We can use
the higher Toda brackets to compute higher differentials, as shown in [6].
In the following theorem we use the notation obtained in Section 4.3.2.
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Theorem 5.2.5. In an Adams spectral sequence with respect to an injective
class, we have that

dr[x] = <Zr_1d1,"' ,22d1,2d1,2p5+1,5sx>

where d.[x] denotes the subset of Ei”’ﬁr_l with all representatives of

d,([x]).

For a proof see [6, Chapter 6].

Proposition 5.2.1, Theorem 5.2.2 and Theorem 5.2.5 look very
powerful at first sight, and it is an unexpected connection between two
seemingly unrelated topics. However, as illustrated by Example 5.2.4,
we can not expect all the known Toda brackets to immediately provide
new and exciting spectral sequences. The requirements to the Adams
resolutions are rather strict, often not resulting in particularly favorable
situations for computing differentials with the Toda brackets. Addition-
ally, computing a Toda bracket can be quite complex, as shown by Ex-
ample 3.2.4, which raises questions about the efficiency of this method
compared to existing methods for computing differentials.
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Appendix A

Some computations of the
Moore spectrum

The following lemmas are a necessary part of computing the Toda bracket
(2,m,2). The results and proofs are from [2, Chapter 4.6].
Let S be the sphere spectrum. Recall that the mod 2 Moore spectrum

M is the cofiber of S 2, S, such that the triangle

| -
s S sy 2 g (A1)

is distinguished.

LemmaA.l. MAM % XMV M.

Proof. To prove this we show that although H*(M A M;Z/2) = H*(M V
YM;Z/2) as Z/2-modules, we have H*(MAM;Z/2) 2 H*(MVXM;Z/2)

as A-modules, where A denotes the mod 2 Steenrod algebra.
The long exact sequence of cohomology associated to (A.1) is

ro —— HI(S) — H'(M) — H(S) —> H™(S) — -~

so we have

.. _{Z/Z i=0,1

0 otherwise



Let x; denote the generator of H!(M). To determine the .A-module struc-
ture of H*(M) we need only check what happens to Sq'(x,), as all other
degrees are trivial.

By the Steenrod axioms we have that Sq' is the Bockstein homo-
morphism associated to the short exact sequence of coefficients

0 —> z/2 —15 7/4 L

> Z/]2 — 0.

We can apply the cohomology of M to this, and obtain the long exact
sequence

s Bz ) B B0 z/2) 8 s z2) § Bz 5

(A.2)

Using the Universal Coefficient Theorem we obtain that H°(M;Z/4) =

Homy(Z/2,Z/4) = Z/2 and H'(M;Z/4) = Ext}(Z,Z/4) = 0, so (A.2)
simplifies as

p

v 7/2 2y 72 Ly g0 o,

We saw before that H°(M;Z/4) = Homy(Z/2,7/4), from which we de-
duce that the map i is actually the generator of H°(M;Z/4). Thus, p* = 0,
since poi =0, and we get that Sq' = B: H(M;Z/2) — H'(M;Z/2) is
an isomorphism. So Sq'(xg) = x;.

Knowing the cohomology of M we move onto M AM and M V M.
We see that H*(M V ©M;Z/2) is generated by elements x,, x;, y; and y,
in degrees 0,1, 1 and 2 respectively. Furthermore, we have Sq'(x,) = x;
and Sq*(y;) = y,. The Steenrod action is trivial in all other cases.

For M A M we have the Kiinneth formula:

H*(MAM;Z/2) = H*(M;Z/2)® H (M;Z/2).

This is then generated by {x, ® xg, Xy ® X1, X, ® X, X ® X1}. So as Z/2-
modules, H*(M V =M;Z/2) and H*(M A M;Z/2) are isomorphic. They
are however, not isomorphic as .A-modules. The Cartan formula tells us
the following:

e Sql(xy®xg) = xo ® X7 + X1 ® X
e Sql(xp®x7)=x; ®x;
e Sq%(xy® xg) = X1 ® X3
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As Sq? is trivial on H*(M V ©M;Z/2), we can conclude that M V =M 2
MAM. L]

Lemma A.2. For the mod 2 Moore spectrum M we have [M,M] =
Z./4{1d,;}, in which 21d,; = inclon o pinch # 0.

Proof. For this proof we use the long exact Puppe sequence repeatedly.
From (A.1) we get the following sequence of homotopy groups

pinch, incl,,

o+ —> mi(S) 24 7;(S) in—dy (M) — " m;_1(S) 24 Ti1(S) — -+

which we can split into two short exact sequences at 7t;(M) and 7y(M).
Since coker(2,) = m;(S)/2 and Im(pinch,) = ker(2,) we get the short
exact sequences

pinch,

0 — mo(8)/2 —=% mo(M) 5 L1y (S) — 0

incl, pinch

0 — my(S)/2 =% 1 (M) 225 ,mp(S) —— 0
where we have let ,7;(S) = {x € 7;(S) : 2x = 0}. Since n_;(S) =

57o(S) =0, and 7, (S) = Z{1d}, 7,(S) = Z/2{n}, we get that

mo(M) = Z/2{incl},
(M) =7Z/2{inclon}.

Next, we can apply [—, M] to (A.1) to obtain the following long exact
sequence

* inch* s AT *
o= (LM 5 (LM (M, M1 [s,M] 5 [, M] = -
which we again can split into a short exact sequence

pinch} incl*

0 — myM)/2 — [M,M] — ymo(M) —> 0

to obtain two possibilities for [M, M]. Either [M,M] = Z/2{Idy} &
7Z/2{inclon} or [M,M] = 7Z/4{1d),}, as these are the only groups that fit
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into the sequence. The generators follow from the generators of 7y(M)
and 7t;(M). Note also that ,7y(M) = o(M) = Z/2.

If [M,M] =7/2® Z/2, then we necessarily have 21d,, = 0. In this
case, we could apply M A — to (A.1), to obtain the triangle

21d
0— > M = M — 3 MAM —> M —3 0
which splits if 2Idy; = 0. So if [M,M] = Z/2® Z/2, then M AM =

%M V M, contradicting Lemma A.1. Consequently, [M,M] = Z/4{1dy, },
with 21d,; = inclon o pinch. O
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